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Hpe)lMeT: Moa6a 3a MOKPETalL€ MOCTYIIKA 3a CTHLHALE 3Balba HAYYHU CapaJlHUK

MOJIBA

C 003upoM Ja uCnymaBaM KpUTEpHjyMe TpomnucaHe oa MUHHCTapCcTBa MPOCBETE, HAyKE W
TEXHOJIOIIKOT pa3Boja 3a CTHIIAkE 3Bamba HAydyHU capaaHuk, moinuM Haydano Behe MHcTuTyTa 32
¢usuky y beorpany na mokpeHe mocTymak 3a Moj u300p y HaBEJICHO 3Bambe.

VY npuiiory 10CTaBJbaM:

1. Munuseme pykoBOIUOLA, Ca MPEAJIOrOM YJaHOBAa KOMUCH]E 3a 300D Y 3BamE;
Ctpyuny 6uorpadujy;

[Ipernen Hay4yHe akTHBHOCTH;

EnemenTe 3a KBaTMTaTUBHY M KBAHTUTATUBHY OIIEHY HAyYHOT JIOIPUHOCA;
Crnucak u ¢poTokomnuje 00jaBJbeHUX HAYYHHUX PaJI0Ba;

Crucak murara;

VYBepewme 0 010pameH0] TOKTOPCKO) AUCEPTALIM]H.
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VY beorpany, C nomroBameM,

Mugomr Paukosuh



HAYYHOM BERhY
NHCTUTYTA 3A ®PUBUKY
YHauBep3urer y beorpany

Ipeamer: Munubeme pyKkoBoauona npojexkra 3a uzdop ap Musoma PankoBuha y 3Bame
HAYYHU CapaJHUK

Hp Mwunom Pankosuh 3amocnen je y JlaGopatopuju 3a Qu3MKy aTOMCKUX CyIapHUX
nporeca, Wucturyra 3a ¢usuky y beorpamy, u aHraxoBa je Ha MpPOjeKTy OCHOBHHX
UCTpaKUBamka (UHAHCHpPAHUM OJf MHHHCTAapCTBa NMPOCBETE, HAyKe M TEXHOJOMIKOT pa3Boja:
ON171020 ,®Puszuka cymapa u GoTo Tmporeca y aToMcKuMm, (OMO)MOJEKyJTapHUM |
HAaHOJUMEH3UOHUM cHUCTEMHMA”. Y OKBHPY HABEJCHOT NPOjeKTa aHTa)KOBAH j€ HA MOCIOBUMA
eKCIIEPIMEHTAITHIX Mepema Au(epeHInjaTHuX MpeceKka aroMa IUIEMEHHUTHX TacoBa M MambHX
Moseykiia Ha anaparypu UGRA, kao u MHTEpaKIyje eIeKTPOHa ca METAJTHUM U M30JATOPCKUM
Kanmuiapama. Takohe, ydecTByje Ha BHILIE MpOjeKaTa Ha PAa3IMYUTHM EKCIEPUMEHTATHUM
muaujama cuaxpotpona COJIEWJI mopen [lapuza y ®paniryckoj, riae UCTpaxkyje UHTEpeaKiimje
¢dotoHa u enekrpoHa u3 obmactu VUV u Omuckux X-3paka ca Ouomoiiekyiauma (TETTHIH,
MPOTEHHH U HYKIJICOTUIH).

C oO3mpom [1a Koyera BHIIECTPYKO TpeMallyje CBE KpPHUTEPHUjyMe MpOIUCAHE
[TpaBuHuKOM 3a u300pe y HaydHa 3Bamba MHHHCTapCTBa MPOCBETE, HAYKEe U TEXHOJOUIKOT
pasBoja, caryacal cam na Hayuno Behe MHcTHTyTa 32 hmsuky y beorpany mokpene mocrymak 3a
n300p 1p Musomra PankoBuha y 3Bame HaydHH CapaHUK.

[Tpeanaxem na koMmucujy 3a n36op Mutoma PankoBuha y 3Bambe HaydHU capaJHUK YUHE:

1. nap bpatucnas MapunkoBuh, HayuyHu caBeTHUK, UHCTUTYT 3a Qpusuky y beorpany,
2. np Henang CumonoBuh, Hayynu caBeTHUK, MHCTUTYT 3a dusuky y beorpany u
3. mpod. ap I'opan [onapuh, penosuu npodecop, Pusnuku Gakynret y beorpany.

VY beorpany, PyxoBoaunalt npojekra,

9.09.2016.

np bparucna Mapunkosuh
HAaYYHU CaBETHHK

WNHucTuTyT 32 Qusuky
YHuusep3utet y beorpany



buorpadmuja np Musoma PankoBuha

Pankxosuh Muiomr je pohen y beorpany 17.06.1986. rogune, ommruaa CaBcku Benai,
Penyoiinka CpOuja. OCHOBHY HIKONY M CPEIIbY EICKTPOTEXHUYKY Koy ‘“‘Hukomna
Tecna” je moxahao y beorpany. OcHoBHe akaneMcke cryanje Ha Pu3ndKoM GakynTery,
VYuusep3utet y beorpany, cmep [Ipumemena ¢puszuka u nunpopmartuka, yrnucao je 2005.
rogune. Y jymy 2012. ronuHe je IMIIoMHpao ca npoceyHoM oneHoM 8.97 u orernom 10
Ha JUTUIOMCKOM HCHHTY ca TeMoM “TIpuMeHa akyCTHYKHX Mepema y BOIYMETPH)CKO]
anammsu”’. Y nenemOpy 2012. roguHe je ymucao JOKTOPCKe cTyauje Ha Duznmukom
dakynrery, Yauep3utet y beorpamy. On 01.04.2013. rogune je 3anocner y MUHCTUTYTY
3a ¢pusuky, Yuusepsautety beorpany, LlenTtap 3a pu3uky aToMCKUX CyJapHHX MpoIieca,
Kao UCTpakuBay-npumnpaBHUK Ha npojexty OM 171020 “Dusuka cynapa u ¢poTo mnpoieca
y aToMCKHM, (0M0) MOJIEKyJapHUM U HAHOJMMEH3UOHHM CHCTEMHUMA”, KOjU (pMHAHCHPA
MuHUCTapCTBO MPOCBETE, Hayke M TexHoJomKor pas3Boja Cpb6uje. Ha Duzmuxom
dakynrery, Yuuep3utera y beorpamy, y cenrtemOpy 2016. rogmHe ombOpaHmo je
JTOKTPOCKY JHWCepTanujy T1oj Ha3uBoMm: DOTOHCKAa U EJICKTPOHCKA aKI[MOHA
CIIEKTPOCKONHMja TpamupaHux OHOMOJNeKyJapHuUX joHa - Opnx u3JI0BaHUX [0
HaHOCOJIBaTHCAaHUX YecTUla .

Muutom je ayTop/KoayTop ocam pajoBa y Bojehum MelyHapoqHMM YacomucuMa, BUILE
caomniuTema ca MehyHapoJHMX M HallMOHATHUX KOH(epeHIM]ja, yKJbydyjyhu u Tpu
npeJaBama Mo NO3UBY Ha Mel)yHapoJHUM KOH(EepeHI1jama.
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Ha ocHoBy uynaHa 161 3akoHa O onwTem ynpaBHOM noctynky («CnyxbeHu Jiuct

CPJ» 6poj 33/97 u 31/01), v unaHa 120 CratyTa YHuBep3uTeTa y beorpagy - ®usuukor

dakrynTeta, no 3axresy MW/IOWA PAHKOBWRA, gunnomupaHor ¢éusuuapa, uspaje ce

cnepehe

YBEPEMWE

MUIOW PAHKOBUT, aunnomupanun ¢usunyap, gaHa 2. centembpa 2016. roguHe,
0A6paHuMO je JOKTOPCKY AUCepTaLujy nos HasuBom

,PHOTON AND ELECTRON ACTION SPECTROSCOPY OF TRAPPED BIOMOLECULAR IONS —
FROM ISOLATED TO NANOSOLVATED SPECIES” (POTOHCKa M e/IeKTPOHCKA aKLMOHa
CMEeKTPOCKoMuja TpanupaHnx BUOMOIEKYIaPHUX jOHa — 0/, U30/10BaHMX [0
HAaHOCONBATUCAHMX YeCcTMLa)

npen Komucujom YHusepsuteta y beorpaay - Pusnukor dakynteta, 1 TMME UCMYHUO CBe
ycnose 3a npomoumjy y JOKTOPA HAYKA — ®U3NYKE HAYKE.

YBepere ce u3faje Ha IMYHU 3axXTeB, @ C/IYXKU pagu peryamncarba npasa M3 pagHor
0/HOCA M BaXku 40 NpoMOLMje, OAHOCHO A0bOMjarba AOKTOPCKE AMIIOME.

YBepete je ocnoboheHo nnahata Takce.

AH QU3NYKQI PAKYNTETA




Cnucak pagosa ap Muioma Pankosuha

PajioBu y uzyzerHum Mel)ynapoauum yaconucuma (M21a)

A.1.Jenny Rackwitz, Janina Kopyra, Iwona Dabkowska,
Kenny Ebel, Milo$ Lj. Rankovié¢, Aleksandar R. Milosavljevi¢ and Ilko Bald,
Sensitizing DNA towards low-energy electrons with 2-fluoroadenine,
Angew. Chem. Int. Ed. 55, 35 (2016).
DOI: 10.1002/anie.201603464

A.2. A. R. Milosavljevi¢, C. Nicolas, M. Lj. Rankovi¢, F. Canon,
C. Miron and A. Giuliani,
K-Shell Excitation and lonization of a Gas-Phase Protein:
Interplay Between Electronic Structure and Protein Folding,
J. Phys. Chem. Lett. 6, 16 (2015), pp 3132-3138
DOI: 10.1021/acs.jpclett.5b01288

A.3.Aleksandar R. Milosavljevi¢, Viktor Z Cerovski, Francis
Canon, Milos$ Lj. Rankovié¢, Nikola Skoro, Laurent Nahon, Alexandre Giuliani,
Energy-Dependent UV Photodissociation of Gas-Phase Adenosine Monophosphate
Nucleotide lons: The Role of a Single Solvent Molecule,
J. Phys. Chem. Lett. 5, 11 (2014), pp 1994-1999.
DOI: 10.1021/jz500696b

Panosn y BpxyHckum meh)ynapoaguum yaconucuma (M21)

B.1. Milos$ Lj. Rankovié¢, Alexandre Giuliani and Aleksandar R. Milosavljevic,

Electron impact action spectroscopy of mass/charge selected macromolecular ions:
inner-shell excitation of ubiquitin protein,

Appl. Phys. Lett. 108, 064101 (2016).

DOI: 10.1063/1.4941798

b.2. M. Lj. Rankovi¢, F. Canon, L. Nahon, A. Giuliani, and A. R. Milosavljevic,

VUV action spectroscopy of protonated leucine-enkephalin peptide in the 6-14 eV
range,

J. Chem. Phys. 143, 244311 (2015).

DOI: 10.1063/1.4939080

b.3. A. R. Milosavljevi¢, M. L. Rankovi¢, D. Borka, J. B. Maljkovi¢, R. J. Bereczky, B.
P. Marinkovi¢ and K. T6kési,

Study of electron transmission through a platinum tube,
Nucl. Instr. Meth. B (2015).
DOI: 10.1016/j.nimb.2014.11.087



http://onlinelibrary.wiley.com/doi/10.1002/anie.201603464/abstract
http://pubs.acs.org/doi/abs/10.1021/acs.jpclett.5b01288
http://pubs.acs.org/doi/abs/10.1021/jz500696b?prevSearch=milosavljevic&searchHistoryKey=
http://scitation.aip.org/content/aip/journal/apl/108/6/10.1063/1.4941798
http://scitation.aip.org/content/aip/journal/jcp/143/24/10.1063/1.4939080
http://dx.doi.org/10.1016/j.nimb.2014.11.087

PanoBu y mehynapognum yaconucuma (M23)

B.1.Milos Lj. Rankovié, Alexandre Giuliani and Aleksandar R. Milosavljevic,
Design and performance of an instrument for electron impact tandem mass
spectrometry and action spectroscopy of mass/charge selected macromolecular ions
stored in RF ion trap,
European Physical Journal D 70, 6 (2016).
DOI: 10.1140/epjd/e2016-70108-7

B.2. A. R. Milosavljevi¢, V. Z. Cerovski, M. Lj. Rankovi¢, F. Canon, L. Nahon, and A.
Giuliani,
VUV photofragmentation of protonated leucine-enkephalin peptide dimer below
ionization energy,
Eur. Phys. J. D 68, 68 (2014).
http://dx.doi.org/10.1140/epjd/e2014-40826-y

IIpenaBame mo mo3uBy ca Mel)yHapoaHOr cKyna IITAMIAHO y LeJIHHU (HEONMXOIHO
no3uBHO nmucmo) (M31)

I'.1. M. Lj. Rankovi¢, F. Canon, L. Nahon, A. Giuliani and A. R. Milosavljevi¢,
Photoinduced fragmentation of gas-phase protonated leucine-enkephalin peptide in
the VUV range,

Journal of Physics: Conference Series 635, (2015) 012034
d0i:10.1088/1742-6596/635/1/012034
http://iopscience.iop.org/article/10.1088/1742-6596/635/1/012034

IMpenaBame no no3uBy ca mehyHapoanor ckyna mrammnaso y uzsoay (M32)

J.1.M. Lj. Rankovié, A. Giuliani and A. R. Milosavljevi¢,
“Electron impact action spectroscopy of mass/charge selected macromolecular ions”,
Proc. 28" Summer School and Int. Symp. on Physics of lonized Gases — SPIG 2016,
29" august - 1% september 2016, Belgrade, Serbia, Editors: Dragana Mari¢
Aleksandar Milosavljevi¢, Bratislav Obradovi¢ and Goran Popari¢, Progress report,
p.9.
http://www.spig2016.ipb.ac.rs/

J1.2.Milos Lj. Rankovié, Alexandre Giuliani and Aleksandar R. Milosavljevic,

“Design and performance of an instrument for gas phase electron spectroscopy of
trapped molecular ions”

Proc.The 3" CELINA Meeting, May 18-20, 2016, Krakéw, Poland, Editors:

Petra Swiderek and Janina Kopyra, Progress report, p.40.
http://celina.uni-bremen.de/celina/celina2016/

J.3.M. Lj. Rankovié, F. Canon, L. Nahon, A. Giuliani and A. R. Milosavljevi¢,
Photodissociation of protonated Leucine-Enkephalin peptide in the VUV range,


http://link.springer.com/article/10.1140/epjd/e2016-70108-7
http://dx.doi.org/10.1140/epjd/e2014-40826-y
http://iopscience.iop.org/article/10.1088/1742-6596/635/1/012034
http://www.spig2016.ipb.ac.rs/
http://celina.uni-bremen.de/celina/celina2016/

Proc. XXIX ICPEAC15 International Conference on Photonic, Electronic and
Atomic Collisions, 22 July - 28 July 2015, Spain, Toledo, Editors: F. Martin, G.
Garcia, L. Méndez, L. Argenti and A. Palacios, Special Report, p.105.
http://www.icpeac2015.com/

Caonmrema ca mel)ynHapoauux ckynoa mrammnana y ussoay (M34)

B.1.A. R. Milosavljevi¢, M. Lj. Rankovi¢, D. Borka, J. Maljkovi¢, R. Bereczky, B.
Marinkovi¢, K. Tokési,
“Study of electron transmission through a metallic capillary”
XXIX International Conference on Photonic, Electronic, and Atomic Collisions
(ICPEAC2015), 2228 July 2015, Toledo, Spain, Abstracts, TU-106.
Journal of Physics: Conference Series 635, 062011 (2015).
http://iopscience.iop.org/article/10.1088/1742-6596/635/6/062011/meta

'H.2.J. Rackwitz, M. Rankovié, A. Milosavljevi¢, |. Bald,

“Novel approaches to study low-energy electron-induced damage

to DNA oligonucleotides”

XXIX International Conference on Photonic, Electronic, and Atomic Collisions
(ICPEAC2015), 22-28 July 2015, Toledo, Spain, Abstracts, TU-096.

Journal of Physics: Conference Series 635, 062001 (2015).
http://iopscience.iop.org/article/10.1088/1742-6596/635/6/062001/meta

B.3.1. Baci¢, M. Lj. Rankovi¢, F. Canon, V. Cerovski, C. Nicolas, A. Giuliani and A.
R. Milosavljevi¢,
Gas-phase X-ray action spectroscopy of protonated nanosolvated substance P peptide
around O K-edge,
Proc. WG2 Expert Meeting on Biomolecules, COST Action CM1204, XLIC - XUV/X-
ray Light and fast lons for ultrafast Chemistry, April 27-30, 2015, Book of
Abstracts, Eds. Paola Bolognesi and Aleksandar Milosavljevi¢, Poster presentation
P08, p.71.
http://www.xlic-wg2-2015.ipb.ac.rs/

'H.4.M. Lj. Rankovié¢, V. Cerovski, F. Canon, L. Nahon, A. Giuliani and A.
R. Milosavljevi¢,
VUV action spectroscopy of bare and hydrated protonated leucine-
enkephalin peptide,
Proc. WG2 Expert Meeting on Biomolecules, COST Action CM1204, XLIC - XUV/X-
ray Light and fast lons for ultrafast Chemistry, April 27-30, 2015, Book of
Abstracts, Eds. Paola Bolognesi and Aleksandar Milosavljevi¢, Poster presentation
P07, p.69.
http://www.xlic-wg2-2015.ipb.ac.rs/

H.5.M. Lj. Rankovié¢, J. Rackwitz, I. Bald and A. R. Milosavljevi¢,
Optimization of a Low-Energy Electron Gun by Electron Ray-Tracing Simulations,


http://www.icpeac2015.com/
http://iopscience.iop.org/article/10.1088/1742-6596/635/6/062011/meta
http://iopscience.iop.org/article/10.1088/1742-6596/635/6/062001/meta
http://www.xlic-wg2-2015.ipb.ac.rs/
http://www.xlic-wg2-2015.ipb.ac.rs/

Proc. 27" Summer School and Int. Symp. on Physics of lonized Gases — SPIG 2014,
26" - 29" August 2014, Belgrade, Serbia, Contributed Papers & Abstracts of Invited
Lectures, Topical Invited Lectures, Progress Reports and Workshop Lectures,
Editors: Dragana Mari¢, Aleksandar R. Milosavljevi¢ and ZoranMijatovi¢, (IOP
Belgrade and SASA, Belgrade, Serbia), Poster Presentation 1.10, pp.58-61.
http://www.spig2014.ipb.ac.rs/

H.6.A. R. Milosavljevi¢, C. Nicolas, M. Lj. Rankovié, F. Canon, C. Miron and A.

Giuliani,

N K-Shell X-Ray Tandem Mass Spectrometry of Gas-Phase Ubiquitin Protein,
Proc. 27" Summer School and Int. Symp. on Physics of lonized Gases — SPIG 2014,
26" - 29" August 2014, Belgrade, Serbia, Contributed Papers & Abstracts of Invited
Lectures, Topical Invited Lectures, Progress Reports and Workshop Lectures,
Editors: Dragana Mari¢, Aleksandar R. Milosavljevi¢ and ZoranMijatovi¢, (IOP
Belgrade and SASA, Belgrade, Serbia), Poster Presentation 1.9, pp.54-57.
http://www.spig2014.ipb.ac.rs/

B.7. J. B. Maljkovi¢, M. Lj. Rankovié, R. J. Bereczky, B. P. Marinkovi¢, K. T6kési and

bH.8.

BH.9.

A. R. Milosavljevi¢,

Electron transmission through a metallic capillary,

Proc. 26™ International Conference on Atomic Collisions in Solids (ICACS-26),
13" — 18" July 2014, Debrecen, Hungary, Book of Abstracts, Editor: Attila Csik,
Poster presentation P23, p.59.

http://icacs26.atomki.mta.hu/

A.R. Milosavljevi¢, J. B. Maljkovi¢, R. J. Bereczky, M. Lj. Rankovié, B. P.
Marinkovi¢ and K. Tékési,

Transport of electrons through a long metallic microcapillary: characterization of
the outgoing low-energy electron beam,

Proc. The First Annual Meeting of COST Action CM1301 (CELINA), 19 -
22"4 March 2014, Erlangen, Germany, Book of Abstracts, Eds.

Hubertus Marbach and Petra Swiderek, Poster presentation P22, p.47.

A. R. Milosavljevi¢, M. Lj. Rankovi¢, J. B. Maljkovi¢, R. J. Bereczky, B.

P. Marinkovi¢ and K. T6kési,

Kinetic Energy Distribution of Electrons Scattered Inside a Platinum Tube at the
Incident Energy of 200 eV,

Proc. 27" Summer School and Int. Symp. on Physics of lonized Gases — SPIG 2014,
26" - 29" August 2014, Belgrade, Serbia, Contributed Papers & Abstracts of
Invited Lectures, Topical Invited Lectures, Progress Reports and Workshop
Lectures),

Editors: Dragana Mari¢, Aleksandar R. Milosavljevi¢ and ZoranMijatovi¢, (IOP
Belgrade and SASA, Belgrade, Serbia), Poster Presentation 2.11, pp.210-213.
http://www.spig2014.ipb.ac.rs/



http://www.spig2014.ipb.ac.rs/
http://www.spig2014.ipb.ac.rs/
http://icacs26.atomki.mta.hu/
http://www.spig2014.ipb.ac.rs/

B.10.A. R. Milosavljevi¢, F. Canon, V. Z. Cerovski, M. Lj. Rankovic, C. Nicolas, C.

Miron, L. Nahon, and A. Giuliani,
“Photoionization of isolated charged proteins - the role of charge state and
nanosolvation”,
Proc. COST Action CM 1204 - Book of Abstract - Ist Meeting of the XLIC
Working Group 2, "REACTIVITY OF HIGHLY EXCITED AND HIGHLY
CHARGED MOLECULES" 24th - 27th February, 2014, Port-en-Bassin-Huppain,
France, Oral presentation, p.43.

B.11.A. R. Milosavlievi¢, F. Canon, V. Z. Cerovski, M. Lj. Rankovi¢, L. Nahon, A.

Giuliani,

VUV photodissociation of bare and nanosolvated protonated nucleotide isolated in
the gas phase,

Proc. 2nd NANO-IBCT Conference 2013 (Radiation Damage in Biomolecular
Systems: Nanoscale Insights into lon-Beam Cancer Therapy), Sopot, Poland 20-24
May, 2013.Book of Abstracts, Poster, p.91.

Caonmrema ca CKyna HallMOHAJIHOT 3HA4Yaja mramMnada y neaunu (M63)

E.1.

E.2.

E.3.

M. Lj. Rankovi¢, M. Celiki¢, A. R. Milosavljevié,
Optimization of electron gun in continuous and pulsed operation
modes,

3" National Conference on Electronic, Atomic, Molecular and
Photonic Physics (CEAMPP2013) 25" August 2013, Belgrade,
Serbia, Contributed Papers & Abstracts of Invited Lectures and
Progress Reports, Contributed Papers pp.34-37.

M. Lj. Rankovi¢, M. Celiki¢ and A. R. Milosavljevic,

Optimizacija rada elektronskog topa u opsegu energija 1-1000 eV,

XII Kongres fizicara Srbije, Zbornik radova — usmena predavanja, predavanja po
sekcijama, usmena i poster saops$tenja, 28. april - 2. maj 2013. Vrnjacka banja,

Srbija, Urednici: J. Labat, N. Cvetanovi¢ i I. Doj¢inovi¢, Usmeno Poster u
sekciji: 4. Atomska i molekulska fizika str. 312-315.

A. R. Milosavljevi¢, M. Lj. Rankovi¢, V. Z. Cerovski, F. Kanon, L. Nahon,

A. Bulijjani,

Uticaj nanosolvatacije na stabilnost peptida izolovanog u gasnoj fazi,

XII Kongres fizi¢ara Srbije, Zbornik radova — usmena predavanja, predavanja po
sekcijama, usmena i poster saopstenja, 28. april - 2. maj 2013. Vrnjacka banja,

Srbija, Urednici: J. Labat, N. Cvetanovi¢ 1 I. Doj¢inovi¢, Usmeno Poster u
sekciji: 4. Atomska i molekulska fizika str. 304-307.



Onopamena nokropcka aucepramuja (M70)

X.1. ,.Electron and photon action spectroscopy of trapped biomolecular ions - From
isolated to nanosolvated species” (,, Exexmponcka u ¢pomoncka akyuona
CNEeKmMpOoCKoOnuja mpanupanux Ouomonekyiapuux joua - 00 u30108anux 00
Hanocongamucanux yecmuya ), Munom PankoBuh, 2. centem6ap 2016. ronune,

®usnuku pakynreT y beorpany.



IIpersen HayyHe akTuBHOCTH AP Mujioma Pankosuha

Munom PankoBuh je TperyTHO anraxkoBaH Ha mipojekty OU 171020 “@usuxa cyoapa u
pomo npoyeca y amomckum, (6uo)morexyrapuum u Hano cucmemuma’, GUHAHCUPAHOM
0]l cTpaHe MHUHUCTApPCTBO 3a MPOCBETY, HAYKY M TEXHOJOWIKHU pa3Boj Pemybnuke Cpouje
(vHTErpaTHa W MHTEPIUCHMILIMHAPHA HCTpakuBama). Tpajame mpojekra: 2011-2016.
PykoBoaunan mpojexra je ap bparucnas Mapunkosuh.

Takohe, Munom je OMo aHra)XOBaH Ha MPOJEKTy OWIaTepaiHe Hay4dHE capaime nimelhy
Cp6uje u Hemauxke ,,Mcmpasicusarne paoujayuonoe owmeherwa /[HK na monexynaprom
Husoy nomohy enexmponcke u gpomoncxe axyuone cnekmpockonuje’ (2014-2015) non
PYKOBOJICTBOM Jp Ajekcannpa MwuiocaBbeBrha. Y4UecTBOBAO je M Ha BHIIE MpojeKara
Ha CHHXPOTPOHCKOM H3Bopy 3pauewa COJIENJI, mox pykoBoAacTBOM ap AJiekcaHIpa
MunocassbeBuha y nepuony (2012-2016):

e “Inner-shell spectroscopy of nanosolvated Supstance P peptide ions isolated in gas
phase” (2016, main proposer A. Milosavljevic),

e “The interplay between protein folding and its electronic structure probed by soft
X-ray absorption tandem mass action spectroscopy” (2015, main proposer A.
Milosavljevic),

e “Inner-shell spectroscopy of nanosolvated protein ions isolated in gas phase” (2015,
main proposer A. Milosavljevic),

e “Influence of nanosolvation onto the ionization energy of multiply charged full
proteins isolated in the gas phase” (2014, main proposer A. Milosavljevic),

e “Nanosolvation-induced stabilization of biopolymers and fragile biomolecular
complexes isolated in the gas phase probed by VUV photoactivation” (2013, main
proposer A. Milosavljevic),

e “Inner-shell spectroscopy of protein ions isolated in gas phase: Near-edge X-ray ion
yield spectra dependence on molecular charge state” (2013, main proposer A.
Milosavljevic),

e “Photoionization of nanosolvated nucleotides and nucleoside triphosphates isolated
in the gas phase” (2012, main proposer A. Milosavljevic)

Hayyna akTUBHOCT M JONPUOHOC KaHIWAATa je Be3aHa 3a MCTpaXKHBama Mpoleca
MHTEpaKIHje eleKTpoHa U (HoToHa ca OMOMOJIEKYIMMa, Kao U yTUIlaja HaHOCOJIBaTalllje
Ha ocoOuHe Omomosiekyna. ¥ okBUpY oBe TemaTuke, Musom PankoBuh je mpeBacxonHo
paauo mapajielHoO Ha: a) IU3ajHY U pa3BOjy U3BOPA €IEKTPOHCKOT MJia3a, Ka0 BAKYyMCKOT
cucreMa, y LWy KOHCTPYKLMje, TeCTHpama W HMIJIEMEHTHpamka CHUCTeMa 3a
HCTpaXUBAKE CyJlapa eJIeKTpoHa ca OMOMOJIEKYIHMa 3ap00JbEHUM Y JOHCKO] 3aMIIU WA
JIOBEJICHUM Yy BakyyM Ha Jpyrm HauumH; O) Mepemy U o00paau pesynirara
eKCIIEpUMEHTAJIHOI  HCTpaxkuBawma HHTepakuuje “VUV” u “X” (¢ortoHa ca
O6uomosiekynuMa (HYKJICOTUIH, aMMHO KHCEIHWHE, MNEeNTUIM W MPOTEHHM), Kao H
HAHOCOJIBATHCAaHUM OHMOMOJIEKYJIMMa, W30JIOBAaHHUM y BaKkyyMy momMohy jOHCKE 3aMKe.



[Topen Tora, ¢ 003upOM Ha MOKA3aHU TAJICHAT M MOTHBAIU]y 32 €KCIICPUMEHTAIIHU DA/,
Munom PankoBuh je yuecTBOBao M Ha JApPYyruM HcTpakuBamuma y Jlaboparopuju 3a
aTOMCKE CyJlapHe IpolLece, IPe CBera y pa3Bojy CUCTEMa 32 UCTPAKHUBAHE TPAHCMUCH]E
€JIEKTPOHA HUCKHUX €Hepruja Kpo3 MPOBOJHE U U30aTOPCKE MUKPOKAIIUIIAPE.

VY OokBHpY TeMaTHKE a) KaHIWAAT je IOMOhy cuMynaluje KpeTama eJIEKTPOHA MO
yciaoBUMa JAe(pUHUCAHUM 33JaTOM T€OMETPHUjOM ENEKTPOHCKE ONTHKE, MCIUTHBAO DPaJ
SNIEKTPOHCKOT TOIA, y KOHTHHYAJIHOM M MHYJICHOM pexumy. JloOujeHu pe3yiaraTu cy
BaXHU 332 KOHCTPYKIM]Y ¥ MMILJIEMEHTAIIM]y M3BOpa €JIeKTPOHCKOr Mia3a. Kannuaar je
3aTHM W3BEO EKCIEPHMEHTAIHY PEan3allijy MOBE3UBamba SICKTPOHCKOT TOMA U jJOHCKE
3aMKe, MpH YeMmy Cy JOOHMjeHH TIpBH pe3yJaTH EJIeKTPOHCKH HMHIYKOBaHE
JHCOoIHjanyje/joHn3anuje menTHaa U MPOTeHHA 3ap00JbCHHX Y JIMHEAPHO] KBaAPYIIOJIHO]
joHckoj 3ammu. OBaj EKCIEPUMEHT IPEJICTaB/ba BeOMa BaXKaH JOKa3 MPHHIMIA J1a e
Moryhe noBecTu enekTpone cpenmux enepruja (oko 300 eV) y nuHeapHy jOHCKY 3aMKyY
ca panno(ppeKBEHTHUM EIEKTPHYHUM rosbrMa. [lokazano je ga meprypbaruja eHepruje u
TeOMETpHje eIEeKTPOHCKOT MJa3a 0]l TAKBHM YCJIOBHHA JIOBOJBHO Maya M Ja je moryhe
Pa3IyduTH EIEKTPOHCKY CTPYKTYpy HpoTenHa. KOHKpeTHO, pa3iiokeH je abCOpIIUOHU
OUK KOjU OJroBapa €JEKTPOHCKO] EKCHHTAIMju 1S eNeKTpoHa W3 HajHUKE JbYCKE
YTJbEHUKOBOT aTOMa y BHUIIY HENONyH-eHy BE3UBHY MOJEKYJICKy OpOHTaly T Koja
OJIr0Bapa MENTHIHO] BE3U U3Mel)y yrIbeHUKOBHX U a30TOBUX aToMa.

VY okBupy Tematuke 0) MPE3EHTOBAHU Cy PE3YITATH E€KCIIEPUMEHTAIHOI UCTPaKUBaba
(OTOHCKM WMHIYKOBaHE AMCOIMjallMje TEHTAleNTHaa JICYIUH-€HKe(paIuH, y OICery
eHepruja 5-14 eV. V omncery eHepruja 1o oko 8 €V, ucrnoj eHepruje joHusauuje,
TUCOLIMjallija je WHHUIMpPAHA eJICKTPOHCKOM TOOyIOM MOJIEKyJa YHME OBAaKBO
UCTpaXMBamke IMpyKa MOTryhHOCT JeTa/bHOI UCHTHBamka EJIEKTPOHCKE CTPYKTYype
MeNnTUa Kao M CYCHEeNTHUOWITHOCTH OHOMOJEKyla Yy OJHOCY Ha YITPpaJbyOH4acTo
€JIEKTPOMAarHeTHO 3padere. EKCIIepUMEHT je OCTBapeH MOBE3HBAEM JIMHEApHE JOHCKE
3aMKE€ Ca CHHXPOTPOHCKMM 3payemheM W MEpPEemeM TaHIEM MaceHHX CIeKTapa y
¢bynkuuju eHepruje ¢porona. Takole cy npe3eHTOBaHM pe3yaTaTu (POTOHCKH MHIYKOBaHE
JUcoLMjalrje 3a UCTe eHepruje (OTOHA, XHUIPATUCAHOT MPOTOHHUCAHOT HYKJIEOTH[A
aZieHo3MH MoHodocdaTa. Y eKCIepUMEHTY je MOKa3aHO Ja XUAPATHUCAHkE MMOMEHYTOT
HYKJICOTHJA YaK M ca jeAHHM MOJIEKYJIIOM BOJIE JOBOAM JIO 3HAYajHOT CMambermha
MH3EH3UTeTa (pparMeHTallje HOMEHYTOI HyKJI€OTH1a. Y eKCIIepUMEHTHUMA MHTEpaKiyje
dborona wu3 omcera eHepruja Omarmx X-3paka ca 3apoOJLEHUM  BHUIIECTPYKO
MIPOTOHUCAHUM MIPOTEUHOM YOUK]YTHH, j€ IMOKa3aHo Jia moBehame CTama HaeleKTpHCamba
MIPOTEMHA YTUYE Ha MPOCTOpHY ypeheHocT (CexkyHIapHY CTPYKTypy Koja neduHuiie
OMONOMIKY (YHKIM]Y - OA KOMIIAKTHUX J0 W3AYKEHHX (QopMmalmja), ITO CE MOXKE
JIOBECTH y Be3y Ca EIIEKTPOHCKOM CTPYKTypoM mpoTewHa. Haj3am, ekxcriepiMeHTaHu
pe3yaTatu JOOHMjeHH HHTEepakUUjoM eJEeKTpOHAa W3 TeMaTHKe a) cy ymopeheHu ca
WHTepaknujama (OTOHA W3 TeMaTWKe 0) 3a WCTH MPOTEHH YOWK]YTHH, TIPH YEeMy CYy
nobujeHa Beoma 100pa mokianama. Mako cy mporecu koju HHULMPajy OxKeoB Mpolec
(u3banMBame BaJCHTHOI €JIEKTPOHA, HAKOH €KCIUTAIlMje €JIEKTpOHA U3 yHyTpalme K-
JbyCKE) PAa3NUUUTU 3a ciy4ya] (QoToHa (PE30HAHTHHM) U EJEKTPOHA (HEPE30HAHTHH),
MOKa3aJl0 Ce€ Jla CE peNaKCallMOHW KaHAIM y TaHIEM MaceHHM CIIEKTpHMa JT00po
MOKJIAMajy.



O06jaBJbeHM PAZOBH U CAOMIITEHA MPEACTABbA]Y 3HAYAjaH HAYYHHU JIOIPUHOC y 00JacTh
UCTpaXMBamba HMHTEpAKIMje eleKTpoHa M (oToHa ca Omomonekynuma. Oj moceOHOT
3HaYaja je MCIHUTHBAIE JMCOIMjalldje jOHA MENTHlIa y BaKyyMy YCJea EIEeKTPOHCKE
nodbyne y BYB obnactu, ucmoj eHepruje joHH3aluje, Koje je 3HadajHO Kako ca
(byHIaMEHTATHOT acleKTa U paszyMeBama (PU3MYKO-XEMH]CKUX OCOOMHA OMOMOJIEKYIa,
TaKO ¥ 32 HCTPaKUBambha pajnjanuoHor omrehema.



EjieMeHTHM 32 KBAHTHTATHBHY aHAJM3Y paja kanauaarta ap Musoma Pankosuha 3a u3z6op y
3Ba€ HAYYHU CapaJHUK

OcTBapeHu pe3yaTaTu y nepuoy mnpe udopa:

Kareropuja M 6omoBa o paxy bpoj pamoBa |[YkymHo M 60110Ba
M2la 10 3 30

M21 8 3 24

M23 3 2 6

M31 1 3.5 3.5

M32 3 1.5 4.5

M34 0,5 11 5.5

M63 0,5 3 1.5

M70 6 1 6

HopeheH,e ¢ca MUHUMAJIHUM KBAHTUTATHBHUM YCJIOBUMA 34 I/I360p Y 3BalbC HAYUHHU CapaJHUK:

Munumanas 6poj M 6o1oBa OctBapeHo
VkynHO 16 81
M31+M32+M34+M63+M70 10 21
M21a+M21+M23 5 60




KBajauTraTuBHA OLleHA HAY4YHOI JOoIIpUHOCA:

1. Ilokazamemu ycnexay Hayunom paoy:

(Harpage m mpusHama 3a HaydYHU paj JIOJIEJbEHE OJI CTPaHE PEJICBAaHTHHX HAYYHUX
WHCTUTYIIMja W JIPYyIITaBa; yBOJHA IMpElaBama Ha HAyYHUM KOH(QEpeHIMjaMa U Jpyra
npeJaBama Mo MO3MBY, WIAHCTBA y oq00puMa MehyHapoaHux HaydHUX KOH(DepeHIuja;
YJlaHCTBAa y oA0OpMMa HaydHUX [ApYINTaBa; WIAHCTBA y ypehuBaukum ombopuma
yacomnuca, ypehuBame MoHOrpaduja, perieH3rje HaydHUX paJoBa U MpojeKara)

e UnaHCTBO y OpraHM3aIMOHOM o160py MehyHaponne komdepenumje: 27 Summer
School and International Symposium on the Physics of lonized gases - SPIG 2014,
Belgrade, Serbia.

e UYjaHcTBO y opranusaiuoHoM oa6opy Mehyrapoaue koudepenuuje: XUV/X-ray light
and fast ions for ultrafast chemistry expert meeting on biomolecules -
XLIC 2015, Fruska Gora, Serbia.

2. Amncaxcosanocm y pazeojy yciosa 3a Hay4Hu pao, oopazosary u opmupary
HaAyuYHuUXx Kaopoea:

(JompuHoc pa3Bojy Hayke y 3eMJbU; MEHTOPCTBO MPHU U3PAAU MACTEP, MaruCTapCKUX U
JOKTOPCKUX paZoBa, pPYyKOBOheme CIENUjaIMCTHYKAM pPaJOBHMa; IMEIaromiKh paj;
MehyHapoaHa capa/iiba; OpraHu3alija HayqHHUX CKYIOBa)

Kanauaar je yuecTBOBao y U3paju Mactep paja:

e lge bauuh, numnomupanor ¢usnuyapa (Pusmuku ¢GakyaTeT YHUBEp3UTETa Y
beorpany, 2015. roaune)

3. Opecanuzayuja nayunoez paoa:

(PyxoBoheme npojekTrmMa, MOTNPOojeKTUMA U 33aJalluMa; TEXHOJIOMIKH MTPOjeKTH, MaTeHTH,
WHOBAIlMje W PE3YNTaTH NPUMEHEHU Yy TMPAaKCH;,; PYKOBOhEHE HAYYHUM U CTPYYHHUM
JPYIITBUMA; 3HaYajHE aKTUBHOCTU y KOMHCHjaMa M TeauMma MUHHCTapcTBa 3a HayKy M
TEXHOJIOIIKKA Pa3BOj W TEJIMMa JPYIMX MHUHUCTAPCTaBa BE3aHHWX 32 HAYYHY J€IaTHOCT;
pyKoBoheme HayYHUM MHCTUTYTIHjama)

Kannunar yuectByje y cinenehum mnpojeKTUMa OCHOBHMX, WHTEPAUCUUIUIMHAPHUX U
TEXHOJIOIIKUX UCTpakuBamba MUHMCTApCTBA MPOCBETE, HAYKe M TEXHOJOLIKOT pa3Boja
Penry6oiiuke Cpowje:

e (2011-2016) “Pwusuka cynapa u GOTO MpoLeca y aTOMCKUM, (0H0) MOJIEKyJIapHUM U
HaHOAUMEH3MOHUM cuctemuma’, O1.171020.



4. Keanumem nayunux pesyimama:

(YTunajHOCT, mMapamMeTpH KBAIUTETA YaCOMUCA M MO3UTHBHA IUTHPAHOCT KaHIHIATOBUX
panoBa; edekTHBHU Opoj pagoBa u Opoj pajgoBa HOPMHPAH HA OCHOBY Opoja KoayTopa;
CTEIIEH CAaMOCTaJTHOCTH M CTEeIeH y4uenrha y peaiu3aiuji pajoBa y HAy9HUM IIEHTPUMA Y
3eMJbH M HFHOCTPAHCTBY; JIONPHHOC KaHUaTa Peain3aliji KOayTOPCKUX paioBa; 3Hayaj
pazoBa)

VY kareropuju M21a kannuaart je o0jaBuo pagoe y cieaehum gyaconucuma:
1 paxg y Angewandte Chemie (International Edition) (M®= 11.709)
2 panga y Journal of Physical Chemistry Letters (Md= 8.539)

VY xareropuju M21 kanauaar je o0jaBuo pagose y cieaehum yaconucuma:
1 pax y Applied Physics Letters (Md= 3.142)
1 pax y Journal of Chemical Physics (M®= 2.894)

1 pax y Nuclear Instruments and Methods in Physics Research. Section B: Beam
Interactions with Materials and Atoms (Md= 1.389)

VY xareropuju M23 kannuaar je o0jaBuo pagose y cieaehum yaconucuma:

2 pana 'y The European Physical Journal D (M®= 1.208)

CBH pajioBU ce pauyHajy ca IyHOM TEKHUHOM Yy OJIHOCY Ha Opoj KoayTopa.

VYKynaH uMmnakT ¢pakTop pajoBa KaHau1aTa y yaconucuma kareropuja M21a, M21 u M23
je 28.881. IIpema Science Citation Index, HayuHH paj0BU KaHUIaTa [IUTUPAHH CY 8 mmyTa
y MelyHapogHuM yaconrcuma (6e3 camoruTara).
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Subject Invitation for a Special Report oral presentation at ICPEAC 2015
From Fernando Martin <fernando.martin@uam.es>
To <mrankovic@ipb.ac.rs>
Date 04/22/2015 13:47

To: Milo§ Rankovi¢ Lj.
University of Belgrade
Serbia

Dear Milos Rankovié Lj.

On behalf of the ICPEAC 2015 International Programme Committee we are pleased to inform you that your communication entitled

XXIX INTEFINATI(:)NAL CONFEREN(}'E
on Photonic, Electronic

and Atomic Collisions
22-28 JULY 2015 TOLEDO - SPAIN

“Photodissociation of protonated Leucine-Enkephalin peptide in the VUV range"”

Im webmail

has been selected for a Special Report oral presentation at the XXIX International Conference on Photonic, Electronic and Atomic Collissions (XXIX ICPEAC), to be hel

Special Reports will be published in the J. Phys. Conference Series. We ask that speakers submit their papers at the conference so that the refereeing process can begil

For any query related to this invitation, please contact Alicia Palacios at alicia.palacios@uam.es.

We hope very much that you will be able to accept our invitation: please let us know by 1 May 2015 at the latest. Please be aware that this is a personal invitation that c:

We look forward to welcoming you to Toledo in 2015.

Yours sincerely

Roberto D. Rivarola

International Chair of XXIX ICPEAC
Instituto de Fisica de Rosario
Universidad Nacional de Rosario

Rosario Argentina

https://roundcubemail .ipb.ac.rs/roundcube/?_task=mail& safe=0&_ uid=2044& mbox=INBOX&_ action=print& extwin=1

Fernando Martin

Local Chair of XXIX ICPEAC
Departamento de Quimica, Médulo 13
Universidad Auténoma de Madrid

28049 Madrid, Spain
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VUV photofragmentation of protonated leucine-enkephalin
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Abstract. The experimental investigation of 5-8 eV photons induced dissociation of the leucine-enkephalin
(Leu-Enk) peptide dimer, performed by coupling a linear ion trap with a synchrotron beamline, in com-
bination with the tandem mass spectrometry, has been reported. The present work extends the existing
results on Leu-Enk VUV-induced dissociation to lower sub-ionization photon energy range. The measured
tandem mass spectra show that even at the photon energies below the ionization threshold, VUV irra-
diation of the protonated Leu-Enk dimer precursor can lead to a rich fragmentation pattern, including
peptide sequence ions and neutral losses. The photodissociation yields of selected ionic fragments reveal
the absorption bands at about 6.7-7.1 eV (185-175 nm). The experimental results have been supported by
theoretical description of the [2Leu-Enk + H]* precursors, optimized at BSLYP/6-314+G(d,p) level of DFT.

1 Introduction

There has been a long standing effort to understand de-
tails of radiation damage of biomaterials at the molecular
level. Particularly, a large amount of results have been
published in the recent years on electron, ion and photon
interaction with isolated molecules representing building
blocks or parts of large biological macromolecules such
as DNA and RNA [1]. The investigation of an isolated
molecular system under well-defined conditions allows for
a more detailed insight into fundamental biological pro-
cesses initiated by the impact of a high-energy particle.
Furthermore, this research could help developing impor-
tant applications in medicine, such as optimizing the type
and dose of the radiation in cancer therapy, in order to
maximize killing of the cancer cells, while minimizing the
damage to surrounding healthy tissues [2].

Although DNA and RNA have been mostly in the fo-
cus of the radiation damage research so far, protein dam-
age is a very important issue that must be also taken into
account for realistic modeling. Along this line, most of

* Contribution to the Topical Issue “Nano-scale Insights into
Ton-beam Cancer Therapy”, edited by Andrey V. Solov’yov,
Nigel Mason, Paulo Limao-Vieira and Malgorzata Smialek-
Telega.

# e-mail: vraz@ipb.ac.rs

the existing results have been reported on vacuum ultra-
violet (VUV) photon interaction with amino acids — the
building blocks of proteins (see [3] and references therein).
Nevertheless, the susceptibility of amino acids to ener-
getic photon irradiation (VUV/X-ray) cannot necessarily
be transferred directly to their polymers. For example, it
has been shown recently that an isolated full protein was
extremely resistant to fragmentation upon soft X-ray irra-
diation in comparison with amino acids [4]. Therefore, it
is important to study the high-energy photon interaction
with the isolated targets representing polymers of amino
acids (peptides), as well as their non-covalent complexes.
Unfortunately, this used to be experimentally very chal-
lenging — especially to bring the amino acids or their poly-
mers intact into the gas phase [4]. The development of ex-
perimental techniques in recent years, particularly those
coupling synchrotron radiation with ion traps, allowed for
the use of novel ionization methods such as electrospray
ionization (ESI) to produce and study gas-phase intact
peptides, proteins and even non-covalent complexes [3-7].

In the present article, we report on the experimental
investigation of 5-8 eV photon induced dissociation of the
leucine-enkephalin (Leu-Enk) peptide dimer, performed
by coupling a linear ion trap with a synchrotron beam-
line, in combination with the tandem mass spectrometry
(MS?) method [6]. The Leu-Enk pentapeptide (see Fig. 1)
has been intensively studied previously and has become a
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Fig. 1. Schematic drawing of leucine-enkephalin peptide
(Leu-Enk) and the amino acid sequence.

standard model in mass spectrometry (see [3,8] and refer-
ences therein). It has also been used as a model system for
peptide-peptide interactions [9]. The existing results on
high-energy photon interaction with gas phase Leu-Enk
include the photodissociation study of protonated Leu-
Enk monomer in the 8-40 eV VUV range [3,10] and soft
X-ray [11], as well as the most recent study of both bare
and nanosolvated Leu-Enk dimer in 7-10 eV range [9].
Therefore, the present work extends the existing re-
sults on Leu-Enk VUV-induced dissociation to lower sub-
ionization photon energy range, which is particularly
important regarding the intensive photoabsorption by
peptides in the 4-7 eV region (300-180 nm) due to the
strong electronic transitions associated with aromatics,
disulfids, amides and the charge transfer [12]. Further-
more, the present work deals with the isolated gas phase
Leu-Enk dimer, thus allowing an insight into the sub-
ionization dissociation of non-covalent peptide complexes,
a model system for the peptide-peptide interaction and
ternary structure acquisition. In short, we could study the
stability of fragile non-covalent peptide complexes against
sub-ionization VUV irradiation by analyzing direct disso-
ciation and backbone fragmentation as a function of the
photon energy. Finally, extensive high-level molecular dy-
namics (MD) and density functional theory (DFT) calcu-
lations were performed in order to study the structure and
physicochemical properties of the Leu-Enk dimer.

2 Experimental method

The experimental system [5,6] has been assembled by cou-
pling a commercial linear quadrupole ion trap mass spec-
trometer (Thermo Finnigan LTQ XL) with the DESIRS
VUV beamline [13] of the SOLEIL synchrotron radiation
facility in France. Ions were produced from a solution by
a detachable ESI source mounted on the mass spectrome-
ter. The electrosprayed protonated Leu-Enk dimer ions
were introduced from the front side of the mass spec-
trometer and guided through a transfer tube and a sys-
tem of ion lenses into ion trap. Desired precursor ions
[2Leu-Enk + H|* were isolated in the trap and irradiated
during about 500 ms by a monochromatic VUV photon
beam, which was introduced from the back side of the
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mass spectrometer. The photon beam is produced by an
undulator and monochromatized by a normal incidence
monochromator [13], with a typical bandwidth of 12 meV
and an absolute energy calibration of 10 meV. High har-
monics of the undulator producing the photons are filtered
out by using a gas filter [13], as well as MgFs or Suprasil
windows, depending on the photon energy region. A vac-
uum manifold with turbo pumping stage has been used to
accommodate the pressure difference between the beam-
line (10~8 mbar) and mass spectrometer (10~° mbar). A
fast digitally activated rotating mechanical shutter has
been fitted in the vacuum manifold in order to define the
irradiation time [14]. The mass spectrometer was mounted
on a home-made supporting frame which allows for a fine
tuning of the position of the trapped ions packet with re-
spect to the VUV photon beam, in order to have a high
ion activation efficiency and an optimized signal to noise
ratio.

Trapped ions were activated and fragmented in a re-
peated sequence, during which MS? spectra were recorded
as a function of a particular photon activation energy. The
ion trapping, the opening of the mechanical shutter, the
recording of the spectra and the photon energy scanning
are synchronized by a home-made software, in order to
perform automated long-period acquisition. The photodis-
sociation ion yields were obtained from the recorded mass
spectra according to the intensity of a desired m/z re-
gion, and normalized to both the precursor intensity and
the photon flux which has been measured separately un-
der the same experimental conditions. Leucine-enkephalin
(Leu-Enk : Try-Gly-Gly-Phe-Leu) was provided by Sigma
Aldrich, from bovine erythrocytes in powder form and sol-
vated with water/acetonitrile (75:25) solution at 10 pM
concentration.

3 Results and discussion
3.1 Tandem mass spectrometry

Figure 2 presents the tandem mass spectrum of Leu-Enk
dimer upon VUV photon activation at 6.7 eV. Clearly,
the most intensive dissociation channel corresponds to the
cleavage of non-covalent bonds between the monomers and
production of the protonated Leu-Enk monomer [M + H]|™
at m/z 556.

Nevertheless, a zoom-in in the tandem mass spectrum
reveals that the photon absorption also leads to an inten-
sive peptide backbone (BB) fragmentation, as well as neu-
tral losses. Figure 2b shows that both N-terminal (a,b) and
C-terminal (x,y,z) sequence ionic fragments are formed
upon photoactivation of the Leu-Enk dimer precursor.
Moreover, the dissociation of the dimer produces frag-
ments from BB fragmentation of one peptide which can
stay attached to the other peptide, as can be clearly seen
in the rich fragmentation pattern presented in Figure 2c.
Finally, the most intensive fragmentation channels, beside
the production of the charged monomer, correspond to the
loss of neutral molecules, dominantly tyrosine (m/z 107)
and phenyl (m/z 91), while more intensive loss of HO,
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Fig. 2. Photo-activation tandem mass spectrum of leucine-enkephalin (Leu-Enk) peptide dimer recorded after irradiation of
[2Leu-Enk + H]* precursors at 6.7 eV photon energy. The lower panels (b), (c) show close up of the mass regions up to (m/z 650)
(b) and down to (m/z 800) (c), respectively. The proposed assignments of the fragments are given in the figure, where notation
“M” corresponds to “Leu-Enk”. The theoretical fragmentation of Leu-Enk peptide and the nomenclature of the fragments have

been taken from reference [15].

m/z 28 and COy accompanies the direct dissociation to
the monomer units (Fig. 2b).

The measured tandem mass spectra show that even
at the photon energies below the ionization threshold [9],
VUV irradiation of the protonated Leu-Enk dimer pre-
cursor can lead to a rich fragmentation pattern, including
peptide sequence ions and neutral losses. The mechanism
should thus involve an electronic excitation of the precur-
sor due to a resonant photon absorption, followed by a fast
deexcitation to the hot ground state and subsequent frag-
mentation [9]. Therefore, the investigation of the energy
dependence of the dissociation should allow for a direct
mapping of the electronic transitions, as well as of the
VUV photostability of this fragile non-covalent peptide
complex.

3.2 Photodissociation ion yields

Figures 3—6 present photodissociation yields of the se-
lected ionic fragments resolved in the tandem mass spec-
tra, as indicated in Figure 2. The photodissociation inten-
sity of the protonated Leu-Enk dimer is strongly energy
dependent. The photodissociation yield of the dominant
fragment — protonated monomer [M -+ H]T — reaches a
maximum at about 7 eV (Fig. 3a). As indicated previ-
ously [9], this intensive sub-ionization photodissociation
occurs from electronically excited states of the Leu-Enk
dimer precursor. The relaxation of the electronically ex-
cited states and redistribution of energy among the vibra-

tional degrees of freedom leads to the dissociation of the
non-covalent complex from the hot ground state. There-
fore, the maximum dissociation intensity directly points
to the strongest electronic transition (absorption band).
Furthermore, the slow decrease of the [M +H]|T ion yield
above 7 eV also indicates that several different absorption
bands in the 6.5-8 eV energy region contribute to the dis-
sociation. The electronic spectroscopy of small peptides
has been theoretically investigated by Serrano-Andrés and
Fiischer [12]. Briefly, electronic structure of the peptidic
backbone may be approximated by a 4-level system in-
cluding two 7 orbitals involving the amide bond, the
oxygen lone pair and one virtual 7 orbital involving the
amide [12]. The amide w7+ and charge transfer nm* transi-
tions have been tentatively assigned to the 6.5-8 eV spec-
tral region. The contribution of different absorption bands
is even more pronounced for the dissociation accompanied
by loss of small neutral molecules HoO and CO4 (Figs. 3b
and 3c, respectively).

Nevertheless, the loss of neutral amino acids phenyl
and tyrosine is more resonant, as the corresponding pho-
todissociation ion yields (Figs. 4a and 4b) reveal well
defined absorption bands centered at about 6.9 eV. There-
fore, sub-ionization site-specific covalent bond break-
ing and fragmentation of Leu-Enk dimer is conducted
by a specific electronic transition from highest occu-
pied molecular orbital (HOMO) to lowest unoccupied
molecular orbital (LUMO). The similar photodissociation
ion yields have been measured for the peptide sequence
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Fig. 3. Photodissociation yields of (a) [M+H]t (m/z
556.1-556.4), (b) [M+H|"-H,O (m/z 538.08-538.38) and
(c) M +H]"-CO2 (m/z 512.1-512.4) fragments.

fragments, both isolated and attached to the monomer
(Figs. 5 and 6). The maxima of the measured ion yields,
corresponding to the maximum absorption, are at about
6.8-7.1 eV. Still, the bands of the C-terminal fragments
(x,y) seem to be slightly red-shifted in comparison to
the N-terminal fragments (a,b), although a more detailed
experimental study is needed for a definite conclusion.

3.3 Theoretical modeling of dimer electronic structure

Theoretical description of [2Leu-Enk+ H]™ was carried
out in order to better understand the experimental
results. The geometry of the lowest-energy conformer
(CF) were obtained following reference [9], optimized at
B3LYP/6-31+G(d,p) level of DFT after reference [16]
using NWCHEM [17]. The calculated vertical ionization
energy of this CF is 9.31 eV [9].

The geometry of the lowest-energy CF found of the
bare Leu-Enk dimer is shown in Figure 7. Four HOMOs
are all localized on aromatic groups, as shown in the figure
(not shown HOMO-2 has the same localization as HOMO,
on Phe(n)). LUMO, in contrast, is spread across the BB of
the protonated monomer. LUMO+1 and LUMO+-2, fur-
thermore, also occupy about the same position as LUMO,
with more weight on the Tyr(p) end of the monomer.

Given the obtained localization pattern, one could ex-
pect that some excitations of the type HOMO — n —
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Fig. 4. Photodissociation yields of (a) [2M + H]"-91 (phenyl)
(m/z 1020.0-1020.3), (b) [2M+H]"-107 (tyrosine) (m/z
1003.98-1004.28) and (c) [2M + H]*-CO5 (m/z 1066.0-1066.3)
fragments.

LUMO +m for n = 0,1,2,3 and m = 0,1,2 consist of
transfer of charge from aromatic ring to the BB(p). Tak-
ing into account the well-known electronic stabitility of
the aromatic ring, the main effect of the transfer is weak-
ening of the BB(p) due to the negative charge repulsion
along the bone, leading to the conclusion that protonated
monomer in the dimer is less stable than the neutral. Fur-
thermore, it could be also argued that excitations involv-
ing a charge transfer from the neutral to the protonated
monomer lead to the loss of Tyr(p), since the hole created
by the excitation of electron on Phe(n) is well localized
on the aromatic ring preventing the loss of Phe fragment.
On the other hand, excitations involving transitions that
take place only on the protonated monomer could addi-
tionally initiate loss of Phe fragment, due to the repulsion
between positively charged Phe(p) and the NH*. Never-
theless, a more detailed analysis and definite conclusions
demand for time-dependent DFT theoretical calculations.

4 Conclusion

The present paper reports a detailed experimental study
on photo-induced dissociation of protonated Leu-Enk pep-
tide dimer isolated in the gas phase, at photon energies be-
low the ionization threshold. The results show that photo-
induced electronic excitation of the non-covalent dimer
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Fig. 5. Photodissociation yields of (a) as (m/z 397.05-397.35),
(b) bsa (m/z 425.08-425.38), (c) ya (m/z 393.0-393.3) and (d)
ya (m/z 336.0-336.3) fragments.

system leads to intensive dissociation to the monomer
units (as expected), but also to backbone destruction and
loss of neutral molecules. Furthermore, the fragmentation
process can end up with the peptide sequence fragments
both isolated and still attached to the monomer.

The intensity of the photo-induced fragmentation of
the protonated Leu-Enk dimer is strongly dependent
on the photon energy. The measured photodissociation
yields of selected ionic fragments reveal the absorption
bands at about 6.7-7.1 eV (185-175 nm). The exper-
imental results have been supported by theoretical de-
scription of the [2Leu-Enk + H]™ precursors, optimized at
B3LYP/6-31+G(d,p) level of DFT. According to the cal-
culated distribution of HOMO and LUMO, the experi-
mental results and measured fragmentation pattern could
be tentatively rationalized. Finally, the present work is im-
portant for the field of radiation damage and brings new
results revealing the susceptibility of complex biopolymers
to energetic photons.
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Tyr(p)

HOMO
Phe(n)

Wide

Fig. 7. Geometry of the lowest-energy CF found, shown to-
gether with several frontier orbitals, as indicated in the figure.
HOMO-2 (not shown) is localized on Phe(n) just as HOMO.
LUMO+1 and LUMO+2 (not shown) occupy about the same
part of the molecule as LUMO. (n) and (p) next to the group
name indicate whether the group belongs to the neutral or
protonated monomer, respectivelly.
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ABSTRACT: The photodissociation of gaseous protonated adenosine 5'-
monophosphate (AMP) and the same system hydrated with one water
molecule has been investigated in the 4 to 13 eV photon energy range by
coupling a linear quadrupole ion trap with a synchrotron radiation beamline.
The dissociation of the bare AMP cation upon absorption of a single
ultraviolet (UV) photon below the ionization energy (IE) almost exclusively
produces the protonated adenine base, with a measured photodissociation
yield showing spectroscopic features with dominant absorption bands
located at 4.75 and 6.5 eV, found in agreement with TD-DFT calculations.
Nevertheless, the addition of a single water molecule to the system modifies
the dissociation energy dependence and strongly suppresses the cleavage of
the glycosidic CN bond below the IE. Both the experimental and theoretical
results suggest that a single solvent molecule can intrinsically influence the
structure and physicochemical properties of the AMP cation, including its
UV induced dissociation pattern, beyond the simple water evaporation.

SECTION: Spectroscopy, Photochemistry, and Excited States

Photoion yield (%)

9 10 11 12

he photostability of DNA and RNA against ultraviolet

(UV) radiation is a crucial issue for the understanding of
life’s development and evolution, particularly regarding the
conservation of the genetic information. These molecules
strongly absorb in the UV region,' which should make them
vulnerable to photon-induced alteration. Although an immense
number of publications have been devoted in recent years to
photophysics of DNA building blocks,' > this topic is still
attracting a large scientific attention focusing on DNA
photostability mechanisms. Particularly, 266 nm photodestruc-
tion of both protonated and deprotonated AMP nucleotide
isolated in vacuo has been reported in 2003° and followed by
intensive investigation of the AMP molecule. However, to our
knowledge, the photodynamic of isolated nucleotides has not
been studied over a broad UV and vacuum ultraviolet (VUV)
domain.

Moreover, functions and properties of biomolecules are in
nature intrinsically linked to their aqueous environment. The
recent development of experimental techniques has allowed
investigations of the effect of solvation down to a limit of only a
few solvent molecules (nanosolvation or microsolvation). For
example, it has been shown that even one, two, or three water
molecules can strongly affect chemical reaction dynamics,”

-4 ACS Publications  © Xxxx American Chemical Society

1994

peptide structure,® or the stability of a fragile peptide dimer.’
Recent pioneering experiments have investigated dissociation of
electrosprayed nanosolvated deprotonated adenosine $’-mono-
phosphate (AMP) nucleotide anions, induced either by
energetic collisions with neutral atoms (Ne, Na)'® or by
electron capture.'' Nevertheless, although the latter studies'>""
are relevant in the context of high-energy photon interaction
with DNA and radiation damage due to secondary electrons,"
they do not investigate directly the role of nanosolvation in
ubiquitous high-energy photon interaction with DNA building
blocks. It should be noted that there is a long-standing effort to
understand solvent effects in DNA photophyics, including a
number of results from solution (see refsl, 13, and references
therein), as well as studies on DNA bases microhydration in the
gas phase.'*

In this Letter, we report on UV action spectroscopy of
protonated AMP molecule (Figure 1) isolated in the gas phase
and on the same system hydrated with a single water molecule,
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Figure 1. Schematic drawing of the protonated AMP molecule.

performed by coupling a linear ion trap with a VUV
synchrotron radiation beamline."*™"” The photodissociation
yield of [AMP + H]* appears to be strongly energy-dependent,
with structures observed on the action spectroscopy of AMP
over a large UV energy domain (4—13 eV). Moreover, we
found that hydration by a single water molecule significantly
influences the precursor dissociation magnitude below the
ionization energy (IE) as well as its energy dependence.
Molecular dynamics (MD) and high-level density functional
theory (DFT) calculations have been performed to understand
the role of nanosolvation upon UV irradiation.

Figure 2ab present tandem mass spectra (MS*) upon
collision induced dissociation (CID) of the bare [AMP + H]*
and hydrated [AMP + H,O + H]* precursors, respectively. For
the hydrated precursor, one of the main CID fragmentation
channels corresponds to the loss of the water molecule (m/z
348). It should be noted that we cannot exclude that some low-
abundant peaks (Figure 2b,d,f) may indicate the presence of
isobaric interfering ions but which are of lower abundance
compared to the hydrated AMP protonated precursor and
should not influence the discussion about UV induced
fragmentation of AMP presented in the paper. For the
following discussion, it is important to note that the hydrated
cations can lose water by thermal evaporation during the
trapping time even without any collisional or photon-induced

activation, producing the m/z 348 fragment with a relative
intensity of about 0.15%.

Figure 2c,e (left column) display MS* spectra of the bare
protonated AMP precursor upon photon irradiation at two
different energies below the IE. The results show that UV
single-photon absorption practically exclusively leads to the
cleavage of the glycosidic NC bond and formation of the
protonated base fragment [A + H]". The present results are
qualitatively in good agreement with the recent photo-
dissociation studies at 266 nm (= 4.7 e¢V) and 260 nm (=
4.8 eV) of protonated AMP,'™" respectively. Still, some
differences in fragmentation patterns, such as higher abundance
of the fragment corresponding to the phosphate loss from
protonated AMP," might come from a different time scale of
the experimental setups. Indeed, in ion traps, the ions are
provided with much longer time to fragment than in sector
instruments, which may affect the observed fragmentation
patterns™® (the time that ions have to fragment in the present
case extends up to the irradiation time, which was about 500
ms). Note also that different abundance of fragments relative to
the precursor may be due to different photon fluxes of
synchrotron monochromatic and pulsed laser beams. Consid-
ering the present results at two different resonant energies, the
fragmentation pattern appears to be very similar. Still, the
abundance of protonated base increases, whereas traces of
additional fragments can be seen at 6.5 eV.

The present experiment confirms a fundamentally different
nature of UV photodissociation of the protonated AMP with
respect to that of the deprotonated one,"**> for which a rich
fragmentation pattern has been measured.”'®** The latter
results for [AMP — H]™ anion suggests a mechanism that
begins with a z7* electronic transition, followed by fast internal
conversion to a vibrationally hot electronic ground state that
ends up with a number of thermal fragmentation channels.? In
contrast to the deprotonated case, [AMP + H]* exclusively
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Figure 2. (a,b) Tandem mass spectra (MS?) of the [AMP + H]* (m/z 348) (a) and [AMP + H,0 + H]* (m/z 366) (b) precursor cations upon
collisional induced dissociation (CID). (c—f) MS? of bare protonated precursor [AMP + H]* (ce) and the hydrated one (d,f) upon photon
activation at 4.75 and 6.50 eV. The lower part of the spectra (black line) up to m/z 320 at the energy of 4.75 eV (c,d), corresponding to
photofragmentation, has been normalized to the photon flux with respect to 6.50 eV (the photon flux at 6.5 eV was about S times higher). The insets

« »

show a zoom-in of the selected m/z regions. The structures of “c
elsewhere.”!
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and “d” fragments formed upon sugar moiety decomposition are given
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photodissociates through the direct cleavage of the CN
glycosidic bond, suggesting a possible fast fragmentation
directly from the excited electronic state.

The addition of one water molecule to the protonated AMP
markedly influences the photodynamic of the nucleotide. First,
photodissociation yields of the hydrated precursor seems to be
about 3—4 times lower than of the bare precursor. Second,
photon absorption leads to the dissociation into both the bare
protonated base [A + H]* and the protonated base bound to a
solvent water molecule [A + H,0 + H]" (m/z 154, see
Supporting Information Figure S2), as confirmed in an MS?
scheme experiment (Supporting Information Figure S1).
Clearly, the latter fragment represents the dominant
fragmentation channel. Third, though CID of [AMP + H,0
+ H]" leads to an intensive loss of H,O (Figure 2b), this
process is barely detectable upon VUV photon absorption (see
below). It should be noted that the previous work has shown
that the photofragmentation of an organic compound can be
strongly affected by clustering with even a single Xe atom;”*
therefore, the present results are important for further
elucidating the role of the gradual water solvation in
photochemistry of biomolecules.

Theoretical description of [AMP + H]" with and without
H,O was carried out in order to better understand the
experimental results. The geometries of low-energy conformers
(CFs) were found by using the genetic algorithm approach with
classical force field geometry optimization followed by DFT
optimizations at the M06-2X/6-311G(d,p) level,>*® where
about 50 low-energy CFs were considered.

Figure 3 shows the lowest-energy geometries of the hydrated
and nonhydrated CFs (see Supporting Information Figures S3

¢

CF1

Figure 3. Lowest energy conformers structure found for [AMP + H]*
(CF1) and [AMP + H,0 + H]* (CF1/, CF2') at M06-2X/6-
311G(d,p) level of DFT. The protonated AMP (CF1) has the N3
protonation site.

and $4). Both DFT and MP2*’ give the same geometry as the
lowest-energy CF for both precursors, and the obtained energy
difference between CF1’ and CF2’ is within the uncertainty of
the calculations. Furthermore, all low-energy CFs found have
their highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) centered upon the
adenine base (A), with only a small electronic density extending
over the rest of the ion. It is important to note that upon
hydration, there are two qualitatively different water H-
bondings: (i) to the P-group away from the base A (CF1’ in
Figure 3) and (ii) by forming a bridge between the P-group and
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A (CF2’ in Figure 3). Therefore, upon single photon
absorption by adenine chromophore, leading to NC bond
cleavage, two main fragments are expected: bare protonated
base from CF1’ and hydrated protonated base from CF2/,
which is in agreement with our experimental findings (Figure
2d,f). Still, significantly lower intensity has been measured for
the [A + H]* fragment, suggesting much smaller abundance of
CF1’ type conformers or intensive competitive production of
small fragments that cannot be detected. The calculated vertical
ionization energies (VIEs) of CF1, CF1’, and CF2’ are 12.53,
12.48, and 12.12 eV, respectively. The binding energies of water
in the two CF’s are 69 and 69.5 kJ/mol, respectively (~0.72
eV).

The energy dependence of the photodissociation of [AMP +
H]* and [AMP + H,0 + H]" precursors is presented in Figure
4a,b. The photodissociation of [AMP + H]* below IE into [A +
H]* (dominant channel) is strongly resonant. The first
absorption band at about 4.75 €V (%260 nm), corresponding
to the strong 1(zz*) transition,’ is well known for the adenine
base and has been extensively investigated in laser based
experiments. Particularly, the most recent paper by Pedersen et
al." reports the action spectra up to 5.8 eV of protonated AMP,
the photodissociation yield of [A + H]" fragment showing a
broad band centered at about 4.7 €V, in very good agreement
with the present results.

Furthermore, the present results also reveal a second
absorption band centered at about 6.5 eV, which appears to
correspond to the dominant photodissociation channel for the
bare precursor. Experimental results are in a very nice
agreement with the present theoretical absorption spectrum
calculated using time-dependent B3LYP/6-31+G(d,p) (Figure
4a,d for CF1), confirming that [AMP + H]" strongly dissociate
only upon zz* type transition at adenine site (it should be
noted that there can be several different conformers present in
the experiment at room temperature). On the other hand,
fragmentation into the [d — H]* ion, which involves cleavage of
several bonds,”' starts to be important only at higher energies.
It should be noted that previous calculations report 3(zz*),
4(mm*) excitations of adenine to be in the range from 6.2 to 6.7
ev.? Higher energies, where both more electronic transitions
(due to increased density of states) and the ionization process
become available, were not included in the present theoretical
modeling.

The photoion yields upon excitation of hydrated precursor
(Figure 4b) reveal the absorption bands at about the same
positions as for the bare one, in line with the most recent
measurements of the absorption spectra of protonated bare and
monohydrated adenine, where no difference was seen upon
water addition.'® However, there is a lowering of the resonant
photodissociation of protonated AMP in the whole UV and far-
UV energy region, induced by the presence of a single solvent
molecule. This might be regarded as a surprise considering both
the present CID experiment (Figure 2b) and the previous
studies on nanosolvated deprotonated AMP,'"'! where 12
water molecules were needed to protect deprotonated AMP
against energetic collisions with neutrals,'® whereas the electron
capture induced dissociation even increased with increasing
solvation.!! Furthermore, previous studies in solutions have
shown that solvent did not seem to influence ultrafast de-
excitation through conical intersections."

Nevertheless, the photodissociation of protonated AMP is
not likely to proceed through an ultrafast de-excitation followed
by vibrational cooling from the hot ground state. Indeed, if this
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Figure 4. Photodissociation yields of protonated adenine base [A +
H]* (circles) and [d — H]* (diamonds) fragments from the bare
protonated adenosine monophosphate [AMP + H]* precursor (a) as
well as [A + H]* (up triangles) and [A + H,0 + H]" (down triangles)
from the hydrated protonated AMP precursor [AMP + H,0 + H]*
(b). (c) The yield of [AMP + H]* fragment from [AMP + H,O + H]*
precursor, corresponding to the loss of a single water molecule as a
function of the photon energy. The dashed line marks the average
water loss upon thermal evaporation from the ion precursor, without
photon irradiation. (d) Time-dependent B3LYP/6-31+G(d,p) calcu-
lated absorption spectra of CFs from Figure 3. Curves are obtained
from the sticks by a 0.1 eV Gaussian convolution of the calculated
transitions, providing a guide to the eye (the curve for CF1 is also
plotted in panel a as a full line, normalized to experiment at 4.75 V).

mechanism would become operative upon hydration, one
would expect an intensive loss of the noncovalently attached
water molecule, as measured in the present CID experiment
(Figure 2b). The most recent paper by Pederesen et al.'* also
reports the water loss to be the dominant fragmentation
channel upon UV (260 nm) photodissociation of mono-
hydrated protonated adenine base (note that de-excitation of
protonated adenine is an ultrafast process'). On the contrary,
no photon-induced water loss from the protonated mono-
hydrated AMP can be detected below the IE in the present
experiment (see Figure 4c). We should note that low m/z ions,
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such as NH,", H;O%, or H*, cannot be detected with the
present setup. Although the adenine base possesses higher
proton affinity than the water,” this might not be crucial when
such large amount of energy is dumped into the ion; thus, we
cannot exclude that part of it is channeled into ejection of small
fragments. Still, it should be noted that the recent results’® do
not show signal from H;O0" ion upon dissociation of
monohydrated protonated adenine. Therefore, although we
cannot completely exclude that part of the absorbed energy is
channeled into ejection of low-mass fragments (due to
monohydration-induced change in the precursor fragmentation
pattern), the single-water solvation-induced frustrated UV
photodissociation of the protonated AMP may be intrinsically
related to the structure of the hydrated complex.

The calculated absorption spectra for the lowest-energy
hydrated CFs are also shown in Figure 4d. The spectra for CF1
and CF1’ geometries are nearly identical in terms of both
intensity and spectral distribution, clearly indicating that
hydration on the phosphate site has only a minor effect on
photoabsorption. Hence, there could be either a very low
abundance of CF1’ type precursor or the dissociation to
protonated base from CF1’ is not a preferential channel (as
discussed above). At the opposite, the bridge-hydration (CF2’)
significantly modifies the UV absorption properties of AMP.
First, instead of a particular strong narrow band, the oscillator
strengths (OSs) are redistributed over more numerous
transitions, thus effectively reducing the resonant absorption.
Furthermore, this OS redistribution can increase transition
probabilities from nonbonding orbitals, thus again effectively
reducing the dissociation yield. For example, CF2’ shows a
double peak at ~4.8 eV, where about 50% OS corresponds to
the transition from a nonbonding (HOMO-1) to LUMO.

It should be noted that the lowest-energy protonated AMP
CF found (Figure 3) has the N3 protonation site (see Figure
1), in agreement with the previous study by Touboul et al.*
reporting that the N3 position is the most favorable site of
protonation for adenosine, in contrast with adenine (N1).
Interestingly, the absorption bands of protonated AMP and
adenine molecules overlap," although previous UV measure-
ments showed red-shifted absorption of N3 protonated adenine
in reference to N1 adenine (see ref 19 and references therein).

The current understanding of the fragmentation mechanisms
of gas phase bare and hydrated AMP ions is briefly summarized
as follows. The CID occurs on the ground electronic state after
statistical redistribution of the absorbed energy over vibrational
modes. Photoexcitation can lead to both statistical and
nonstatistical fragmentation: (a) [AMP — H]~ undergoes fast
internal conversion to a vibrationally hot electronic ground
state, followed by thermal (statistical) fragmentation;3 (b)
[AMP + HJ]* dissociates directly from the excited electronic
state (according to the present study and refs 18 and 19); (c)
[AMP + H,O + H]*, we propose that the dissociation also
occurs from the excited states, before vibrational energy
redistribution.

In summary, UV/VUV photodissociation of both bare and
monohydrated protonated AMP nucleotide isolated in the gas
phase has been measured as a function of the photon energy.
The experimental results show strong [AMP + H]* dissociation
bands centered at ca. 475 and 6.5 eV, in agreement with
calculations. Nevertheless, our study shows that a single-water
solvation inhibits dissociation, this effect being more likely due
to intrinsic structural changes than to the vibrational cooling
from the hot ground state. It should be noted that before the
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(mainly) biogenic oxygenation® of the early Earth, its
atmosphere was transparent to VUV. Therefore, the present
study on UV-induced AMP degradation is of particular
importance regarding radiation damage of biomaterial and
DNA photostability.

B EXPERIMENTAL SECTION

Our experimental setup for VUV tandem mass spectrometry
(MS?) and action spectroscopy of large biomolymer ions
isolated in the gas phase has been described in recent
publications.">'® Briefly, it includes a commercial linear
quadrupole ion trap mass spectrometer (LTQ XL; Thermo
Fisher) coupled to the DESIRS VUV beamline'” at the
SOLEIL synchrotron facility. The ions are produced by an
electrospray ion (ESI) source and introduced into the trap from
the front side. After isolation of a desired precursor, the
monochromatic photon beam, with a typically bandwidth of 12
meV and an absolute energy calibration of +10 meV, is
introduced from the backside of the trap during a well-defined
period (500 ms in the present case). High harmonics of the
undulator are filtered off by using a gas filter,'” as well as MgF,
or Suprasil windows, depending on the photon energy region.
After irradiation, action mass spectra for the desired precursor
ion were recorded as a function of the photon energy and
normalized to the photon flux.

Both protonated AMP (Sigma-Aldrich) and hydrated
protonated AMP ions were generated by the ESI source from
a pure water solution at 100 #M. An appropriate combination
of parameters, such as the concentration of the solution,
transfer tube temperature, voltages, and sheath gas flow rate,
was optimized in order to maximize the production of hydrated
clusters.
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ABSTRACT: Understanding the correlation between pro-  x.gys
teins’ tertiary and electronic structures is a great challenge, -~ ) NEXAFS
which could possibly lead to a more efficient prediction of I~
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protein functions in living organisms. Here, we report an
experimental study of the interplay between electronic and
tertiary protein structure, by probing resonant core excitation
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and ionization over a number of charge-state selected g s W el
precursors of electrically charged proteins. The dependence i - O LA
of the core ionization energies on the protein charge state *2:5 LAPS B

shows that the ionization of a protonated protein is strongly : s g

correlated to its tertiary structure, which influences its effective K-shell IEs o mod | o oo
Coulomb field. On the other hand, the electronic core-to- R T S S S S B S
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valence shell transition energies are not markedly affected by

the unfolding of the protein, from compact to totally elongated structures, suggesting that frontier protein orbitals remain
strongly localized. Nevertheless, the unfolding of a protein seems to influence the cross section ratio between different resonant
electronic transitions.

P roteins are essential for living organisms, as they brightness of a third-generation tunable soft X-ray synchrotron
accomplish numerous vital biological functions. Consti- radiation source.

tuted by different polypeptide chains, proteins have in common NEXAFS has already been established as a very sensitive
that their functions are closely related to their three- method to probe the electronic structure of a wide range of
dimensional molecular structures." Therefore, long-standing samples, including biologically relevant molecules and bio-
research, stimulated at the same time by outstanding polymers.® In recent years, proteins have come into the focus of
technological development, has been devoted to determine NEXAFS, and several studies have been reported on the

the average structure of a protein.” However, both the
structural and the dynamical properties of proteins should be
considered to rationalize their behavior and accurately predict
their biological function.” The electronic structure of a protein
is fundamentally correlated with its atomistic representation.
Therefore, it appears important to gain a deeper understanding
of the interplay between the protein electronic structure and its
folding, as it could help develop methods to predict protein
activity.”® In order to achieve this goal, we propose an
experimental approach to probe, by near edge X-ray absorption

potential of the method to investigate protein electronic
properties and even to elucidate (at least tentatively) their
primary structure in combination with modeled spectra.”'” In
NEXAFS studies of biomolecules, the X-ray absorption
efficiency is probed by scanning the photon energy throughout
the K-shell absorption edges. Therefore, the NEXAFS spectral
features correspond to resonant excitation of a core electron to
unoccupied molecular orbitals. Nevertheless, all mentioned
studies with proteins were performed on thin organic films,

fine structure (NEXAFS) action spectroscopy,’ the electronic thereby preventing control of the target’s charge state and
structure of isolated protein ions, with some control on their

three-dimensional structure provided by their level of Received: June 17, 2015

protonation.” For this we use the high sensitivity and selectivity Accepted: July 28, 2015

of the tandem mass spectrometry (MS?) with the high
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Figure 1. (a) Schematic representation of the X-ray K-shell excitation/ionization of a protein, followed by Auger decay and production of ionized
cations, which are detected in the experiment. (b) Tandem ESI/photoionization mass spectrum of S+ (m/z 1714) ion of ubiquitin protein, obtained
after 500 ms of irradiation at a photon energies of 288.2 eV. (c,d) Single (SI, [M+SH]%, 6+ charge state, m/z 1427—1429), double (DI, [M+5H]™,
7+ charge state, m/z 1223—1225), and triple (TL, [M+SH]®, 8+ charge state, m/z 1071—1073) C and N K- edge photoionization yields of the 5+

charge state precursor [M+SH]** of equine ubiquitin protein.

structure. To overcome these limitations, gas-phase study of
proteins should be performed instead.

In the past two decades, mass spectrometry appeared as a
very efficient tool to study the structure of proteins from their
primary structure'" up to the structure of their supramolecular
edificies."” Recently, the introduction of the vacuum-ultraviolet
(VUV) activation MS?> has allowed determination of the
binding site of a ligand on an intrinsically disordered protein,
whereas classical techniques failed."” Among the different
applications of this technique, one of the most exciting
possibilities offered by such in vacuo spectroscopy of biological
macromolecules is the investigation of their fundamental
physicochemical properties.

As a proof of principle for our proposed method, we
produced desolvated ubiquitin protein, in gas-phase, in different
charge states ranging from +4 to +11, by means of electrospray
ionization. Subsequent isolation of a selected cation, with a
specific charge state, in an ion trap mass spectrometer allows us
to manipulate, at least partly, its tertiary structure from a
compact to an elongated geometry.”'* After activation of the
ionic precursor by soft X-ray synchrotron radiation, a mass
analysis of the produced ions is achieved (MS?). Finally, from
the recorded MS?, a relative yield of the ionization products can
be determined as a function of the photon energy, thus
enabling construction of the NEXAFS action spectra (X-ray ion
yields) for a desired charge-state precursor (see details below).
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The relationship between protein structure and charge states is
now established." Particularly, the case of ubiquitin has been
extensively studied by ion mobility.'® It appears that the most
important structural transitions occur for states at the boundary
of the elongated region. It is important to note that, in our
experiments, the ion storage times are long enough to ensure
that the sample has already reached equilibrium. Indeed, it
requires several tenths of milliseconds from the ionization to
the storage of the target ion, which is much longer than the
folding dynamics of ubiquitin."”

In our previous work in the VUV domain, we have found a
strong correlation between the folding of a gas-phase protein
and its valence-shell ionization energy (IE).” We have also
reported that an electrostatic model could be used to relate the
valence-shell IE of an isolated-charge protein to its charge state
and the effective radius.” An interesting question logically
arises: Is a similar correlation seen for K-shell IEs? If the
measured K-shell IEs shift in the same way, it would suggest
that the unfolding of a protein changes the screening Coulomb
field that affects only the ionized electron; that is, the measured
correlation is a final state effect that generally relates protein’s
tertiary structure with its ability to be ionized by any means.
Along this line, the gas-phase action NEXAFS spectroscopy can
be also used to probe the protein’s structure. In this letter, we
demonstrate a strong correlation between K-shell and valence-
shell IE dependence on the protein’s charge state, suggesting
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that the electrostatic model reported in Giuliani et al.” also
holds for inner-shell ionization. Moreover, unlike in the
valence-shell ionization studies where only the IE can be
measured, the analysis of the pre-edge features in soft X-ray
absorption spectroscopy could be an additional guide to
understand the interplay between electronic and tertiary
protein structure.

The ionization of the photoexcited precursor at photon
energies below the inner-shell ionization energy (IE) is the
consequence of resonant Auger decay,”'® which can be briefly
summarized as follows (see Figure 1a): The core (1s) electron
resonantly absorbs the photon and is promoted to an
unoccupied, bound molecular orbital, forming a highly excited
electronic state, which decays in the femtosecond time range.'”
A valence electron fills the core vacancy, and the target relaxes
by the ejection of an electron. Depending on whether the
initially excited electron participates in the decay process, the
process may be qualified as a participator (usually much less
efficient'®) or as a spectator, respectively. Also, it is generally
energetically possible that more than one valence electron is
ejected, leading to multiple resonant Auger decay.”””" There-
fore, the processes resulting from K-shell photoexcitation of the
isolated n-time multiply charged protein precursor in the
present experiment can be represented by the following
formula:

M + nH" + hv = ([M + nH]"")* o> [M + aH]"0%* 4 ke™
(1)
(k=12,.)

In the case where the photon energy is larger than the K-shell
IE, the core 1s electron is ejected into the ionization
continuum, forming a core vacancy that initiates the normal
Auger decay resulting in at least doubly ionized precursor:

M + nH]™ + hv > ([M + aH" ) 4 e
> [M + aH]" O 4 (k4 1)e”
(k=12,.)

In both cases 1 and 2, the formed radical cation can undergo
further fragmentation. However, as reported previously for
cytochrome ¢,° the susceptibility of gas-phase proteins to soft
X-ray-induced fragmentation appears to be drastically different
than it is for their amino acid building blocks, and peptides.*”
Indeed, as seen in Figure 1b for an example of the S+ charge
state precursor of ubiquitin [M+SH]**, the ionization process,
accompanied by low-mass neutral losses, represents the
dominant relaxation channel upon resonant (C 1s — 7%, 4.)
X-ray absorption by ubiquitin. In this respect, fragmentation to
small ionic fragments below the presented cutoff of about m/z
500 is negligible. The neutral losses from the ionized species
produce fragments at masses close to the precursor, which
appear just next to the main single ionization (SI), double
ionization (DI), etc. peaks toward lower m/z, clearly resolved in
the present work. Based on this fact, the present communica-
tion is focused on the jonization process as a way to probe the
protein electronic structure. The signal between SI, DI, etc.
processes is due to the weak fragmentation channels, but
discussing these processes would be out of scope of the present
Letter.

The partial ion-yield X-ray absorption spectra have been
obtained from the mass spectra recorded as a function of the
photon energy, after normalizing the integrated intensity of the
SI, DI, and triple ionization (TI) peaks to both the total ion
current and the photon flux. As explained above (see eq 1 and

)
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Figure la), the SI is exclusively triggered by resonant 1s
excitation to unoccupied molecular orbitals (and neglecting the
valence-shell ionization in this photon energy range). There-
fore, the measured SI partial ion-yield X-ray absorption spectra
in the present experiment represent the action NEXAFS
spectra. Indeed, as also reported in our previous work,® the SI
curve exhibits a rich spectroscopic structure allowing one to
clearly resolve features that match perfectly with previously
reported results from NEXAFS spectroscopy of thin protein
films.”'* For example, electronic transitions from C Is to
molecular orbitals corresponding to 7*._. (aromatic) at 285.3
eV and 7* ;4. (peptide bond) at 288.2 eV, as well as from N 1s
to % 4. at 401.2 eV (bands A, B and D, respectively, in Figure
1c,d). Note that the spectra in Figure lc are not background
subtracted; therefore the direct valence-shell photoionization
remains low and will thus be neglected in the following
discussion, as it is known that its cross section (CS) is
monotonously decreasing with photon energy.

Figure 1c,d also presents DI partial ion-yield X-ray
absorption spectra (red circles). In contrast to the SI ion-
yields discussed just above (blue squares), the DI curves clearly
show an onset at about 294 and 408 eV, for C and N K-edge,
respectively. The onsets correspond to the opening of the
direct ionization channel (see Figure 1a) above the K-shell IEs.
Note that the double ionization of the precursor below the C
K-shell IE is dominantly produced by multiple resonant Auger
decay (Figure 1la), triggered by the resonant ls excitation.
Therefore, the shape of the relative [M + nH]"2* jon yield
curve (DI) below the onset should closely reproduce the one of
the relative [M+nH]"*V* jon yield curve (SI), which is indeed
shown in Figure 2 for the case of S+ charge state precursor.

T T T T T T T
Ubiquitin [M+5H]**

31 C-edge
éo, Threshold:
o 29 —o (294.310.2) eV 7
o} -81x0.15
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Figure 2. Normalized single (SI, [M+SH]®, m/z 1427—1429) and
double (DI, [M+5H]™, m/z 1223—1225) C K-edge photoionization
yields of the S+ charge state precursor [M+5H]*" of ubiquitin protein.
Circles represent a difference DI — 0.15 X SI, resulting in normal
Auger decay contribution of DI yields fitted to a linear threshold
model (line).

Having this in mind, the subtraction of the normalized SI from
the DI ion-yields should leave only a threshold curve that shows
the contribution from the direct K-shell ionization (which is
possible only above the IE). Figure 2 presents such a threshold
curve for the case of 5+ charge state ubiquitin, together with a
linear model fit that determines IE(5+) at 294.3 + 0.2 eV (the
error bars reflect the uncertainty due to both the fit and the
selected fitting range). It is interesting to note that normalized
SI and DI ion-yields, in fact, are different around the peak B,
suggesting that the branching ratio might depend on the K-shell
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excitation energy (note that DI can include both double Auger
ionization and Auger cascade processes). Still, this relatively
small effect does not influence our adopted fitting procedure to
determine IEs.

In order to determine the charge-state dependence of the C
K-shell IE of ubiquitin, the C K-edge ion yields (as shown in
Figure 1c) were measured for a number of charge states, in the
range from 4+ to 11+ and the IEs were extracted following the
procedure described above (see Figure 2). The obtained C K-
shell IEs are plotted against the protein charge state in Figure 3,
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Figure 3. K-shell (circles) and valence-shell (squares)’ ionization
energies of protonated ubiquitin precursor as a function of the charge
state.

together with the valence-shell IEs of ubiquitin reported
recently.” Both curves show that an increase of the charge state
of a folded protein (compact structures) would increase the IE,
but as soon as the protein starts to unfold at higher protonation
levels (transient structures), the effective IE remains more or
less constant until the protein is totally unfolded'* (elongated
structures). Our results show that near K-edge X-ray spectros-
copy has the ability to probe the tertiary structure of a protein
in vacuo, simply by measuring the core IEs.

The C K-edge photoionization yields of ubiquitin for
different precursor charge states in the overall range from +4
to +11 are compared in Figure 4a (see Supporting Information
for all measured charge states). It is important to note that all
curves in each panel in Figure 4a have been measured
sequentially in the same experiment (see Experimental
Section). This procedure ensures that the energy positions of
spectral features relative to each other for different charge states
are not affected by the absolute calibration of the energy scale
(see Experimental section). Furthermore, the extracted spectra
presented in Figure 4 are normalized to the same area (after
subtraction of the background obtained as an average signal
below 284 €V) in order to avoid a possible influence of different
experimental conditions, particularly the target density in the
trap. Indeed, according to the Thomas—Reiche—Kuhn sum
rules, the area below the NEXAFS spectrum should be
conserved along the charge states series.

The present measurements clearly show that the energies of
the C 1s — n*-_. (aromatics, 285.3 eV) and C 1s — 7%, 4.
(peptide bond, 288.2 V) transitions are practically not affected
by the increase of the precursor protonation from +4 to +11, at
least within the limit of the present experimental uncertainty of
about 0.1 eV. Supporting Figure 1 also shows that both the
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Figure 4. (a) Single C K-edge photoionization yields of the ubiquitin
cation for different charge states. Dashed vertical lines mark the
maximum of the A (Is — 7*c_c jaromatic]) and B (Is — 7% 4.
[peptide bond]) bands. (b) The intensity at the maximum of the B
peak as a function of the precursor charge state.

shape and the width of the dominant band are not affected by
the protonation. The same conclusions stand for the N 1s —
¥ ;mide transition, as well, although less charge states have been
probed in the case of N K-edge (see Supporting Figure S2). On
the other hand, the relative intensity of the dominant C 1s —
¥ ymide Tesonant transition (peak B in Figure 4a) markedly
depends on the protonation level as shown in Figure 4b.

Our present finding, that the resonant excitation energies are
not markedly affected by the protonation (Figure 4a), may be
seen as a surprise. The protonation/deprotonation of amino
acids affects the charge distribution in the vicinity of their
functional groups; therefore it should have a strong influence
on the energetics and electronic structure of blomolecules,
indeed reported previously for smaller biomolecules.”® On the
other hand, the X-ray absorption spectroscopy (XAS) does not
provide information on the absolute energies of the states
involved in the absorption process.”* Therefore, the measured
core excitation energies may not apparently depend on the
protonation if both the core and the unoccupied valence states
are similarly affected. Brown et al.”* have recently shown this
effect for protonated formic acid by combining XAS and X-ray
photon spectroscopy (XPS) in a liquid microjet study.
However, it is important to point out that in the present case
the target biopolymer is significantly larger and is not solvated.
Indeed, ubiquitin is a 76-residue protein® (see Supporting
Information, Figure S3), so in the whole range explored, from
+4 to +11 charge, one can estimate that only about 5% to 15%,
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respectively, of all possible local core—electron transitions to
7T imide are affected by the additional charge on the functional
group. Therefore, even in the case of large energy shifts, the
overall contribution to the measured signal may be intrinsically
hidden by the signal associated with the rest of the protein.

Although the protonation itself should not affect significantly
the core excitations in the present case of a large protein
complex, it should also be considered that the level of
protonation defines at the same time the protein’s three-
dimensional structure in the gas phase.'*'® Therefore, we
simultaneously probe the influence of protein folding on core—
electron excitation. In this respect, two different effects can be
studied according to the results presented in Figure 4 (and the
Supporting Information): (a) the K-shell excitation energies—
according to the position of the bands (thus the energy of the
unoccupied molecular orbitals) and (b) the relative intensity of
different types of transitions (e.g, excitation to z* or o*
orbitals). Considering the former case (a), the folding/
unfolding of the protein apparently does not affect significantly
the core excitation energies to unoccupied frontier molecular
orbitals. Starting from the fact that core excitation is of a very
local character,””* the present experimental results suggest that
the unoccupied frontier protein orbitals are practically
unaffected by the change of the tertiary protein’s structure,
even in the whole range from compact to totally unfolded and
elongated structures. This result is in agreement with the
prediction of previously reported complex quantum mechanical
calculations for ubiquitin* and enzymes® that frontier orbitals of
a protein are very localized and not affected by its dynamics. It
should be noted that the measured action NEXAFS spectra do
not exclude a possibility that the protein unfolding affects both
the core and the unoccupied molecular orbitals, thus not
significantly affecting the resonant transitions™* (note that
photoelectron spectroscopy cannot be performed in the present
experiment because electrons cannot be extracted from the
radiofrequency ion trap to be analyzed). Indeed, the
protonation clearly produces a shift of the K-shell ionization
energies. Nevertheless, there is a very good correlation between
the valence and the K-shell IEs (Figure 3), suggesting that both
effects represent a final state effect, which is intrinsically related
to the spatial rearrangement of the charged protein. The latter
affects the effective Coulomb field that influences only the
ionized electron, as shown in our previous work.

On the other hand, the relative intensity of the bands
corresponding to C K-shell excitations to the 7* state, as seen
in Figure 4b, appears lower for lower charge states and
increases with the charge state, as the protein unfolds.
Interestingly enough, this increase is most pronounced in the
transition from compact to unfolded structures. And it should
be noted that a similar dependence has been also found for the
aromatic peak A. Therefore, the tertiary structure of the protein
seems to affect the relative intensity of the core-to-valence #*
transitions, the latter being less pronounced in a folded protein.
Previously, Zubavichus et al.'’ investigated the formation of a
macromolecule that gave rise to a 20—25% attenuation of the
7* resonances in the spectra, which they tentatively interpreted
as a manifestation of conformational flexibility. The authors
suggested that the molecular mass and structural flexibility of
biological macromolecules could influence the NEXAFS
spectra, but further research was lacking to reach solid
conclusions. Indeed, the present experimental results suggest
that the folding of the ubiquitin protein may induce a
noticeable suppression of the 7* resonances (about 10%) in
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its C K-edge ion yield spectra. Following previous studies,® this
effect can be tentatively explained by a geometrical rearrange-
ment of C atoms with respect to each other.

In conclusion, the present experimental results provide a very
first demonstration of the interplay between electronic and
tertiary protein structure, by probing resonant core excitation
and ionization over a number of charge-state selected
precursors. The dependence of core ionization energies on
the protein charge states was found to be in strong correlation
with valence-shell ionization, showing that, generally, the
ionization of a protonated protein is strongly correlated to its
tertiary structure that influences its effective Coulomb field. On
the other hand, the unfolding of the protein, from compact to
totally elongated structures, practically does not influence the
resonant transition energies. This experimental result is in favor
of recent theoretical predictions that frontier protein orbitals
remain strongly localized in a protein®. Nevertheless, the
unfolding of a protein seems to influence the intensity ratio of
different core-to-valence resonant transitions.

Finally, an interesting perspective deserves to be mentioned:
the high efficiency of the X-ray-induced resonant ionization, as
experimentally shown in the present measurements, clearly
confirms the possibility to raise-up the production of low-
energy, secondary electrons in a protein sample by orders of
magnitude, by simply tuning the photon energy near the C K-
edge. As pointed out in a recent theoretical study,® this can be
of particular importance in radiation damage-related research,
since the low-energy secondary electrons that interact with
neighboring molecules may be a very effective source of bond

breaking.”’

B EXPERIMENTAL SECTION

SR/MS? Spectroscopy. A commercial linear quadrupole ion trap
mass spectrometer was coupled to the soft X-ray beamline
PLEIADES at the synchrotron radiation facility SOLEIL
(France), as described previously.” The photon irradiation
time of 500 ms was controlled by a mechanical shutter activated
by a signal sent from the spectrometer through a pulse
generator that ensures a short delay of ion recording in order to
reduce background contributions. The ion injection time was
set to 100 ms. The X-ray beam was introduced from the back
side of the trap connected to the beamline via a dedicated
differential pumping stage. The electrosprayed ions were
injected from the front side into the trap. The tandem mass
spectra were recorded as a function of the photon energy
scanned in small steps. The photon energy calibration was
performed in parallel for each measurement by using an online
low-pressure ion yield setup installed upstream of the mass
spectrometer. The relative ion yields were extracted from the
mass spectra and normalized to the total ion current and to the
photon flux. For the presented action NEXAFS spectroscopy,
the mass resolution has been reduced to about 1500—2000 to
achieve higher signal/noise ratio, but was still more than
sufficient to clearly resolve SI and DI peaks. We had a very
good reproducibility of the spectra over several days of data
acquisition.

The Samples. Ubiquitin protein (from Sigma-Aldrich) has
been placed in water/acetonitrile solution (70:30) at 10 uM.
The photon energy calibration was performed with molecular
CO, and N, gas from Air Liquide, with a stated purity of
99.998% and 99.9999%, respectively.

PLEIADES Beamline. A permanent magnet APPLE II type
undulator, with a period of 80 mm, was used as synchrotron
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radiation source. The linear polarization of the light was kept
perpendicular to the plane of the electrons’ orbit in the storage
ring. A high-flux, 600 1/mm grating was used to mono-
chromatize the synchrotron radiation produced by the
undulator for the different K-edge regions. The exit slit of the
modified Pertersen plane grating monochromator was set to
reach an average resolution of 320 meV at the C-edge and 300
meV at the N-edge. The average photon fluxes at the C-edge
and at the N-edge were 1.3 X 10° photon/s and 2.4 X 10'°
photon/s, respectively. These fluxes take into account the
carbon contamination of some of the beamline optics, and also
the reduction of the incident flux by the absorption due to a
pressure of 5 X 1077 mbar CO, or N, gas present in the
chamber used for calibration purposes during the measure-
ments. The calibration gas was introduced in the calibration
chamber by an effusive jet crossing at right angle the SR beam.
The ions created in the interaction region are extracted by a
continuous electric field detected and counted at each step of a
photon energy scan. The detector consists of two polarizable
grids, which attract the cations, a multichannel plates chevron
stack, and a 50 Q-adapted full-metal anode. The photon energy
was calibrated according to the Ar(2p3/27" 4s) and N 1s — 7*
in N, transitions.'” The absolute accuracy of the energy
calibration was estimated to be 50 meV for both C and N
edges.
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We have measured 200 eV electron transmission through a single platinum tube of a diameter of 3.3 mm.
We find that the transmission of electrons can be detected even at large tilt angles, where the tube is not
transparent geometrically. The transmission drops down exponentially with increasing the tilt angle. The
energy spectrum of detected electrons behind the tube contain contributions at lower energies due to

both inelastic scattering and secondary electron emission. The spectrum is qualitatively in good agree-
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ment with the calculations performed for the flat Pt surface in order to understand and model the elec-
tron interaction processes that define the transmission and the energy spectrum at the exit.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

There has been a large interest in recent years to investigate
transmission of low-energy electrons (up to 1 keV) through nano(-
micro) capillaries made of insulating materials. This investigation
was triggered by the highly charge ions (HCI) guiding phenomenon,
which was first discovered by Stolterfoht and coauthors in 2002
[1]. The HCI guiding is well explained presently and is based on
the fact that the beam of charged particles dynamically deposits
charge on the inner capillary surface, thus forming a Coulomb field
that deflects the forthcoming particles (preventing close interac-
tion with the surface) and efficiently guides them towards the cap-
illary exit. A large number of papers have been published so far on
this phenomenon, which offers possibilities both to study funda-
mental particle-surface interaction processes and to develop inter-
esting applications such as HCI beam for nanometer-scale
fabrication and MeV proton microbeams for irradiating single cells
[2,3]. A comprehensive review on the subject can be found in the
recent paper by Lemell et al. [4].

The first studies on electron guiding through insulating capillar-
ies have been reported in 2007 [5,6], and followed by more
detailed investigations [7-9]. The electron transmission through
the capillaries appears to be fundamentally different from the sim-
ple picture of HCI guiding governed solely by Coulomb deflection

* Corresponding author.
E-mail address: vraz@ipb.ac.rs (A.R. Milosavljevic).
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[8,9]. Beside the Coulomb interaction that can also exist (although
not necessary repulsive, but rather attractive due to the secondary
electron emission [9]), electrons can be both elastically and inelas-
tically scattered upon close interaction with the surface (primary
projectiles) and can produce secondary electrons. Note also that
electrons cannot change their charge state (in contrast to HCI),
therefore it is impossible to distinguish between original and scat-
tered projectiles. Moreover, since the dominant process upon elec-
tron transmission may be elastic electron-surface scattering, it has
been suggested that even metallic (conductive) capillaries may be
used for the electron guiding [8]. Following this idea, we have
recently started an investigation on electron transmission through
single metallic capillaries. The aim of the research is to learn about
fundamental properties of both the electron guiding by metallic
capillaries and the processes of electron-surface interaction that
define guiding properties, as well as to investigate possible
applications.

In the present paper, we report the study on the transmission of
200 eV incident electrons through a single Pt macrocapillary
(3.3 mm diameter and 40.8 mm length - the aspect ratio of about
12.4). A large-diameter tube has been used, therefore the obtained
results can be tested and analyzed according to the calculations
made for the electron scattering by a flat Pt surface (which is more
trivial), whereas the tube aspect ratio is large enough to test elec-
tron transmission at large tilt angles. The intensity of the outgoing
electron current has been measured as a function of both the inci-
dent beam angle with respect to the capillary axis (the tilt angle)
and the kinetic energy of outgoing electrons.
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2. Experiment

The experiment has been performed at the Institute of Physics
Belgrade. The experimental system has been already described in
detail elsewhere [5,7]. Additional small modifications have been
made for the present study. A schematic view of the experimental
setup is given in Fig. 1(a).

The system consists of an electron gun, a Pt tube attached to a
4-electrode electrostatic lens, a double cylindrical mirror ana-
lyzer (DCMA) followed by a single channel multiplier (channel-
tron) and a Faraday cup. Fig. 1(b) shows the realistic model of
the Pt tube fitted in the 4-electrode lens, as well as electric field
distributions for typically used electrode voltages, made in SIM-
ION program [10]. Note that a penetration of the electric field
inside the Pt tube, thus possible influence to electron transmis-
sion, is negligible.

The electron gun produces a well collimated electron beam
with an energy spread of about 0.5 eV, which is directed into a Pt
tube of 3.3 mm diameter and 40.8 mm length (the aspect ratio of
about 12.4). The angle between the incident electron beam direc-
tion and the tube axis, referred as the tilt angle, can be adjusted
by rotating the electron gun. At the tilt angle of 90°, the electron
beam is directed into the Faraday cup, which is attached to an

X-Y manipulator allowing the measuring of both the incident elec-
tron current intensity and the beam profile. The characteristic
parameters of the electron beam - the diameter and the pencil
angle (divergence) - are retrieved according to the simulated pro-
file (for the identical geometry) where these parameters are
adjusted to have the best fit to the experimental points. Fig. 1(c)
shows a typical beam profile measured at 200 eV and the corre-
sponding simulated curve obtained with a diameter of 0.9 mm
and a divergence of 0.3°. Therefore, the incident electron beam is
very well collimated and enters the Pt tube without losses.

The energy of electrons escaping the backside of the tube was
analyzed using the DCMA working in a constant pass-energy mode
- therefore, the count rates were recorded as a function of the
retarding potential (Vg in Fig. 1(a)). It should be noted that this
mode of operation provides a constant overall energy resolution,
which was about 1 eV (full width at half maximum-FWHM), as
measured in the elastic peak. However, the transmission of the
entrance 4-electrode lens depends on the retarding potential.
Therefore, the recorded kinetic electron energy distributions were
corrected according to the transmission function estimated by
electron ray-tracing simulations made in SIMION program [10].
The base pressure in the experimental chamber was about
7 x 107 mbar.

Electron gun Energy analyzer
(movable) (DCMA)
Entrance lens
e (E;) (a)
tilt angle I. Detector
grounded II.
Faraday cup
XY (movable)
120 . : . .
Electron gun —e— Experiment (C)

100 beam profile —— Simulation |
<

H 80 i
c
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Faraday cup position (mm)

Fig. 1. (a) Experimental setup used in the present work. Electrons produced by the rotatable electron gun are directed into a Pt tube. Electrons escaping the tube are energy-
analyzed. The intensity of the incident electron current and the electron beam profile are measured by using a movable Faraday cup with an entrance hole of 2 mm. (b) The
realistic model of the Pt tube fitted in the 4-electrode lens made in SIMION program. The distribution of the electric field for electrode potentials typically used in the
experiment are shown by red lines. (c) The 200 eV electron beam profile measured by the Faraday cup (blue circles) and the corresponding SIMION simulation (red line)
obtained with the parameters: diameter = 0.9 mm; pencil angle = 0.3°. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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3. Electron-surface scattering calculations

We also present calculated kinetic energy spectra of 200 eV
electrons scattered from a flat Pt surface. Calculation is performed
using Monte Carlo Simulation (MCS) of low energy electrons back-
scattered from platinum (Pt) surface [11]. In this simulation we
take into account both elastic and inelastic collisions. For elastic
collisions of electrons by Pt atoms, we use static field approxima-
tion with non-relativistic Schrodinger partial wave analysis [12].

For the case of inelastic scattering we use a dielectric response
formalism [13-16]. According to the dielectric theory, a dielectric
function €(q, ) describes the response of a medium, as an assem-
bly of interacting electrons and atoms, to the disturbance from an
external point charge. The dielectric function €(q,w) is the
momentum (q) and energy (w) dependent. The energy loss func-
tion Im(—1/¢€(q, w)), determines the probability of such an event.
For the case of bulk material the energy loss function is given by
the relation Im(—1/€(q, w)) and in the case of a surface it is given
by the relation Im(—1/(e(q, w) + 1)). For low energies, like in the
present case, it is more convenient to use the surface energy loss
function. The dielectric function for Pt is obtained from Refs
[17,18].

We have performed MCS and calculated the backscattered elec-
tron energy loss distributions for primary and secondary electrons.
Details about calculation can be found in papers [11,19] and in ref-
erences there in.

4. Results and discussion

Fig. 2(a) presents a typical dependence of the detected count
rate of the electrons escaping the Pt tube without an energy loss
on the tilt angle. In order to avoid a saturation of the channeltron
at small tilt angles, the incident current intensity was reduced to
below 1 nA (such low electron currents were not measurable with
the present setup). The measurements show a very narrow angular
distribution of the detected electron current, which practically cor-
responds to the primary electron beam. Note that the aspect ratio
of the Pt tube defines the maximum acceptance angle of 4.6°.
Therefore, the measured angular distribution presented in
Fig. 2(a) is also influenced by the electrostatic field (i.e. the focal
properties of the lens - in the present case, the focus was on the
elastic channel), as well as the transmission of the whole analyzer
system, including the 4-element entrance lens, the double cylindri-
cal mirror analyzer and a 3-element lens placed at the exit (see
[20] for details).

Clearly, at low incident electron currents only the direct beam is
detected, therefore the scattered (guided) electrons cannot be
measured and studied. Still the measurements presented in
Fig. 2(a) are important for the adjustment of the incident electron
beam profile and the calibration of the angular scale.

In order to test a possibility of electrons being directed along
the capillary axis due to the close interaction with the inner walls,
as well as to measure the kinetic energy distribution of scattered
electrons, the electron gun was positioned at large tilt angles and
the incident electron current was increased to about 100 nA (as
measured in the Faraday cup - see Fig. 1(b)). Fig. 2(b) presents a
kinetic energy distribution of electrons escaping the tube at the
incident energies or with small energy losses (up to about 8 eV).
Clearly, the elastic peak can be detected even at very large tilt
angles above the maximum value of 4.6° as defined by the tube
aspect ratio. As expected, the intensity of the transmitted (guided)
electron current strongly decreases with increasing the tilt angle;
the dependence is practically exponential (see the inset in
Fig. 2(b)). Since the incident beam direction is far from the capillary
acceptance angle, the measured signal of electrons escaping the
capillary at incident energies (200 eV) must be due to the elastic
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Fig. 2. (a) The intensity of the electron current escaping the Pt tube at the energy of
200 eV, as a function of the tilt angle, for the incident electron energy of 200 eV and
the incident electron current intensity lower than 1 nA. (b) Experimentally obtained
kinetic energy spectra of electrons escaping the Pt tube, for the incident electron
energy of 200 eV, the incident electron current intensity of 100 nA and the tilt
angles of 5 (diamonds), 6 (triangles), 8 (squares) and 12 (circles) degrees. The inset
shows the area of the peaks presented in (b), in the energy domain from 198 to
202 eV, as a function of the tilt angle The red curve represents the exponential
decay fit to the experimental points. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

electron scattering from the Pt capillary surface, thus enabling
the transmission along the axis.

The close electron interaction with the inner Pt surface should
also lead to both inelastic scattering and secondary electrons emis-
sion. Therefore, in contrast to the HCI guiding by insulating capil-
laries provided by Columbic mirror, a very broad kinetic energy
distribution of escaping electrons is expected. A typical distribu-
tion obtained at the tilt angle of 6°and with the incident electron
energy of 200eV, is presented in Fig. 3(a), in a broad energy
domain down to 50 eV. Apart from the sharp elastic peak that cor-
responds to the dominant fraction of the transmitted electrons,
there is a large number of electrons at lower energies.

Fig. 3(b) shows the calculated kinetic energy distribution of
electrons upon scattering of 200 eV incident electron beam from
a plane Pt surface at an angle of 6°(it should be noted that the cal-
culated distribution is not strongly dependent on the incident
beam angle). The theoretical curves also separately present the
yield of both the primary (due to elastic and inelastic scattering)
and the secondary electrons, down to the energy of 80 eV. The
experimental results are compared with the calculations by nor-
malizing the measured curve at the energy of 185 eV. There is a
good qualitative agreement between the theory and the experi-
ment, particularly in the energy domain down to about 170 eV.
Moreover, the constant increase of the secondary electrons yield
as their energy decreases is also in agreement with the trend found
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Fig. 3. (a) Experimentally obtained kinetic energy spectrum of electrons escaping
the Pt tube, for the incident electron energy of 200 eV, the incident electron current
intensity of 100 nA and the tilt angle 6°. (b) Calculated kinetic energy spectra of
electrons scattered from a flat Pt surface, for the incident electron energy of 200 eV
and the scattering angle of 6°. The experimentally obtained kinetic energy spectrum
of electrons escaping the Pt tube, for the incident electron energy of 200 eV is
normalized at 185 eV.

in the experiment. However, the calculated curve appears to be
more structured, with pronounced shoulders, which cannot be
resolved in the measured electron energy spectrum. Also, although
both energy distributions are characterized by a pronounced elas-
tic peak, the inelastic/elastic ratios are different.

The disagreement between the calculated and the measured
spectra can be due to several reasons. The calculations were per-
formed for a flat surface (to the best of our knowledge, there are
no experimental results for a flat Pt surface), while in the experi-
ment the electrons interact with the capillary surface and can suf-
fer multiple scattering events before reaching the capillary exit and
being detected. Therefore, this multiple scattering (including
inelastic scattering of inelastically scattered projectiles) can smear
out the respective structures seen in the theoretical spectrum. Fur-
thermore, although the experimental spectrum has been corrected
for the transmission function, the real transmission may be some-
what different from the calculated one that is based on an ideal
uniform beam leaving the Pt tube and takes into account only
the entrance electrostatic lens. It should be also taken into account
that, in contrast to the theoretical case, the Pt surface in the exper-
iment may be polluted from the adsorbed residual gas in the vac-
uum chamber. Finally, there is also an uncertainty of the calculated
spectrum, dominantly because we have used a dielectric function
for Pt that has been obtained by fitting the experimental results.
It has been found in the present work that the calculated energy
spectra were sensitive to the applied dielectric functions. However,
overall, there is a good accordance between the experiment and

the calculations, suggesting that the theory can be used to predict
and select good candidates as materials to be used for electron
transport by metallic capillaries.

5. Conclusion

In summary, we have presented a joint experimental and theo-
retical study on 200 eV electron transmission through a single plat-
inum tube. We find that the transmission of electrons at their
incident energies can be detected even at large tilt angles, where
the tube is not transparent geometrically. The transmission drops
down exponentially with increasing the tilt angle. The energy spec-
trum of detected electrons behind the tube contain contributions
at lower energies due to both inelastic scattering and secondary
electron emission. The spectrum is qualitatively in good agreement
with the calculations performed for the flat Pt surface in order to
understand and model the electron interaction process that define
the transmission and the energy spectrum at the exit.

Although more studies with micro and nano capillaries should
be performed, the present results suggest a possibility of using
metallic capillaries to investigate fundamental properties of a con-
ductive material inside a high aspect ratio pores, by use of the elec-
tron spectroscopy under ultra-high vacuum conditions. Moreover,
there are potentials for interesting applications, such as the use of
nano and micro high-aspect ratio metallic capillaries as a robust,
spatially well-determined low-energy electron source/transporter.
This could be applied, for example, to study electron driven molec-
ular processes under different environmental conditions.
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We have studied the Vacuum Ultraviolet (VUV) photodissociation of gas-phase protonated leucine-
enkephalin peptide ion in the 5.7 to 14 eV photon energy range by coupling a linear quadrupole
ion trap with a synchrotron radiation source. We report VUV activation tandem mass spectra
at 6.7, 8.4, and 12.8 eV photon energies and photodissociation yields for a number of selected
fragments. The obtained results provide insight into both near VUV radiation damage and electronic
properties of a model peptide. We could distinguish several absorption bands and assign them to
particular electronic transitions, according to previous theoretical studies. The photodissociation
yields appear to be very different for the various observed fragmentation channels, depending on
both the types of fragments and their position along the peptide backbone. The present results
are discussed in light of recent gas-phase spectroscopic data on peptides. © 2015 AIP Publishing

LLC. [http://dx.doi.org/10.1063/1.4939080]

I. INTRODUCTION

Investigation of the interaction of Vacuum Ultraviolet
(VUV) radiation with polymers of amino acids, namely,
peptides and proteins, is of essential importance. These
molecules are ubiquitous in the biosphere and are involved
in many important processes in living organisms. Their
function and activity are intrinsically connected with their
primary structure—the sequence of amino acids.! Therefore,
any alteration of the primary sequence and degradation of the
biopolymer, due to interaction with energetic photons such as
UV, VUV, or X-rays, may lead to severe consequences and
ultimately to cellular death. All these effects are commonly
ascribed as radiation damage. In this respect, deep UV and
VUV action spectroscopy of biopolymers isolated in the
gas phase offers possibilities to investigate photon activation
processes of particular mass-to-charge selected systems.
Such experiments could help in reaching the fundamental
understanding of radiation damage at the molecular level.

On the other hand, the availability of third generation
synchrotron radiation facilities, providing high-resolution,
tunable and high-brightness sources of energetic photons, as
well as recent development of state-of-the-art spectroscopic
experimental systems, allowed for detailed investigation of
electronic and structural properties of biomolecules. However,
until now the VUV spectroscopic and dynamical studies have
been limited only to amino acids, since these relatively small
molecules can be evaporated and thus introduced as neutrals
into the gas phase (see, e.g., Refs. 2—4 and references therein),
as well as some small peptides’ and nucleobases.®
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The study of the building blocks of biomolecules
is certainly important to understand the physicochemical
properties of a biopolymer that they form. However, this
bottom-up approach is still insufficient to reach comprehensive
knowledge about the complex biological systems such as
proteins and DNA. Indeed, the electronic structure and
physicochemical properties of biopolymers are built up
from the properties of their building units as well as from
the intramolecular interactions closely correlated with their
primary, secondary and tertiary structures. For example,
in a peptidic chain, amino-acids are connected to each
other through peptide bonds, which crucially influence the
protein’s electronic structure. Moreover, biomolecules are
not isolated in nature, and solvents can strongly affect their
radiation response.’~® Therefore, the building blocks approach
in the investigations of complex biomolecules may be of
limited relevance in some aspects regarding their electronic
structure, structural properties, function, and radiation damage
sensitivity.

The recent development of experimental techniques that
couple ion traps with synchrotron radiation sources has
opened up possibilities to perform VUV action spectroscopy
of protonated or deprotonated large biopolymers isolated in
the gas phase.!®!* The biomolecules are brought into the
gas phase by electrospray ionization (ESI),'* selected and
stored in a radio frequency (RF) ion trap. The technique
is based on tandem mass spectrometry, where a particular
precursor ion is selected, activated by VUV radiation, and
analyzed using mass spectrometry. A high sensitivity and
selectivity of the mass spectrometry, a prolonged interaction
time in the trap, and a high brightness of third generation
SR sources provide a respectable signal to noise ratio,
overcoming significantly lower target densities in comparison

©2015 AIP Publishing LLC
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H FIG. 1. The structure of the leucine-
enkephaline peptide with its five amino
acid constituents and imonium ions
with mass-to-charge ratios of Y(136),
F(120) and L(86).

(|3 H
H
L (leu)

with classic spectroscopy of neutral molecules.'” The energy
tunable SR sources enable recording of tandem mass spectra
(MS?) as a function of the photon energy. Therefore,
action spectroscopy of desired target ions is performed
by recording photoionization and photofragmentation ion
yields.

Leucine-enkephaline (Leu-enk) consists of five amino
acids arranged in the following sequence: Tyr-Gly-Gly-
Phe-Leu (YGGFL) (see Fig. 1) and has been intensively
investigated in recent years to become a standard model in
mass spectrometry. ' Recently, we have also investigated VUV
photon interaction with both bare and nanosolvated Leu-enk
dimers.'®!” We have measured the backbone photofragment
yields and thus mapped the electronic excitation bands
of the Leu-enk dimer molecule that lead to molecular
dissociation.'” More interestingly, we have found a significant
stabilization effect of only three water molecules, which
has also been confirmed by Density Functional Theory
(DFT) calculations.'® Bari et al'' have reported the
pioneering and detailed investigation of the photodissociation
of gas-phase protonated Leu-enk trapped cations in the
8-40 eV photon energy range. They have discussed in
detail photofragmentation patterns both below and above
the ionization threshold and presented ion yields for a
number of different fragments. However, the latter study''
was fragmentary regarding the low VUV photon energies
below 10 eV, as the authors probed only a few energies
in this domain. Therefore, it was not possible to discuss
spectroscopic features in the energy range below 10 eV and
the corresponding lowest energy electronic transitions of the
Leu-enk molecule.

The present study extends previous studies on model
peptides and Leu-enk'"'%'® in several directions. It reports
novel results of the VUV action spectroscopy of an
isolated peptide. This is an extension of our previous work
on Substance P peptide (11 residues),'® investigating the
electronic structure of the Leu-enk molecule, which is a
smaller 5-amino acid peptide with a simpler fragmentation
pattern. Therefore, the present work allows for deep insight
into general electronic properties of a peptide. On the other
hand, we also significantly extend the previous study of
VUV-induced energy-dependent fragmentation of Leu-enk
molecule.!! Indeed, this time we dominantly focus on the
low-energy VUV domain, where the electronic excitations
trigger molecular dissociation.

Il. EXPERIMENTAL METHOD

A commercial linear quadrupole ion trap mass spec-
trometer (Thermo Finnigan LTQ XL) was used for both ion
production and selection/isolation. It was previously modified
and coupled'®!” to the VUV beamline DESIRS? of the
SOLEIL synchrotron radiation facility in France. The front
side of the LTQ mass spectrometer was equipped with an ESI
source. lons produced by ESI were introduced through the
system of ion lenses and stored in the linear ion trap. Singly
protonated precursor ions [Leu-Enk+H]* (m/z 556) were
selected and stored in the ion trap, where they were irradiated
using monochromatic VUV photon beam for 500 ms. The
control of the irradiation time has been achieved, by installing
a fast rotating mechanical shutter in the path of the photon
beam,?! inside a dedicated vacuum chamber on the back side
of LTQ.

The VUV photon beam was produced by an electromag-
netic undulator (OPHELIE II) feeding the DESIRS beamline
and further monochromatized using a normal incidence
monochromator, resulting in a typical bandwidth of 12 meV
in the present case.”’ The absolute photon energy uncertainty
was a few tens of meV, as calibrated against the zero order. A
monochromator grating of 200 gr mm~! in combination with
a 200 um exit slit was used, allowing for a high photon
flux of 10'>-10'* ph/s. In order to obtain high spectral
purity, higher harmonics from the undulator were removed
using a krypton gas filter (cutoff above 14 eV) and MgF,
window filter (cutoff above 10.6 eV). A pressure difference
between the synchrotron beamline (10~® mbar) and the LTQ
mass spectrometer (107> mbar) was accommodated with a
custom made differential pumping stage, in assembly with
a mechanical shutter and a movable photodiode. The latter
was used to measure the photon flux just before the ion
trap. The LTQ mass spectrometer was mounted on a custom-
made supporting frame with several degrees of freedom, for
rotational and translational position adjustment. A precise
alignment of the photon beam with respect to the ion trap axis
was essential for achieving a high ion activation efficiency
and signal to noise ratio.

Leu-enk was provided by Sigma-Aldrich in a powder form
and was dissolved in a water/acetonitrile (75:25 v/v) mixture
at a concentration of 10 uM. After photon activation of the
isolated ions, all fragments were ejected from each side of the
trap towards detectors, and tandem mass spectrum (MS?) was
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recorded for particular photon energy. Each sequence of ion
isolation, photon activation and mass spectrum recording was
repeated for different photon energies. A home-made software
was used to control and synchronize the ion isolation, the
opening of mechanical shutter, the beamline photon energy
adjustment and the mass spectra recording. Automated data
acquisition scans lasting up to several hours resulted in 30-
50 mass spectra with a 0.2 eV energy step for a desired
precursor.

The photodissociation ion yields were extracted from the
recorded mass spectra by plotting the area under the peak
of interest against the photon energy, and normalizing to the
photon flux and the total ion current (TIC). The photon flux
was measured in a separate energy scan with a photodiode
(AXUV100, International Radiation Detectors) under the
same experimental conditions. For the present experiment,
two scans of the photon flux were performed, one with a
krypton gas filter and one with an MgF, glass window filter.
In order to cover the whole energy range of interest, three
separate action scans of the [M+H]* precursor, within partly
overlapping energy domains (5.7-8.5) eV, (7.2-10.2) eV, and
(10-14) eV, were performed. The first energy range of (5-8) eV
was measured with the MgF, glass window filter, whereas the
other two ranges were measured with the krypton gas filter.
Extraction and normalization of all ion yields have been
performed separately for each energy range. The final energy
yield for each fragment ion, in the overall range from 5.7 to
14 eV, was obtained by coupling three separately obtained
normalized relative ion yields. An additional normalization
procedure to couple the lowest energy fragment ion yields of
(5.7-8.5) eV with the other two is as follows. All fragment

J. Chem. Phys. 143, 244311 (2015)

ion yields in the higher energy ranges (7.2-10.2 and 10-14 eV
domains) were multiplied with the independent factor for
each fragment ion to achieve the best overlap with the same
fragment ion yield in the lowest energy range. In other words,
fragment yields from the two higher ranges were down-scaled
to match the yields from the first energy range, each ion
fragment having its own scale factor.

lll. RESULTS AND DISCUSSION
A. Tandem mass spectrometry

The schematic structure of the Leu-enk molecule is
presented in Fig. 1. Upon VUV photon absorption, the
electronic excitation and the ionization of the precursor
can both induce bond cleavages (photodissociation and
dissociative ionization, respectively) leading to different
fragment ions. As for peptide backbone cleavage, depending
on both which particular bond has been cleaved along the
backbone and where the remaining charge stays upon this
bond cleavage, there is a standard nomenclature’>?* of the
fragments: a,, b,, and ¢, for N-terminal and x,, y,, and z,
for C-terminal, where subscripts indicate the number of amino
acid residues left in a particular fragment. Additionally, the
photon absorption can induce detachment of neutral groups
(e.g., amino acid residues) and multiple bond cleavages.

Fig. 2 presents the MS? obtained at three prominent
photon energies: at 6.7 eV (below the ionization threshold), at
8.4 eV (near, just below the threshold) and at 12.8 eV (above
the threshold). The ionization energy (IE) of the protonated
molecule has been predicted from DFT calculations to be

100] (@) E,=6.7eV 0] by |y, [Leu-enk + H]* MS? precursor |
(278) (279) a, I [M+H]
o (397) (556, 100%) 1
12 021 N
1.0 e 280 285 2" [M+H]'-107 M+HT'- H.O
0.8 7 [M+H]"-107-H (449) r ]5;8’
0.6 GF.CO b, GGF ) b 107 (3';"3) y a,NH, b, (448) 538
- GF (262) - s (380) .
0ad 7N (05 @21 e | @) & s\ /e
02 (465)
Ve
0.0 J A g s ek
@ 100 = precursor ]
°: 1 (b) E,,= 8.4eV b, | e L
= (278) (556, 100%)
2 109 E
o ¥,
= 0.8 (279) a,-NH,-57 [M+H]*-107-H [M+H]"-H,0
£ b, a NH-147 323) a (448)  [M+H]'-107 (538)
o 063 (221)  (233) b 107 y 2N (g \ (a49)
= 3 GF GGF . 3 (380)
kT I ) (262) @8 (336) b, MsHT-91
< (177) (25)
& 029 J J (465)
00 l " J 1L . b L | ' - i
1004 (€) E,,=12.8eV . Pr[en:f:;gr |
c, ¢, T %) L
(180)(182) z b, (556, 100%) 1
251 GF-co < (278)
201 77) (233) GGF
- . GF b, (262) | ¢, b,-107 [M+H]-107 )
5] 205) (221 * 295 318 a b, [M+H]'- H,0
159 (163) (205) (¢ )\ (245) J (295)  (318) (3‘;35) @7 (425) (449) (538)
1.0
| ] \ |/
00 b o ) |
150 200 250 300 350 400 450 500 550 600
m/z

FIG. 2. Photo-activation tandem mass spectra of leucine-enkephalin, after 500 ms irradiation of [Leu-Enk+H]* precursor at: (a) 6.7 eV, (b) 8.4 eV, and (c)
12.8 eV photon energies. The proposed assignments of the most important fragments are given in the figure while “M” denotes the pseudomolecular ion.
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at 8.87 eV.!! The peak designated at a mass-to-charge
ratio (m/z) of 556 corresponds to the parent cation of
protonated Leu-enk [M+H]*. For energies lower than IE
(Figs. 2(a) and 2(b)), the fragmentation pattern appears
to be very similar to MS? recorded in collision-induced
dissociation (CID) experiments.'> At these energies, photo-
induced fragmentation mainly proceeds through cleavage of
a peptide backbone that yields a, b, and y fragments, which
are clearly visible in the mass spectrum at 6.7 eV (Fig. 2(a)).
Dominant Leu-enk fragments in the mass spectra recorded at
incident photon energies below IE are a4 (m/z 397), b3 (m/z
278), y» (m/z 279) and by (m/z 425). Fragments assigned to
the precursor’s loss of one water molecule [M+H]*-H,0 (m/z
538) and the tyrosine side chain [M+H]*-107 (m/z 449)
are also clearly visible, while the precursor’s loss of the
phenylalanine side chain [M+H]*-91 (m/z 465) is of much
less abundance. Fragments b3 (m/z 278) and y, (m/z 279)
could not be separated in the previous VUV photodissociation
study,'! but are clearly resolved in the present mass spectra
(see the inset in Fig. 2(a)). Further internal fragmentation of a4
and b4 can lead to fragments with ammonia loss a4-NH; (m/z
380), loss of glycine a4-NH3-57 (m/z 323), loss of tyrosine
side chain b4-107 (m/z 318), GGF (m/z 262), GF (m/z 205),
and loss of carbon monoxide GF-CO (m/z 177).

Very similar MS? fragmentation patterns of present sub-IE
VU V-induced dissociation (Figs. 2(a) and 2(b)) and CID'> of
protonated Leu-enk suggest that absorption of photons by
Leu-enk molecular ions leads to electronic excitations after
which intramolecular vibrational redistribution and/or internal
conversion leading to a hot ground state dominantly take
place. Still, it should be noted that at the energy of 8.4 eV
(Fig. 2(b)), which is near IE, we observe a substantial change
of the intensities of main peaks in the MS2. The intensity
of fragment b3 (m/z 278) markedly increases, while quite
opposite stands for the fragments a4 (m/z 397) and by (m/z
425). The intensity of fragment GF (205) slightly increased
whereas its loss of carbon monoxide CO, namely, fragment
GF-CO (m/z 177), becomes stronger. Other fragments b, (m/z
221), GGF (m/z262), [M+H]*-107 (m/z 449), and b4-107 (m/z
318) exhibit moderate intensity increase.

At the energy of 12.8 eV, which is well above the IE,
the MS? spectrum significantly changes. As a result of the
formation of the doubly charged radical precursor at the
first instance, more fragmentation channels become open,
resulting in a rich mass spectrum in the low m/z range of
150-350. A sequence fragment c3 (m/z 295) appears. There
are also unassigned fragments, which can be due to the
photoionization of neutral contaminants present in the ion trap
in traces. Fragments that dominated the sub-ionization mass
spectrum: a4 (m/z 397), by (m/z 425) and [M+H]*-107 (m/z
449) are barely visible at 12.8 eV. On the other hand, the
production of the fragment corresponding to the water loss
[M+H]*-H,0 (m/z 538) is two-fold enhanced as compared to
lower energies. After internal fragmentation of as-NHj3 (m/z
380), due to loss of phenylalanine residue (—147), a remaining
fragment a4-NH3-147 (m/z 233) is also visible above IE. A
doubly ionized precursor ion [M+H]** (m/z 278) shows up
at the same position in the mass spectrum as the fragment
b3 (278); therefore, it is difficult to claim if the doubly ionized
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precursor can be seen in the spectrum. Even if this ion is
formed, it may quickly dissociate before detection, due to
a high Coulomb potential energy. In our previous work, the
doubly ionized Leu-enk dimer could not be seen in the MS2,
but the nanosolvation-induced stabilization effect allowed for
tracing down the doubly ionized hydrated precursor with three
water molecules. In the present measurements the relative
intensity of the b3 (m/z 278) fragment increases more rapidly
above the IE in comparison with other backbone fragments,
as can be seen in the mass spectra presented in Fig. 2 (see also
below). However, we cannot provide a definite conclusion if
this is due to the contribution of the [M+H]** dication formed
above IE.

Present fragmentation patterns are in a very good
agreement with the recent work of Bari et al'' in the
overlapping m/z and photon energy domains. All fragments
assigned in the later article'! at the photon energy of 8 eV are
also found in the present mass spectrum at the photon energy
of 8.4 eV. Additionally, owing to improvement in the signal to
noise ratio and mass resolution, we could resolve additional
important backbone fragments such as b, y», y3, and by (see
Fig. 2(b)). Similarly, we could assign all fragments reported
in Ref. 11 at 15 eV and resolve additional species originating
from Leu-enk.

B. Photodissociation ion yields

In this section, we study the spectroscopic structures of
several selected abundant fragments. This is made possible
because of the high signal to noise ratio and improved
mass resolution for accurate and detailed measurements
of desired photofragmentation yields in small energy steps
and with a high photon energy resolution. The aim is
to investigate the electronic structure of Leu-enk and
specific fragmentation processes resulting from the electronic
excitation. Particularly, we compare the backbone sequence
specific photofragmentation yields of: (a) the same type of b
fragments (C-N bond cleavage) along the peptide backbone,
(b) fragments resulting from the same bond cleavage (C-N) but
formed with a charge at N- or C-terminus (b»/y3 and b3/ y»)
and (c) the fragments formed with a charge at N-terminus
but resulting from neighboring bond cleavages (C-C, a4
and C-N by). We also compare the spectroscopic signatures
of fragments resulting from detachment of different neutral
groups.

Figs. 3 and 4 present selected photodissociation ion yields
of singly protonated Leu-enk ions in the 5.7-14 eV energy
range. The shown absolute uncertainties (A) were obtained as
the biggest mismatch between overlapping points of different
energy ranges, according to the normalization procedure
described in the experimental section. Note, however, that
low statistics and possible higher influence of a background
in the case of very less-abundant fragments could increase
the overall uncertainty of the curve shape (e.g., Fig. 3(d),
the 8-10 eV region). The extracted ion yields show rich
spectroscopic features, which will be discussed in more detail
below.

Fig. 3 compares relative photodissociation ion yields
of the most abundant sequence specific fragments resulting
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FIG. 3. Normalized relative ion yields from the photodissociation of precursor [Leu-Enk+H]" in the range from 5.7 to 14 eV. Integrated mass ranges
are: (a) by (m/z=220.5-221.5), (b) b3 (m/z=277.5-278.5), (c) by (m/z=424.5-425.5), (d) y3 (m/z=335.5-336.5), () y» (m/z=278.5-279.5), and (f)
ay (m/z=396.5-397.5). The absolute uncertainties of the experimental points obtained as the biggest mismatch between overlapping values of different energy
ranges upon normalization are shown on the right bottom corner of each panel as A values.

from the peptide backbone dissociation. According to previous
studies,'®>*?7 the electronic structure of a dipeptide backbone
can be described as a four-level system. Hence, the lowest
energy excited states responsible for VUV photon absorption
by the backbone involve: ngmsz* (W), moms* (NVy), and
mms* (NV,).'82427 Except for the a4 fragment (Fig. 3(f)), all
sequence fragments presented in Fig. 3 result from cleavage
of the C-N bond (b/y fragmentation). The most prominent
structure in Fig. 3 is a band centered at the photon energy of
about 6.9 eV. The latter band can be ascribed to the peptide
mons® (NVy) transition, most probably followed by a non-
radiative decay to a vibrationally excited ground state resulting
in C-N bond cleavages.'® The second band centered at about
9.6 eV clearly appears for b3 and y, sequence fragments
(Figs. 3(b) and 3(e), respectively). It should correspond to
the peptide m;mt3* (NV;) transition followed by either direct
C-N type fragmentation from the electronically excited state
or upon non-radiative decay to the hot ground state.'® The
increased yield above 9 eV of all other sequence fragments
shown in Fig. 3 is also notable, although it should be noted that
this effect is very weak for b, and a4 fragments (Figs. 3(c) and

3(f), respectively) relative to the low-energy part. However,
the second band is clearly distinguished only in the case of b3
and y, fragments.

According to our knowledge, there is only one existing
study on VUV action spectroscopy of gas-phase Leu-enk
published by Bari et al.® to compare with. However, Bari et al.
performed measurements at only few points in the energy
region overlapping with the present measurements, which
cannot provide insight into the excitation bands. Still, the
trends of their reported Leu-enk sequence specific fragment
photodissociation yields, in the energy region of 8-14 eV,
are in good agreement with the present results. On the
other hand, it is also interesting to compare the energy
dependences of backbone dissociation for different peptides:
Leu-enk (the present case) and Substance P.'® Assuming that
a peptide backbone can be generally described by a four-level
electronic system, as discussed above, one would expect at
least some corresponding spectroscopic features (related to
photon absorption by the backbone). Indeed, the a-ion yield
in the previous study for Substance P! clearly showed a band
centered at about 6.8 eV that is very well comparable with the
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FIG. 4. Normalized relative ion yields from the photodissociation of precursor [Leu-Enk+H]* in the range from 5.9 to 14 eV. Integrated mass ranges are: (a)
GF (m/z=203.5-204.5), (b) [M+H]*-H20 (m/z =537.5-538.5) and (c) [M+H]*-tyrosine side chain (m/z =448.5-449.5).
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present ay-ion yield (Fig. 3(f)). The additional higher-energy
structures are also visible for a-ions, as well as x, b and y ions
in the previous study'® above 8 eV and peaking somewhere
between 10 and 12 eV. The latter features may correspond to
the present band at about 9.6 eV as well as broad features found
for b and y fragments above 10 eV. However, it is interesting
that in the previous study of Substance P, b fragments appear
only above about 8 eV, while in the present case of protonated
Leu-enk, there is a very strong band for b fragments at the
energy of 6.9 eV, as found for the a fragment. Moreover, even
in the case of a and y fragments of Substance P, where the
first 6.9 eV band can be clearly resolved, its intensity is still
considerably inferior to the signal above 8 eV. In contrast, for
Leu-enk, the band at 6.9 eV represents a dominant feature for
most of the b and y fragments in the spectra and particularly
for the a4 fragment. In a previous study, Gonzdlez-Magaiia
et al.®® have reported an effect of the peptide chain length
on the fragmentation patterns. Short peptides bearing up to
7 residues appeared to have a different behavior than the
longer one (with 12 residues), which was assigned to charge
migration following the photoionization. In the present case,
we also observe a very different photochemistry below the
ionization threshold for Leu-Enk (5 residues) with respect to
Substance P (11 residues).

Figs. 3(a)-3(c) (blue curves—in the first raw) present
VUV photodissociation yields of b fragments (cleavage of
C-N bond with charge left on N-terminus). The latter offer an
exciting insight into the energy dependence of the cleavage of
the peptide linkage as a function of its site along the Leu-enk
peptide backbone. Since all b yields correspond to the same
C-N bond cleavage, their different energy dependences steam
from different VUV absorption efficiency, which correspond
to the change of the electronic density of the biopolymer along
its backbone. Indeed, (a)-(c) show that the relative ion yields
strongly depend on the position of the C-N bond cleavage
on the peptide. Clearly, by approaching the C-terminus (and
increasing the fragment size), the low-energy part of the
action spectra becomes more important. Particularly, the low-
energy absorption at about 6.9 eV, assigned to NV electronic
transition, appears to be weak for b, fragment (Fig. 3(a))
relative to the fragmentation intensity at photon energies
above 8 eV, which is very similar to the previous case
found for Substance P. However, already for b; fragment
(Fig. 3(b)), the 6.9 eV band is very strong. Moreover, for by
fragment (Fig. 3(c)), the photodissociation yield still increases
with decreasing the photon energy below 6 eV suggesting
that peptide dissociation to by may be triggered even by
the lowest energy ngms* (W) transition previously suggested
to be at about 5.5 eV.!® VUV photodissociation to » and
y-type fragments of protonated Substance P has not been
observed below 6 eV, although it was reported for a-type
fragments. Still, it is interesting to note that the present b,
relative photodissociation yield corresponds very well to the
measured energy dependences for small neutral losses; for
example, -H,O in the present case of protonated Leu-enk
(Fig. 4(b)) or -NH3 in the previously investigated Substance
P.'8 Significant differences in relative photodissociation yields
corresponding to the same bond cleavage along the peptide
backbone suggest a strong influence of the protonation
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site on the frontier peptide orbitals and a redistribution
of the electronic density along the peptide backbone upon
protonation.

The present results also offer a possibility to compare the
photodissociation yields of different fragments that are directly
produced by the cleavage of the same bond (see Fig. 1). In
Fig. 3, we compare the yields of b, (a) and y3 (d), as well as
of b3 (b) and y, (e). A pair of fragments produced by the same
bond scission is expected to have similar photodissociation
yields, which is indeed shown in Fig. 3 for b,/y3; and b3/ ys,.
Still, it is interesting that in both cases y fragments appear
to have somewhat higher relative intensity at lower photon
energies. The other notable difference is a strong increase of
b; fragment yield above 11 eV (Fig. 3(b)), which is not seen
for the corresponding y, fragment (Fig. 3(e)). It has been
already noted above that b3 (m/z 278) cannot be resolved
from the doubly charged precursor [M+H]**, which should
strongly increase above the IE. However, the doubly charged
precursor may not survive until detection. Finally, for both
pairs of b/ y fragments, the abundance of b fragments is much
higher over the whole photon energy range, which is expected
since N-terminus should represent the preferential protonation
site of the gas-phase protonated Leu-enk.?’

In the last column of Fig. 3, we compare the
photodissociation yields of fragments produced by cleavage
of neighboring bonds from the same carboxyl C atom (see
Fig. 1), and with the charge left at the N-terminus; namely, by
(Fig. 3(c)) is produced by a C-N cleavage and a4 (Fig. 3(f))
is produced by a C,—C cleavage. Clearly, in both cases,
fragmentation into these ionic species dominantly occurs at
low photon energies. The formation of the latter fragments
is preferentially triggered by mm™ electronic transitions. Both
dissociation yields show a strong band at about 6.9 eV as
well as an increased yield at photon energies between 9 and
10.5 eV. The a4 fragment is significantly more abundant at low
energies and its action spectrum shows a strong absorption
band centered at about 6.9 eV, which is typically seen for most
of the other fragments. However, interestingly, the C,—C bond
cleavage producing a4 does not seem to be important below
6 eV in contrast to the cleavage of closely situated C—N bond
producing ba.

Besides sequence specific fragments, we also study the
energy dependence of the formation of fragments involving
breaking of multiple bonds and neutral losses. In Fig. 4,
we compare photodissociation yields of the fragment GF
(m/z 205) with the fragments produced by the loss of the
water molecule (m/z 538) and the tyrosine side chain (m/z
449). According to the previous study, the formation of GF
fragment is not associated with substantial rearrangements
of the system and proceeds along an entropically favored
pathway.’® Furthermore, it has been suggested according to
the same surface-induced dissociation study® that the GF
fragment was formed from y; (mainly) and a4 fragments.
Therefore, one would expect that significant formation of
GF can already occur at lower VUV photon energies below
the IE and that the relative photodissociation yield of GF
(Fig. 4(a)) is similar to the yields of y3 (Fig. 3(d)) and a4
(Fig. 3(f)). Indeed, the dominant feature of GF yield appears
at about 6.9 eV (assigned above to NV)), as found for y;3



244311-7 Rankovi¢ et al.

and particularly for a4. Also, as for y; and a4, additional
features can be seen between 9 and 10.5 eV (assigned to
NV,). However, it is interesting to note that, in contrast to y3
and ay, the yield of GF strongly increases above the IE. We
can therefore tentatively explain the depletion of b, y and a
fragments at higher photon energies as being due to increased
formation of other internal fragments. In this particular case,
for example, GF represents a favored channel at higher photon
energies. Note that this domination is even more pronounced
with the further increase of the photon energy above 14 eV.3!

The loss of the water molecule from protonated Leu-enk
has been detected as a relatively strong fragmentation channel
upon both CID" and surface-induced dissociation,* but this
process was not discussed in detail. Moreover, in the previous
study of VUV photodissociation of protonated Leu-enk by
Bari et al.,'' the fragment formed upon the loss of water
was above the m/z cutoff presented by the authors. Therefore,
according to our knowledge, we report for the first time
the energy dependence of VUV-induced loss of water from
protonated Leu-enk peptide. Interestingly, the present study
shows (Fig. 4(b)) that -H,O photodissociation yield appears
to be markedly different at low photon energies from the
yields of other neutral losses (Fig. 4(c)), internal fragment GF
(Fig. 4(a)) and sequence fragments (Fig. 3), except for the
b, fragment yield for which the curve also shows an intense
abundance at low photon energy, well below the 6.9 eV band.
Therefore, we can tentatively assume that loss of water can
proceed from the lowest ngms* (W) peptide excitation, similarly
as for by fragment. Note that by fragment is formed by the
cleavage of the C-N bond close to the C—terminal of Leu-enk,
so in close vicinity to a carboxyl group, which could be the
site from where the water molecule is extracted. It should
be noted that a similar strong increase of the yield towards
low photon energies has been seen for a small methionine
residue loss (—15) in the previous study with Substance P;'8
however, methionine absorbs at rather low energies in contrast
to carbonyl chromophores.

The loss of tyrosine side chain has been already studied
before!! but with large energy steps. The present results
discover a rich spectroscopic structure corresponding to
protonated Leu-enk dissociation to this fragment. Two bands
are clearly resolved at about 6.9 eV and 9.8 eV. With this
respect, the spectrum is comparable with b and y sequence
fragments (Fig. 3), suggesting that loss of Tyr side chain can
be triggered by backbone photon absorption. The spectrum is
similar to most of the neutral losses from Sub P.

IV. CONCLUSION

We presented a detailed study on energy dependent
fragmentation of protonated Leu-enk peptide in the VUV
photon domain from 5.7 eV (217.5 nm) to 14 eV (88.56 nm)
with unprecedented spectral details, owing to the very
small steps between the photon energies. The fragment ion
yields exhibit rich features which have been assigned to the
lowest energy excited states. The most prominent structure
appeared at the photon energy of about 6.9 eV. The latter
band is ascribed to the peptide mpms* (NV1) transition. The
fragmentation pattern at low photon energy is similar to that
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produced under CID excitation conditions. Thus, based on
this argument, we propose that the photofragmentation below
the threshold proceeds on the hot ground electronic state after
internal conversion. However, we have also found significant
differences between relative photodissociation yields that
correspond to the cleavage of the C—N bond along the
peptide backbone. Moreover, interestingly, the photochemical
behavior of protonated Leu-enk is very different from the
one reported recently for substance P. This observation is
in line with previous investigations on the length effects on
VUV fragmentation of peptides.?® Although the origin of such
differences is not yet explained and requires further work, it
clearly appears that the photochemical and photophysical
properties of small peptides cannot be simply extended and
serve as a model to longer systems such as bigger peptides
and proteins. Indeed, there is a strong interplay between the
length of a biopolymer and its electronic structure.
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Sensitizing DNA Towards Low-Energy Electrons with 2-Fluoroadenine
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Abstract: 2-Fluoroadenine (**A) is a therapeutic agent, which
is suggested for application in cancer radiotherapy. The
molecular mechanism of DNA radiation damage can be
ascribed to a significant extent to the action of low-energy
(<20 eV) electrons (LEEs), which damage DNA by dissocia-
tive electron attachment. LEE induced reactions in **A are
characterized both isolated in the gas phase and in the
condensed phase when it is incorporated into DNA. Informa-
tion about negative ion resonances and anion-mediated
fragmentation reactions is combined with an absolute quan-
tification of DNA strand breaks in *"A-containing oligonucle-
otides upon irradiation with LEEs. The incorporation of *"A
into DNA results in an enhanced strand breakage. The strand-
break cross sections are clearly energy dependent, whereas the
strand-break enhancements by A at 5.5, 10, and 15 eV are
very similar. Thus, *"A can be considered an effective radio-
sensitizer operative at a wide range of electron energies.

Radiation therapy using high-energy photons, electrons, or
ions belongs to the most important methods used to treat
cancer. As was shown in recent years, the radiation damage
induced by the high-energy primary radiation is mostly due to
the effect of low-energy secondary particles generated along
the ionization track.!"? Low-energy electrons (LEEs) belong
to the most important intermediates, since they are produced
in significant quantities®® and can directly attach to DNA
and other biomolecules to form transient negative ions, which
are unstable towards dissociation.”! In DNA, dissociative
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electron attachment (DEA) can result in effective single and
double strand breaks.”*

In radiation therapy, radiosensitizers are used as thera-
peutics to enhance the radiation damage to the tumor tissue.”
On a physicochemical level the radiosensitization can be
ascribed to an enhanced reactivity towards LEEs.["l The most
important administered drugs in chemoradiotherapy are
cisplatin and its derivatives,” 5-fluorouracil”’, and gemcita-
bine,'!! whose reactivities towards LEEs have been clearly
shown.

Fludarabine, a nucleoside containing 2-fluoroadenine
(*A), is an established chemotherapeutic,’® but is also
considered as a potential radiosensitizer.'”! Herein, we
analyze the reactivity of *A towards low-energy electrons.
We investigate the change of the absolute strand-break cross
section when A is incorporated into an oligonucleotide to
replace adenine (A) and analyze the observations in terms of
negative ion resonances revealed by DEA spectroscopy in the
gas phase.

The response of single model compounds of DNA to
LEEs has been studied in great detail, /"' but thus far it was
unclear whether such gas-phase results can be transferred to
the condensed phase and the situation in an oligonucleotide;
that is, how the anion resonances observed in gas-phase
experiments can be connected to an actual DNA strand-break
process. In the present study we compare the gas phase results
to absolute strand-break cross sections obtained at three
different electron energies using our recently established
DNA origami-based technique.>'* In this way we accurately
quantify the effect of the incorporation of radiosensitizers
into oligonucleotides and, hence, can assess the quality of
potential radiosensitizers.

Figure 1a shows the general approach for the determi-
nation of the absolute cross sections for DNA strand breakage
induced by LEEs (detailed experimental procedures can be
found in Ref. [15-17] and in the Supporting Information).
Two different biotinylated target sequences are attached to
the DNA origami platforms, which are immobilized on Si/
SiO, substrates. After electron irradiation, the remaining
intact oligonucleotides are visualized by atomic force micros-
copy (AFM) with streptavidin (SAv). In Figure 1b, a non-
irradiated control sample is shown, and in the expanded area,
the two different positions of two target sequences (central
and side positions, respectively) can be clearly distinguished.
As the target sequence we chose 5'-d(TT(ATA);TT) (side
position) and 5-d(TT(*AT?*A)TT) (central position) to
directly compare the strand-break yields of a non-modified
DNA sequence and a DNA sequence modified with *A. Tt
was demonstrated previously that 5-d(TT(ATA);TT) is
particularly sensitive to damage by LEEs.'”) For comparison
we have also determined strand-break cross sections upon
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Figure 1. a) Experimental procedure to determine the absolute cross sections of
DNA strand breakage. b), c) Examples of AFM images of b) a non-irradiated control
sample and c) a sample irradiated with 10 eV electrons for 60 s at 5.5 nA.
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Figure 2. Left: Fluence dependence of strand breakage of the two
oligonucleotide sequences 5'-d(TT(*AT*A),TT) (sequence a)and 5'-d-
(TT(ATA);TT) (sequence b). Irradiation was performed at 10 eV elec-
tron energy. Right: Absolute strand-break cross sections o obtained
from the linear fit of the fluence dependence of strand breakage in
different sequences. For clarity only the central sequence is shown.

10eV electron irradiation for the sequences 5'-d(TT-
(GTG);TT) and T,, (Figure 2 Right and Figure S1 in the
Supporting Information). Figure 1¢ shows a typical AFM
image after LEE irradiation. From the AFM images the
relative number of strand breaks (Ngg) is determined for
various electron fluences (see the Supporting Information).
The fluence is chosen to be small enough that no saturation of
Ng; is reached as it was observed in earlier experiments.™!
From the slope of the linear fit of the exposure response curve
the absolute cross sections for strand breakage for the two
target sequences are obtained as shown in Figure 2 for 10 eV
electrons. 10 eV was chosen because in previous experiments
using plasmid DNA the highest strand break yield was found
at this energy.’"'®! For the non-modified DNA sequence 5'-
d(TT(ATA);TT) we find a strand-break cross section of 0=
(0.80+0.12) x 10 '* cm?, whereas for the modified sequence
5'-d(TT(**AT**A)TT) we obtain a value of o= (1.34 £ 0.22) x
107 cm? This results in a strand-break enhancement factor
(EF) of 1.7+0.5. This value corresponds to the highest EF
found in previous studies of BrU-modified oligonucleo-
tides."” Very recently, an EF of approximately 1.5 was
reported for SSBs in plasmid DNA mixed with cisplatin and
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derivatives irradiated with 10 eV electrons.'” This

2500m . . . .. .
indicates that A is an effective radiosensitizer in

2,00

1,50 terms of enhancement of strand breakage. The
1,00 modified sequence 5-d(TT(*AT*A)TT) also
0t shows a higher sensitivity towards 10 eV electrons

-5  compared to the sequences 5'-d(TT(GTG),TT) and
250nm  5'-dTy,, which have strand break cross sections
2,00 of (0.57+0.12)x10*cm? and (0.79£0.07) x
e 107" cm?, respectively (Figure 2).

The absolute cross sections for strand breakage
are in the same order of magnitude as the effective
and absolute cross sections found in earlier studies
for strand breakage in plasmid DNA ((2.7 +1.8) x
10%em?> and (3.8+12)x10 "“cm?, respec-
tively).l?"!

To obtain more information on the involved
negative ion resonances and specific DEA reac-
tions, we have studied DEA to *"A in the gas phase using
a crossed electron-molecular beam experimental setup to
record fragment anion yields as a function of electron energy
(see the Supporting Information for more detailed informa-
tion on the experimental procedure). The anion yield curves
of selected fragmentation products are shown in Figure 3.

1,00
0,50

-0,50

201 133 amu

10+

C/cps

-
[$ N =]

10

Figure 3. lon count rate C for fragment anions detected at m/z 133
and 132 resulting from electron attachment to A. These fragmenta-
tion products are mainly observed within broad resonances at 4.5
7.0 eV. E=electron energy.

In total, fragment ions have been observed within
resonant features located at 0.3-3 eV, 4-7 ¢V, and weakly
around 10 eV (see below). Two fragment anions at m/z 133
(**A-H-F)") and m/z132 ((**A-2H-F)") have been
observed, both within a broad resonance centered at 5.5 eV
(Figure 3a,b). The fragment anion at m/z 132 appears addi-
tionally around 10 eV with a lower intensity. The fragment
anions are formed by the loss of F and one or two H atoms,
respectively, from the transient negative ion *?A*". The same
m/z ratios have previously been observed in A, at 7.0 and
10.5 eV for the loss of two H atoms and at 6.5 and 10.9 eV for
the loss of three H atoms.”! Due to the presence of F in A,
the negative-ion states of A are shifted to lower energies
compared to A resulting in lower vertical attachment
energies. The ion yield curves in Figure 3 clearly show the
pronounced resonance around 5.5 eV and only a weak signal
around 10 eV. This situation is in contrast to the ion yield
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curves obtained for the same m/z ratios from A.?" There,
a clear signal at 10.5 eV was observed at m/z 133, which is
even more dominant at m/z 132. Both resonances are
assigned to a core-excited resonance. The formation of the
m/z 133 and m/z 132 ions can also be accompanied by the
formation of neutral HF, which has a high binding energy and
can then thermodynamically drive the reaction. Indeed, it is
frequently observed that the formation of fragment anions in
the case of halo-nucleobases is driven by the formation of
a neutral stable molecule of a halogen acid. This has been
recently reported for 5-chlorouracil, 6-chlorouracil®, and
29A P In contrast, for 5-bromouracil (*®"U) only the loss of
the Br atom resulting in (*®*'U—Br)~ was observed.” This can
be easily attributed to the difference of the binding energy of
H—X (X =F, Cl or Br), which decreases substantially from HF
(5.9eV) to HCI (4.5 eV) and HBr (3.8eV).””!

To test whether the anion resonance observed in the gas
phase at 5.5eV also leads to higher strand-break cross
sections, a further condensed-phase experiment has been
performed at 5.5 eV, which corresponds to the maximum of
the resonance shown in Figure 3.

As shown in Figure 4, both sequences 5'-d(TT(ATA);TT)
and 5'-d(TT(**AT?*A);TT) indeed have a higher strand-break
cross section at 5.5eV than at 10eV indicating a higher
sensitivity of both sequences towards 5.5 eV electrons. How-
ever, the EF is again 1.6 +0.1 at 5.5 eV, which is the same
(within the error bars) as that determined for 10 eV. In DEA
to gas-phase A, the anion fragment (*!A—2H—F)" appears
at 5.5eV and with lower intensity at 10 eV. This correlates
well with the observed strand break cross sections. In DEA to
A, the anion fragment (A—2H)~ and a number of smaller
fragment anions are formed at 5.0-6.0 eV and around 10 eV.
The present results indicate that the LEE-induced strand
breakage is particularly effective using the resonances at
around 5.5 eV. This is also in accordance with recent experi-
ments using plasmid DNA, in which the maximum strand
breakage was found at 5.5eV.? Additionally, we have
determined strand-break cross sections at 15eV for the
same sequences (Figure 4 and Figure S2 in the Supporting
Information), which are clearly lower than those at 10 eV.
Nevertheless, the enhancement is the same within the error of
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the experiment (EF=1.740.9). The EF accounts for the
more efficient decomposition of A compared to A within the
oligonucleotide, which is true for each electron energy
considered herein.

The discussion above is focused on the electron-energy
regime >S5 eV. However, it should be noted that the most
intense ion observed in DEA to %A is the dehydrogenated
molecular anion [Eq. (1)]:

FAfe —FAF o (FA-H) (m/z 152) + H (1)

The corresponding ion yield curve is shown in Figure 5a
revealing a broad signal at 0.3-3.5 eV, which is composed of at
least three resonances located at 0.8, 1.29, and 2.0eV. At
these low electron energies, the extra electron occupies
a formerly empty molecular orbital without changing the
initial electron configuration. Since the potential energy curve
of such MOs is typically repulsive, the electron must be
captured in a metastable state through a centrifugal energy

a) 152 amu
I 1000 s
2
g 500/
° .
0
0 2 a4 6 & 10

b)

Figure 5. a) lon count rate C for the fragment anion detected at m/

2152 within the energy regime of 0.3-3.5 eV resulting from electron

attachment to *A. b),c) Results of ab initio calculations of the anion
of **A. b) Dipole-bound anion state of *A (MP2/CCSD(T)) showing

also the molecular structure and the atom labeling of A, and c) the
valence-bound anion of A (MP2).

50 25 barrier (denoted here as 2"A*").”’1 A dehydrogenated
&8 TICATSALTT [3) S A0, 1o e parent ion was previously also observed in DEA to

a0 TTATATT Bl - 20 adenine (A) and 2-chloroadenine (*A) within sev-

) - «  eral overlapping resonances between approximately

2 %07 I ) 9.5 0.7 and 2.2 eV, 322 By using different methylated
2 20 3 L 10 % A derivatives, the resonances below 1.5eV were
. assigned to an H loss from N9 (see Figure Sba for the

10 4 AT A TT] = (.12 5 0.00)- 1ﬁ2 L os typic;g atom labelling in purine bases).”® In b(?th A

. o [TT(ATA).TT] = (1.36 + 0.02) - 10™ cm? oo andv A'the lowest energy resonances were assigned
L A N O T PR AN I to vibrational Feshbach resonances (VFRs), whereas

0.0 0.2 0.4 0.6 0.8 1.0

FI10% cm? —»

1.2 14 a b a b a b

Sequence

Figure 4. Left: Fluence dependence of the strand breakage of the two oligonu-

cleotide sequences 5'-d(TT(*AT*A);TT) (sequence a) and 5'-d(TT-

(ATA),TT) (sequence b). Irradiation was performed at 5.5 eV electron energy.
Right: Comparison of the absolute strand-break cross sections o obtained from
the linear fit of the fluence dependence of strand breakage from 10 and 5.5 eV.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

the signals between 1.1 and 2.2 eV were assigned to mt*
resonances.*!

Taking the previous measurements on A and *“'A
into account, the 0.8 eV signal in the ion yield curve of
(*A—H)™ is assigned to a VFR, and the signals at
1.29eV and 2.0eV are assigned to m* resonances.
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Compared to A, the resonance positions are slightly shifted to
lower energies in A owing to the presence of the F atom. In
FA, the H abstraction can take place from N9, from the NH,
group, or from C8. Based on the previous findings on A® and
20A 15 the H loss below 2.0 eV is ascribed to a cleavage of the
N9—H bond.

This is supported by ab initio calculations that we have
performed at the DFI/B3LYP, MP2 and MP2/CCSD(T)
levels of theory. The calculations predict metastable molec-
ular valence-bound anions of *A, which are adiabatically
unbound with an electron affinity of —0.71 eV (MP2) and
—0.67 eV (CCSD(T)), respectively. The MO representation
of the valence bound anion (MP2) is shown in Figure Sc.
However, the calculations indicate that *"A possesses a very
high dipole moment (4.6 Debye), suggesting that an excess
electron may be bound by the dipole force.”” Indeed, adding
extra diffuse functions to the aug-cc-pVDZ basis set allows us
to render the dipole-bound anion state (DBS) stable (at
Koopman’s theory level). However, only CCSD(T) correc-
tion to the electron energy leads to positive values of the
adiabatic electron affinity (0.02 eV). The DFT calculations
predict only a geometrically stable DBS with an electron
affinity of —0.24eV. In both DBS anionic states (MP2/
CCSD(T) and DFT), an extra electron localizes close to the
N9-H bond in *A, (see Figure 5b). This is most likely the
precursor state for the H loss from A", in agreement with
previous findings on A and *?A.*?! In the present case, the
energy thresholds for hydrogen loss from A~ from N9, C8,
and N6 are 0.83, 1.90, and 3.08 eV, respectively (determined at
DFT level), corresponding well to the broad feature on the
DEA spectrum in Figure 5Sa. In conclusion, the lowest energy
signals (peaking at 0.8 eV) are tentatively assigned to H loss
from N9 most likely through a DBS, whereas the signals
peaking at 1.29 and 2.0 eV are most likely due to st* valence
states.

In addition to the fragment anions shown in Figures 3 and
5, we have also observed the smaller fragments FCN,™ (at
0.55eV),FCN™ (at 0.07 ¢V), and CN™ (at 1.61 eV and weakly
around 6.3¢eV), which are shown in Figure S1 in the
Supporting Information. FCN™ is formed with considerable
intensity and could therefore represent an important pre-
cursor for strand breakage induced by very low-energy
electrons close to zero eV.

In conclusion, the present gas- and condensed-phase
experiments indicate that *A is an efficient radiosensitizer as
a result of its increased reactivity towards LEEs. The
condensed-phase experiments have shown a pronounced
energy dependence of strand-break cross sections. The
anion resonances observed at 5.5eV in the gas phase are
very likely the precursors of the strand break process
observed in oligonucleotides in the condensed phase.
Remarkably, the strand-break enhancement factor is 1.6-1.7
at all investigated energies, that is, 5.5, 10, and 15 eV. It needs
to be explored in further experiments whether the strand-
break cross sections follow a similar resonant profile as
suggested by the gas-phase DEA data by recording a detailed
energy dependence of the strand break cross section. In the
future, we will extend our study to double-stranded DNA to
explore the effect of A on double-strand breaks. This
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physicochemical insight into the mechanism of radiosensiti-
zation supports the use of *A as a radiosensitizer in tumor
radiation therapy.
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macromolecular ions: Inner-shell excitation of ubiquitin protein
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We have performed inner-shell electron impact action spectroscopy of mass and charge selected
macromolecular ions. For this purpose, we have coupled a focusing electron gun with a linear
quadrupole ion trap mass spectrometer. This experiment represents a proof of principle that an
energy-tunable electron beam can be used in combination with radio frequency traps as an activa-
tion method in tandem mass spectrometry (MS?) and allows performing action spectroscopy.
Electron impact MS? spectra of multiply protonated ubiquitin protein ion have been recorded at
incident electron energies around the carbon 1's excitation. Both MS? and single ionization energy
dependence spectra are compared with literature data obtained using the soft X-ray activation
conditions. © 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4941798]

There has been a long standing effort to develop experi-
mental techniques to investigate photon and electron interac-
tion with large molecular species and complex systems
under controllable, well-defined and single-collision condi-
tions.'™ In this respect, an important breakthrough has been
made in recent years by successful coupling of synchrotron
radiation sources with ion traps, to perform photon activation
of mass over charge (m/z) selected ions confined in the gas
phase.’™ Indeed, by using electrospray ionization (ESI)
technique'® to extract macromolecular ions from solution,
tandem mass spectrometry (MS?)'' and action spectros-
copy>'? of unprecedentedly large species could be per-
formed. Recently, we have applied near-edge X-ray fine
structure (NEXAFS) action spectroscopy to investigate inter-
play between the electronic and the three-dimensional struc-
ture of gas phase ubiquitin protein.'>

However, electron impact activation MS? of large bio-
polymer ions trapped in a radio frequency (RF) ion trap, and
corresponding electron impact action spectroscopy, is con-
siderably more challenging. Indeed, in contrast to photons,
electrons are very sensitive to the oscillating electric field.
Depending on the incident electron energy, RF can strongly
influence spatial and energy profiles of an electron beam and
ultimately prevent the electrons entering the trapping region.
Moreover, both primary and scattered electrons (from back-
ground gases and surrounding surfaces) can be extracted
towards ion detectors (as composed of conversion dynodes
and electron multipliers), inducing a significant noise in the
recorded mass spectra or even damage the detectors. All
these issues have certainly penalized the use of an energy-
tunable focused electron beam as activation technique in
MS? based on RF ion traps. It should be noted, however, that
since the invention of electron capture dissociation (ECD),"*
low-energy electron attachment to macromolecular ions has
become a widely used activation method in MS? increasing
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the potential of top-down protein sequencing.'® Using higher
energy electrons, electron impact ionization of multiply pro-
tonated ions could be also achieved in Fourier transform ion
cyclotron resonance (FT-ICR) ion trap instruments.'®
Although electron activation techniques were originally per-
formed using the FT-ICR trap, a great deal of research has
been devoted in recent years to development of technical sol-
utions allowing for efficient ECD in RF traps (see Refs.
17-20 and references therein). Still, all these reports are con-
cerned with bringing low energy (close to 0eV) electrons
into an RF trap, in order to produce efficient fragmentation
of macromolecular ions via electron attachment. Recently,
Voinov and coworkers reported the implementation of a ra-
dio frequency-free analyzer-independent cell?! allowing
ECD in triple quadrupole instruments. The method was also
demonstrated in hybrid quadrupole time of flight instru-
ments. > Interestingly, low energy electron impact ionization
could be achieved using this setup.

However, high-energy electron impact activation/spec-
troscopy of trapped ionic species has not been reported yet.
This is surprising considering that the scientific community
is appealing for a technique that would allow controllable
investigation of electron interaction with macromolecular
systems. Such measurements could open new spectroscopic
investigations and shed new light on radiation damage
research.' Also, profound understanding of electron interac-
tion with complex exotic molecules could help development
of new applications, such as Focused Electron Beam
Induced Deposition (FEBID).*? Finally, energy-tunable elec-
tron impact activation MS? allows fragmentation via selec-
tive inner-shell excitation of a macromolecule. This could
open new possibilities for advanced top-down sequencing by
loading incident energy into specific parts of the macromole-
cule or inducing preferential type of fragmentation via cho-
sen resonant excitation.

In this letter, we present a system allowing energy
resolved electron impact activation MS? of m/z selected pro-
tein ions confined in a RF linear quadrupole ion trap. The

© 2016 AIP Publishing LLC
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instrument is based on an energy-tunable focused electron
beam providing incident electron energies around C K-shell
excitation. We recorded MS? spectra at selected electron
activation energies and performed action electron spectros-
copy of trapped protein ions. Moreover, we report a compar-
ative study of inner-shell protein ionization by electron
impact and X-ray absorption.

The experiment was performed by coupling a commer-
cial linear quadrupole ion trap mass spectrometer (Thermo
Scientific LTQ XL), equipped with an ESI source, to a dif-
ferentially pumped vacuum stage including a custom-made
electron gun assembly. The electron gun and the correspond-
ing assembly were developed at the Institute of Physics
Belgrade (IPB), Serbia. The experiment was conducted at
the DISCO beamline of the synchrotron SOLEIL, France,
where the electron-LTQ XL assembly was constructed.
Fig. 1 presents a schematic drawing of the experimental
setup. Six-way CF100 cross was used as a vacuum chamber,
which was mounted on a movable support, and connected to
the backside of the LTQ XL mass spectrometer. The assem-
bly holding the electron gun was mounted on a custom made
CF100 flange, with electrical feed-through. The remaining
flanges of the cross were used to fit a turbomolecular pump,
a cold cathode ionization gauge, and a viewport. During the
experiment, the pressure was 4 x 10~ ®mbar in the cross and
1 x 10~° mbar in the vacuum manifold of the LTQ XL. The
coupling of the CF100 cross with the back plate of the mass
spectrometer was achieved using a bellows, to allow precise
alignment of the electron gun axis with respect to the ion
trap axis. The LTQ XL mass spectrometer was also mounted
on a dedicated custom-made movable frame allowing a fine
tuning of the ion trap position, as previously used for align-
ment with the photon beam.** Therefore, optimal overlap
between the electron beam and ion packet was achieved by
both fine positioning of the mounting frames and steering of
the electron beam using the XY deflectors. Prior to the
experiment, a pre-alignment was performed by measuring
incident electron current on an electrode installed temporar-
ily behind the trap, downstream the electron beam (see
Fig. 1).

(@)

Electron gun

lon trap lon optics ESI

¢ L
) " i i

FIG. 1. Schematic representation of the experimental setup. (a) I—tungsten
filament, 2-Wehnelt electrode, 3-disc plate for current measurement,
4—quadrupole and octopole filters, S—electrospray ion source. (b) i—ion injec-
tion and selection, ii—electron activation of selected ions, and iii—detection
of fragments.
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The electron gun was described in details previously.25
Briefly, it consists of an extraction part and a focusing part
(also including semi-cylindrically shaped XY deflectors to
steer the beam). The electrons are emitted from a thoriated-
tungsten cathode. The electron energy and all focusing vol-
tages are controlled by a custom-made electronic board. The
irradiation time was controlled by applying a variable DC
pulse voltage on the Wehnelt electrode of the electron gun
(see Fig. 1) that otherwise suppresses an electron emission
from the filament. A dedicated electronic shutter circuit was
designed in order to trigger and control the electron beam
pulses by using the transistor-transistor logic (TTL) signal
from the LTQ XL. The measurement procedure consisted of:
ion production and injection into the trap, precursor isola-
tion, electron irradiation, ion ejection, and detection, as pre-
viously used for photon irradiation.>’* The shortest
irradiation time can be set to a few tens of ms, but 500 ms
was used in the present experiment. In order to reduce back-
ground contributions, the TTL signal from the LTQ XL was
sent through a digital delay generator (DG645, Stanford
Research Systems, Sunnyvale, CA, USA) that provides a
short delay (usually adjusted to 200 ms) of the ion ejection,
after the electron irradiation was stopped.

The main issue in this experimental concept is that a
focused electron beam is introduced into a RF field, which
can, in principle, strongly influence the beam properties. The
LTQ XL quadrupole ion trap uses a combination of DC and
RF voltages. The DC component is =100 V. The RF electric
field has an amplitude of 400V peak-to-peak and a fre-
quency of 1 MHz.?® Therefore, even for the shortest electron
pulses of a few tens of ms, the electron beam appears as con-
tinuous for the RF performance (a full RF cycle is 1 us).
Nevertheless, at the energy of about 300 eV, which is of in-
terest for the present study (vicinity of C K-edge), an elec-
tron travels a half-length distance (34 mm) of the ion trap in
about 5ns. Therefore, we expect that a dominant portion of
the incident electron current reaches the interaction volume
almost undisturbed, while only small part is lost on the trap
electrodes.

To investigate propagation and characteristics of the
electron beam passing through the LTQ ion trap during 1 RF
period, we performed electron tracing simulations using
SIMION 8.2 program package27 (Fig. 2). A continuous elec-
tron beam is simulated by a train of 1ns pulses with 121
electrons arranged in a 0.5 mm square grid, which simulates
a realistic electron current of 75 nA. Figs. 2(b) and 2(c) show
simulated radial and kinetic energy distributions, respec-
tively, of the electrons that can reach the center of the trap,
for the starting energy of 300eV and the initial beam radius
of 0.5 mm. The simulations show that both the geometrical
beam profile and the initial energy spread (limited to about
0.5eV due to the emission from a hot cathode) are largely
preserved in the interaction region, even though some dis-
turbance due the RF field is inevitable.

Fig. 3(a) presents an electron activation MS? spectrum
of multiply protonated ubiquitin protein ion (precursor
charge state 7-+) after electrospray ionization measured at
288¢eV incident electron energy. Besides the peak corre-
sponding to the precursor ion [M+7H]"" at m/z 1225, the
dominant peak in the electron impact MS? lies at m/z 1071,
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FIG. 2. Simulation of pulsed electron beam propagation in a linear quadru-
pole ion trap under influence of RF (1 MHz, 400 V) and DC (100 V) poten-
tials. A total of 1.2 x 10° electrons, during a pulse width of 1 s, at the
energy of 300eV and with a beam diameter of 0.5 mm, was directed along
the axis of the ion trap. (a) The simulation of the propagation of the electron
beam; (b) the spatial distribution, and (c) the energy distribution of electrons
recorded at the center of the ion trap.

which represents a radical singly ionized cation [M+7H]*".
We ascribe the other closely positioned intensive peak at
about m/z 1066 to a small neutral loss from the ionized 8+
ion. Due to limited mass resolution for such high charge
states, we cannot exactly define the mass of the neutral loss.
We can tentatively assume that it could be due to amino
acids side chain losses.'” Finally, besides the single

100
96 1 (a) M+7H] 7* [ L
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04 Ubiquitin 7+. . , [M+7H]'8+ m/z 1225
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FIG. 3. Comparison of tandem mass spectra of Ubiquitin 7" precursor for
energies near carbon K-edge activated with: (a) electrons (isolated m/z
1222.8-1225.8) and (b) photons (isolated m/z 1223.4—1226.4). The electron
irradiation was performed during 500ms (200 ms acquisition delay), with
estimated 10'* electrons/second. The photon irradiation was performed dur-
ing 600 ms (50 ms acq. delay), with estimated 10'? photons/second.
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ionization (SI) process, which is clearly the dominant relaxa-
tion channel upon inner-shell electron impact excitation of
ubiquitin, the peak corresponding to doubly ionized cation
[M+7H]9+ can also be traced down in the MS? at m/z 952.
And the latter is accompanied by intensive neutral losses, as
well. The abundances of other fragments are much lower and
thus will not be discussed in the present study. It should be
noted, however, that low-mass background was also detected
(not shown here) and removed, most probably originated
from electron ionization of neutral gasses present in traces in
the trap and the electron-induced noise.

For comparison, Fig. 3(b) presents X-ray activation MS?
of the same 7+ precursor and at practically the same photon
energy of 288.2¢eV. The results are extracted from recent X-
ray inner-shell spectroscopy of gas-phase proteins by cou-
pling the same ion trap to the PLEIADES soft X-ray beam-
line at the SOLEIL facility'® (note that the X-ray spectrum
was measured with higher m/z resolution). The correspon-
dence between the two spectra is striking. Indeed, the ioniza-
tion of the protein is the result of the resonant Auger decay
process, triggered by carbon 1 s electron excitation to a fron-
tier molecular orbital and a core hole formation. The ioniza-
tion/fragmentation pattern, however, does not depend
significantly on the triggering process itself.'® This finding is
also important for the studies on radiation damage of pro-
teins, particularly considering recent results suggesting that
proteins were damaged by X-ray radiation at a faster rate
than is DNA.*®

Nevertheless, it should be pointed out that the two dis-
cussed processes—electron and photon inner-shell excita-
tion—are intrinsically different. In the case of X-ray
activation, an incident photon is resonantly absorbed at the
energy that corresponds to the transition involving a core
electron. In the case of electron impact activation, the inci-
dent electron transfers part of its energy to the system trig-
gering the electronic transition and is scattered out suffering
the corresponding energy loss. Furthermore, in the present
experiment, the incident electron energy is only slightly
above the transition energy. Therefore, the electron excita-
tion is performed under so-called near-threshold condi-
tions.”> Consequently, the acquisition of MS? as a function
of the electron energy, in the same way as we measured
action NEXAFS spectra of gas phase protein,7’13 will yield
in the present case the action near-edge electron excitation
function (NEEEF).

Fig. 4 presents NEEEF (circles) and NEXAFS (dashed
line)'? action spectra of ubiquitin 7+ precursor. In both
cases, an area under the peak in MS? corresponding to singly
ionized radical [M+7H]*" (see Fig. 3) has been normalized
to the total ion current, and plotted as function of the activa-
tion electron or photon energy, respectively. In the case of
the NEEEF spectrum, the focal properties of the electron gun
are adjusted as a function of the electron energy to preserve
a constant beam profile. These focusing voltages have been
determined prior to MS? experiment by measuring electron
current passing through the ion trap. Experimental details
about the NEXAFS spectra are given in the previous publica-
tion.'* The spectra presented in Fig. 4 are normalized to the
same area under the curve.'? The electron-induced SI yield
is measured with lower energy resolution, which is due to



064101-4 Rankovi¢, Giuliani, and Milosavljevi¢
0'30_I"'I"'I'"I"'I\"'l"'l"'l"'l"'l'_
1 Ubiquitine 7+ I 1

0251 Single ionization yield: :l b
" 1 —@— electron impact n'l 1

S {-- - photon impact I' \ ]

>, 0.20 ! 4

= E ! b

7] Iy

S E 1

2 1 !

E 0151 1 -

o ] L

= '

© 1 PR 1

g 010 |9~ g 1=, ]

(14 ] s . ]
0,05 ' \\ ]
] \ ! ® |

i ! I _
I

0.00 +HO—— —

L LA B LA LA B B B
280 282 284 286 288 200 292 294 296 298
Incident energy (eV)

FIG. 4. Comparison of single ionization yield from Ubiquitin 7" precursor
activated with electrons (red circles) and soft X ray photons13 (blue dashed
curve).

both using of an electron gun (without an electron mono-
chromator) and additional beam energy broadening inside an
RF trap (see Fig. 2).

The electron impact SI yield of ubiquitin protein (Fig. 4,
circles) shows strong incident energy dependence. The cross
section starts increasing at the energy that corresponds to C
1s — T* yromatic transition at about 284.5eV and steeply rises
reaching a maximum at about 288 eV, which corresponds to
Is — m*, mige transition. The SI yield slowly decreases with
further increasing of the impact electron energy. There is a
clear correspondence between the two sets of results
obtained using X-ray or electron irradiation. Indeed, in both
cases, the SI of the precursor proceeds from carbon core
excited molecular transient state via Auger decay.
Nevertheless, as already pointed out, the excitation processes
itself is essentially different. Therefore, the electron energy
dependence may be distinctly different, since in the electron
impact case, a triggering process is due to near-threshold
electron collision. Moreover, scattered electrons carry out
some residual energy and the core excitation does not have
to be resonant, so at a particular impact energy, it depends
on the redistribution of excitation cross sections. It should be
noted that previously, Cooper et al.>® performed the inner
shell electron energy-loss spectroscopy of a condensed pro-
tein, but recorded under scattering conditions where electric
dipole transitions dominate (2.5 keV residual electron energy
and 2° scattering angle). Such spectra, however, are to be
compared with X-ray absorption data, as represented here by
action NEXAFS spectrum (blue curve).

In conclusion, we have demonstrated energy-tunable
focused electron beam activation of m/z selected trapped
protein ions by coupling an electron gun to a linear quadru-
pole ion trap mass spectrometer. We have shown that both
electron and X-ray activation produce very similar MS? pat-
terns, which is defined by resonant Auger decay process
regardless of triggering process. However, the energy
dependences are not to be directly compared, since in the
case of electron action spectroscopy, an electron impact
near-threshold excitation takes place. Therefore, the present
experiment suggests a possibility to perform a comparative

Appl. Phys. Lett. 108, 064101 (2016)

study of electron and photon induced excitation of macromo-
lecular ions and to discuss intrinsic differences between the
two processes, which will be undertaken in future
publications.

The present results pave a way to developing methods
for investigation of electron interaction with macromole-
cules, complex systems and nanoparticles, under well-
defined conditions, and in a wide energy range. Moreover,
we demonstrate a proof of principle for an activation method
for MS? top-down macromolecular sequencing using high-
energy electron impact activation of trapped ions. This may
be a complementary low-cost method that allows investigat-
ing only specific fragmentation processes, depending on the
activation energy.
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Abstract. A new apparatus was designed, coupling an electron gun with a linear quadrupole ion trap mass
spectrometer, to perform m/z (mass over charge) selected ion activation by electron impact for tandem
mass spectrometry and action spectroscopy. We present in detail electron tracing simulations of a 300 eV
electron beam inside the ion trap, design of the mechanical parts, electron optics and electronic circuits
used in the experiment. We also report examples of electron impact activation tandem mass spectra for
Ubiquitin protein, Substance P and Melittin peptides, at incident electron energies in the range from 280 eV

to 300 eV.

1 Introduction

The electron interaction with atoms and molecules in the
gas phase has been studied for more than a century and
has undergone several revivals [1]. Over the years, the
electrons were used as a probe to reveal fundamental
properties of atoms and molecules such as their electronic
structure and chemical reactivity. The gas phase electron
spectroscopy also discovered some important electron-
collision phenomena such as low-energy resonances [2,3]
and crucially helped to reach an intrinsic understanding of
the complex electron-atom (molecule) collision processes,
as well as their proper theoretical modeling [4]. Also,
inner-shell electron spectroscopy of gas phase molecules
found wide applications in different research fields [5].

In recent decades, however, the use of the gas-phase
electron spectroscopy to investigate fundamental proper-
ties of matter has been challenged by the photon spec-
troscopy, due to the development of extremely bright pho-
ton sources with ultra-high energy resolution, such as
lasers and accelerator based facilities (e.g. synchrotrons
and free electron lasers). Still, a new wave of studies of

* Contribution to the Topical Issue “Advances in Positron
and Electron Scattering”, edited by Paulo Limao-Vieira,
Gustavo Garcia, E. Krishnakumar, James Sullivan, Hajime
Tanuma and Zoran Petrovic.

* e-mail: aleksandar.milosavljevic@synchrotron-
soleil.fr

electron interaction with isolated atoms and molecules
was triggered at the beginning of the 21st century by
a need to better understand the role of secondary elec-
tromns, intensively produced along the track of high-energy
primary particles, in the radiation damage of biological
material. Motivated by the finding that low-energy sec-
ondary electrons can induce resonant single and double
strand breaks in a plasmid DNA film [6], a plethora of ex-
perimental studies on gas phase electron interaction with
different relatively small molecules representing building
blocks of biopolymers, have been performed [7]. The idea
was to extrapolate the results of these studies to more
complex systems and, hopefully, to reach a better un-
derstanding of electron-induced processes in the real bi-
ological environment. However, it is questionable to what
extent this premise stands, which is also a point of a
long-standing discussion within the scientific community.
Clearly, there is a gap between the studies of electron in-
teraction with small gaseous molecules performed under
well-defined single-collision conditions and the processes
in real biological systems. To bridge this gap, studies with
isolated macromolecules and complex molecular systems
are needed.

The development of experimental techniques for gas
phase electron spectroscopy has faced a number of chal-
lenges. One of the earliest was the need for devices that
allow for electron spectroscopy with high energy resolu-
tion, which leads to the development of different types
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of energy selectors [8]. The other example is the develop-
ment of magnetic angular changer that allows measure-
ments of differential cross sections for electron scattering
in the backward hemisphere [9]. Then, with growing in-
terest in low-energy electron-induced processes, there was
a need to develop methods to perform low-energy elec-
tron collision studies, down to practically 0 eV, with the
high energy resolution, while preserving a high sensitiv-
ity (signal to noise ratio). In this respect, the work of
Allan and Buckman are of profound interest for the field.
They have developed, conducted, supervised or inspired
measurements with an unprecedented combination of high
electron energy resolution and sensitivity, and in the ex-
tended angular and energy ranges, allowing new insights
into low-energy electron-induced processes and molecular
properties (see [3,10-16] and references therein).

On the other hand, a permanent challenge in the field
of gas phase electron spectroscopy was to increase the
complexity of the targets. There has been a long-standing
effort to perform gas phase single-collision studies of
(bio)macromolecules, nanoparticles, clusters, solvated sys-
tems, radicals, ionic species and other exotic species.
Several groups, including those of Allan and Buckman,
made pioneering contributions in this respect. For exam-
ple, Maddern et al. [17,18] and Brunton et al. [19,20] re-
ported measurements of absolute differential cross sections
(DCSs) for molecular radicals in the gas phase. Also, low-
energy electron interaction and dissociative electron at-
tachment (DEA) to highly reactive species and radicals
has been investigated by Haughey et al. [21] and Field
et al. [22]. There were also experiments with clusters and
doped clusters [23-25] and references therein), as well as
DEA to molecules brought into the gas phase by laser-
induced acoustic desorption (LIAD) [26]. So far, electron
interaction with small gaseous biomolecules has been ex-
tensively investigated [7,27]. For these studies, effusive
target molecular beams under high vacuum were usually
produced by using ovens. However, these sources are lim-
ited considering the size and complexity of the produced
targets, since the target molecules may undergo thermal
dissociation [28].

In 2010, Milosavljevié et al. [29], followed by Bari
et al. [30] in 2011, have reported experimental systems
coupling a radio frequency (RF) ion trap, fitted with an
electrospray ionization (ESI) source, with the synchrotron
beamline, allowing VUV and X-ray gas-phase action spec-
troscopy of mass over charge (m/z) selected macromolec-
ular ions stored in the ion trap [31-35]. By using ESI, large
macromolecules (e.g. proteins) and complex systems (e.g.
nanosolvated peptides) could be isolated in the ion trap in
the desired charge state and studied using tandem mass
spectrometry (MS?) [36] and action spectroscopy [35,37].
Therefore, it would be of interest if such setup could
also be used to study electron interaction with trapped
macromolecular ions, in a wide range of electron energies.
However, in contrast to photons, electrons are charged
particles, thus affected by both DC and RF fields that
provide ion trapping. Depending on the incident energy,
an electron beam can be significantly disturbed even be-
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fore reaching the target ion packet. Moreover, bouncing
electrons in the ion trap produce noise, background ion-
ization and could even be extracted towards ion detectors
(composed of conversion dynodes and electron multipli-
ers) and affect their performance. All these factors could
drastically reduce signal to noise (s/n) ratio and even pre-
vent measurements, thus discouraging any attempt of such
experiments.

On the other hand, the mass spectrometry community
has been developing for years methods for electron induced
dissociation of large biopolymers by using electron capture
dissociation (ECD) [38]. This technique is increasingly
popular as an activation method in MS? for top-down pro-
tein sequencing [39]. Originally, electron activation tech-
niques were performed in ion cyclotron resonance (ICR)
traps, as the strong magnetic field used for these devices
could also confine and guide low-energy (close to 0 eV)
electrons into the ion trap. Nevertheless, in recent years,
there is a large interest to develop devices that could pro-
vide ECD in RF ion traps, as well (see [40-43] and refer-
ences therein). Also, Voinov and coworkers reported the
implementation of a radio frequency-free analyzer inde-
pendent cell [44] allowing ECD in triple quadrupole in-
struments. However, all these techniques are concerned
with bringing electrons at energies close to 0 eV into an
RF trap, providing efficient fragmentation of macromolec-
ular ions via dissociative electron attachment.

We have recently reported a novel experimental system
allowing electron activation of trapped macromolecular
biopolymer ions stored in a linear RF ion trap, by using in-
cident electron energies of several hundred of eVs [45]. We
could record inner-shell electron activation MS? of mul-
tiply charged ubiquitin protein. Moreover, by measuring
MS? spectra at different incident electron energies around
the C K threshold, we could extract near-edge electron ex-
citation function (NEEEF), that is, perform action inner-
shell electron spectroscopy of a gas-phase m/z selected
protein ion [45]. The later work also paves the way to
action electron spectroscopy of isolated macromolecular
species in a wide range of electron energies and the elec-
tron activation MS? for top-down protein sequencing. In
the present paper, we describe in detail design and perfor-
mance of this instrument [45] and present test measure-
ments for different target molecular species. We also dis-
cuss possible future improvements, particularly regarding
a decrease of the electron impact energy.

2 Design of the experimental setup
2.1 Electron tracing simulations

In order to assess the feasibility of focusing an electron
beam on the trapped ion packet, without significant dis-
turbance of beam properties due to the RF field, we have
performed extensive electron tracing simulations by using
the commercial program SIMION 8.2 [46]. The quadrupole
linear ion trap that was used in our experiment is an in-
tegral part of the LTQ XL mass spectrometer (Thermo
Scientific). A model of this trap made in the SIMION
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Fig. 1. Lateral (a) and longitudinal (b) cross sections of the
model of a linear quadrupole ion trap made in SIMION. The
ion trap comprises four hyperbolic electrodes of minimal radius
of ro = 4 mm. RF voltage amplitude is A = 400 V, DC ampli-
tude is B = 100 V and a circular frequency is w = 27 x 10° Hz.
The ion trap consists of three axial sections and two disc elec-
trodes with a 2 mm aperture. DC voltages in Sections 1 and 3
are 10 V higher relative to the central Section 2, whereas po-
tentials on disc electrodes are kept grounded.

program is presented in Figure 1. It consists of four hy-
perbolic electrodes, divided into three sections in the axial
direction. The ion trap is 68 mm long, 30 mm wide and
has a minimal hyperbolic radius of 4 mm. Electrodes in all
sections have both DC and RF voltages applied. The max-
imal amplitude of RF voltage is 400 V with a frequency
of 1 MHz while maximal DC voltages are +100 V and
—100 V in reference to the ground. Actual amplitudes of
RF and DC voltages are the function of mass over charge
(m/z) ratio of ions isolated in the trap and are usually
lower. In order to estimate the highest possible perturba-
tion of the electron beam, maximal values are used in the
simulation. A polarity and a shape of DC and RF volt-
ages through electrode sections is defined with equations
displayed in Figure la. This configuration of voltages only
enables radial ion trapping, but in order to obtain axial
ion trapping as well, Section 2 has up to 10 V lower DC
potentials relative to the DC potentials in Sections 1 and 3
(see Fig. 1b).

Simulations of 300 eV pulsed electron beam propaga-
tion inside the ion trap are presented in Figures 2 and 3,
for three different Gaussian distribution pulse widths
of 1 us, 100 ns, and 10 ns. The electron current per pulse
was 75 nA. The initial radius of the beam was 0.5 mm,
with a uniform distribution of starting electrons. Electrons
are generated on a disc at a 30 mm distance from the ion
trap, with initial trajectories parallel to trap axis. Space
charge effects of the electron beam were not included in
the simulation. The space between the electrodes was as-
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©10ns |
(d)10ns

Fig. 2. Simulation of 300 eV pulsed electron beam in a linear
quadrupole ion trap, for 400 V RF and 100 V DC, for three
different pulse widths of: (a) 1 us, (b) 1 us with He buffer gas,
(¢) 100 ns and (d) 10 ns. The buffer gas was at the pressure
of 5 x 1072 mbar and temperature of 300 K, while the total
electron-He interaction cross section of o = 5.56x10™2' m? [47]
was taken as the collisional cross section in the SIMION colli-
sional hard-sphere model [46].

sumed to be an absolute vacuum (Figs. 2a, 2¢ and 2d)
occupied by time-dependent 3D electric field generated
by the ion trap electrodes. We also performed a simula-
tion where the surrounding of the ion trap as well as the
region between the ion trap electrodes was filled with He
buffer gas (Fig. 2b).

A full period of RF electric field is 1 ps, thus the
simulation with the electron beam pulse width of 1 us
(Fig. 2a) effectively represents a continuous electron beam.
The center of the Gaussian time distribution for elec-
trons is set at 0.5 us with respect to the RF sine wave.
Even though electrons are highly scattered at the begin-
ning of the trap, a significant percentage of around 65%
manage to pass through the entire trap. Spatial and en-
ergy distributions of electrons at the half length of the
trap are recorded and presented in Figure 3a. Although
both distributions are clearly broadened in the middle
of the trap, we could conclude that majority of electrons
still have unperturbed energies corresponding to the ini-
tial one of 300 eV. Also, about 90% of electrons recorded
at the center of the trap still have radial positions less
than 0.5 mm, while the rest is scattered over the elec-
trodes. Still, it should be noted that in the real experi-
ment the ion trap is filled with He buffer gas at a pres-
sure of about 1073 mbar, in order to cool the ions and
improve the trapping efficiency. Therefore, the buffer gas
could in principle affect the transmission and the focus-
ing of the electron beam. However, considering the low
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Fig. 3. Simulation of 300 eV pulsed electron beam in a linear
quadrupole ion trap, for 400 V RF and 100 V DC, for three
different pulse widths of: (a) 1 us, (b) 1 us with He buffer gas,
(c¢) 100 ns and (d) 10 ns. Spatial (left column) and energy (right
column) electron distributions were recorded at the center of
ion trap. The buffer gas was at the pressure of 5 x 10~% mbar
and temperature of 300 K, while the total electron-He interac-
tion cross section of o = 5.56 x 1072' m? [47] was taken as the
collisional cross section in the SIMION collisional hard-sphere
model [46].

total cross section for 300 eV electron interactions with
He of 5.56 x 10721 m? [47], as well as dominantly forward
elastic scattering, this influence should not be significant.
Figure 2b shows the SIMION electron tracing simulations
that included a standard collisional hard-sphere model [46]
for the ion trap filled with the gas at the pressure of
5 x 1072 mbar, the temperature of 300 K, and taking the
collision cross section in the model as the total electron-He
interaction cross section of 5.56 x 102! m? [47]. The simu-
lations show that the focal properties of the electron beam
are still qualitatively well preserved, although the presence
of the gas causes a slightly lower transmission of 62% com-
pared to 65% obtained in the simulations performed in
vacuum. The spatial and energy distributions depicted in
Figure 3b are also very similar to those obtained with-
out the buffer gas (Fig. 3a). It should be stressed that

Eur. Phys. J. D (2016) 70: 125

the used model is only an approximation, in order to ob-
tain a qualitative picture. Indeed, in a real experiment,
the electron-He interactions include both the elastic and
inelastic (excitation and ionization) process, and should
dynamically take into account the corresponding differen-
tial cross sections, which depend on the electron energy.
Such simulations are rather complex and out of the scope
of the present work. However, we can tentatively conclude
that the presence of the He buffer gas at about 10~ mbar
dos not influence significantly the 300 eV electron beam
propagation through the RF ion trap, which was also con-
firmed experimentally according to the signal to noise ra-
tio in the action spectra.

Narrowing the electron pulse width to 100 ns and fine
tuning of the center of the time distribution of starting
electrons to 0.6 us with respect to the RF sine wave, yields
around 80% of the electron transmission through the trap,
which can be seen in Figure 2c. The spatial and the elec-
tron energy distributions in Figure 3c are also broadened,
but at lower extent compared to the previous case of 1 us
pulse width. Only a small number of electrons around is
scattered towards the electrodes, whereas the rest pass
through a full length of the trap with the transmission of
about 80%.

The electron beam does not seem to be affected at all if
the pulse widths are decreased down to an order of 10 ns,
Figure 2d. The electron energy distribution presented in
Figure 3d reveals relatively small broadening of 1-2 eV.
It should be noted that the thermo-electron emission pro-
cess introduces an energy spread of 0.5 eV to the initial
electron beam in the real experiment. However, geometri-
cal properties of the electron beam are almost unaffected.
The spatial distribution is smeared out, resembling a bell
like Gaussian shape. For comparison, the square profile
for the uniform spatial distribution of the initial electrons
is presented by dashed lines in Figure 3d (left side). The
electron beam effectively falls into a spatial resonance and
at a few points along the trap axis becomes compressed,
yielding an even smaller beam radius then the initial one.
However, for the pulse widths of this order of magnitudes,
the synchronization of the pulse propagation with the RF
field oscillation is crucial. According to our simulation, if
this synchronization is shifted for more than +25 ns, the
electron transmission is practically blocked.

To conclude, the SIMION simulations demonstrate
that a pulsed electron beam, with a train of short pulses
of the order of 10 ns synchronized with the trap RF field,
would allow 100% transmission at 300 eV and even a very
efficient electron transmission at lower electron energies.
Unfortunately, such experimental conditions could not be
obtained in the present work, so the electron beam appears
as continues regarding the ion trap performance. Still, the
electron tracing simulations also show that at the energy of
about 300 eV, as used in the present measurements, both
the spatial profile and the energy spread of the continuous
electron beam are well preserved in the trap. Therefore,
the pulsing procedure is used in the present experiment
only to define the irradiation time and block the stream
of electrons during the ion acquisition, as described below.
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2.2 Timing procedure

The experiment is performed through several temporally
spaced sequences. These sequences are: (1) ion produc-
tion and selection; (2) ion activation by electrons; and (3)
fragment detection. An electrospray ion source (ESI) is
used to produce the molecular ionic targets of the inter-
est. Through the system of ion optic lenses, comprised of
octopole and quadrupole mass filters, ions are guided into
the linear quadrupole ion trap from the front side. Pre-
cursor ions of the desired charge state are selected and
stored in the trap. In order to increase the efficiency of
the trapping, ion trap is filled with Helium buffer gas at
the pressure of 1072 mbar. Stored ions are then activated
in collisions with the focused beam of electrons during a
defined irradiation time. To be able to activate ions only
for a desired period, the electron beam has to be switched
on and off. Therefore, a pulsed mode of operation of the
electron gun was required, instead of the standard con-
tinuous mode of operation where a steady stream of elec-
trons is produced. To stop the electron emission from the
hot cathode inside the electron gun, an electronic circuit
called shutter circuit was designed (more details can be
found in Sect. 2.5). This circuit was synchronized with
the mass spectrometer by the use of transistor-transistor
logic (TTL) signals, generated by the mass spectrometer.
The length of the TTL signal is defined by the irradia-
tion (activation) time, specified by the user in the mass
spectrometer software.

Once the irradiation of ions has finished by stopping
the electron beam, all ion products are ejected from both
sides of the ion trap and detected in electron multiplier
detectors. Between the actual ion detection and the end
of the irradiation, a time window called acquisition delay
is introduced. It enables fragmentation processes of con-
taminants that take place during the irradiation to reduce
quickly. This in turn has the result of fairly reducing the
noise and improving the signal to noise ratio of the in-
strument. The length of the acquisition delay is usually a
fraction of the irradiation time and depends on a selected
target. Practical realization of the acquisition delay was
achieved by the inserting a delay generator in the path
of a TTL signal line, before the shutter circuit. For each
ion fragment detection, a tandem mass spectrum (MS?)
is recorded for a given selected precursor ion, at a defined
electron energy. The entire process is then repeated for dif-
ferent electron energies until an energy scan is completed.
The best mass resolution in the present experiment was
about 5000, although it depends on the applied working
mode of the LTQ XL spectrometer, to reach a satisfactory
signal/noise ratio for the particular precursor.

2.3 Coupling the electron source with the LTQ XL
mass spectrometer

In order to perform electron activation of the trapped ions,
a custom made electron gun is coupled to the commercial
linear ion trap mass spectrometer LTQ. Figure 4 presents

Page 5 of 11

Fig. 4. 3D model of the experimental setup. The electron gun
(on the left-hand side) is connected to the ion trap (on the
right-hand side) by an edge welded bellows. The aluminum
shielding is located in the middle.

a 3D model of the coupling of the electron gun with the
LTQ XL.

The electron gun is fitted in a dedicated CF100 six-way
cross vacuum chamber, rested on a rigid position tunable
support and connected to the back plate of the LTQ XL
through flexible bellows. The assembly with the electron
gun was mounted on an L-shaped support attached to
a custom made CF100 flange, with two CF16 electrical
feed-through flanges on its back for electrical contacts (see
Fig. 5b).

The remaining vacuum connections of the six-way
CF100 cross were used to fit a turbo pump, a high vac-
uum cold-cathode gauge, and a glass window. The pres-
sure gauge is connected via extended flexible bellows at
about 1 m from the electron gun, to reduce the magnetic
disturbance of the electron beam. The coupling of the six-
way cross vacuum chamber with a Plexiglas window on
the back side of the mass LTQ XL spectrometer was made
through by using a reducer CF100-40 flange and a CF40
edge welded bellows. This flexible connection allows for
precise alignment of the electron beam with respect to
the ion trap axis.

2.4 Electron optics

The electron gun used in the present experiment has been
designed at the Institute of Physics Belgrade [48]. It con-
sists of six cylindrical electrodes and a thoriated-tungsten
cathode. A 3D model of the electron gun is presented in
Figure 6. It also comprises two pairs of cylindrical deflec-
tors inside the S electrode (X-Y in Fig. 6), for fine adjust-
ment of X and Y electron beam positions at the target
plane. Electrons are produced through a thermo-electron
emission process from a resistively heated hairpin cath-
ode. The cathode potential is set to a negative voltage
relative to the ground potential of the interaction region.
This voltage, therefore, defines the incident electron en-
ergy. The energy resolution is defined by the tempera-
ture of the cathode, which yields an energy uncertainty of
about 0.5 eV for the initial electron beam.

In the present experiment, cathode is heated by 2.3 A,
from a high power external DC source. At maximally rated
heating currents close to 3.5 A, it can produce electron
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Fig. 5. Electron gun vacuum stage: (a) 3D model of the vac-
uum stage assembly, (b) CF100 flange in the assembly with
electron gun and L-shaped support frame and (c) completed
vacuum stage with fitted turbo pump, electron gun and a glass
window.

emission of a few tens of puA, but at the expense of a
shorter lifespan. Optimally adjusted electrode voltages for
selected cathode current of 2.3 A and an electron energy
of 150 eV, yield an electron beam of around 10 pA. This
is the current measured in a Faraday cup, at a distance
of 72 mm from the last grounded electrode M (Fig. 6). Ac-
cording to the best fit of simulated electron beam profiles
to experimental electron current distributions measured
with a movable Faraday cup, the electron beam spot size
at this distance was estimated to be 1 mm, with the pen-
cil (divergence) angle of 0.3°. A schematic of the electron
gun with a shutter circuit and a TTL input is presented
in Figure 7.

Eur. Phys. J. D (2016) 70: 125

Fig. 6. 3D model of the electron gun: W — Wehnelt, A — anode,
C — image inverting electrode, S — deflector housing electrode,
X — horizontal deflectors, Y — vertical deflectors, V — focusing
electrode, M — exit electrode (grounded). A pulsed voltage is
applied to W electrode to stop the thermo-electron emission
from the hairpin cathode on the left.
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Fig. 7. Electric schematic of the electron gun used in the ex-
periment to activate trapped ions. Shutter circuit pulses the
voltages on the extractor electrode W, triggered by the TTL
signal from a mass spectrometer.

A pulsed mode of the electron gun was established by
applying a variable DC pulsed voltage on the Wehnelt
(W) electrode (see Figs. 6 and 7). In the present experi-
ment, an operating voltage of W = —14 V was needed for
optimal electron beam focusing. The electron beam shut
off was provided by polarizing the W electrode with -50 V
relative to the cathode, thus completely stopping the elec-
tron emission. A special shutter circuit has been designed
to switch between two W voltages (-14 V — “beam on”
and —50 V — “beam off”), triggered by a TTL output from
the LTQ XL mass spectrometer. Focusing of the electron
beam at a given distance, for selected energy is done by
tuning only one electrode — V (see Figs. 6 and 7).

2.5 The experimental procedure
LTQ XL mass spectrometer, equipped with an ESI source,

is the main instrument that drives the experiment. By
original design, it produces ions from a solution, stores
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Fig. 8. Simplified schematic representation of the experimen-
tal setup. The potential of the W electrode of the electron gun
is controlled by through a TTL signal from the LTQ XL mass
spectrometer. All other electrodes of the gun are connected
to fixed voltage supplies (not presented in this figure). Green
color indicates the “electron beam on” state — the activation
of the trapped ions while red color represents the “beam off”
state — during which ionic fragments are detected.

them in an ion trap, activate ions through collision-
induced dissociation (CID) with Helium buffer gas and
finally detect ion fragments and record mass spectra. How-
ever, in the present experiment, the feature of activating
ions with CID is bypassed by setting up the excitation
energy to 0 eV, so that ions can be activated by the exter-
nal electron beam instead. For this purpose, TTL signal
line is traced inside the mass spectrometer and connected
to the shutter circuit input. Schematic of the entire setup
with TTL synchronization of the pulsed electron gun is
depicted in Figure 8.

Ions were generated by ESI from a solution. By tuning
ESI parameters and solution properties, a wide range of
precursor charge states can be obtained. After optimal
density of desired precursor ions in the trap is reached,
a TTL signal that triggers ion activation goes into the
high state (5 V) until predefined activation time runs out.
During this time, a focused beam of electrons of a defined
energy is introduced from the back side into the trap (left
side in Fig. 8).

Shutter circuit presented in the lower part of Figure 8,
comprises of three stages: voltage supply, a voltage divider,
and a switcher stage. Relative to the ground potential,
voltage supply generates —50 V DC, which is separated
by the voltage divider stage on two voltages. One of them
is fixed =50 V and the other is tunable —14 V. Switcher
stage operates as a simple switch by utilizing two field
effect transistors (FETs). Their connection is such that
only one FET can be active at all times, and each of them
is connected to one voltage. State of the TTL signal defines
which FET will be active. In the present experiment, high
state or 5 V in the TTL signal enables the FET with
—14 V to be active. This voltage is then applied to the
W electrode of the electron gun. Thus electrons can be
emitted from a constantly heated cathode and form an
electron beam. TTL low state of 0 V, has a consequence
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Fig. 9. Electrical scheme of the setup for the electron gun test-
ing: (1) electron gun, (2) LTQ front plate — grounded, (3) LTQ
back plate — connected to the pico-ampere meter, (4) ion trap,
(5) ion detectors and (6) aluminum foil.

of entirely blocking the cathode electron emission since
the —50 V is applied to the W electrode.

Activation time is defined by the length of the high
state of TTL signal, whereas start of ion detection is de-
fined as when TTL signal goes into the low state. To in-
troduce the acquisition delay or the delay between the
ion activation and fragment detection, TTL signal is first
sent to the digital delay generator (DG645, Stanford 150
Research Systems, Sunnyvale, CA, USA). It generates an-
other TTL signal on the rising edge of the first one, with a
length shorter by the amount of acquisition delay with re-
spect to the first signal. In this way, the electron emission
is stopped before the actual detection takes place.

2.6 Test measurements

The initial testing of the performance of the electron gun
and the characterization of the electron beam profile were
performed in the continuous mode. For this purpose, a
disc plate electrode of the ion trap from the ESI side has
been temporarily disconnected and wired as depicted in
Figure 9, to measure the electron current passing through
the ion trap. The electron current is measured on a thin
foil (6) attached to the back electrode (3) (Fig. 9), which
was polarized to +24 V and connected to a pico-ampere
meter. Figure 10a shows an energy dependence of the mea-
sured current, provided that for each electron energy the
electron beam was refocused by adjusting an optimal volt-
age on the V electrode (see Fig. 6). By using this proce-
dure, the incident electron current in the interaction re-
gion inside the ion trap could be kept practically constant
in the electron energy range of interest for the present
experiment (280-300) eV, indicated by dashed lines (see
Fig. 9a). Therefore, an additional normalization of ion
fragment yield intensities relative to this current was not
essential. Figure 9b presents measurements of the elec-
tron beam profile, performed by X-axis translation of the
entire LTQ mass spectrometer, which was mounted on a
dedicated custom-made supporting frame with 6 degrees
of freedom [29].

Based on the geometry properties of the setup and
the measured beam profile, we can roughly estimate the
electron beam width to 3 mm at the front LTQ plate
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Fig. 10. Electron current measured at the back plate of the
ion trap: (a) plot of the back plate current versus the electron
energy and (b) electron beam profile recorded by moving the
electron gun sideways relative to the LTQ.

(see Fig. 8). It should be noted that an influence of the
stray magnetic fields to the electron beam could not be
completely avoided, as concluded from the known opti-
mal adjustment of the setup in photon experiments. This
influence will be prevented in future measurements by us-
ing a Mu-metal shield. In the present experiment, an alu-
minum tubing located between the electron gun and the
front plate of the ion trap (see Fig. 4) provides only an
electrostatic shielding of the electron beam.

During the activation period, electrons transfer part of
their energy through collisions with ions, leading to frag-
mentation and ionization. The important question is for
how long should this interaction be allowed to happen be-
fore reaching a saturation of the signal intensity, or even
damaging detectors? To establish an optimal electron ac-
tivation time of the trapped ions, different electron beam
pulse widths were probed. For this purpose, ubiquitin ions
of the charge state 7+ were isolated in the ion trap and ac-
tivated with a short burst of 288 eV electrons. Several MS?
were acquired during 3 min, for each electron pulse width.
Averaged mass spectra were obtained for pulse widths of 2,
5, 10, 20, 50, 100, 200, 500 and 1000 ms. MS? acquisi-
tion delay for each pulse width was set to one-half of the
given pulse width. The intensity of the peaks originating
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Fig. 11. Ion signal plot versus pulse widths, measured for
Ubiquitin 7+ precursor: (a) peak at m/z 1071 corresponding
to the single ionization of the parent ion and (b) fragments
originating from electron background noise.

from several fragment ion products was extracted from
these MS?, normalized to precursor intensity and plotted
against pulse widths in Figure 11.

From Figure 11, we can see that both the precur-
sor ionization (Fig. 11a) and the background fragments
(Fig. 11b) intensities increase with the increasing the elec-
tron pulse width. The final point corresponding to 1000 ms
was omitted from Figure 11, since the created noise ex-
ceeded by far the ion signal. Based on this test, we took
the 500 ms as the optimal electron activation time for the
Ubiquitin 74 protein precursor. Interestingly, this activa-
tion time turned out to be the same as the one we used
previously for soft X-ray activation of the same target [49)].

3 Results — inner-shell electron impact
activation MS?

The present instrument was tested by measuring electron
impact activation MS? for several different molecular pre-
cursors produced by ESI. For each precursor, several MS?
were recorded as a function of electron energies. Each
scan was performed three times: (1) electrons + precursor
ions, (2) no electrons + precursor ions and (3) electrons
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Fig. 13. Tandem mass spectrum recorded for 288 eV electron impact with protein Ubiquitin, 74 charge state precursor.

+ no precursor ions, for background noise analysis. Dur-
ing measurements, an ultimate pressure inside the vac-
uum chamber (CF100 cross) with the electron gun, was
4.0 x 106 mbar.

An example of MS? recorded for 288 eV electrons while
no precursor ions were isolated in the trap is presented in
Figure 12. The low mass range is dominated by ionic frag-
ments produced by electron ionization of residual neutral
background present in the trap. The ion fragments that
are not originating from selected ions are considered as
background noise. In Figure 12, they occupy m/z range
from 350 up to the 553.

Origin of the background is probably due to ionization
of residual impurities in the trap and on the ion trap sur-
faces, or maybe from a false signal in the detectors. Ton
detectors in the LT(Q mass spectrometer have conversion
dynodes which eject electrons after ion impact. The latter
are then multiplied by electron multipliers. Therefore, it
is possible that some of the electrons from the incident
beam are also extracted towards detectors and directly
detected. However, this effect is significantly reduced by
an acquisition delay (see Experimental part), which was
about (100-200) ms from falling edge of the electron pulse
to the start of MS? recording.

It should also be noted that the presence of the He
buffer gas could produce additional background due to
the scattering of the incident beam, which may release
secondary electrons in a broad energy distribution. How-
ever, as already discussed previously for X-ray action spec-
troscopy of proteins [33], this effect should not significantly
influence the results.

Ubiquitin protein, precursor [M+7H]T at m/z 1225,
was subjected to the electron energy of 288 eV, for 500 ms
pulse width and 200 ms acquisition delay. The averaged

mass spectrum recorded during 3 min acquisition, is pre-
sented in Figure 13. The background signal (presented in
Fig. 12) has been subtracted from the spectrum. It should
be noted that the subtracted background was of similar
intensity as the ionization peaks. For example, the domi-
nant background peak m/z 479 was 0.3% of the precursor.
The energy of 288 eV corresponds to the maximum in
measured C 1s near-edge electron excitation function of
the Ubiquitin protein [45]. After background noise sub-
traction and normalization to the precursor intensity, a
low mass range is almost completely clear. Peaks desig-
nated at m/z 1071 and 952, are indeed originating from
parent ions and correspond to single and double K-shell
ionization of the precursor ion, respectively. Interestingly,
the electron activation MS? has a remarkable similarity to
soft X-ray activation MS? (see [49] for more details).
Substance P (SubP) singly charged precursor ions
[M+H]" at m/z 1347, were isolated in the trap and sub-
jected to 293 eV pulsed electron beam activation. The
pulse width had to be raised to 900 ms in order to obtain
measurable ion signal. The acquisition delay for each mass
spectrum was set to 100 ms. The averaged mass spectrum
is presented in Figure 14. A peak at m/z 673 corresponds
to radical dication [M+H]*?T, produced by ionization of
the parent ions after a resonant Auger decay [49]. Fur-
thermore, we have observed a neutral loss of CHoCHSCH3
(m/z 636) from the radical cation, corresponding to me-
thionine residue. These losses were also observed in the
recent comprehensive fragmentation study of Substance
P involving VUV photons, reported by Canon et al. [37].
Melittin is a peptide consisting of 26 amino acids,
larger than the 11 amino acid Substance P. Precursor ions
of double charge state [M+2H]?*, were produced by ESI
and isolated in the trap. The trapped ions were subjected
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Fig. 15. Tandem mass spectrum recorded for 293 eV electron impact with peptide Melittin, doubly charged precursor.

to electron pulses of 900 ms, at 293 eV incident energy,
Mass spectra were recorded after 100 ms delay of each elec-
tron pulse, yielding an averaged mass spectrum presented
in Figure 15. Mass spectrum was normalized to precursor
ion intensity, after electron noise subtraction. There was
still some noise left in the lower mass region bellow m/z
873, but free of any distinctive fragments. Designated at
m/z 949, we observe the radical cation [M+2H]*3* orig-
inating from the ionization of the doubly charged parent
ion. Also, a relatively strong peak can be seen at m/z 934
due to a neutral loss of about 45 amu.

4 Conclusions

In this article, we report the design and the performances
of a novel instrument for electron impact tandem mass
spectrometry and action spectroscopy of mass/charge
selected ions stored in RF ion trap. The experimen-
tal setup is based on coupling a custom-made electron
gun to a commercial quadrupole linear ion trap LTQ
XL (Thermo Phinningan) and allowed for unprecedented
electron-impact inner-shell action spectroscopy of large
biomolecules.

We present a comprehensive study, from electron trac-
ing simulations of electron beam properties upon trans-
mission through the ion trap, to the design and realization
of custom-made vacuum stage and the electronic compo-
nents. Our simulations reveal that a pulse width of the
electron beam has to be extremely narrow, down to 10 ns
and synchronized with the RF field, for 300 eV electrons
to pass through the ion trap unaffected by RF electric
field. Still, even for an electron, continuous beam, simu-
lated by a pulse width equal to the RF period of 1 us,

a reasonable transmission higher than 60% was obtained
both in vacuum and when the trap is filled with He buffer
gas. Moreover, the electron beam energy distribution was
not perturbed significantly according to our simulations.

A custom-made electronic shutter circuit was used
for applying a pulsed voltage to the extractor electrode
(Wehnelt) of the electron gun. This circuit is synchronized
with LTQ XL spectrometer through a TTL signal, which
controls the irradiation time of trapped ions. Three large
biomolecular targets — Ubiquitin [M+H]”*, Substance P
[M+H]* and Melittin [M+H]?*, were subjected to colli-
sions with electrons at incident energies in the range from
(280-300) eV, which corresponds to near C K-shell ion-
ization threshold region. For all three molecular precur-
sors, the most intensive interaction channel corresponds
to a single ionization leading to the production of a singly
ionized radical cations. This process is also accompanied
by intensive neutral losses. Double precursor ionization,
accompanied by neutral losses could also be detected. A
careful background noise subtraction was performed to
distinguish the fragments originating from the precursor
molecules.

The experimental setup presented in this article is still
a work in progress and can be further improved. Further
advances could be focused on the magnetic shielding of the
electron gun, the lowering the pulse width of the electron
packet, along with the synchronization of the pulse timing
with the trap RF field. This would allow for both minimiz-
ing the overall background noise created in the ion trap
and the using even lower incident electron energies. How-
ever, the present work shows that all samples that can be
placed in the gas phase using the electrospray ionization
can now be probed by electron spectroscopy.
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Photon and electron action spectroscopy of trapped biomolecular ions —
From isolated to nanosolvated species

In an effort to understand the vast complexity of the underlying processes within a cell at
a molecular level, the first step lies in revealing the fundamental physical and chemical
properties, as well as the structure, of biopolymers (proteins and DNA). With the
development of modern experimental techniques it has become possible to study these
large molecules under well-defined conditions in the gas phase, by closely inspecting
their interactions with energetic photons and electrons.

In this Thesis, we present the experimental setups for the action spectroscopy of peptides,
proteins and nucleotides, as well as the hydrated complexes (hydrated nucleotides), in the
gas phase. We present the details and the operation of the two experimental setups based
on coupling the linear quadrupole ion trap with: (1) a VUV or a soft X-ray synchrotron
beamline and (2) a focusing electron gun.

In the case (1), the existing experimental setup consisting of a commercial quadrupole
ion trap mass spectrometer (LTQ XL from Thermo Scientific), equipped with an
electrospray ion source, was coupled to the VUV beamline DESIRS and the soft X-ray
beamline PLEIADES at the synchrotron SOLEIL (France). The setups were used to study
the photo-induced ionization/fragmentation of trapped biopolymers and nanosolvated
species. The results obtained with this setups include VUV action spectroscopy of
protonated Leucine-Enkephalin peptide (both a monomer and a dimer) and a
nanosolvated nucleotide Adenosine monophosphate (AMP), in (5-15) eV photon energy
range. The inner-shell action spectroscopy in the soft X-ray energy range (around C and
N K-edge), was performed for multiply charged precursor of Ubiquitin protein. The
photo-dissociation and photo-fragmentation ion yields for several fragment ions from all
above mentioned macromolecules were extracted and the obtained spectral features were
discussed considering relevant photon-induced processes.

In the case (2), new experimental setup was developed by coupling the same LTQ XL
ion trap with a focusing electron gun, in order to perform an electron activation tandem
mass spectrometry, as well as an electron-impact action spectroscopy of trapped
biopolymer ions. The ion optic simulations using SIMION program were performed in
order to investigate the propagation of the electron beam in the RF+DC ion trap. Tests
measurements for electron-induced fragmentation of Substance P, Melittin and Ubiquitin
are presented for the impact energy of 300 eV. Finally, we present the electron-impact
inner-shell action spectroscopy of the multiply charged Ubiquitin protein, in the vicinity
of C K-edge energies of (280-300) eV. The electron-impact results are compared with the
soft X-ray photon-impact action spectroscopy results obtained for the same target.



Keywords: Mass spectrometry, Action spectroscopy, Photo-dissociation, Electron-
induced dissociation, Synchrotron radiation, Electrospray ionization, Linear quadrupole
ion trap, SIMION, Peptides, Proteins, Hydrated nucleotides.
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Fotonska i elektronska akciona spektroskopija trapiranih biomolekularnih
jona - od izolovanih do nanosolvatisanih ¢estica

U nastojanju da se razume ogromna slozenost procesa u okviru ¢elije na molekulskom
nivou, prvi korak je otkrivanje fundamentalnih fizicko-hemijskih osobina, kao i strukture
biopolimera (proteina i DNK). Razvojem savremenih eksperimentalnih tehnika
omoguceno je proucavanje velikih bioloski relevantnih molekula pod jasno definisanim
uslovima u gasnoj fazi, izucavanjem njihovih interakcija sa fotonima i elektronima
velikih energija.

U ovom radu su predstavljene eksperimentalne postavke za akcionu spektroskopiju
peptida, proteina, nukleotida, kao i nanosolvatisanih kompleksa (hidratisani nukleotidi) u
gasnoj fazi. Prikazani su detalji i princip rada dve eksperimentalne postavke zasnovane
na povezivanju linearne kvadrupolne jonske zamke sa: (1) sinhrotronskim fotonskim
mlazom (VUV i meki X-zraci) i (2) fokusiraju¢im elektronskim topom.

U slucaju (1), postojeca eksperimentalna aparatura koja sadrzi linearnu kvadrupolnu
jonsku zamku u okviru komercijalnog masenog spektrometra (LTQ XL od firme Thermo
Scientific) povezana je sa VUV mlaznom linijom DESIRS i mlaznom linijom za meke
X-zrake PLEIADES na sinhrotronu SOLEIL (Francuska). Aparatura je upotrebljena za
izucavanje foto-indukovanih procesa jonizacije i fragmentacije zarobljenih jona
biopolimera i nanosolvatisanih ¢estica. Rezultati dobijeni na ovoj aparaturi ukljucuju
VUV akcionu spektroskopiju protonisanog leucin-enkefalin peptida (monomer i dimer),
kao i nanosolvatisanog nukleotida adenosin monofosfata (AMP), u opsegu energija
fotona od (5-15) eV. Akciona spektroskopija unutrasnje ljuske koriste¢i meke X-zrake (u
oblasti C i N K-ljuske), uradena je za viSestruko naelektrisani prekursor proteina
ubikuitin. Za sve gore pomenute makromolekule, izu¢avani su absorpcioni spekiri za
neke od dobijenih jonskih produkata, pri ¢emu su analizirane uocene spektralne
karakteristike dobijene u pomenutim fotonski indukovanim procesima.

U slucaju (2) razvijen je novi eksperimentalni sistem zasnovan na povezivanju iste LTQ
XL jonske zamke sa elektronskim topim sa mlazom elektrona srednjih energija, koja
omogucava tandem masenu spektrometriju i elektronski indukovanu akcionu
spektroskopiju zarobljenih jona biopolimera. Koris¢enjem programa SIMION, uradene
su simulacije sa ciljem ispitivanja transmisije elektrona kroz jonsku zamku sa RF+DC
potencijalima. Inicijalni testovi aparature uradjeni su fragmentacijom peptida supstance
P i melitin, kao i ubikuitin proteina pri energijama elektrona u oblasti oko 300 eV. Na
kraju, prikazani su rezultati elektronski-indukovane akcione spektroskopije visestruko
naelektrisaniog jona ubikuitin proteina, u oblasti energija oko C K-ljuske (280-300) eV.
Ovi rezultati su uporedeni sa rezultatima dobijenim za istu metu pri fotonski-
indukovanim (X-zraci) procesima iz iste oblasti energija.



Kljuéne reci: Masena spektrometrija, Akciona spektroskopija, Foto-disocijacija,
Elektronski indukovana disocijacija, Sinhrotronsko zraCenje, Linearna kvadrupolna
jonska zamka, Peptidi, Proteini, Hidratisani nukleotidi.
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1 Introduction

The possibility to experimentally investigate the interactions of photons and electrons
with large biopolymers such as peptides, proteins, nucleotides or complex weakly bound
biological systems (for example hydrated biopolymers), in the gas phase under well-
defined conditions, is of a great scientific importance. Such investigations provide more
insights into fundamental physical and chemical properties, which lead to a better
understanding of both their biological functions in the living organisms and the radiation
damage on the molecular level.

A vast number of experimental studies performed on biopolymers are focused on
revealing their electronic structures, ionization energies, bond energies, primary
structures (amino acid sequences) and secondary structures (three-dimensional
arrangements). It is also important to explore correlations between the electronic structure
of large biopolymers, which is defined by their atomistic representation (governed by the
laws of quantum mechanics) and the spatial arrangement of these macromolecules (which
defines their active biological function). Understanding these relations could help
developing a method for modeling the functions of biopolymers - a subject of much
interest in the wide field of science.

Moreover, the study of the interaction of photons and electrons with isolated biological
macromolecules helps to understand the radiation damage processes, which is important
for the development of new and more efficient methods in medicine, for example in the
therapy of cancers [1]. The interaction of UV radiation with DNA molecule was for many
years a subject of an intensive theoretical and experimental research. It is known that
DNA molecule very efficiently absorbs electromagnetic radiation in the ultraviolet (UV)
region, but on the other hand, it is rather stable against the UV-induced destruction.

Out of all secondary products generated by the primary radiation, electrons are the most
abundant. They can effectively interact with the constituents of DNA and induce braking
of single and double chains of DNA (single and double strand brakes). Therefore, a huge
number of studies of the interactions of electrons and isolated molecules, which are parts
of the large macromolecules [2, 3] have been performed. However, the majority of the
experimental research, both for the photons and electrons, has been conducted either with
solvents or with relatively small molecules, which are isolated parts of the biopolymers.

1.1 lon spectroscopy

In order to study the interaction of electrons and photons with large isolated biopolymers,
it is necessary to somehow transfer these molecules in the gas phase. At the end of the
last century, modern ionization techniques were developed, which enabled the isolation
and the study of large molecular ions, in the gas phase. For example, electrospray
ionization (ESI) [4] is a method which allows for very large (kDa) and fragile
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biomolecules to be introduced from a solution, without degradation, into the gas phase.
Furthermore, these ions can be isolated in a variety of high charge states (which is
determined by the number of added or removed protons). The development of modern
ionization techniques enabled the use of the mass spectrometry (MS) method for
investigating the structure of macromolecules. Particularly, the ability of MS to
selectively manipulate with ions according to their mass to charge ratio - m/z [5], coupled
with spectroscopic techniques, lead to a new field called ion spectroscopy.

However, photon or electron spectroscopy of large macromolecular ions in the gas phase
remains experimentally very challenging. First of all, due to the space charge, it is
impossible to obtain a high concentration of target particles in the interaction volume. On
the other hand, the classical sources of high-energy photons cannot provide sufficient
beam intensities that would allow obtaining measurable and statistically reliable results
in classical crossed beam experiments. Therefore, vacuum UV (VUV) and X-ray
spectroscopy of macromolecular ions in the gas phase, were practically inaccessible until
recently. Nevertheless, the experimental techniques based on isolation (trapping) of size-
selected clusters [6] and Xenon ions [7], have demonstrated the possibilities to apply this
method on biological macromolecules.

The first coupling of a linear ion trap integrated within the commercial mass spectrometer
(Thermo Scientific LTQ XL) to the VUV beamline DESIRS [8] at the synchrotron
SOLEIL facility in France, has been done by A. Milosavljevi¢ et al [9-12]. A similar
project with coupling an ion trap to the VUV beamline at the synchrotron BESSY Il in
Germany was carried out by S. Bari et al [13] and O. Gonzalez et al [14]. These
experimental setups offer a unique opportunity to study photo-induced dynamics and
electronic properties of macromolecules (for example proteins), using action
spectroscopy of trapped ions in a high vacuum. Moreover, these experiments
demonstrated that high-energy photons can be used as a new activation method intended
for protein sequencing, which allows fast and intensive fragmentation, as well as the
mapping of weakly bound complexes [15].

The protein damage also needs to be taken into account in order to perform realistic
modeling of the radiation damage. So far, the majority of the reported experimental results
were focused on VUV photon interaction with their building blocks - amino acids (for
example [16, 17]). However, proteins do not necessarily have to inherit the VUV/X-ray
susceptibility of their constituent amino acids. Recently, A. Milosavljevi¢ et al [18]
demonstrated that an isolated protein was very resistant to soft X-ray fragmentation in
comparison with isolated amino acids. Therefore, the studies of energetic photon
interactions with the isolated polymers of amino acids (peptides) are also very important.

The structure and function of biomolecules are closely linked with their aqueous
environment. For this reason, there has been a long standing effort to understand the
influence of solvent molecules in the immediate surroundings on the three-dimensional
structure of biopolymers (such as proteins and DNA) [19]. It is believed that the weak
molecular interactions play an important role in the folding of the protein and formation
of macromolecular complexes. The solvation may play a key role in this process. Hence,
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studies of nanosolvated systems under well-defined conditions could help bridging the
gap between the results obtained for biomolecules isolated in the gas phase and their
applications in real biological systems.

Finally, the experimental research of interaction of electrons with trapped molecular ions
represents an additional level of challenge. Unlike photons, electrons are charged particles
and therefore are susceptible to electric fields that are used to capture ions, as well as by
the space charge effects induced by the tightly packed ions. On the other hand, the
electron beam itself can disturb the electric fields inside the ion trap, which are necessary
for an efficient ion trapping. The first experiments of this type that are focused on the
interaction of electrons with large isolated biopolymers were made with very low-energy
electrons in the experiments involving Furrier transform ion cyclotron resonance (FT-
ICR) ion traps. The first experiments of this type were carried out in the group of Zubarev
[20, 21]. However, the work of this and other groups was primarily focused on the
development of a new activation method for the protein sequencing, but not for the
electron spectroscopy of large biopolymers over a wide range of energies.
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2 Biomolecules

2.1 Amino acids

Amino acids are organic molecules, which contain an amino group (-NH2) and a
carboxylic acid group (-COOH), as depicted in Figure 2.1. Taking all combinations into
account there is an infinite number of amino acids which could be formed, but only
around 22 can be found in nature [22, 23]. Each standard amino acid is characterized by
a different functional side chain, which is attached to the alpha Carbon C, (see Figure
2.1). The standard amino acids are joined with one and three letter code [24].

Functional
Carbon  __——_ __ Side chain

@ Hydrogen

‘ Oxygen
’ Nitrogen

. Y/ Carboxylic
group - N / group

Figure 2.1 - Representation of Alanine amino acid. Alpha Carbon - C, is the so-called
backbone Carbon atom which binds all three functional groups.

2.2 Peptides

Peptides are organic molecules consisted of two or more amino acids linked together
through the so-called peptide bonds. This bond is formed when the amino group of one
amino acid reacts with the carboxyl group of another amino acid resulting in a covalent
bond between the Nitrogen (N) and the Carbon (C). During this process, a water molecule
is released, as depicted in Figure 2.2. The peptide C-N bond has partially double bond
properties because it is influenced by two strong resonance electron structures. One such
structure is a double bond between C and Oxygen (O) atoms and the other one is a double
bond between C and N atoms. Atoms O, C, N and Hydrogen (H) involved in this bond
belong to a peptide group. The coulomb interaction between atoms from a peptide group
creates such electron density distribution that the involved atoms are approximately
arranged in a plane. Because of this, the peptide bond is prone to rotation along the axis
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defined by the peptide bond. This gives peptides the possibility to change their three-
dimensional structure by folding.

Peptides are named by the sequence of appearance of their amino acids starting from the
N-terminal part of the peptide. This amino acid sequence is also termed the primary
structure of the peptide. The spatial arrangement is termed the secondary structure.

Glycine Alanine

Peptide
L, group

Nt

Water
molecule

Glycine-Alanine (GA)

Figure 2.2 - Schematic representation of a formation of a dipeptide composed of amino
acids Glycine and Alanine. In this process, a water molecule is released.

The side of the peptide bearing the NH2 group is termed the N-terminal part. Likewise,
the other side of the peptide bearing the acidic function is termed the C-terminal part. A
standard nomenclature of the fragments is proposed in [24]. The fragments containing the
N-terminal are termed ax., bn-, and c,- fragments, while the ones containing the C-terminal
are termed Xn, Yn, and z»- fragments (Figure 2.3). The number n in the subscript indicate
the number of amino acid residues.

H| O H|O H

[l
HZN—rI:--c--lr--cl:--c--T--?—c—ou
R, H| R |H|Rs

XL ¥ Z X4 Y Z

Figure 2.3 - Nomenclature for peptide fragmentation. Image adopted from [25].
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Peptides can be linked together to form a large polymer chain called proteins, which can
consist up to thousands of amino acid residues [23]. Finding a protein sequence is called
protein sequencing. It is found that the three-dimensional structure of a protein is closely
related to its biological activity in a living cell [26]. Therefore, a very important goal of
mass spectrometry (Section 4.2) is to obtain the primary structure of a protein.

3 Density functional theory (DFT)

Description and evolution of any system in the molecular physics or quantum chemistry
is given by the time-dependent non-relativistic Schrodinger equation:

Hamiltonian H of the system that consists of M nuclei and N electrons can be written as:

. 1 N M 1 ) N M 7 N M 1 N M Z.Z
RS I I I W I 3 I NP
2 i=1 A 1 MA i=1 A=1 riA i=1l j>i r.ij A=1B>A RAB

Numerators A, B run over all nuclei and i, j run over all electron coordinates. The first
two terms are the kinetic energy of electrons and nuclei respectively. The remaining three
terms are the electrostatic interaction between nuclei and electrons, the repulsive electron-
electron interaction and the repulsive nucleus-nucleus interaction, respectively.

In the Born-Oppenheimer approximation (BOA), due to the large mass difference, the
electrons can be considered to move in the fields of the much slower nuclei, while the
kinetic energy of the nuclei is a constant (set to zero). Therefore, in BOA the electronic
Hamiltonian is given by the following equation:

N M
Z A ~ ~
elec sz ZZ rA ZZ = VNe +Vee (33)
i=1 A=1 i=1 j>i Ij
I:|elec\|/elec = Eelec\VeIec (34)

N M ZAZB
Etot =Eeciec T Enual where Enucl = z Z R
A=1B>A AB

(3.5)

The electronic Hamiltonian H,. is rewritten as the sum of electron kinetic energy T,

elec

external (nuclear) potential V,., and electron-electron interaction V,,. Schrodinger
equation (3.4) can now be solved for electronic energies E,.. and wave functions y .
depending on static nuclear coordinates.

The Hartree-Fock (HF) method states that N-body wave function for a fermionic system
in the ground state ¥, , can be approximated with the Slater determinant, composed from

one body wave functions:
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V(X)) wa(X) o wy(Xy)
%zlPHF=%W1(.XZ) WZ(:XZ) WNEXZ) (3.6)
vi(Xy) wa(Xy) o vy (Xy)

First Hohenberg-Kohn theorem [27] demonstrates that the electron density of the ground
state p, for any electronic system uniquely determines the Hamiltonian operator, which

describes all properties of the given system. The energy of the ground state is a functional®
of this density and is given by the relation:

Eo(pPo) =T(po) + Ene(Po) + Eee (Po) (3.7)

Second Hohenberg-Kohn theorem states that functional for which the true ground state is
obtained, is the one which yields the lowest energy:

Eo(po) <E(p)=T(p) + Ene(P) + Ece (P) (3.8)

The difficulty arises with this method, because T(p) and E..(p)cannot be calculated

exactly. One electron Kohn-Sham equations [28] were introduced to utilize the HF orbital
method with the modified Slater determinant. In that case, non-interacting particles can
be described with:

fshi =€i0;, (3.9)

where, f, :—%A+VS(F) (3.10)

is the one-electron operator, ¢; are one-electron (atomic) orbitals and «; is the energy of
the state defined by the orbital ¢,. Since the orbitals define the state, the electron density

N
can be calculated from p = Z o: ;. The kinetic energy of non-interacting electrons is:
i=1
1 N
TS[P]:_EZ@N |A|¢|> (3.11)
i=1
Therefore, total electron energy functional in Kohn-Scham interpretation can be separated
to a non-interacting kinetic energy T, an electron Coulomb repulsion term J, electron-

nucleus interaction E,,and the remaining electron-electron exchange term E . :

Eelec[p] = TS [P] + J[P] + ENe[p] + EXC [p] (312)
The correlation exchange term E,. contains corrections for the anti-symmetry which
were not included in modified Slater determinant (electrons with antiparallel spins), as

L A functional is a function of a function. The energy functional outputs the energy from an electron
density function p(F).
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well as corrections coming from the fact that electrons indeed are interacting. Therefore,
the DFT problem lies in finding the exact form of the exchange functional:

EXC[p]E(T_TS)+(Eee _‘J) (313)
The potential energy can then be calculated by:

P, . & Z
Ve=[—2—di, - — 54y, (3.14)
'[|r1_r2| ;|r1_R2| )
(3.15)
where V. = % xc

A large variety of functionals has been developed in order to approximate the correlation
exchange term E,.. The most simple one which treats electron density as the

homogenous electrons gas is called the local density approximation (LDA). The more
advanced one is the generalized gradient approximation (GDA).

4 Experimental methods

4.1 Electrospray ionization

Electrospray ionization (ESI) is a soft ionization technique that allows one to introduce
large bio-molecular targets, intact into the gas phase. The first production of the gas-phase
ions from liquid solutions was demonstrated by M. Dole in 1968 [29]. Later on, with
further developments of the technique by M. Yamashita and J. B. Fenn in 1980°s [4, 30]
ESI was widely accepted. In the year of 2002, J. Fenn received the Nobel prize in
chemistry, for the development of the technique that allowed new insights into the
structural analysis of the macromolecules.

The ESI technique is soft in a sense, that a very low amount of energy is deposited in the
analyte after the ionization process. When working under normal operating conditions,
the residual energy is not enough to induce fragmentation of the analyte [31]. The process
of ionization of the analyte by ESI is essentially different in comparison with conventional
ionization techniques. For example, in the process of the electron (or photon) impact
ionization of atoms or molecules, an electron is removed, creating a positively charged
radical ion. In the ESI technique, multiple charging of the analyte is achieved through
attachment or detachment, of one or more Hydrogen nuclei - protons. Protonated species
are obtained if a proton is attached to the analyte, forming a positive ion - cation. Removal
of the proton from the analyte is called deprotonation, yielding a negative ion - anion. ESI
allows multiple (de)protonation, as opposite to Matrix assisted laser desorption ionization
(MALDI) [32]). Therefore, using the ESI to produce highly charged states of the analytes
with large molar weight (> 100 kDa), provides a very important possibility to reduce the
mass-to-charge ratio of the target molecule. Mass spectrometers with a modest m/z range,
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are then able to manipulate with such species. For example, precursor ion of a 7+ charge
state of the Ubiquitin protein studied in this Thesis, with a molar weight of 8.5 kDa, has
a mass-to-charge ratio of 1225. The general principle of the ESI source is presented in
Figure 4.1. An ESI source is usually coupled to the mass spectrometer within one
instrument, abbreviated as an ESI-MS device.

Tonization chamber/atmospheric pressure region | Mass spectrometer,

' high vacuum region
Analyte in
solution

N (g) flow
(sheath gas)

Analyte in
gas phase

—

L ————=—~ B
—_——

EE—

N, (g) flow
Heated capillary
(100-300°C)

Spray needle

Charged ES droplets (aerosol)

Source sampling cone

Figure 4.1 - Schematic representation of an electrospray ion source. Adopted from [33].

A mechanical syringe pump forces the solution with the analyte through a stainless steel
capillary (spray needle), with an inner diameter of typically 0.1 mm, at a low flow rate in
the range of (1-100) uL/min. The capillary tip is polarized to a high voltage of up to +6
kV, relative to the surrounding counter electrode, positioned 1 to 3 cm from the tip. In
order to help the formation of a fine mist and define the direction of the spray, Nitrogen
sheath gas is pumped around the capillary to assist the formation of a spray. The counter
electrode can either be an ion sweep cone extended into another heated capillary, or just
a capillary heated up to the temperatures of 300 °C. Another end of the heated capillary
is held at a high vacuum, obtained with a turbo molecular pumps of the mass
spectrometer. A very important aspect of the electrospray ion source is that the solution
is pumped at an atmospheric pressure into the mass spectrometer, without the need of
additional differential pumping. This is because the heated capillary inner diameter
(usually 0.2 mm), is small enough to impose a high flow resistance. The length of the
capillary which is typically somewhere between 5-10 cm, also contributes to a small flow
resistance.

The electrospray ionization process is presented in Figure 4.2. Influenced by the strong
gradient of the electric field, the charges in the solution are electrophoretically separated
inside the spray capillary. In the positive ion mode, a positive potential is applied, causing
the positively charged ions to accumulate at the surface of the solution, near the tip of the
spraying capillary. Taylor cone [34] is formed at a critical value of the electric field and
a solution is dispersed into aerosol droplets. Droplets are surrounded by positive charges
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and contain well-preserved analyte molecules. Reversing the polarity of the voltage
supply yields a negative ion mode, where negatively charged droplets are obtained. The
charges on the surface of the droplet are uniformly distributed since it is a configuration
with a minimal potential energy. Two opposing forces act on the droplet. One is Coulomb
force, trying to repel the charges and the other one is the surface tension, acting between
molecules of the liquid. As the droplets travel towards the counter electrode, the solvent
is evaporating with the assistance of a sheath gas, resulting in a droplet size decrease. A
Rayleigh limit [35] is reached when the size of the droplet is small enough, that the
Coulomb repulsion overcomes the surface tension of the droplet. So-called Coulomb
explosion (fission) occurs, breaking the droplet into smaller ones, which contain fewer
analyte molecules. At the end, multiply charged molecules are obtained.

Analyte molecule Solvent Coulomb Naked charged
evaporation fission analyte

Spraying nozzle +
J/ +++ T4 l +@+ + { J
L tr 1 - ++@+ _>o. +.+
et 1@F+ "
Charged parent T Charged progeny

droplet droplets

Charged droplet at
Taylor cone the Rayleigh limit

P |

Figure 4.2 - Schematic representation of the electrospray ionization process. Adopted from
[33].

Currently, there are two strongly debated theoretical models, which describe the final
formation of charged analytes [36]: 1) lon evaporation model (IEM) and 2) Charge
residue model (CRM).

IEM [37] suggests that at a critical radius of the droplet above the Rayleigh limit, at >10
nm, the electric field is strong enough to directly evaporate the droplets and form the
charged analyte ions. This approach is experimentally well supported for the formation
of small organic and inorganic ions like salts.

CRM [29, 38, 39] assumes cascade series of the Coulomb fission events, which leads to
a formation of a droplet containing a single analyte molecule. Then by evaporating or
complete desolvation, the charged analyte ion is obtained. For larger analytes like
proteins, CRM seems more suitable.

Among many variations of the ESI, a nano-electrospray ion source (nano-ESI), developed
by Wilm and Mann [40, 41] is widely used. As the name suggests, the main difference
between the standard ESI and nano-ESI is in the much smaller size of the capillary
allowing lower flow rate. Nano-ESI typically operates with flow rates in the range of (20-
50) nL/min. This imposes a big advantage over the standard ESI, where the most of the
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solution volume is wasted. Moreover, the required amount of the solution in the
experiment using nano-ESI is in the order of a few pL, compared to around 1 mL,
typically used for standard ESI. The small flow rate is achieved with the use of
borosilicate glass spray capillary, with the tip inner diameter of (1-4) um. Glass capillary
is sputtered on the outside with a gold film, in order to enable electrical conductivity. The
applied potential is typically in the range of (0.7-1.5) kV. The distance from the tip of the
capillary to the ion sweep cone can be much shorter, compared with standard ESI. The
presence of the strong electric field initiates the solution flow, which is further propelled
by the capillary forces only, as the droplets leave the tip. The Size of the produced droplets
by nano-ESI are in the order of 200 nm, whereas 1.5 um droplets are usually produced
by standard ESI. The most attractive feature of the nano-ESI is the favoring of the highly
aqueous species. This opens the important possibility to produce a hydrated and charged
adducts of the analytes, which were studied in this Thesis.

4.1.1 Sample preparation

The biomolecule samples used in this Thesis, are provided from Sigma Aldrich. They are
received in a powder form and require to be prepared in the form of a liquid solution. The
obtained solution without further purification was then directly injected into ESI or nano-
ESI.

Table 4.1 - Concentrations and solvents of the daughter solutions of the analytes studied

in this Thesis.

Analyte Concentration [uM] Solvent [vol/vol %]
Leucin Enkephalin 10 water/ACN - 75/25
Adenosine monophospate 100 pure water only
Ubiquitin 10 water/ACN - 70/30
Substance P 10 water/ACN/acetic acid -

49.5/49.5/1

Melittin 100 water/methanol/ - 50/50

In this section, a brief description of the procedure for obtaining such solutions is
presented. First, the mother solution is prepared, at a higher concentration of the given
analyte, using an appropriate solvent. The mother solution is then diluted to a desired final
concentration, obtaining a daughter solution. Solvents used for the daughter solutions
were mainly deionized water (max. resistance of 18.6 MQ) and acetonitrile (ACN) or
methanol. Depending on requirements of a particular study a small percentage of the acid
could be added to the solvent for the daughter solution. For example, if highly charged
positive precursor ions are to be obtained, the acetic acid is added (typically 1%). Basic
properties of the daughter solutions of the analyte molecules studied in this Thesis are
presented in Table 4.1.
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4.2 Mass spectrometry (MS)

Mass spectrometry (MS) has become a very powerful tool for the analysis of the charged
particles (ions) [5]. Once the ions are produced in the gas phase by means of the ionization
techniques (for example ESI), they need to be separated in some way. The instruments
which perform the actual ion separation are called mass analyzers. Rather than separating
the ions according to their masses, mass analyzers are designed to select the ions based
on their mass-to-charge (m/z) ratios.

In order to achieve the ion selection according to the m/z ratio, mass analyzers are
designed to utilize the static or dynamic electric or magnetic fields, either individually or
a combination of both. Specific differences between various types of mass analyzers are
expressed through the actual applications of magnetic and electric fields. With this
respect, different types of mass analyzer used in mass spectrometry are summarized in
Table 4.2.

Table 4.2 - Types of mass analyzers. Adopted from [5].

Analyzer type Symbol Principle of separation
Electric sector E or ESA kinetic energy

Magnetic sector B momentum

Quadrupole Q m/z (trajectory stability)
lon trap IT m/z (resonance frequency)
Time-of-flight TOF velocity (time of flight)
Fourier transform ion FTICR m/z (resonance frequency)
cyclotron resonance

Fourier transform orbitrap | FT-OT m/z (resonance frequency)

Each of the presented types of mass analyzers has its own advantages and disadvantages,
which makes it suitable for a certain application. In this Thesis, linear quadrupole ion trap
as a part of a commercial mass spectrometer (Thermo Scientific LTQ XL) was used to
select and isolate target ions. For this reason, the principle of operation of a quadrupole
mass analyzer (filter) is presented in the following section.
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4.2.1 Quadrupole analyzer (Mathieu equations)

The principles of guiding and trapping ions are based on generating electric field which
imposes a binding force that increases linearly with the particle distance from the axis
[42]:

F=—cf (4.1)

This force generates the parabolic potential @, given by relation:

@ ~ (ax? +Py? +yz?) (4.2)

Appropriate tools which can generate such potentials and restrict the motion of ions are
electric or magnetic multipole fields. If the number of “poles” is labeled with m, then in
general case multipole potential is given with the relation:

m

D~r2 cos(% ?) (4.3)

If a number of multipoles m=4 then quadrupole potential is obtained, where the quadratic
potential is @ ~r?cos2¢. For electric quadrupole field, the potential in the Cartesian
coordinates has the form:

<I>=(2D—2(ocx2 +By* +1z2%) (4.4)
-

0

In order to satisfy the Laplace equation A¢ =0, the condition o +p+vy =0 has to be valid.
The imposed condition is valid for two simple cases:

(i) a=—y=1, p=0 (2D field) — <D=;D—§(X2 -27%) (4.5)

@, (r* —2z%)

(i) a=p=1, y=-2 (3D field) > D=—7 >
ry +22;

, 225 =15 (4.6)

Quadrupole mass filter

Potential obtained in case (i) can be generated by four parallel hyperbolic electrodes
extended in Y-axis direction, as depicted in Figure 4.3b.
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‘izy_‘—qbo/z

Figure 4.3 - (a) Equipotential lines for a quadrupole field in a plane and (b) Electrode
configuration of quadrupole mass filter. Adopted from [42].

Time-dependent potential difference (voltage) applied to electrode pairs of the quadruple
mass filter, that results in a restricted ion motion in XZ plane, is given by the following
relation:

@, (t)=U + Vcosmt, 4.7

where U is direct current (DC) voltage and V is the amplitude of the RF voltage with a
circular frequency ® . Equations of motion are given by the second Newton law:

d?F
m e —evVad (4.8)
% +——(U+Vcosat)x =0 (4.9)
mr,
Z—LZ(U +Vcoswt)z=0 (4.10)
mr,

Equations (4.9) and (4.10) can be simplified by introducing the following parameters:

=T 5, = 5, T=—
mri o’ . mri o’ 2 (4.11)
2
=, +(a+2qcos2t)x=0

4.12

d?z (4.12)

FEa (a+2qcos2t)z=0
T

Equations (4.12) are the canonical form of the second-order differential Mathieu
equations. There are two types of solution for Mathieu equations: (1) stable motion, where
ions oscillate in the XZ plane and are free to move along the Y-axis direction passing
through the quadrupole filter; (2) unstable motion, in which their coordinates grow
exponentially along X- or Z-axis, or both. For any given ion with mass m and charge e,
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the stability of its trajectory depends only on parameters a and g, defined by the voltages
U and V applied on the quadrupole electrodes. If the relation between parameters a and q
is plotted on a graph (see Figure 4.4), the stability diagram is obtained. The stability
diagram shows the areas, for which the ion motion is stable in Z- and in the X-axis
direction. In a small region near the origin of the diagram, ion motion is stable in both X-
and Z-axis directions. A zoom of this region is presented in Figure 4.5.

Figure 4.4 - Stability diagram for 2D quadrupole field. Adopted from [42].
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Figure 4.5 - The lowest region of simultaneous stability of ion motion in X- and Z-axis
directions. Operation line is defined with the ratio a/q = const, all ion masses are located

on this line (ms>m,>m;y). Adopted from [42].

If the values r,,®,Uand V are fixed, all ions with the same mass will have the same

operating line in the stability diagram. Because the ratio a/q=2U/V does not depend on
ion masses, all ion masses lie on the operating line a/q =const. For the stability line on the
g axis (a=0, RF only filter), the possible values of parameter q are in the range [0, qmax],
where gmax=0.92. If we put gmax in the equation (4.11) for g parameter, we can see that all
ions with masses in the range from mmin to infinity have stabile trajectories. For such
quadrupole field conditions, the quadrupole works as a high-pass mass filter. By
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increasing the DC voltage U operating line is rising, which decreases the range Am. At
some point, it touches the tip of the stability region, where Am=0, meaning that in theory
ions with only one exact mass will have the stable trajectories. In practice, this is never
the case and the mass bandwidth is defined by voltage fluctuations. If voltages U and V
are simultaneously changed in a way that their ratio keeps constant, then ions with
successive masses will have the stabile trajectories and all other ions will be splatted on
electrodes. This operation gives the possibility to scan the mass spectrum, therefore, the
quadrupole will work as a mass spectrometer. By adding two more sections (with the
same electrode profile) axially before and after the quadrupole mass filter, axial ion
trapping can be achieved and thus the linear quadrupole ion trap is obtained.

4.2.2 Tandem mass spectrometry (MS")

The principle of tandem mass spectrometry is depicted in Figure 4.6. Once ions are
produced in the gas phase, a certain small m/z range is defined by setting the operating
line close the tip of the stability diagram, which results in an isolation of precursors with
a defined m/z ratio. The selected precursor ions are then activated, which means that their
internal energy is increased, and eventually it will lead to the fragmentation. If the
activation process is carried out through inelastic collisions with neutral gas atoms
(Helium or Nitrogen), the process is called the collision induced dissociation (CID) [43].
Product ions are then analyzed according to their m/z ratio which yields a tandem mass
spectrum (MS?). It should be noted that the process of ion isolation and activation can be
repeated further up to the n-th level in ion traps, yielding MS". Other activation methods
may be also applied, in order to increase the intensity and selectivity of the fragmentation.
For example, photons from synchrotron radiation [9, 44], or low energy electrons [45].

Mass selection Detection of
(m/q isolation) fragments
< . G y (,,) ’,/;' . =
----- S P ~
:@:‘, &f & %
s & @ B
Jl % & 0

lon source (ESI) Jl
@ lon activation @
(CID, photons, electrons) ]

Figure 4.6 - Schematic representation of tandem mass spectrometry (MS?).
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The primary goal of mass spectrometry is to provide the information about the structure
of the target precursor ion by analysis of the fragmentation patterns. MS? has
demonstrated a huge potential to investigate the primary structure of large biopolymers
[46].

By repeating photons or electrons activation tandem MS for many activation energies in
small energy steps, one obtains the experimental technique called action spectroscopy.
Experimental setups presented in this Thesis are based on this technique and were used
for investigating the electronic structure of peptides, proteins and nucleotides.

4.3 LTQ XL - details and operation

In this section, details of operation of a commercial mass spectrometer Thermo Scientific
LTQ XL (LTQ) are given. LTQ is the main instrument of the experimental setups,
presented in this Thesis. Figure 4.7 depicts a functional block diagram of the
spectrometer. LTQ comprises three major hardware systems: 1) ion source, 2) MS
detector system and 3) data system.

1! il
1 1 ! !
! Inlet :: MS detector :: Data system |
I :I :' !
| | iy |
, h 11 | Printer !
: Divert ! ¥ !
1 H 1 l 1L !
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i | LC pump " N !
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Figure 4.7 - Functional block diagram of LTQ XL mass spectrometer. Adapted from [47].

(1) The atmospheric pressure ionization (API) source is composed of two components.
The first component is permanently mounted on the front side of the spectrometer chassis.
It consists of an ion sweep cone, a transfer tube (heated capillary), a tube lens and a
skimmer (see Figure 4.8). The second component is completely removable and is
essentially a spraying needle of an ESI source, in enclosed assembly. Depending on
requirements of the experiment, assembly with the standard ESI or a nano-ESI needle is
mounted. Analyte solution is automatically injected into a spray needle through flexible
capillaries (at a user defined flow rate), with the assistance of a mechanical syringe pump
located on the front side of the mass spectrometer.
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Figure 4.8 - Schematic representation of an API source of the LTQ XL mass spectrometer.
Spray needle is a part of an independently detachable assembly - of the standard ESI or a
nano-ESI source.

A Standard ESI source is used in this Thesis for producing non-hydrated (bare) charged
precursor ions. In general, when using the standard ESI source in the positive mode,
precursor ion [M+nH]™ can be produced, where n indicates the ion charge state. Letter
M indicates the molar weight of the target molecule, while H denotes the Hydrogen
nucleus - proton. Typically, a wide range of precursor charge states are produced
simultaneously, with a certain intensity distribution, which depends on solution and ESI
parameters. Mass-to-charge ratio (m/z) of such precursor in arbitrary mass units (amu) is
given by Equation (4.13).
m_M+n

= (4.13)
V4 n

Both ESI and Nano ESI are able to produce bare and hydrated precursor ions. In the case
of nanosolvated molecules, the general formula for the obtained precursor ions is
[M+kH2O+nH]™, where k is the number of the attached water molecules. In general,
Equation (4.14) gives the m/z ratio for the obtained hydrated precursor.

m_ M +n +18k (4.14)
z n

Since LTQ is designed to efficiently remove remaining water molecules, non-standard
ESI parameters had to be used in order to produce hydrated precursors. In the present
study, we favorably used nano-ESI in order to produce nanosolvated molecules. Since
automatic tuning of nano-ESI parameters was not possible, in order to produce hydrated
precursors we reduced capillary temperature well below optimal values, to around 40 °C.
The capillary voltage, the sheath gas flow rate and the tube lens voltage also had to be
manually retuned accordingly.

(2) The mass spectrum (MS) detector system comprises the ion optics (quadrupole and
octupole ion filters), the mass analyzer (a linear quadrupole ion trap), the ion detection
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system (electron multiplier detectors) and an electronic control system, as depicted in
Figure 4.9.
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Figure 4.9 - Schematic representation of the LTQ XL mass spectrometer. Adopted from
[47].

LTQ allows for sending TTL? signals at specific sequence events. These trigger signals
can be initiated at the start or at the end of particular processes, during the operation of
the device. One such process is the ion activation. In the Xcalibur™ software [47] which
runs the LTQ, the option to enable triggers on the activation has to be selected. IF it is
enabled, during the activation time TTL signal state is always high (5 V), whereas during
all other times TTL signal is kept in the low state (0O V). The activation process in the
LTQ is initiated each time when enough ions are stored in the ion trap. In the LTQ
software there are two ways to define the ion storage procedure, which then triggers the
TTL signal. The first one is by defining the ion storage time limit. This was often used
when desired precursor ion abundance was very low, in order to avoid excessively long
data acquisition. This means that we prevent LTQ from waiting for optimal ion density
in the trap, which lowers the signal to noise ratio. Typically the ion storage time was set
to 100 ms. In the case when high ion abundance is obtained, the ion trap capacity can be
quickly reached in around (10-30) ms. Therefore, the second way of defining ion storage
process is based on measuring the ion density in the ion trap. This process is automatically
controlled by internal LTQ electronics and as soon as the optimal capacity is reached TTL
signal is triggered to a high 5 V state, signaling the start of activation time (ion irradiation
time). The use of mentioned TTL signals is explained in Sections 4.5.2 and 4.5.3.

The ion detection in LTQ is performed by electron multipliers. Schematic representation
of the LTQ detection system is presented in Figure 4.10. It comprises a conversion
dynode, a series of cathodes and the anode.

2 TTL stands for transistor-transistor logic, representing the binary logic states 0 and 1, with the voltages
0V and 5V respectively. TTL signals are used in the digital electronic circuits.
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Figure 4.10 - Schematic representation of the electron multiplier detector with conversion
dynodes in the LTQ XL mass spectrometer. Two such detectors are located at each side of
the ion trap.

Conversion diode is a concave metal surface with a high secondary particle emission
coefficient and is positioned at an almost right angle in relation to the incident ion
trajectory. If positive ions are to be detected negative voltage is applied, whereas for
detection of negative ions a positive voltage is applied to the conversion dynode in
relation to the anode potential (ground). The cathodes in between the conversion dynode
and the anode are connected to progressively higher voltages through the resistor network.
When an ion strikes the conversion dynode one or more secondary electrons are produced.
Due to the concave shape and a voltage gradient, secondary electrons are focused and
accelerated on the next cathode. Electron striking the inner surface of the cathode ejects
more secondary electrons and the process creates the electron avalanche that finally
strikes the anode where electrons are collected. Current on the anode is proportional to
the number of the ions striking the conversion dynode. This current is additionally
amplified in the electronic system of LTQ, converted and stored in a digital form by the
data system. Since the electron multipliers are positioned slightly off-axis, background
noise from neutral particles is significantly reduced. The electron multipliers are
electrostatically shielded which decreases the noise even further.

Linear quadrupole ion trap in the LTQ comprises three axial sections (the same electrode
profiles) with three different DC potentials in order to obtain axial ion trapping (see
Figure 4.11). In order to create an electric potential well for the trapped ions in the axial
direction, the center section DC2 has a different potential in relation to the sections DC1
and DC3. For trapping the positive ions, potential on DC2 is lower, while in order to trap
the negative ions the potential on DC2 has to be higher in relation to potentials applied
two other sections. The voltage difference is usually not more than 10 V.
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Figure 4.11 - DC voltages on the LTQ ion trap required for axial ion trapping.

Maximal DC voltages are +100 V, the maximal RF voltage amplitude is 400 V with the
frequency of 1 MHz. The ion trap is 68 mm long, with the minimal radial distance
between the hyperbolic electrodes of 4 mm.

For the process of ion selection (trapping of desired precursor ions) specific high-
frequency pulse is generated by the LTQ electronics. This pulse ejects all ions except the
ones corresponding to a small m/z range (isolation width) defined by the user. Typically,
we used isolation widths of up to Am/z = 10 (5 from the precursor ion m/z).

After the activation (irradiation) of trapped ions, the ion products are successively ejected
by applying different high-frequency detection pulse which ejects all ions with the same
m/z. This pulse is quickly ramped so that ions of all m/z are ejected, but in a sorted way
from the lowest the highest m/z ratios. After calibration, this procedure yields the action
MS?,

4.4 Synchrotron radiation

Synchrotron radiation (SR) refers to an electromagnetic radiation generated by charged
particles when accelerated to the relativistic velocities. SR is first observed in the particle
accelerators, used in high energy physics in middle 1940’s. At the time, SR was
considered as a byproduct, imposing not yet explained energy loss to the accelerated
charged particles. Shortly after, it was realized that the missing energy is due to photon
emission. The theory describing SR in circular accelerators is reported by Ivanenko and
Pommeranchuck in 1944 [48] and also by Schwinger in 1946 [49, 50] independently.
Only later in the 1960’s, the possibility to use the SR in spectroscopic studies was
demonstrated [51-54]. A good overview of the development of the SR is reported by
Kuntz et al [55].

A storage ring is the most commonly used type of the particle accelerator, designed
specifically for the production of the SR and represent the first generation of synchrotron
radiation sources. It is constructed of many straight sections arranged in a polygon, with
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a dipole bending magnets residing in between. In modern synchrotrons, electrons are first
accelerated in a smaller ring to the relativistic energies of up to a few GeV and then
injected in the storage ring. In a storage ring electrons follow a straight path until reaching
the dipole magnets, where their trajectory is bent, experiencing an angular acceleration.
At these points, photons are emitted in the tangent direction in the form of SR. Due to the
photon emission, electrons in a storage ring lose energy. This energy is recovered by
radiofrequency cavities, hence the term synchrotrons. The radiation from a bending
magnet is characterized by the linear polarization in the plane of the electron orbit.
Synchrotrons that produce SR with bending magnets belong to the second generation of
synchrotrons, dedicated to study specifically the SR. Third generation synchrotrons
utilize insertion devices installed on the straight sections of the storage ring. Also, in this
type of synchrotrons, electrons are repeatedly injected in the storage ring in order to
maintain the electron current. In the year of 1986, Klaus Halbach invented insertion
devices called undulator, which comprises periodic series of dipole magnets arranged
linearly (see Figure 4.12). The electron beam passes longitudinally through the alternating
dipole array resulting in a radial acceleration many times, which leads to an electron
oscillatory trajectory in the horizontal plane. Due to the relatively weak magnetic field,
the radiation cones emitted at each bend overlap with each other which results in a
constructive interference and formation of spectrally very narrow peaks. Therefore, SR
obtained from an undulator is composed of harmonics and its Brilliance [equation (4.15)]
is many orders of magnitude higher compared to the SR generated by the bending magnet.
Furthermore, radiation obtained from an undulator is in general elliptically polarized. For
this reason, in modern synchrotrons, the polarization can be tuned to linear, horizontal or
circular (or any other). Tuning the wavelength of SR produced by an undulator is
performed by means of mechanical adjusting of the vertical distance (gap) between the
pole tips.

Dipole bending magnet

. Ohv

Storagering

EEEEEE
Multiple Undulator or Wiggler

Figure 4.12 - Schematic representation of the synchrotron radiation source. The electron
storage ring is composed of many straight sections, connected by the dipole bending
magnets. An undulator or wiggler is installed along the straight portions of the storage ring.
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In order to compare SR sources of different kinds, a measure of the quality of the source
called Brilliance is introduced. It is defined by the following relation:

. N _ hotons
Brilliance = = P 4.1
t-do-A-0.1%BW ( )[s-mradz -mm? -0.1%BVV} (4.15)

where N - the number of photons, t - time, dO - angle divergence, A - cross section of the
photon beam and 0.1%BW - denotes a bandwidth 103w centered around frequency o.

The key features of the SR are:

e Wide energy range covering THz to hard X-rays

e High brilliance

e High collimation (small d6)

e Time-resolved pulsed light (in nanoseconds)

e High level of polarization (linear, circular or elliptical)

Synchrotron SOLEIL

Experimental results presented in this Thesis are obtained at the synchrotron SOLEIL
radiation facility near Paris, France. Specifically, the experiments were performed at the
beamlines DESIRS [8] and PLEIADES. In the following paragraphs, a brief description
of the most important aspects of the synchrotron SOLEIL and the mentioned beamlines
are presented. Figure 4.13 presents the simplified schematic of the SOLEIL synchrotron.
It is a third generation synchrotron, with a total of 29 beamlines, covering a very wide
range of photon energies in the range (104-10°) eV.

Insertion device
\ )
L\

Beamline
——————

Bending magnet

Storagering

LINAC
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Synchrotron radiation

Figure 4.13 - Simplified schematic representation of the SOLEIL synchrotron.
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Briefly, the electron gun produces bunches of electrons accelerated in a linear accelerator
(LINAC) to 100 MeV. Electrons are then additionally accelerated in a smaller ring
(booster), up to the nominal relativistic energy of 2.75 GeV and injected into a storage
ring. The bending magnets, undulators and wigglers are positioned around the 345 m
circumference of the storage ring, where SR is generated. At these points the photon
energy range is from far IR (~1 mm) to hard X-rays (0.012 nm).

441 DESIRS beamline

The DESIRS [8] beamline is a vacuum ultra-violet (VUV) beamline, with a photon
energy range of (5-40) eV. It uses an undulator to produce VUV light, with fully
adjustable polarization. Equipped with a gas filter, which effectively cuts off the higher
orders of the radiation, this beamline opens up the possibility to perform experiments with
a high spectral purity in the low VUV region. The beamline (see Figure 4.14) has three
different branches (A, B and C), with the one end station (on branches B) available for
user particular experimental setups. Branch C is a permanent experimental setup for
Furrier transform absorption spectroscopy (FTS), with an ultra-high resolving power of
10 at 10 eV. After passing through the gas filter the light produced by undulator can be
split in two directions: to the branch C or to the normal incidence monochromator (NIM).
After the NIM, the monochromatized beam can be split and directed to the brunches A or
B. The branch A comprises multipurpose molecular beam chamber,
SAPHIRS, consisting of a source chamber and an ionization chamber separated by a
skimmer. With maximum resolving power of 2x10°, the B brunch is open for user’s
setups. At this branch we have coupled our experimental setup, consisting of a dedicated
vacuum stage and a mass spectrometer, equipped with an ESI source.

Figure 4.14 - Schematic representation of DESIRS beamline. Adopted from [8].
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4.4.2 PLEIADES beamline

PLEIADES beamline is a soft X-ray beamline, capable of producing photons with an
energy range of (10-1000) eV, with very high resolving power (10° is obtained at the
energy of 50 eV). The beamline comprises two undulators with either permanent magnets
or electromagnets. It can produce horizontal and vertical linearly polarized light down to
energies of 10 eV. Above energies of 55 eV, fully adjustable polarized light is available.
This beamline is characterized by a very high energy resolution and brilliance in a wide
energy range of the soft X-ray photon beam due to the quasi-periodic design of undulators
and varied groove depth of the plane grating. It is also equipped with a high resolution
electron spectrometer, Auger electron-ion coincidence setup and a dedicated station for
positive and negative ion photoionization studies. It consists of three optical branches
with different beam focusing properties.
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Figure 4.15 - Schematic representation of the PLEIADES beamline. Adopted from [56].

4.5 Photon experimental setup - SRMS2

45.1 Vacuum stage, coupling and alignment test

Vacuum stage

For the activation of the trapped ions with the photons from synchrotron radiation, a
commercial mass spectrometer Thermo Scientific LTQ XL is coupled to one of the
beamlines of the SOLEIL synchrotron facility. In order to couple the LTQ mass
spectrometer with the appropriate beamlines a turbo pumping differential vacuum stage
was designed by A. Milosavljevi¢ et al [9]. 3D model of the vacuum stage assembly is
presented in Figure 4.16.

The vacuum stage is based on a six-way cross, with two CF100 and four CF40 flange
connections (see Figure 4.16). The main function of the vacuum stage is to maintain the
pressure difference between the surroundings of the operating ion trap, which can go
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down to 10 mbar and ultrahigh vacuum of the beamline, in the order of 10 mbar. The
actual pressure inside the ion trap is 10~ mbar, because of the Helium buffer gas. For this
reason, the vacuum stage is equipped with a 300 L/s turbo pump, installed on the CF100
flange. The beamline is attached to the left side of the vacuum assembly from Figure 4.16,
via a short flexible CF40 bellows and a high vacuum valve with a MgF, window.

lon gauge

Beamline valve  §1™
with MgF,
window

Suprasill
window

Figure 4.16 - 3D model of the differential turbo pumping assembly fitted with a mechanical
shutter, ion gauge, a photodiode and a turbo pump. Designed by A. Milosavljevi¢ et al [9].

An ion gauge and Z-axis mechanical manipulator are installed vertically on CF40 flanges.
The manipulator is used to optionally insert the Suprasill glass window, in order to cutoff
the higher order harmonics of the VUV photon beam above 10 eV (for the lowest incident
photon energies used) for improved spectral purity. A photodiode (AXUV100,
International Radiation Detectors) and the shutter assembly® are coupled to the vacuum
stage via a custom made stainless steel box with CF40 coupling. Both the mechanical
shutter and the photodiode are installed on the one axis precision manipulators. This
enables the fine tuning of the position of the shutter head* with respect to photon beam.
Moreover, the photodiode can be inserted optionally, in order to measure the photon flux
just before the ion trap. The vacuum assembly is rested on a rigid support and positioned
behind the LTQ mass spectrometer (at the ion trap side).

In order to precisely align the axis of the ion trap with respect to the photon beam, an
adjustable supporting frame was constructed by A. Milosavljevi¢ et al [9]. The adjustable

3 Details and operation of the mechanical shutter are presented in Section 4.5.2.
4 For reference, see Figure 4.22.
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frame is positioned on a rigid table and LTQ mass spectrometer is mounted on top of it.
Figure 4.17 presents the 3D model of the adjustable supporting frame.

Figure 4.17 - 3D model of the adjustable supporting frame for LTQ mass spectrometer
used to precisely align the ion trap axis with respect to the photon beam. Designed by A.
Milosavljevic¢ et al [9].

The supporting frame is designed to enable fine tuning of the position in 3 translational
axes, and 3 rotational axes, covering all degrees of freedom. Adjustments for each axis
are realized with the hex key screws. The alignment process is rather tedious and crucially
important for obtaining the best overlap of the trapping volume with the photon beam,
ensuring the high signal to noise ratio. Figure 4.18 presents a 3D model of final assembly
with the vacuum stage, LTQ mass spectrometer, the supporting frame and the carrier
table.

Figure 4.18 - 3D model of the vacuum stage coupled to the LTQ mass spectrometer,
installed on an adjustable supporting frame, which is rested on a rigid table. The entire
system is mobile. Designed by A. Milosavljevi¢ et al [9].
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Coupling

The vacuum stage is coupled to the back side of the LTQ mass spectrometer via CF40
flexible bellows. In order to obtain a coupling of the vacuum stage through CF40 bellows
to the chassis of the LTQ mass spectrometer, a custom Plexiglas window plate is
designed. The back side of the LTQ mass spectrometer was originally sealed with a metal
plate. 3D model of the Plexiglass window is presented in Figure 4.19.

Figure 4.19 - 3D model of the Plexiglass back plate window, designed to couple the
vacuum stage to the LTQ XL mass spectrometer: a) back side, positioned towards LTQ
and b) front side, with CF40 rubber seal groove and threaded holes. Designed by A.
Milosavljevi¢ et al [9].

Figure 4.20 - Picture of the experiment with LTQ mass spectrometer coupled to the
DESIRS beamline of the SOLEIL synchrotron.

Entire assembly with the LTQ mass spectrometer presented in Figure 4.18, is portable.
The carrier table is equipped with small subtractable wheels. This allows for a quick
transport of the whole system to another beamline of the synchrotron SOLEIL. With this
system, trapped target molecules can be subjected to a wide range of the photon energies,
covered by the several beamlines. The system has been so far effectively coupled to the
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DESIRS, PLEIADES and DISCO beamlines of the SOLEIL facility, as well as to the keV
ion beamline GANIL. The results presented in this Thesis were obtained from the
experiments involving the first two mentioned beamlines. A photograph of the coupling
the system to the DESIRS beamline is presented in Figure 4.20.

Alignment process

The alignment of the ion trap axis with respect to the photon beam is done in 3 steps. In
the first step, before the beamtime and the pumping, the table with the supporting frame
and LTQ is positioned roughly into place with respect to the beamline theoretical optical
line. If coupled to the DESIRS beamline, the advantage is a still visible part of the zero-
th order of the VUV photon beam, which can be detected by eye when reflected from a
sheet of white paper. In that case the second step is performed. ESI source is removed
from the LTQ mass spectrometer, enabling the clear path of the VUV photon beam, after
passing through the ion trap and ion optics. In order for this step of the alignment process
to work, both LTQ and vacuum stage have to be brought back to the atmospheric pressure.
The beamline coupling valve is closed. Since the moving part of the valve is constructed
out of MgF glass window, it is still transparent UV light. The beamline is then set to the
lowest possible energy of 4 eV. The UV photon beam can then pass all the way through
the ion trap and the ion optics system. Small adjustments are made on the supporting
frame, until the bright violet spot is seen on the UV reflective paper positioned just after
the ion optics, at the front side of the LTQ mass spectrometer.

In the final third step of the alignment process vacuum stage and LTQ mass spectrometer
are pumped to the ultimate pressures of 10® mbar and 10° mbar, respectively.
Cytochrome C or Insulin precursor ions are electrosprayed and selected in the ion trap®.
The trapped ions are subjected to the beam of VUV photons, with an energy of 15.4 eV.
Figure 4.21 presents the obtained action MS? after optimal alignment, obtained for
Cytochrome C, 8+ precursor ions.

The MS? was normalized to the precursor ion [M+8H]®*, designated at m/z 1542.
Relaxation channels corresponding to the ionization of the precursor ions with VUV
photons appear in the spectrum. Peaks at mass-to-charge ratios of 1370, 1233 and 1121
correspond to radical cations [M+8H]*, [M+8H]°* and [M+8H]"*'* originating from
single, double and triple ionization of the precursor ion, respectively. Optimal alignment
was obtained by maximizing the relative intensities of these ion fragments by fine tuning
the position of LTQ with the supporting frame.

> More details about the experimental procedure are presented in Section 4.5.4.
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Figure 4.21 - Tandem mass spectrum, recorded for Cytochrome C precursor ions of 8+
charge state, after activation with VUV photons at 15.4 eV energy. Adopted from [57].

4.5.2 Mechanical shutter - design and operation

Photon beam chopping was achieved by positioning the rotating mechanical shutter at its
path, just before the entrance to the ion trap. The shutter is designed by A. Milosavljevi¢
et al [57] and installed in the turbo vacuum stage. The assembly with the mechanical
shutter is presented in Figure 4.22. The mechanical part called shutter head is attached to
the shaft of the rotational electric motor Khunke, in order to physically block the photon
beam. The shutter head is made from Aluminum, with a cylindrical shape and a hole
perpendicular to the cylinder axis. The motor is powered by the shutter circuit® consisting
of a solid state relay connected to the power supply. The motor actuation is initiated by
the TTL signal from the LTQ mass spectrometer, whose length is defined by the
activation (irradiation) time of the selected ions.

TTL signal line was traced in the electronic board of the LTQ and taken out of the casing.
The line of the signal is connected to the input of the shutter circuit and acts as a trigger.
Activated by the high state (5 V) of the TTL signal, the shutter circuit drives the electric
motor which rotates the shutter head. Optionally, a delay generator is inserted in front of
the shutter circuit in order to close the shutter typically 50 ms before the end of the actual
activation time. If so, the activation time then has to be set to 50 ms longer. The delay
generator is set to activate at the rising edge of the TTL signal sent by the LTQ and to
generate a new TTL signal in the phase with the original one (see Figure 4.23). In this
way, the interaction of photons with ions is stopped before the detection of the ion
fragments. When the activation time runs out and TTL signal goes to 0 V, the mass

6 n the following text term “shutter circuit”, will be used to refer to the electrical part of the mechanical
shutter in the experiment with photons. In the second part of the Thesis, the same term will be used for
different circuit, required in the experiment with electrons.
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spectrum is recorded. As a result, the recorded mass spectra showed fairly reduced
background signal noise peaks.

Shutter head (Al)

Copper holder/heat sink
attached to the
DN CF40 flange

Figure 4.22 - Mechanical shutter for the chopping of the photon beam. Picture of the shutter
assembly mounted on a CF40 flange is on the left. 3D model of the shutter assembly is on
the right. Adapted from [57].
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From LTQ generator circuit
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24V

Figure 4.23 - Block diagram with delay generator in front of the shutter circuit, for better
signal to noise ratio. TTL signal length of 600 ms is used as an example.
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Figure 4.24 - Electrical circuit for the mechanical shutter. Solid state relay (SSR) switch
consist of an IR photo-diode and two field effect transistors (FETs) with a photosensitive
gate. The high state of TTL signal turns on the photo-diode which results in a closing of
the two transistors, closes the circuit on the right side by applying 24 V to the electric motor.
The absence of TTL signal (or low state - 0 V) leads to the open circuit and electric motor
is not powered.

The electronic circuit for the mechanical shutter is represented by “Shutter circuit” box
in Figure 4.23. Actual schematic of the circuit is presented in Figure 4.24. It consists of a
solid state relay switch, which connects a power supply of 24 V directly to the electric
motor, as long as 5 V TTL signal is present at its input. Applying the 24 V on the motor
quickly rotates the shutter head. Mechanical constraints allow the shutter head to rotate
only for 90°, locking it in a position such that the hole is parallel with the direction of the
photon beam. The shutter head is spring loaded, thus as soon as the motor power is cut,
the shutter head is rotated back for 90°, to the position such that the photon beam is
blocked.

In order to estimate the shutting speed of the entire shutter system, test measurements are
conducted under high vacuum, at the pressure of 107 mbar. The performance of the
mechanical shutter is evaluated by measuring the current from the photodiode
(AXUV100, International Radiation Detectors), positioned just after the shutter head in
the vacuum assembly. The photodiode current measured with the digital oscilloscope
(DG645, Stanford 150 Research Systems, Sunnyvale, CA, USA), was generated by the
zero-th order of the VUV light from DESIRS [8] beamline. The signal obtained from the
photodiode after applying the power to the shutter motor is presented in Figure 4.25.
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Figure 4.25 - Photodiode current generated by the zero-th order of synchrotron radiation
light, measured after opening the mechanical shutter under high vacuum. The red line is
generated by 50 point Savitzky Golay smoothing of the obtained signal, in order to reduce

the noise. Adopted from [57].

The results of the performance test [57], reveal that the shutter has a systematical delay
of about 20 ms, because of the mechanical inertia of the moving parts, although this does
not influence the irradiation of trapped ions. The shutting speed was estimated from

Figure 4.25, to be around 1 ms.
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Figure 4.26 - Durability test of the shutter, during 24 hours in vacuum conditions. Shutter
motor winding resistance is represented with stars, while circles show the pressure in the

vacuum assembly. Adopted from [57].

The resistance of the motor windings was checked under high vacuum conditions, through
24 hour period with a 70 % of the duty cycle. The results of the test [57] are presented in
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Figure 4.26. Durability test showed only slightly elevated resistance of the motor
windings, proving that large copper holder/heat sink is absorbing most of the generated
heat, even under vacuum. The heat from the copper holder is conducted to the vacuum
parts of the vacuum stage assembly. The latter is then quickly cooled by the surrounding
air at room temperature of 21 °C. The pressure in the vacuum assembly is increased
during the first hours of the test due to the degassing of the motor windings. The pressure
decrease was observed after 3 hours from starting the test. The resistance of the windings
only slightly increased and remained practically constant during the entire test, meaning
that the temperature of windings was well below the alarming limits. Both the vacuum
stage pressure and motor winding resistance drop to starting values, within an hour after
the motor was turned off.

4.5.3 Synchronization with the beamlines

The action spectroscopy of the macromolecular targets presented in this Thesis is
achieved through automated acquisition system made by A. Milosavljevi¢ and A.
Giuliani. The acquisition system is based on the home-made software, which couples two
independent hardware components - the LTQ XL mass spectrometer and a synchrotron
beamline into one instrument. TTL electric signals are utilized in order to synchronize
the operation of these two devices. The control logic for the electric signals is governed
by a home-made computer program, written in Igor Pro. The basic principle of the
instrument lies in repeating three processes: 1) the ion production and selection, 2) the
ion activation at defined energy and 3) the detection of fragments. Each cycle is
performed at different activation energy, obtaining activation tandem mass spectra (MS?)
for the desired molecular target. The procedure for the acquisition of many MS?, for a
range of different energies, is defined as an “energy scan”.

One energy scan consists of a number of energy points, ranging from 10 to 100. A custom
temporal sequence is defined and ran for every energy point. One temporal sequence
comprises sequential isolation of one or multiple precursors. Individual acquisition (ion
irradiation) time length for each precursor is set, which defines the total time length of
the sequence. All precursors in the sequence are first subjected to one photon energy and
recorded in a “raw file”’, which contains one mass spectrum for every precursor. The
sequence is then repeated until all energy points are scanned. At the end of an energy
scan, depending on the number of energy points, the same number of raw files containing
all precursor mass spectra is generated. The total time required for one energy scan is
determined by the number of energy points multiplied by the time length of the sequence.
Typically, for practical reasons, the energy scans were created to last not more than 10
hours.

7 Raw file is the digital computer file format (example scanl.raw) generated by the mass spectrometer
software, which contains all data stored during one sequence. This data contains tandem mass spectra
and a range of instrumental parameters.
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The energy scan process is practically realized by the usage of peripheral controls - start
in and ready out, as an inbuilt hardware option of the LTQ XL mass spectrometer. As
their names suggest, start in is an input type of connection, while ready out serves as an
output. Operating principle of these controls is the two state digital logic - TTL. Each
control has two contacts, which can be either open (not connected, 5 V) or closed (shorted
to the ground, 0 V). LTQ peripheral controls are connected to the PC computer via
external USB National Instruments (NI USB-6501) analog-to-digital (AD) card. The
computer program was written in lgor Pro software in order to control and automate the
entire energy scan process. For the purpose of synchronization, one input and two output
connections are utilized from the AD card. A schematic diagram for the digital
communication of LTQ mass spectrometer with the DESIRS beamline is presented in the
Figure 4.27.

in e t1
LTQ startin > AD out 2 » in DESI RS
mass ready out ———| in1 Nl card beamline
spectrometer TTL feeeees USB

i

Shutter . PC

circuit Igor Pro

Figure 4.27 - Block diagram for connection of LTQ mass spectrometer with DESIRS
beamline.

The LTQ mass spectrometer is set to send 5 V TTL signals in the duration of ion
activation time (600 ms in the present case). These signals were traced on the internal
board of LTQ, hard wired and taken out of its case, for the synchronization of the shutter
circuit. In Figure 4.27 dashed line symbolizes the wire that carries the TTL signal out of
the LTQ to the shutter circuit®.

At the end of each sequence (scan for one energy point has finished) a long contact closure
signal (1000 ms) is sent by the LTQ at ready out. The long signal is detected by the
computer program in lgor Pro, which then sends a TTL signal of 5 V through AD card to
the beamline in order to change the photon energy to the next one. Regarding the
communication there are two types of beamlines utilized to conduct experiments, whose
results are presented in this Thesis. For them, the communication can be one-way
(DESIRS beamline), or two ways (PLEIADES beamline).

8 TTL signal can either be connected to the inputs of the circuit for the mechanical shutter Figure 4.24, or
the electrical shutter circuit presented in Figure 4.42 in Section 4.6.4.
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The one way communication beamline like DESIRS, has the option to only receive
signals. It is the reason why the intermediate stage with an AD card and a computer
program have to be used. When a sequence is finished, the contact closure at ready out is
detected by the program. This initiates a TTL signal through the AD card, which is sent
to the control input of the DESIRS beamline. The program then waits for a custom defined
5 seconds for the beamline to change the photon energy (wavelength). Waiting period of
5 seconds is determined experimentally as the optimal time window length, during which
the DESIRS beamline will certainly finish the wavelength changing process. After this
time passes, the program generates a TTL signal and sends it through the out 1 of the AD
card to the LTQ start in input, as a signal to start the new sequence. The program
algorithm is depicted in the Figure 4.28, while the control window of the program is
presented in Figure 4.29.
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Figure 4.28 - Algorithm for Igor Pro program, used for energy scan process automation.
Designed by A. Milosavljevi¢ and A. Giuliani.
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Figure 4.29 - Custom made Igor Pro control window running on mass spectrometer’s PC,
used for energy scan process automation. Designed by A. Milosavljevi¢ and A.
Giuliani.

On the other hand, the beamline PLEIADES is capable of changing the photon energy
initiated by the external signal. Upon receiving a signal from LTQ, indicating that one
energy point is finished, the beamline automatically prepares the necessary readjustments
for the next photon energy. After the change to a new photon energy is done, the beamline
sends the signal to its control output. The block diagram for the connection with
PLEIADES beamline is depicted in Figure 4.30.

LTQ startin [+ outl A[) out2 *in PLEIADES
mass ready out » in1 Nicard in2le out beamline
spectrometer TTL feeeees USB
Shutter L. PC
circuit Igor Pro

Figure 4.30 - Block diagram for connection of LTQ mass spectrometer with PLEIADES
beamline.

4.5.4 Experimental procedure

This section is dedicated to the experimental procedure used in order to activate the
trapped ions with photons from synchrotron radiation. As previously mentioned, the
system is mobile and can be coupled to one of the three appropriate beamlines of the
synchrotron SOLEIL. Figure 4.31 presents the part of the experimental setup involving
the VUV photons from DESIRS beamline at the brunch B. The schematic representation
of our experimental setup coupled the end station of brunch B at DESIRS beamline, is
presented in Figure 4.32. The experimental procedure for coupling and synchronizing the
system with the PLEIADES beamline is similar in principle, thus it is not presented in the
Thesis. The timeline of the experiment is presented in Figure 4.33.
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Figure 4.31 - Schematic representation of the VUV photon path in brunch B at the DESIRS
beamline, starting from an undulator to the point where the experimental setup is coupled.
Adapted with permission from [9].
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Figure 4.32 - Experimental method and schematic for synchronization of the LTQ mass

spectrometer with the DESIRS beamline.
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Figure 4.33 - Timeline of the experiment for the activation of trapped ions with VUV
photons from DESIRS beamline: 1) ion injection, 2) ion selection, 3) ion irradiation and 4)
fragment ion detection.
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The experimental procedure is performed through four sequences: 1) ion production, 2)
ion selection, 3) ion activation and 4) detection. More details are given below:

(1) Analyte solution was injected into a syringe and forced with the assistance of the
mechanical pump through small capillaries into the ESI at the desired flow rate.
Depending on a desired state of the target molecules, LTQ mass spectrometer can be
equipped with two types of the ESI sources - standard ESI or nano-ESI. In this Thesis
both hydrated and bare peptide precursor ions were probed with VUV photons. The
production of hydrated precursor ions is more difficult and requires adjustments of the
spray parameters. In both cases, all electrosprayed ions are guided by the ion optics and
stored into the ion trap.

(2) A vast number of different charge state precursors can be produced simultaneously by
a standard ESI (or nano-ESI) source. Only one precursor of the interest is selected, by
defining the mass-to-charge ratio in the LTQ mass spectrometer software. The selected
precursor was isolated in the ion trap by ejecting all other ions.

(3) After reaching the storing capacity of the ion trap, a5V TTL pulse is initiated by the
LTQ electronics. The presence of the 5 V TTL signal on the shutter circuit closes the
relay contacts and applies a 24 V on the electric motor inside the vacuum stage. The
shutter head is rotated, allowing the VUV photon beam to irradiate the trapped ions. TTL
5 V signal is present during the activation time, defined previously (for example to 650
ms) in the LTQ software. In addition, a delay generator was installed on the path of the
TTL signal, in order to introduce an acquisition delay (of usually 50 ms). As a result, the
trapped ions are irradiated during a shorter time. After the activation time passes, LTQ
sets TTL signal to the low state (0 V), the motor power is cut and the spring quickly
rotates back the shutter head closing the photon beam.

(4) The detection takes place as soon as the TTL signal goes back to the low state (0 V).
All ion fragments are ejected from the ion trap and an action tandem mass spectrum is
recorded at the given photon energy and for the currently trapped precursor ion.

The LTQ software gives the possibility to program the selection method, containing a
procedure with multiple precursors, with user defined duration for each precursor. In that
case, each precursor is successively isolated in the ion trap during a specified time,
ranging from (1-30) minutes. Steps (3) and (4) are then repeated for one photon energy
until all precursors contained in the selection method are irradiated.

Each time the selection method is completed, or after the irradiation of all defined
precursors at one photon energy, the LTQ initiates a long contact closure at ready out.
This signal is detected by the program in Igor Pro and the TTL signal is sent to the
DESIRS beamline in order to change the photon energy. The entire process is repeated
until all predefined energy points are scanned. At the end of the energy scan, an action
MS? for every precursor of the analyte macromolecule is acquired, at each photon energy
defined in that particular energy scan.
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4.6 Electron experimental setup

4.6.1 Electron gun

Double focusing electron gun was used as a source of electrons, for the purpose of
activating trapped ions. It was developed at the Institute of Physics in Belgrade by S.
Madzunkov and it is a constituent part of the experimental setup UGRA [58]. It is capable
of producing relatively high primary electron current in the order of few pA in the electron
energy range of (40-350) eV. A cross section view of the electron gun is depicted in
Figure 4.34.

Figure 4.34 - 3D model of the electron gun, electrode cross section view.

The electron gun consists of seven concentric cylindrical electrodes. The electrodes are
separated using the rubidium balls of 3 mm in diameter. The last electrode (M) is
grounded, as well as the interaction region. The electrons are produced in the thermo-
electron emission from the tip of the hairpin cathode, directly heated with currents of 2 A
to 2.5 A. The cathode is made of thoriated tungsten wire 0.2 mm in diameter and spot
welded to suitable pins cast in a ceramic disc. The electrodes of the electron gun can be
divided into two parts: 1) the extraction and the focusing part. The extraction part of the
electron gun comprises a hairpin cathode, electrodes W (Wehnelt), A1 (Anode) and C,
whereas the focusing part is composed of electrodes A2, S, V and M. Two axis deflector
unit have been installed inside the electrode S in order to enable the fine adjustment of
the electron beam in the plane normal to the axis of the electron gun. In order to produce
electrons with a defined energy, the cathode is supplied with a negative voltage in relation
to electrode M, which is grounded along with the rest of the vacuum chamber. All other
electrode voltages are floating on the negative cathode potential, such that focusing
properties of the electron gun can be preserved with the change of the electron energy
(cathode voltage). Since the electrodes W and C have a negative voltage applied in
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relation to the cathode, while A is positive, the extraction part of the gun formed from
these three electrodes, has double focusing properties. First focusing of the electron beam
happens by the lens formed with electrodes W and electrode Al. Second focusing
happens between electrodes C and A2, which has a 0.5 mm diameter hole extending into
a cone. After the extraction part, an image of the cathode with a defined circular shape is
formed. The electrodes S, V and M, form a three-electrode lens with the purpose of
defining the final geometry of the electron beam and focusing it on a given distance from
the gun. Tuning the voltage on the electrode V is used to regulate the focusing properties
of the electron beam for a given distance and electron energy. Present electron gun has
been designed to generate a continuous electron current. This means that the cathode is
constantly heated and that a steady stream of electrons with a defined energy and a beam
geometry is produced continuously.®

4.6.2 Electron beam cut off principle and current measurements

For the purpose of activating trapped ions in the collisions with electrons, a continuous
mode of the electron gun current cannot be used. Because of the temporal nature of
tandem mass spectrometry experiments, the ion activation has to be engaged only during
the short period of times - typically several hundreds of milliseconds. Therefore, in order
to perform the action spectroscopy experiment with electrons as projectiles, a pulsed
electron beam is required.

To cut off the photon UV (or X-ray) beam, a simple mechanical blocking was enough, as
described in the previous chapters. For electrons this type of beam cut off is not desirable.
The electrons are charged particles and can be easily splatted or reflected from conductive
surfaces. On the other hand, they can charge nonconductive materials. As a consequence,
the presence of an additional charging perturbs the optimal electric field generated by the
electron optics. The final outcome is either a significant distortion or scattering of the
electron beam.

In the present experiment, we chose to block the electron beam by means of preventing
the emission of electrons from its source — the cathode. This can also be achieved by
lowering the cathode temperature (for example, by decreasing the cathode current), but it
is a very inefficient, unstable and slow process. An efficient electron beam cut-off can be
achieved through a controlled change in the geometry of the electric field. For example,
by applying the convenient pulsed voltage on one of the electron gun’s electrodes. In the
process of thermo-electron emission, a direct heating of the metal cathode increases the
energy of the free electron gas inside it. At an appropriate cathode temperature, electrons
have enough energy to escape the surface of the metal. The amount of this energy is
defined by the metal work function, specific to every material. Therefore, by applying
convenient voltages on the W electrode, placed just between the cathode and the anode,
the metal work function of the cathode can be additionally altered in a controlled way -

% In the following text, this way of operation will be referred as a continuous mode of the electron gun.
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to enable or prevent the electron emission from the tip of the hot hairpin cathode. The
voltage applied to the W electrode required to fully suppress the electron emission was
determined experimentally. It was done by measuring the electron current at a fixed
distance from the electron gun, as a function of W electrode voltage.

Schematic for measuring the electron current in a Faraday cup is presented in Figure 4.35.
The Faraday cup assembly is made from stainless steel. The electron collector is made
from stainless steel bar, cut at 45° relative to its axis. It is installed in an isolated shielding
tube, with 2 mm diameter hole at the front end. The entire Faraday cup assembly is
positioned at a distance of 72 mm from the last electrode (M) of the electron gun. The
electrode voltages are optimally adjusted to focus the electron beam on the Faraday cup,
indicated by the maximal current readout, for a given cathode heating current and the
electron energy.

Electron gun Faradey cup
WACA S \Y

Figure 4.35 - Schematic diagram for electron current measurement using a Faraday cup.

Schematic for the electron emission current measurement is presented in Figure 4.36. An
external power supply provides the relatively high current of 2.3 A for direct heating of
the cathode. Another external supply provides a tunable negative voltage of up to 350 V
which defines the electron energy since the interaction region is grounded. It is connected
to the cathode through two equal high power resistors of 220 Q, labeled with letter R in
the Figure 4.36. This connection creates such voltage drop across the cathode, that
potential on its tip is exactly -150 V. The cathode tip is a rather small surface and the
energy distribution of all ejected electrons is dictated by the cathode tip temperature only.
For this configuration, the influence of the geometry of the ejecting surface on the energy
spread of ejected electrons is minimal. Thermo-electron emission process yields a typical
energy bandwidth of 0.5 eV, for the tungsten hairpin cathode. Another important
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advantage of applying the voltage to the cathode through resistors, as depicted in Figure
4.36, is that the electron emission current from the cathode can be directly measured?®,

Icathode: 23A
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R
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Figure 4.36 - Schematic diagram for electron emission current measurement.

Figure 4.37 presents the measured electron emission current from the cathode for different
W voltages, as well as the Faraday cup current. For W voltages up to -20 V, we can see
that both the emission current and the Faraday cup current are zero. Therefore for this
given configuration of all other electrode voltages, both currents start increasing from
about W=-20 V until they reach saturation at around W=-14 V.
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Figure 4.37 - Electron emission current from electron gun cathode and current measured
in the faraday cup, as a function of W (Wehnelt) electrode voltage, for 2.3 A cathode current
and 150 eV electron energy, for the pressure of 7x10°" mbar.

101 this method of electron emission current measurement, only approximate value can be obtained.
Measured current is linearly proportional to the real emission current, in the limited range only.
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In order to make sure that there are no electrons emitted from the cathode, we used -50 V
for the beam cut off W voltage. On the other hand, the working W voltage which enables
a good focusing, called beam on voltage, is set to -14 V. It should be noted that only a
small part from 15 pA current emitted from the cathode, actually exits the electron gun
because the majority of electrons are lost inside the electron gun, as seen in Figure 4.37.
For this particular electrode voltage preset current measured in the Faraday cup was
around 2 pA.

Figure 4.38 compares the electric field distribution and the electron beam trace simulation
from program SIMION [59] for different W voltages. The angular distribution of
electrons emitted from the hairpin cathode is wide, thus a negative voltage has to be
applied to the W electrode relative to the cathode potential, in order to narrow the beam.
The influence of a negative W voltage can be seen by comparing Figure 4.38 (a) and (b).
The electrons are scattered over the small aperture of electrode A if the W potential is
kept at the cathode potential (W voltage of 0 V) Figure 4.38a. Optimal W voltage provides
a good focusing and minimizes the loss of electrons that would otherwise scatter on the
anode (Figure 4.38b). However, further lowering of the W voltage relative to the cathode
to a critical value, creates a potential barrier which prevents the electron emission (Figure
4.38c). In this case, the metal work function of the cathode is effectively increased and
the energy of the electrons is lower than the depth of the potential barrier, for the same
temperature (the current) of the cathode.

Figure 4.38 - Electric field and electron beam trace simulation from program SIMION.
Voltages applied on Wehnelt electrode are relative to the cathode voltage: a) 0 V, b) -14 V
and ¢) -50 V. High enough negative voltage completely blocks the electron emission.

4.6.3 Pulsing the electron gun

An electrical schematic of the electron gun with electronic shutter circuit!! is presented
in the Figure 4.39. The cathode and all electrodes are connected to the external power
supplies. Each electrode has its own dedicated voltage divider constructed of variable
resistors (helipots'?) and a few fixed precision resistors. Two power supplies (one positive

1n the following text, term “shutter circuit” will be used to refer to the electronic shutter circuit, which
supplies pulsed voltages on electrode W, in order to pulse the electron beam.

2 Helipot is a multi-turn (up to 20 turns) variable resistor and is commonly used in electric circuits which
require precise resistance adjustment along with high stability of voltages.
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150 V and one negative -50 V) supply electrode voltages required for the operation of the
electron gun. The electrode W is connected to its power supply through the shutter circuit.
It was specially designed for the purpose of this experiment, in order to chop the electron
beam. Details about the shutter circuit and its operation are given in the following
paragraphs. In Figure 4.39, the shutter circuit is represented by a box, as the rest of the
power supplies. The voltage input of the shutter circuit is the same negative power supply
(of -50 V) as the one used for the electrode C. The output of the shutter circuit is triggered
by the external TTL signal, generated by the LTQ mass spectrometer. The shutter circuit
output has two states, depending on the state of the TTL signal. Each state is defined by
one voltage, tuned to either enable or prevent the electron emission, thus allowing for the
pulsed mode of operation.

Electron gun

X WA1 C A2 s
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2V, 5A HDD
Cathode }'ﬂjﬂ
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+150V
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| 3 i
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Figure 4.39 - Electron gun schematic with shutter circuit driven by TTL signal. All
electrode voltages are floating on the potential of the cathode, which defines the electron
energy.

4.6.4 Electron gun shutter circuit

A custom electric circuit was designed in order to supply two different voltages on the W
electrode, triggered by the TTL signal sent from LTQ mass spectrometer. The circuit
operates as a simple switch, connecting either the fixed -50 V to cut off the beam, or the
tunable -14 V voltage, which allows optimal focusing of the electron beam. The basic
principle of operation of the electron shutter circuit is presented in Figure 4.40.

In order to obtain fast and stabile voltage changes, we decided not to use mechanical
relays. The reason is because of their multiple contact closures before the final contact
closure, which would create noise in the highly stable voltages required for electron gun
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electrodes. On the other hand, the solid state relay used in the photon shutter circuit to
drive the DC motor was the barely sufficient speed and stability for this purpose.
Moreover, its power handling is well above nano-ampere currents that are typically
required for electrodes of the electron gun. Also, it would require two of these relays to
assemble the switch from the Figure 4.40. Instead, we designed a switching circuit that
works on a similar principle as the solid state relay — using two optocouplers.

TTL

beam |voltage

on |-14V ——*\_ To Wehnelt
N

i_e
“
off |50V =——t—p@*

Figure 4.40 - The basic principle of operation of the electronic shutter circuit. In the upper
position a switch connects -14 V to the W electrode, enabling the electron emission.
Electron emission is completely blocked if the switch is in the lower position, where -50 V
is applied to the W electrode.

An optocoupler is a passive electronic component, used to transfer the electric signal from
one stage to another, using an infrared photodiode and a phototransistor. When the
photodiode is turned on, infrared light opens the bipolar phototransistor. Because the
resistance between the emitter and collector is very small when the transistor is open and
vice versa, it is suitable for switching. If there is no infrared light, the transistor stays
closed and the collector to emitter resistance is in the order of giga ohms. The basic
principle of operation of an optocoupler is presented in Figure 4.41. The advantage is that
the two optocoupler stages are galvanically isolated from each other and the reaction
speed of the output phototransistor in relation to the input of the photodiode is in the order
of microseconds. The shutting speed used for photons was in the order of 500 ms, but in
the present case with electrons, the shutter circuit was designed to achieve the activation

time of at least 1 ms.
1 —— — 3
in } \\: ( E ) out
2 — 4

Figure 4.41 - Optocoupler — semiconductor electronic element. Infrared (IR) photodiode
and an IR phototransistor are enclosed in a sealed package. Input terminals of the
photodiode are (1) — anode, (2) — cathode, while output terminals of the phototransistor are
(3) - collector and (4) — emitter.
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Schematic of the shutter circuit for W electrode is presented in the Figure 4.42. A detailed
description of the circuit follows. The circuit is designed in two stages, the driver
(optocoupler) and the switching (transistor) stage. The function of the driver stage is to
galvanically insulate the input - the LTQ mass spectrometer, from the high voltage output
— required for the electron gun electrodes. Driven by the first stage, switching stage is
composed of the voltage divider along with two transistors, which applies the high
voltages to the W electrode.

The driver stage consists of two optocouplers O1, O2, the voltage supply for the
optocouplers V1, the current limiter resistors R1, R2 for protection and two digital logic
inverters enclosed in an SN7404 integrated chip. It should be noted that a signal generator
(labeled TTL) in Figure 4.42 is not a part of the shutter circuit and is used for the
simulation purpose only. The anodes of the photodiodes (their left sides in Figure 4.42)
in both optocouplers are connected to the 5 V supply, through the resistors R1 and R2.
The photodiode lights up only if there is enough voltage applied across its terminals®. In
order for optocouplers to be in the conducting state, the cathode (right sides of the
photodiodes in Figure 4.42) has to be polarized at 0 V (grounded). In order to design a
switch which connects only one of the two input voltages to the output (W electrode), two
optocouplers must always work in the opposite states — the first one on, the second one
off and vice versa. The alternating operation is achieved with two digital inverters labeled
N1 and N2 in the Figure 4.42. TTL signal from the LTQ mass spectrometer is simulated
by the signal generator, setup to output a square wave pulse signal, with an amplitude of
5V and 500 Hz frequency. This signal corresponds to the TTL output of the LTQ mass
spectrometer for the activation time of 1 ms. The signal from the function generator is
connected to the inverter N1, whose output is in series with the second inverter N2. The
outputs of the first N1 and the second N2 inverters are connected to the cathodes of the
photodiodes in the first O1 and second O2 optocoupler respectively. Since both anodes
of the optocouplers are fixed at 5 V, this connection will ensure that the cathodes of the
photodiodes are always connected to different voltages (0 V or 5 V). As a result, only one
optocoupler can be in the conducting state while the other one is turned off. For example,
if the input signal (from the signal generator) is at 5 V, the optocoupler O1 will be turned
on, since its cathode will be at 0 V. Inverting the 5 V twice, after passing through both
inverters, the cathode of the photodiode in the optocoupler O2 will, in that case, be at the
same 5 V as its anode - meaning that it is turned off.

13 For silicon PN junctions (diodes) this usually means at least 0.6 V, since it is the value of voltage drop
generated across its terminals in the forward (conducting) direction.

Institute of physics Belgrade | Experimental methods 47



M. Lj. Rankovié¢ PhD Thesis

vz -
300V o
it —
i ‘|||| I
B3
1M
LH - 2 D2
va 4+ o3 MTEZNE0E 1H4447 Wehnelt
S50V — 25k 12 K
21=]
ﬂq.vk 2l D3
MIEZN&0E 1M4447
53]
25
R4 D1 1k
HE_gk W aviz
T o1 T 0z

’ OPTOIED ’ OPTOIED
BCel7 BCel7

Rl
510

vl B2
5V 510
——
_

N1 Nz

> >

500 Hz|
:L SH7404

TTL
075V

Figure 4.42 - Electric schematic for shutter circuit used to simulate and record the
circuit response.

The driver stage of the shutter circuit has the function to drive the FETs (field effect
transistors) that work as switches. An optocoupler driver stage alone cannot handle the
high voltages floating voltages, therefore, the transistor switch stage had to be added.
Both stages combined have a microsecond switching speed, determined by the slower
driver stage, even though the transistor (FET) stage may work in the sub-microsecond
regime. The collectors of the optocoupler output transistors are polarized to 12 V, through
the Zener diode D1. This is not entirely true for the Q2 because it is floating on a variable
part of the voltage divider created by R3 and R8 in addition to 12 V from the D1. For the
transistor Q2, the resistor R6 value had to be increased enough so that it does not always
stay closed. The increasing of the R6 has a downside of lowering the response time of the
rising edge, which is clearly visible in Figure 4.44. The resistor R4 has the protection
function, by limiting the maximal current passing through the bipolar output transistors
of the optocouplers. The transistors Q1 and Q2 are N-channel enhancement mode field
effect transistors and their gates are connected to the emitters of the optocoupler output
transistors. The resistors R5 and R6 are connected in parallel with the drain and the gate
of the FETS, to turn them off when optocouplers are in the off state. FETs have small
capacitance between gate and drain, which can charge up and leave them open for a while.
Resistors R5 and R6 are placed in order to dissipate this charge and close the FETs as
soon as optocouplers are in the off state. Values of these resistors are critical for the
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performance of the circuit and they have been carefully chosen and tested to obtain the
fastest reaction possible. When open, the transistor Q1 shorts its drain and source, thus -
50 V from the external voltage supply V3 goes directly to the W electrode. If the transistor
Q2 is open, then the adjustable voltage from voltage divider formed by helipot R3,
resistors R8 and R9 is connected to the W electrode. In this case, only part of the negative
voltage from V3 is taken, equal to -14 V, required for good focusing in the electron beam
on state. The diodes D2 and D3 ensure that current flow is always in the appropriate
direction, during the transition period between two states. Since all voltages are negative,
the technical direction of the current flow is from W electrode to the voltage supplies V2
and V3. The resistor R7 has the function to polarize the drains of the FETs. The resistance
of R7 also have a significant influence on the shutter circuit performance, thus its optimal
value is experimentally determined.

The performance of the shutter circuit was evaluated in the PC program Circuit Maker,
as well as by measuring the response on a digital oscilloscope. The results of the
simulation are presented in Figure 4.43, while a real performance test is presented in
Figure 4.44. Tests with the electron gun connected to the circuit showed minimal
difference opposed to the unloaded circuit, although there is a visible difference between
the simulation and the real circuit operation. The explanation of such difference lies in
the simple resistive load used for the simulation, compared to a dynamic capacitive load
of the operating electron gun in the real test. The rise time of the circuit was estimated
from Figure 4.44 to around 100 ps, an input delay is in the order of 40 us, while a fall
time is =0.5 us. A big difference between the rise and the fall time of the circuit is a
consequence of discharging the parasitic capacitance of the FETs in the switching (FET)
stage. Future developments of the circuit should be addressed at minimizing this delay by
improving the circuit design with higher performance switching transistors, or even an
optocoupler and a FET integrated into one package. Nonetheless, the results were more
than enough for what was expected from the design and as required for the present
experiment, given that optimal electron activation time was in the order of 500 ms. Figure
4.45 presents the home-made power supply box used in the electron experiments.

1
0.000ms 1.000ms 2.000ms 3.000ms 4.000ms

Figure 4.43 - Simulation of the shutter circuit in the program Circuit Maker, for 500 Hz
square wave input signal, corresponding to 1 ms activation time.
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Figure 4.44 - Digital oscilloscope measurement of the shutter circuit response (Output) for
500 Hz square wave input signal (TTL input), corresponding to 1 ms activation time: (a)
250 ps per (horizontal) grid unit and (b) zoom in, at 100 ps per grid unit.

Figure 4.45 - Photograph of the electron gun power supply assembled for the present
experiment. Electronic shutter circuit is integrated into the box. External high power supply
for the cathode and high voltage supply which defines the electron energy are connected at
the back side.

4.6.5 Coupling the electron gun with LTQ XL mass spectrometer

The differential turbo pumping vacuum stage was designed to couple the electron gun
(described in Section 4.6.1) with the LTQ mass spectrometer. A 3D model of the vacuum
stage with the electron gun is presented in Figure 4.46. It is based on a standard six-way
CF100 cross, with a length of 220 mm. The electron gun is firmly fixed on an L-shaped
Aluminum frame, mounted on a custom CF100 flange. The flange was modified to
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accommodate two CF16 electrical feedthrough flanges mounted on its back side, for the
electron gun connections. A reducer flange CF100-40 and CF40 flexible bellows, provide
the final coupling and allow for a precise alignment of the electron gun with respect to
the ion trap axis.

Figure 4.46 - Cross section view of 3D model of differential turbo pumping vacuum stage
assembly with the electron gun, based on a six-way CF100 cross.

The remaining connections from the CF100 cross are used to fit a turbo pump, an ion
pressure gauge and a glass window. The vacuum gauge is attached to the long flexible
bellows and positioned approximately 1 m away from the vacuum assembly, in order to
reduce the magnetic stray fields as much as possible. The present experimental setup is
only equipped with the electrostatic shielding, while the magnetic shielding was not
installed'®. The vacuum stage design was focused on the alignment precision, as
experience from the experiment with photons showed that it was important. Optimal
alignment is crucial in order to obtain an efficient activation of trapped ions, which results
in a high signal to noise ratio of the instrument. The practical realization of the vacuum
assembly with the electron gun is presented in Figure 4.47.

The entire vacuum assembly is mounted on a rigid support frame and coupled to the back
Plexiglass window of the LTQ mass spectrometer. Figure 4.48 presents the 3D model of
the experimental setup. The initial rough alignment of the electron gun was done by
moving the vacuum stage relative to a fixed position of the LTQ mass spectrometer. The
verification of the rough alignment was done with the laser pointer directed through the
ion trap from the front side (right side of the ion trap in Figure 4.48). The LTQ mass
spectrometer is installed on an adjustable supporting frame [9], with translational and
rotational degrees of freedom. The precise final alignment of the electron gun axis with

14 Due to the space limitations and mechanical complexity, magnetic shielding with Mu-metal sheet foil
was not possible to implement efficiently in the present flexible coupling design.

Institute of physics Belgrade | Experimental methods 51



M. Lj. Rankovi¢ PhD Thesis

respect to the ion trap axis is achieved by fine tuning the position of the LTQ mass
spectrometer frame, during ion activation measurements.

Figure 4.47 - Differential turbo pumping vacuum stage assembly with the electron gun: (a)
electron gun is mounted on a CF100 flange via L-shaped frame and (b) CF100 cross, fitted
with the electron gun, a turbo pump and a glass window (a pressure gauge is attached via a
flexible extension to the upper flange - not shown here).

Plexiglass
window

lon trap

__7L__

o

Aluminum
shielding

Figure 4.48 - 3D model of the coupling of the electron gun with LTQ XL mass
spectrometer.

The electrostatic shielding of the electron gun is achieved with an Aluminum tube shield,
installed along the axis between the electron gun and the ion trap. The Aluminum shield
also prevents charging of Teflon insulated wires installed temporarily for the purpose of
testing the electron gun, as well as all other insulated parts in the ion trap vacuum chamber
inside the LTQ. Details of the electron gun test measurements are given in the Section
6.2.1.
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4.6.6 Experimental procedure

In this section, a description of the experimental procedure for the activation of trapped
ions in the collisions with electrons is presented. Figure 4.49 displays the schematic of
the experiment. The main instrument of the experimental setup is the LTQ mass
spectrometer, equipped with an ESI source on the front side. The vacuum stage with the
electron gun is coupled to the back side, allowing a direct injection of electrons into to
the ion trap.

The experiment is conducted in four steps: 1) ion production, 2) ion selection, 3) ion
activation and 4) detection of fragments. The timeline of the experiment is presented in
Figure 4.50.

Pumping
Electron gun lon trap . lon optics
CF40. Detector 1
bellows ﬁ
CF100 .
0SS Detector 2 |_ out LTQ mass spectrometer
-14V == ion activation
U -50V mm detection
Shutter Delay
circuit 500 ms generator 200 ms
!.. — 5V
200 ms

Figure 4.49 - Experimental method and schematic for synchronization of the LTQ mass
spectrometer with the electron gun.

T r r r r [ T 1T T T T [ T T T T T [T T T T T [T T 1T 1]
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Time (ms)

Figure 4.50 - Timeline of the experiment: 1) ion production, 2) ion selection, 3) activation
and 4) detection.
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(1) Solutions with biomolecular targets were prepared at desired concentration and
injected into the ESI. By fine tuning of ESI parameters as well as solution properties, a
wide range of precursor charge states of molecular ionic species can be produced. The
generated ions pass through a long capillary that ensures pressure difference. The
capillary is heated in order to remove excess water molecules. Guided by ion optics,
comprised of octupole and quadrupole mass filters the electrosprayed ions are introduced
into the ion trap from the front side (right side of the ion trap in Figure 4.49).

(2) Desired precursor ions, with user specified mass-to-charge ratios, are selected and
isolated in the ion trap. In the LTQ, the efficiency of the trapping is further increased by
the presence of the buffer gas. In order to stabilize the trajectories of ions selected in the
trap, Helium buffer gas at the pressure of 10 mbar was used.

(3) Each time the number of trapped ions reach the storing capacity of the ion trap, a TTL
pulse is triggered by the electronics of the LTQ mass spectrometer. In Figure 4.49, the
output of this signal is symbolized with a “TTL out” box. The amplitude of the pulse is
5V, while its duration is defined by the activation time, specified by the user. TTL signal
is directed to the shutter circuit, which switches its output state to -14 V and enables the
electron emission. Consequently, a focused electron beam of defined energy is formed,
which activates the trapped ions. As soon as TTL signal goes back to low state (0 V),
shutter circuit applies -50 V to W electrode, which in turn stops the electron beam.

A delay generator (DG645, Stanford 150 Research Systems, Sunnyvale, CA, USA) is
inserted between the TTL out and the shutter circuit. Its function is to introduce an
acquisition delay between the end of ion activation and the start of the fragment detection.
In that case, the activation time as defined in LTQ software has to be increased by the
amount of the desired acquisition delay. The delay generator is set to output a new TTL
signal on the rising edge of the first one. As a result, a background noise can be fairly
reduced.

(4) The low state of the TTL signal also initiates the start of the ion fragment detection.
In the LTQ, a high-frequency pulse is applied to the ion trap ring electrodes, which ejects
all ion fragments and action MS? is recorded. Optionally, several successively obtained
action MS? for a single electron energy are averaged in order to increase statistics.

The entire process can be repeated for a number of different electron energies, in small
energy steps (typically 0.2 eV), obtaining many MS? as a function of the electron energy.
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5 lon optic basics and simulations

In the electron optics, the electric fields can be generated by applying electric potentials
on specially designed electrodes. The electric potentials are applied to two adjacent
electrodes, in order to form the electrostatic lenses. Depending on an application, the
electrodes are created in a wide range of shapes. The electrodes with planar, cylindrical
or spherical symmetry are the most common. The cylindrical electrodes are typically used
to generate two-dimensional radial electric fields. Other shapes can also be manufactured,
if the requirements for the electric field geometry are more complex, for example, for a
three-dimensional ion trap. The electron lenses work by creating the electric field gradient
that changes the trace of the charged particles. The charged particles can be accelerated,
decelerated, or collimated in a focused ion beam. In the present work, the commercial
program for simulation of ion optics SIMION [59] was used.

5.1 SIMION

First step in the simulation is to define a desired electron optics geometry and its electric
potentials via a special programming code by creating a geometry file. The potentials on
each electrode are defined by the user. In a process called “refining”, the program then
solves the Laplace equation for the electric potential and calculates the electric field
defined by the gradient of that potential using a method of finite differences. This process
gives the solution for the electric field in an empty space between electrodes. After
obtaining the electric field, desired charged particle initial conditions can be set and the
program solves differential equations of motion. In the final step, the program displays
particle trajectories. Additionally, a special LUA programming code can be used for
recording the particle statistics and the definition of time-dependent potentials on the
electrodes.

5.2 lon trap modeling

The linear quadrupole ion trap from LTQ mass spectrometer was modeled in order to
investigate the influences of RF electric fields on the transmission of electrons. A total
length of the ion trap is 68 mm and it is composed of three axial sections. In order to save
the computer resources, each section (see Figure 5.1b) is modeled separately. The front
(1) and the back (3) sections are created in 3D, without the use of symmetry. The center
section (2) is defined by extending a two-dimensional profile in the axial direction. All
sections are composed of four hyperbolic electrodes with a minimal radius of 4 mm (see
Figure 5.1a). Two disk-shaped electrodes (the front and the back plate) with 2 mm
apertures are also modeled in order to accurately simulate the ion trap. Figure 5.1c
presents the isometric view of the modeled ion trap.
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Figure 5.1 - 3D model of the ion trap from LTQ mass spectrometer from SIMION.

Regarding the applied potentials, the ion trap electrodes are arranged in two pairs, one
located on the vertical (Y pair) and the other located on the horizontal axis (X pair), as
depicted in Figure 5.1a. Amplitude of the RF potential is A=400 V, with the frequency of
1 MHz (o/2x), while the amplitude of DC potential is B=100 V. The polarity of the
applied potentials on the each pair of electrodes is given by the following relation:

Y:Asinot+B

X:Asin(o + )t — B (5.1)

Above described configuration of the applied potentials enables only radial trapping of
the charged particles, meaning that they can move freely in the axial direction and
eventually exit the ion trap. In order to restrict the motion of the charged particles in the
axial direction as well, DC potentials in the center section are lowered by 10 V, in relation
to the DC potentials applied to the front and back section. It should be noted that the
amplitudes of the RF and DC voltages in the actual ion trap depend on the m/z ratio of
the selected ions. The amplitudes used in the simulation are the maximal values of these
voltages, which are selected in order to estimate the highest perturbation of the electron
beam. The main program (LUA code) through which the RF and DC fields are applied as
well as the definitions of the electrode geometries (GEM files) are given in Appendix 8.2.
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5.3 Pulsed electron beam transmission

The influence of the RF and DC electric fields on the electron beam in the simulation are
quantified by measuring the geometrical properties of the electron beam at the center of
the ion trap (at 34 mm in the axial position). More specifically, for each electron crossing
the plane perpendicular to the trap axis at the axial position of 34 mm, three variables
were measured: x-coordinate, y-coordinate and the energy.

The initial electron beam has a radius of 0.5 mm with a uniform spatial distribution of a
total of 1.21x10° electrons per pulse, with initial velocities parallel to the ion trap axis.
All electrons have the same initial energy of 300 eV. The electrons are generated with a
Gaussian time distribution, where a standard deviation defines the electron beam pulse
width. In relation to the phase of the RF field, the center of the Gaussian distribution for
each pulse width was always set to an optimal value, for which the highest transmission
is obtained. Since the full period of the RF field is 1 us, any pulse width above this value
can practically be considered as the continuous beam.

The space charge effects were not included in this part of the simulation. The electron-
He collision cross section decreases significantly above the energies of about 60 eV, as
reported by J. Nickel et al [60]. Nevertheless, we investigated the influence of the He
buffer gas to the propagation of 300 eV electron beam in the ion trap.

We present the simulation results obtained after including the interaction between the
electrons and the He atoms. The inclusion of the He buffer gas was done using the
collision model (HS1) within the SIMIONS8.1 example programs, made by D. Manura
[61]. The temperature of the He buffer gas was set to 300 K, at the pressure of 5.3x10
mbar, whereas the total cross section for electron-He scattering was 6=5.56x1072t m2[60].

The obtained results were recorded for three electron beam pulse widths of: (i) Lus, (ii)
100 ns and (iii) 10 ns, as well as the case (iv) 1us where the He buffer gas was included.
Table 5.1 presents the recorded electron beam properties at the center of the trap.

Table 5.1 - Electron transmission results in the ion trap. Tob is the time of the electron
birth with respect to the phase of the RF field phase, while Tenq is the transmission recorded
at the end of the ion trap.

Pulse width [ns] | Tob [ns] Tend [%0]

1000 05 65

1000 (He buffer) 0.5 62
100 0.6 80

10 0.65(5) 100
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The electron beam propagation through the ion trap at three different pulse widths is
presented in Figure 5.3. The electron beam spatial and energy distributions recorded at
the center of the ion trap are presented in Figure 5.3.

The case (i) with a pulse width of 1 us practically represents the continuous electron beam.
We can see that the electrons are highly scattered just at the entrance of the ion trap.
However, a significant number of electrons of about 65% are able to pass through the
entire length of the ion trap. The electron energy distribution presented in the right side
of Figure 5.3(i) show that majority of electrons at the center of the ion trap still have the
same initial energy of about 300 eV, although there is a visible broadening of the energy
distribution of about +2 eV. The spatial distribution of the electrons presented in the left
side of Figure 5.3(i) show that majority of electrons are still within the initial radius of
0.5 mm, whereas the rest is scattered on the electrodes.

Figure 5.2 - Electron beam transmission in the ion trap: (i) 1 ps, (ii) 100 ns (iii) 10 ns and
(iv) 1 ps with included He buffer gas at the pressure of 5x10° mbar and temperature 300
K. The total electron-He cross section used for simulation was 6=5.56x1072! [60].
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Figure 5.3 - Simulation of 300 eV pulsed electron beam in a linear quadrupole ion trap, for
400 V RF and 100 V DC, for three different pulse widths of: (i) 1 ps, (ii) 100 ns (iii) 10 ns
and (iv) 1 ps with included He buffer gas at the pressure of 5x10- mbar and temperature
300 K. The total electron-He cross section used for simulation was 6=5.56x10%' [60].

Decreasing the electron beam pulse widths to (ii) 100 ns and (iii) 10 ns leads to a
significant transmission increase [see Figure 5.3(ii), (iii) and Table 5.1]. The electron
transmission is increased to 80% and even up to 100% (for 10 ns). The influence of the
RF electric fields on the spatial and energy distributions is almost negligible. The
broadening of the electron energy distribution is about 0.5 eV. In comparison with the
real experiment, this broadening is practically in the order of initial energy distribution of
the electrons produced in the thermo-electron emission from the heated cathode.
However, it should be noted that for a very narrow pulse widths (10 ns) the
synchronization with the RF fields is crucial. According to the simulation, deviation of
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about +25 ns from the optimal synchronization point with respect to the RF field phase
can cause a total suppression of the electron beam (a transmission of 0 %).

The electron beam transmission results obtained for the included He buffer gas at 1 us
pulse width (continuous beam) can be seen in Figure 5.2(iv) and Figure 5.3(iv). Spatial
and energy distributions, as well as the transmission recorded at the end of the ion trap
are very similar with the obtained simulation results without the He buffer gas. Although,
we can see that a very small percentage of the electrons is randomly scattered. This is
clearly visible in Figure 5.2(iv) in the region just in front of the ion trap, however, the
scattering is also present in the space between the electrodes inside the ion trap.
Qualitatively, we can say that 300 eV electron beam is not affected significantly by the
presence of the buffer gas. The transmission at the end of the ion trap is slightly reduced
- from 65 % to about 62 % due to the additional scattering on the He atoms.

Present simulation findings clearly show the benefits of the lower pulse widths, although
in the case of a pulse width of 1 ps (continuous beam), satisfactory results were also
obtained, even with the He buffer gas. It should be noted that in the present experimental
setup for electron activation of trapped ions (Section 4.6), due to the limitations imposed
by the response of the shutter circuit, the absolute minimum of the obtainable pulse width
is around 250 us (see Figure 4.44). This is still over 100 times more of what is required
in order to effectively achieve the pulsed electron beam, with respect to the ion trap RF
period. Therefore, according to the simulation, we were not able to experimentally obtain
the optimal electron transmission through the ion trap, since we practically used the
continuous electron beam. The obtained experimental results for the electron-impact
dissociation of biopolymers are presented in Section 6.2.
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6 Results and discussion

6.1 Photon experiments

6.1.1 VUV photo-dissociation of peptides and hydrated nucleotides

Leucine-Enkephalin (Leu-enk) monomer

Peptides are polymeric chains composed of amino acids. They are very important for
living organisms since they play an important roles in performing biological functions
[62]. Their function is linked with their primary structure - amino acid sequence [63].
Any modifications or degradations of the primary structure of biopolymers by energetic
photons (UV, VUV or X-rays) could potentially lead to a cellular death. These processes
are called radiation damage. The investigation of the photo-induced processes in peptides,
mainly with UV and VUV light are important for the understanding of both the radiation
damage at the molecular level and the electronic structure of these species. With
developments of synchrotron radiation sources, the action spectroscopy of building
blocks of biomolecules has become a powerful experimental method capable of giving
more insights into fundamental physicochemical properties of these species. This could
hopefully help understanding the biological functions of large macromolecules that they
form.

In this section, our results of VUV action spectroscopy of protonated Leucine-Enkephalin
(Leu-enk) peptide [64] are presented. Figure 6.1 shows a schematic structure of the Leu-
enk peptide, with the nomenclature of the most prominent ionic fragments. Leu-enk is a
small peptide, consisted of five amino acids with the sequence: YGGFL (tyrosine-
glycine-glycine-phenylalanine-leucine).

Y (tyr) . G(@ly) , G(gly) F(phe) L (leu)

U T 1 T 1 1

Figure 6.1 - The structure of the Leucine-Enkephaline peptide with its five amino acid
constituents and imonium ions with mass-to-charge ratios of Y(136), F(120) and L(86).
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Leu-Enk has been frequently investigated in the past using a vast number of mass
spectrometry techniques. For example, by collision induced dissociation (CID) [65, 66],
surface induced dissociation [67] (SID), black body infrared dissociation (BIRD) [68]
and laser induced dissociation (LID) [69]. The experimental conditions and activation
methods favor certain dissociation pathways dictated by particular fragmentation
mechanisms. The fragmentation scheme of the protonated Leu-Enk was investigated by
V. Rakov et al [66] in the experiment involving multiple resonance CID. The protonation
site is usually located at Nitrogen in the tyrosine amino acid, although other protonation
sites are reported due to the ion mobility ([70] and references therein). Recently, S. Bari
et al [44] reported the VUV photo-induced dissociation of the protonated Leu-Enk by
coupling SR photons with a 3D ion trap, where the ionization energy (IE) was estimated
with DFT calculations to 8.87 eV. Their findings suggest that below IE the absorption of
photons primarily lead to the cleavage of the peptide bonds, while above IE they could
find a new dissociation pathways leading to a fast loss of a tyrosine side chain.

In the present work, protonated Leu-Enk cations [M+H]* (m/z 556) were isolated in the
ion trap and subjected to VUV photons, with the energies in the range from 5.5 eV to 14
eV, with a small energy step of 0.2 eV. Figure 6.2 presents the obtained action MS? after
photon impact at a few selected energies, below and above the IE.

The absorption of VUV photons leads to electronic excitation of the precursor ions,
followed by the dissociation (below IE) or dissociative ionization (above IE), resulting in
the formation of different fragment ions. In the case of backbone fragments (cleavage of
C.-C or C-N bonds), depending on where the remaining charge (proton) stays upon bond
scission, a standard nomenclature was proposed by K. Biemann [71]. If the charge stays
at N-terminal fragments an, bn and ¢y, are formed. The fragments X,, y» and z, are formed
if the charge stays at C-terminal. The number in the subscript indicates the remaining
amino acid residues in the particular fragment ion. The absorption of photons can also
lead to detachment of neutral groups (for example amino acid residues) or scission of
several bonds.

Below the IE, in the action MS? obtained for 6.7 eV (Figure 6.2a), the most prominent
fragments correspond to the cleavage of the peptide backbone. Namely, ion fragments b
and y originate from scission of C-N bond, while the cleavage of C,-C bond results in the
formation of ion fragments a. The backbone fragments are designated at mass-to-charge
ratios bs (m/z 425), as (m/z 397), bs (m/z 278) and y» (m/z 279). This fragmentation
pattern is in a good agreement with the CID experiments [65], where backbone fragments
are also dominant. Moreover, we could observe peaks corresponding to precursor loss of
water molecule [M+H]"-H,O (m/z 538), the tyrosine side chain [M+H]+-107 (m/z 449)
as well as loss of phenylalanine side chain [M+H]"-91 (m/z 465). Even though the
fragments bz and y» have close m/z values, mass resolution in the present experiment was
sufficient to resolve these peaks (see inset in Figure 6.2a). An internal fragmentation of
the ion as leads to the formation of fragments a4-NHsz (m/z 380) and another loss of
glycine a4-NH3-57 (m/z 323). With a loss of the tyrosine side chain, fragment bs forms
into bs-107 (m/z 318). Less abundant peaks correspond to internal fragments GGF (m/z
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262) and GF (m/z 205), while neutral (carbon monoxide) loss from this fragment is the
origin of ion assigned to GF-CO (m/z 177).
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Figure 6.2 - Photo-activation tandem mass spectra of leucine-enkephalin, after 500 ms
irradiation of [Leu-Enk+H]* precursor at: (a) 6.7 eV, (b) 8.4 eV and (c) 12.8 eV photon
energies. The proposed assignments of the most important fragments are given in the figure
while “M” denotes the pseudomolecular ion.

As the photon energy increases towards the IE, in the MS? obtained at 8.4 eV (Figure
6.2b), we can observe gquantitative changes the fragmentation pattern. More specifically,
fragment bz (m/z 278) becomes the most prominent, followed by b, (221) and GF-CO
(m/z 177), whereas the ions as (m/z 397) and bs (m/z 425) are fairly decreased.

Similar fragmentation patterns below the IE as in the CID experiments [65] suggests that
the absorption of photon proceeds with the electronic excitations of protonated Leu-Enk
precursor ions, followed by a fast internal conversion and/or intramolecular vibrational
energy redistribution (IVR) to the vibrationally hot electronic ground state. The relaxation
from these vibrationally excited states results in the dissociation of the Leu-enk precursor
ions dominantly through backbone cleavage.

Above the IE, in MS? recorded for 12.8 eV (Figure 6.2c) we observe a rich fragmentation
pattern in the low m/z region of 150-350. This is due to the opening of more relaxation
channels which become available above IE. It should be noted that the photoionization of
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the residual contaminants in the ion trap is the origin of many unassigned fragments. The
peak at m/z 538 corresponding to water loss is increased by two-fold, as well as the ion
fragment bs (m/z 278). Mass-to-charge ratio of doubly ionized precursor ion [M+H]?* is
also 278, but the question remains if these ions indeed contribute to the mentioned peak.
Indeed, the doubly ionized precursor ion is probably unstable and thus, its contribution to
the peak at m/z 278 is very low, although further studies are required for a definite answer.

Due to a high photon energy resolution, a high mass resolution, as well as a high signal
to noise ratio, the present experimental setup gives the possibility to record the
spectroscopic features and investigate the electronic structure of the protonated Leu-enk
cations. The ion yields for several backbone and internal fragments are extracted from
MS?, by integrating the area under the particular peaks and plotting it against the photon
energy. The ion yields were normalized to both the photon flux and the total ion current,
in order to compensate for their changes throughout the energy scan.

Figure 6.3 presents the ion yields in the photon energy range of (5.7-13.8) eV, obtained
for Leu-enk fragments corresponding to the backbone dissociation. The ion yields are
characterized by a rich spectroscopic structure.
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Figure 6.3 - Normalized relative ion yields from the photodissociation of precursor [Leu-
Enk+H]* in the range from 5.7 to 14 eV. Integrated mass ranges are: (a) b, (m/z = 220.5-
221.5), (b) bz (m/z = 277.5-278.5), (c) bs (M/z = 424.5-425.5), (d) y3 (m/z = 335.5-336.5),
(e) y2 (m/z = 278.5-279.5) and (f) as (m/z = 396.5-397.5). The absolute uncertainties of the
experimental points are shown on the right bottom corner of each panel as A values.

According to the previous studies [15], [72-75], the electronic structure of the peptide
bond in small peptides (di- and tripeptides) can be approximated by a four energy level
system: two occupied m orbitals (m1 and m2), the oxygen lone pair no and the virtual ns”

Institute of physics Belgrade | Results and discussion 64



M. Lj. Rankovié¢ PhD Thesis

orbital. Orbitals 71, w2 and ms” originate from the peptide bond and are bonding, non-
bonding and anti-bonding respectively. A comprehensive fragmentation study of
Substance P peptide with VUV photons was reported by F. Canon et al [15]. Figure 6.4
presents a schematic representation of the electronic structure of Substance P peptide [15].
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Figure 6.4 - Energy diagram for Substance P peptide. Adopted from [15].

The ion yields presented in Figure 6.3 (a) to (e), correspond to the fragments by, b, ba, y3
and y- respectively, which originate from the cleavage of the peptide C-N bond (peptide
backbone fragments). All ion yields obtained for peptide backbone fragments show a
distinctive spectroscopic band centered at about 6.9 eV. This spectroscopic band is
associated with mams” (NV1) transition, followed by a fast non-radiative deexcitation to the
vibrationally hot electronic ground state. Most probably, C-N bond cleavage could then
proceed from this hot ground state. A distinctive spectroscopic band centered at around 7
eV in the ion yield for fragment as; (Figure 6.3e) can be associated with the same
transition, but with different fragmentation channel corresponding to the scission of C,-
C bond. The ion yields for fragments bz and y» show the second band centered at about
9.6 eV, which can be associated with transition mims” (NV2). The scission C-N peptide
bond can, in this case, proceed directly from the excited state n3” [15].

The photo-dissociation yields for b ions (N-terminal fragments), presented in the first row
of Figure 6.3, originate from the scission of the same C-N bond, but at different locations
along the peptide chain. Therefore by comparing their ion yields we can investigate the
differences in the VUV absorption efficiency along the peptide chain. Going from ion b>
towards b4 (i.e. approaching to the C-terminus) the fragment mass increases. According
to the present results, the low energy part of the photo-dissociation yields becomes more
important. Particularly for ion b4 (Figure 6.3c), we can see that with lowering of the photon
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energy, the ion yield increases, suggesting that the formation of bs ion can also be
associated with noms™ (W) transition, previously estimated at about 5.5 eV [15].

Since both b and y ion fragments are formed by the cleavage of the same C-N bond, ion
pairs b2/yz and bs/y. should have similar photo-dissociation yields. This can be seen in
Figure 6.3 by comparing the ion yields from the first and the second column. These pairs
of fragments indeed have similar absorption efficiencies, although the lower energy part
of the yield for y ions is actually more pronounced. The ion yield of the fragment bz shows
a strong increase above 11 eV, whereas the ion yield of the fragment y, slowly decreases.
It was already noted that bz ion has the same m/z 278 as the doubly ionized precursor ion
[M+H]?*, which should strongly increase above the IE. On the other hand, the doubly
charged precursor is very unstable and might decay before the detection. Furthermore,
the ion yield of bz and bs (N-terminal) fragments is higher in the whole photon energy
range relative to the ion yields of ys and y2 (C-terminal) fragments. This is in a good
agreement with the finding that the preferential protonation site for the gas phase Leu-
enk is at the N-terminus [76].

The both bsand asions shown in the last column of Figure 6.3, are formed by the cleavage
of the neighboring bonds C-N and C,-C, respectively, with the charge left at N-terminus.
Therefore, we can compare their photo-dissociation yields. In the low energy region both
ion yields show distinctive spectroscopic band, suggesting that they are dominantly
formed in dissociation process involved with the mos™ (NV1) transition.
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Figure 6.5 - Normalized relative ion yields from the photodissociation of precursor [Leu-
Enk+H]* in the range from 5.9 to 14 eV. Integrated mass ranges are: (a) GF (m/z = 203.5-
204.5), (b) [M+H]*-H.0 (m/z = 537.5-538.5) and (c) [M+H]*-tyrosine side chain (m/z =
448.5-449.5).

Figure 6.5 presents the photodissociation yields for fragments originating from cleavage
of multiple bonds (GF m/z 205), as well as by a neutral loss (water and tyrosine side
chain) from precursor ions. The fragment GF is formed mainly from ys and a4 according
to [67], suggesting that its photo-dissociation yield should be similar to yields of these
fragments. It is indeed similar, although only in the lower energy region with the spectral
band centered at around 7 eV (associated with transition NV1). Unlike for fragments ys
and a4, which show a few spectroscopic features but mainly remain flat with the increase
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of energy, ion yield of the fragment GF shows a strong increase as the photon energy
passes the IE. The peak at m/z 538, corresponding to the water loss shows a similar
increase of the photo-dissociation yield as the fragment bs with the lowering of the photon
energy, suggesting that its formation may also proceed from nonz™ (W) transition. Formed
by the cleavage of the C-N bond, the C-terminal fragment b4 is in close proximity to the
carboxyl group. Therefore, based on the similarity in their photo-dissociation yields, it is
possible that water molecule extraction site is also close to the carboxyl group [64]. In
CID [65] and SID [67] experiments with protonated Leu-Enk, the peak corresponding to
water loss was also observed as the strong relaxation channel. On the other hand fragment
at m/z 449 corresponding to tyrosine side chain loss, show the spectroscopic bands
centered at 6.9 eV and 9.8 eV. These two bands are in a good agreement with the observed
spectroscopic bands obtained for the backbone fragments, associated with electronic
transitions NViand NV respectively. The photo-dissociation yield of the fragment at m/z
449 is similar to the obtained ion yields for b and y fragments, suggesting that its origin
might also be from the peptide backbone cleavage.

Leucine-Enkephalin (Leu-enk) dimer

Leu-enk dimmer is composed of two non-covalently bound monomer units of the Leu-
enk peptide. In the present experiment, dimer precursor ions are produced by ESI from
the same solution used to obtain Leu-enk monomer precursor ions. In this section, our
results from the action spectroscopy of protonated Leucine-Enkephalin (Leu-enk) peptide
dimer below the IE [77] are presented.

The same consideration for fragment nomenclature given in the previous section also
applies here (for a reference see Figure 6.1). Singly charged precursor ions [2Leu-Enk +
H]* are selected in the ion trap and subjected to VUV photons in the range of (5.7-8) eV
with 0.2 eV steps. Figure 6.6 presents the action MS? obtained for 6.7 eV photon energy.

Besides the precursor ions [2M+H]* designated at m/z 1111, we can clearly see that the
most prominent dissociation channel corresponds to the cleavage of the weak non-
covalent bond between monomers, resulting in the formation of the protonated monomer
unit [M+H]" at m/z 556. If we take a closer look in the m/z regions below the monomer
precursor Figure 6.6b, as well as in the region between the dimer and monomer precursors
Figure 6.6¢, we can observe a rich fragmentation pattern.
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Figure 6.6 - Photo-activation tandem mass spectrum of leucine-enkephalin (Leu-Enk)
peptide dimer recorded after irradiation of [2Leu-Enk+H]* precursors at 6.7 eV photon
energy. The lower panels (b), (c) show close up of the mass regions up to (m/z 650) (b) and
down to (m/z 800) (c), respectively. The proposed assignments of the fragments are given
in the figure, where notation “M” corresponds to monomer unit “Leu-Enk”.

The action MS? from Figure 6.6b show strong peaks corresponding to the backbone
fragments as (m/z 397), bs (M/z 425), ya (m/z 278) and y3 (m/z 279). Their relative
intensity distribution is in a good agreement with the action MS? obtained for the
monomer molecule at the same energy (Figure 6.2a). It should be noted that m/z
resolution of the action MS? for dimer molecule presented in Figure 6.6 is lower than in
the case of MS? for monomer molecule presented in Figure 6.2a, due to requirements of
extended mass range imposed by the dimer precursor mass. A broad peak at m/z 380 is
probably associated with the formation of C-terminal peptide backbone ion zs. Strong
relaxation channels correspond to neutral losses from dimer precursor ions. Namely,
water, carbon monoxide and carbon dioxide neutral losses are assigned to peaks at m/z
538, 528 and 512 respectively. Designated at m/z 448 we also observe the peak
corresponding to the tyrosine side chain loss.

The photo-dissociation of dimer precursor below the IE leads to the formation of
backbone fragments that are still bound to the monomer molecule (Figure 6.6¢). More
specifically, the fragmentation channels corresponding to the cleavage of the peptide
backbone are assigned to peaks [M+az] (m/z 805), [M+y.] (m/z 834), [M+c3] (m/z 850),
[M+ys] (m/z 891), [M+x3] (m/z 917), [M+y4] (m/z 948) , [M+as+1] (m/z 953) and ,
[M+x4] (m/z 975). We can also observe many other peaks associated with the extensive
neutral losses from the dimer precursor ion. Particularly the most dominant peaks
correspond to the tyrosine side chain loss [2M+H]*-107 (m/z 1004) and phenylalanine
side chain loss [2M+H]*-91 (m/z 1020).
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Like in the previous section, the investigation of the energy dependencies (photo-
dissociation yields) of the selected fragment ions enables to reveal the electronic structure
of the weakly bound dimer molecule, as well as its photostability towards VUV radiation.
VUV photo-dissociation yields of the fragments originating from protonated Leu-enk
dimmer precursor ion are presented in Figure 6.7 and Figure 6.8.
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Figure 6.7 - Photo-dissociation yields of: (a) [M+H]* (m/z 556.1-556.4), (b) [M+H]*-H.O
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(m/z 1066.0-1066.3) fragments.
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Figure 6.8 - Photo-dissociation yields of: (a) as (m/z 397.05-397.35), (b) bs (M/z 425.08-
425.38), () ys (m/z 393.0-393.3), (d) ys (m/z 336.0-336.3), () M+a, (m/z 952.92—
953.22), (f) M+az (m/z 805.05-805.35), (g) M+x4+1 (m/z 975.0-975.3) and (h) M+y4 (m/z
948.0-948.3) fragments.

The energy dependence of the fragment corresponding to the protonated monomer
[M+H]" (Figure 6.7a) reaches a maximum at around 7 eV revealing a clear spectroscopic
band. If we take the same consideration as in the previous section, suggesting that the
peptide bond in small peptides can be approximated with the system containing four
energy levels [15], [72—75], then the observed band can be associated with the transition
mams (NV1). A fast internal conversion to the hot ground state results in a dissociation of
weak non-covalently bound dimer complex. The yields for fragments corresponding to
H.O (Figure 6.7b) and CO: (Figure 6.7c) neutral loss from the protonated monomer
fragment, show an increase towards higher energies, suggesting that dissociation may
also proceed with transition mims” (NV2). The spectroscopic band at 6.7 eV (NV1 transition)
seems to be more pronounced for fragments corresponding to the neutral amino acid
losses, specifically tyrosine side chain loss (Figure 6.7e) and phenylalanine loss (Figure
6.7d). All fragment yields presented in Figure 6.8, show distinctive spectral band centered
at 6.7 eV. Below the IE, the photo-dissociation of the protonated dimer precursor upon
resonant VUV photon absorption proceeds with the electronic excitation, followed by a
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fast internal energy redistribution to the hot ground state and finally scission of the weak
non-covalent bonds as well as the peptide backbone.

Theoretical description of the protonated Leu-enk dimer has been performed by V.
Cerovski [77] in order to put the experimental results into perspective. First, the
geometries of conformers with the lowest energy are found as in [12] and optimized as
suggested by [76] using the B3LYP/6-31+G(d,p) level of DFT. Previously calculated
vertical ionization energy for this conformer was 9.31eV [12]. Figure 6.9 presents the
lowest energy conformer for protonated dimer.

Figure 6.9 - Geometry of the lowest-energy CF found, shown together with several frontier
orbitals, as indicated in the figure. HOMO-2 (not shown) is localized on Phe(n) just as
HOMO. LUMO+1 and LUMO+2 (not shown) occupy the same part of the molecule as
LUMO. (n) and (p) next to the group name indicate whether the group belongs to the neutral
or protonated monomer, respectively.

The Leu-enk monomer units are bound by Hydrogen bonds indicated by dashed lines.
The monomer molecule with the charge is labeled with (p), while the other neutral
monomer molecule is labeled with (n). Four highest occupied molecular orbitals (HOMO)
are localized around the aromatic groups (HOMO-2 is covered by the HOMO), while the
lowest unoccupied molecular orbital (LUMO) is longitudinally spread across the peptide
backbone. Two more orbitals LUMO+1 and LUMO+2 are also positioned across the
peptide backbone, although with more density distributed towards tyrosine of the
protonated precursor - Tyr(p) in Figure 6.9. Given the obtained electron densities the
following transitions could be expected:

HOMO —n —LUMO +m, (6.1)

where n=0, 1, 2, 3 and m=0, 1, 2. These transitions involve the charge transfer from the
aromatic ring to the peptide backbone of the protonated monomer unit. Given the
electronic stability of the aromatic ring, the charge transfer is weakening the peptide
backbone of the protonated monomer due to the Coulomb repulsion. For this reason, the
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protonated Leu-enk monomer in a dimer molecule is less stable in comparison with the
neutral monomer.

Adenosine 5-monophospate (AMP)

DNA and RNA molecules strongly absorb UV light [78], making them sensitive to photo-
induced alterations. Therefore, a large number of studies has been reported on the photo-
physics of constituent molecules of DNA [79-82]. Particularly, in relevance to the present
results S. Nielsen et al [83], investigated the fragmentation of protonated and
deprotonated AMP molecule, induced by 266 nm photons.

Moreover, in nature biomolecules are surrounded by an aqueous environment, which
affects their properties and biological functions. With modern experimental techniques,
it has become possible to investigate an influence of the solvation on the stability of bio-
molecules. Particularly, the effects of solvation at an extreme limit of only a few water
molecules called micro- or nano-solvation can be investigated. Various studies have
shown that nano-solvation with only one, two or three water molecules can strongly
influence chemical reaction dynamics [84], the structure of peptides [85] or stability of a
peptide dimer [12]. Dissociation of electrosprayed nanosolvated AMP nucleotides
induced by high energy collisions with (Ne, Na) neutral atoms [86] and by electron
capture [87], have also been studied.

In this section, our results of VUV action spectroscopy of protonated bare and hydrated
AMP nucleotide [88] are presented. Figure 6.10 presents the chemical structural formula
of the AMP nucleotide, were Hydrogen nucleus on the right side indicates the protonated
singly charged ion [AMP+H]".

NH,
7 x
(A J
S
7 o
Ho—||=—o—0|-|2 0
OH
HOH Ol-li|

Figure 6.10 - Schematic representation of protonated Adenosine monophosphate molecule.
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Figure 6.11 - Tandem mass spectrum of protonated [AMP+H]* and hydrated Adenosine
monophosphate precursor ion [AMP+H,O+H]*, obtained for: (a,b) colission induced
dissociation (CID); (c,d) VUV photo-induced dissociation at 4.75 eV and (e,f) VUV photo-
induced dissociation at 6.5 eV.
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Both bare [AMP+H]" (m/z 348) and hydrated [AMP+H,O+H]" (m/z 366) AMP
precursors were produced by nano-ESI and isolated in the ion trap. The selected
precursors are subjected to UV photons from the DESIRS beamline. The action
spectroscopy of the trapped precursors was performed by recording many action MS? for
energies in the interval from 4 eV to 12.5 eV with 0.2 eV steps.

Figure 6.11a, b presents the action MS? of bare and hydrated precursor respectively,
obtained with the collision induced dissociation (CID). The action MS? for bare and
hydrated precursors irradiated at 4.75 eV, are presented in Figure 6.11c and d
respectively. Action MS? obtained for both precursors at a photon energy of 6.5 eV are
presented in Figure 6.11e and f.

In MS? from Figure 6.11b, we can see that dominant CID channel for the hydrated
precursor is a water molecule loss, resulting in the formation of a fragment designated at
m/z 348. It should be noted that a significant contribution to the intensity of the peak at
m/z 348 comes from a thermal evaporation of the hydrated precursor, during the trapping
time. Indeed, this peak can be observed in MS? with a relative intensity of around 0.15 %,
even without any activation of the hydrated precursor.

The absorption of a photon below the IE leads to the cleavage of the glycosidic C-Ng bond
(see Figure 6.10). This bond scission results in a formation of a fragment at m/z 136,
corresponding to protonated adenine base [A+H]*, visible in both MS? in Figure 6.11c, e.
Qualitatively good agreement is obtained with recent studies of protonated AMP, at 266
nm (=4.7 eV) [89] and 260 nm (=4.8 ¢V) [90]. Still, there are some differences compared
with the fragmentation pattern reported by S. Pedersen et al [90]. More specifically, we
observe lower abundances of the fragment at m/z 250 corresponding to the phosphate
group loss. This difference can be attributed due to a longer fragmentation times of up to
500 ms in the present experiment, in relation to the sector based instruments. The increase
of the activation energy to 6.5 eV leads to an increase of the protonated adenine peak at
m/z 136.

The observed UV photo-induced fragmentation of the protonated precursor in the present
experiment is fundamentally different from studies reported for a deprotonated anion
[AMP-H]" [89, 91]. In those studies, a very rich fragmentation pattern was observed by
S. Nielsen et al [91]. They have proposed the following fragmentation mechanism: the
photon absorption leads to an electronic excitation into n” state, accompanied by fast
internal conversion to vibrationally excited electronic ground state, which finally decays
through many fragmentation channels [80]. However, the lack of fragmentation channels
in the present experiment indicates that the protonated cation [AMP+H]" probably
undergoes a photo-dissociation through the cleavage of the glycosidic bond, via fast
fragmentation channel directly from the excited =" state.

In MS? from Figure 6.11d and f obtained for the hydrated precursor, we observe a
significant (3-4 time fold) decrease in relative intensity of the peak at m/z 136,
corresponding to protonated adenine base [A+H]*. Also, one more additional fragment
appears at m/z 154, which corresponds to the protonated adenine base bound to one water
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molecule [A+H.O+H]*. Furthermore, CID of hydrated precursor (Figure 6.11b) results in
an intensive water molecule loss (peak at m/z 348), compared to UV photo-induced
dissociation (Figure 6.11d and f). These observations demonstrate the effects of
nanosolvation with only one water molecule.

Theoretical calculations were performed by V. Cerovski for bare and hydrated AMP
precursors in order to give more insights into the present experimental results. The
geometries of conformers (CFs) with lowest energies were found by using the genetic
algorithm approach with classical force field geometry optimization. DFT optimizations
were then performed at M06-2X/6-311G(d,p) level [92], [93], where 50 lowest energy
CFs were considered. Figure 6.12 presents the geometries of lowest energy CFs, CF1 for
bare protonated precursor and two conformers CF1’, CF2’ for protonated hydrated
precursor. All these three CFs have their HOMO and LUMO located on the adenine base,
with a very small part of the electronic density spread across the rest of the cation. Two
CFs are presented for the hydrated precursor, in order to point out two qualitatively
different water hydrogen bondings: (1) to the phosphate group away from the adenine
base (CF1’) and (2) by forming a bridge between the phosphate group and the adenine
base (CF2’). Therefore, upon UV photon absorption and scission of glycosidic bond, two
main fragments are expected: bare protonated adenine base from CF1’ and hydrated
protonated adenine base from CF2’, as confirmed by the present experimental findings
(see Figure 6.11d and f). The calculated vertical ionization energies (VIEs) for CF1, CF1’
and CF2’ are 12.53 eV, 12.48 eV and 12.12 eV respectively. Binding energies of water
hydrogen bonds for CF1’ and CF2’ are 69 kJ/mol and 69.5 kJ/mol respectively (<0.72
eV).

CF1

CF2'

Figure 6.12 - Lowest energy conformers structure found for [AMP+H]* (CF1) and [AMP
+ H20+H]* (CF1’, CF2') at M06-2X/6- 311G(d,p) level of DFT. The protonated AMP
(CF1) has the protonation site located at N3 atom.
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Figure 6.13 - Photodissociation yields of protonated adenine base [A+H]* (circles) and
[d—H]* (diamonds) fragments from the bare protonated precursor [AMP+H]*: (a) yield of
[A+H]* (up triangles) from bare precursor; (b) yield of [A+H,O+H]" (down triangles) from
the hydrated precursor; (c) yield of [AMP+H]* fragment from hydrated precursor,
corresponding to the loss of a single water. The dashed line marks the average water loss
upon thermal evaporation from the ion precursor, without photon irradiation; (d) time-
dependent B3LYP/6-31+G(d,p) calculated absorption spectra of conformers from Figure
6.12. Curves are obtained from the sticks by a 0.1 eV Gaussian convolution of the
calculated transitions, providing a visual representation (the curve for CF1 is plotted as a
full line, normalized to experiment at 4.75 eV).
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The energy yields for fragments from bare precursors [AMP+H]" are presented in Figure
6.13a. The energy yield of protonated adenine base fragment, for bare precursor (circles
in Figure 6.13a), shows distinctive resonant spectroscopic features, associated with
absorption bands. One band is centered at about 4.75 eV (=260 nm), which originates
from the adenine base and is well known nn* transition [78] also found in laser-based
experiments. The observed spectral band is in a very good agreement with the absorption
band of the protonated adenine base found at 4.7 eV by Pedersen et al [90]. We can also
observe a second absorption band centered at about 6.5 eV, which is a dominant
photodissociation channel for the bare precursor. Benchmark calculations reported by P.
Szalay et al [94], using coupled-cluster methods to find oscillator strengths for adenine
base, revealed transitions 3nn* (6.5 eV) and 4nn* (6.88 eV). The present experimental
results are in a very good agreement with our theoretical absorption spectrum (Figure
6.13d), calculated by using the time-dependent density functional theory (TD-DFT), with
B3LYP/6-31+G(d,p) basis set. The theoretical absorption spectrum is approximated by
Gaussian convolution with 0.1 eV standard deviation, of calculated transition
probabilities (oscillator strengths).

The fragmentation patterns of protonated AMP were reported by A. Bagag et al ([95] and
references therein). The process requiring multiple bond cleavages is the mechanism of
formation of the fragments [d-H]* (m/z 164) and [c-H]* (m/z 178), in MS? from Figure
6.11e. Therefore, the yield of the fragment [d-H]* starts increasing only at higher energies
(diamonds in Figure 6.13a). It should be noted that in the present experiment conducted at
room temperature, we do not have any control over the conformer formation and
distributions. Also, the energies higher than the IE (resulting in a higher density and
number of states) were not included in the TD-DFT calculation.

Figure 6.13b presents the energy yields of fragments originating from the hydrated
precursor [AMP+H>0+H]". The energy yields of fragments corresponding to protonated
adenine base (stars) and the protonated adenine base bound with one water molecule (up
triangles), also show the spectral features associated with nn* transition after photon
absorption. The theoretical absorption spectrum of the protonated hydrated precursor
presented in Figure 6.13d, for CF1’ (dashed line) is also in good agreement with the
measured yield. However, we observe a significant reduction of the peak intensity for the
fragment [A+H]* (Figure 6.11b). It should be noted that B. Liu et al [86] observed that
the protection effects of nanosolvation for deprotonated adenine base upon collisions with
sodium atoms starts for 10 added water molecules, while a significant dissociation
reductions were observed above 13 added water molecules. In the electron capture
dissociation (ECD) experiments the fragmentation was even increased with the addition
of water molecules [87].

From the present findings, the photo-induced dissociation mechanisms of protonated bare
and hydrated AMP nucleotide can be summarized as follows. The CID occurs on the
ground electronic state, after statistical redistribution of the absorbed energy over the
vibrational modes. UV photoexcitation can result in statistical and non-statistical
fragmentation: (a) [AMP-H] undergoes fast internal conversion to a vibrationally hot
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electronic ground state, followed by a thermal (statistical) fragmentation [80]; (b)
[AMP+H]" dissociates directly from excited electronic state (according to present
findings and [89], [90]) and (c) [AMP+H>O+H]", as we propose, also dissociates from
the excited electronic states faster than intramolecular vibrational energy redistribution.

6.1.2 K-shell excitation and ionization of Ubiquitin protein

Proteins play a very important role in vital biological functions of living organisms. The
folding - an arrangement of their constituent polypeptide chains in the three-dimensional
space, is closely correlated with actual functions that they perform in the living organisms
[96]. With the advancements and technological developments of the experimental
techniques, an increasing number of studies of protein structures is reported [97]. An
already established experimental technique for probing the spectral properties of a wide
range of samples including biomolecules is near-edge X-ray absorption fine structure
(NEXAFS) spectroscopy [98]. At first, NEXAFS was dedicated to probing samples (with
low-Z numbers) prepared as thin films, in order to resolve the structure of molecules
bound to surfaces. Recently, Y. Zubavichus and coworkers [99], reported a study where
they probed the amino acids and proteins prepared as thin films with soft X-ray photons.
In this method, incident SR X-ray photons excite core electrons, usually the ones closest
to the nucleus (K-shell), into higher molecular orbitals. If the photon energy is high
enough (above K-shell IE), direct transitions into the ionization continuum is also
possible. It should be noted that transitions of core electrons into particular molecular
excited states prefer certain photon polarizations. Since the polarization of SR produced
in modern third generation synchrotrons is completely tunable, NEXAFS technique can
be also highly selective. The sensitivity of the technique is also high, provided by the
unmatched brilliance of the SR compared to any other X-ray source. An important aspect
of the technique is that the incident photon energies are in the range from just slightly
below up to 30 eV or so, above the ionization threshold of the molecular target. In this
energy range, near-edge X-ray absorption fine structure is characterized by strong and
distinctive features, similar to shape resonances [100]. Close inspection of such
resonances reveals the electron structure of the target molecules.

With the advent of ESI technique it has become possible to isolate large biomolecular
targets such as proteins in the gas phase. By subjecting the trapped biomolecular ions to
soft X-ray photons with subsequent acquisition of action tandem mass spectra over near-
edge energies, we can perform the action NEXAFS. A. Milosavljevi¢ et al [18] recently
performed action NEXAFS of the Cytochrome C protein. Our results from the action
NEXAFS study involving Ubiquitin protein [101] are presented in this Section.

By means of electrospray ionization, we produced the precursor ions of the Ubiquitin
protein with charge states from +4 to +11, which were subjected to X-ray photons in the
range of (282-304) eV for C-edge and (394-414) eV for N-edge.
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In order to reveal the relaxation processes undergoing in a protein after soft X-ray photon
absorption, Auger decay process has to be closely inspected below and above the inner-
shell IE. Figure 4.1 presents the scheme for K-shell excitation/ionization of a protein
followed by an Auger decay.

K-shell excitation/ionization E IE
1 1 1
9 S o
| | i i excitation | ionization
d===Dh 1
| = s . - | > Precursor: [M+nH]"*
. : ! Detected photo-ions
et Gils |, Resonant Auger decay
Auger decay Multiple resonant Auger decay ————
| | - ! > SI: [M+nH] (1
i i
| > |< i : 4 —> DI: [M+nH] (™21
ST SR N S R— .
| I i i TI: [M+nH](n+3
N Cls Auger decay
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Multiple Auger decay
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Figure 6.14 - Schematic representation of the K-shell excitation/ionization of a protein,
followed by an Auger decay. Adopted from [101].

Below the IE, resonant absorption of a soft X-ray photon leads to excitation of the core
electron from K-shell into an unoccupied, bonding molecular orbitals, forming a core
hole. A valence electron fills the core hole in the order of femtoseconds and the system
relaxes with an ejection of an electron. The process is called the resonant Auger decay
[102]. It is possible that multiple valence electrons are ejected owing to a multiple Auger
Decay [103]. However, the single ionization of the precursor ion is the most probable
relaxation channel. In general, for n-time multiply charged protein precursor, resulting
relaxation channels are represented by relation (6.2) [101]:

[M+nH]" +hv —[M +nH]"™™"* + ke™, where k=12,... (6.2)

Above the K-shell IE, a core electron is directly ejected into the ionization continuum
creating a core hole, which triggers the normal Auger decay. In this process, the double
or multiply ionized precursor ion is created. Relation (6.3) [101] describes the resulting
process:

[M+nH]™ +hv —[M + nH]" "0 4 (k +1)e™, where k=12,... (6.3)
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MS? obtained at a photon energy of 288.2 eV, for 5+ precursor charge state of the
Ubiquitin protein is presented in Figure 6.15. The spectrum was normalized to the
intensity of precursor ion [M+5H]>* designated at m/z 1714. Dominant relaxation
channels correspond to single (SI), double (DI) and tipple ionization (T1) of the precursor
ions. They appear in the spectrum at mass-to-charge ratios of 1428, 1224 and 1071
respectively. It could also be seen that peaks corresponding to ionization are followed by
clearly resolved low-mass neutral losses. All these relaxation channels are a consequence
of the resonant Carbon (1s—n"amide) X-ray photon absorption.
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Figure 6.15 - Tandem ESI/photoionization mass spectrum of Ubiquitin protein, 5+ charge
state precursor, obtained after photon impact at 288.2 eV. Adopted from [101].

The action K-shell NEXAFS around C-edge and N-edge energies of Ubiquitin protein
was obtained by acquiring many action MS?2 around 300 eV and 400 eV photon energy
regions respectively, with 0.2 eV energy steps. The ion yields for SI, DI and TI of
Ubiquitin 5+ precursor [M+5H]%*, were extracted from these MS? by integrating the area
under the corresponding peaks, normalizing to the total ion current and the photon flux
and finally by plotting against the photon energies. Figure 6.16 presents the obtained
photoionization yields.
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Figure 6.16 - K-shell photoionization energy yields of the Ubiquitin protein, 5+ charge
state precursor: (a) C-edge and (b) N-edge. Peaks are integrated over the range Am/z=+1
around, SI - single ionization [M+5H]¢* (m/z 1428), DI - double ionization [M+5H]""* (m/z
1224) and TI - triple ionization [M+5H]®*" (m/z 1071). Adopted from [101].
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Prominent spectroscopic features (bands) are visible for Sl yields in Figure 6.16. The
clearly resolved bands are marked with letters A, B and D. Bands A and B are associated
with excitations of Carbon core electron 1s, into molecular orbitals corresponding to "c-c
(aromatic) at 285.3 eV and n'c.n (amide) at 288.2 eV, respectively. The excitation of
Nitrogen 1s electron into molecular orbital corresponding to peptide bond m"c.n (amide)
at 401.2 eV is associated with band D. Bands C and E originates from an overlap of many
transition contributions mainly associated with ¢~ resonances [18].

DI yields from Figure 6.16, show an increase at around 294 eV (C-edge) and 409 eV (N-
edge) as a result of the opening of the direct double ionization channel. Since the yields
are not background subtracted it should be noted that DI can still dominantly occur even
below the IE thresholds due to multiple resonant Auger decay, initiated by resonant
Carbon (or Nitrogen) core 1s electron excitation into bonding molecular orbitals. Looking
at relation (6.2), if we take k=2 (for double Auger decay) and n=5 (5+ charge state), it
would yield [M+5H]"7* with m/z 1224 - corresponding to DI peak. Considering the C-
edge, both SI (from resonant Auger decay) and DI yields (from resonant double Auger
decay) below the IE, are dominantly triggered by the same process C 15— amide.
Therefore, their shapes in this energy region should in principle be similar, which indeed
is the case (see Figure 6.17).

Ubiquitin [M+5H]""
31 C-edge

Threshold:
(294.3:+0.2) eV

29 —o
SIx0.15
@ DI -0.15xSI
=~ Linear fit

Relative yield (%)

282 2é4 2é6 2tl38 2§0 2;32 25'34 ZEI)S

Photon energy (eV)
Figure 6.17 - Normalized single (SI, [M+5H]®" m/z 1427-1429) and double (DI,
[M+5H]™" m/z 1223-1225) C K-edge photoionization yields of the 5+ charge state
precursor [M+5H]*" of ubiquitin protein. Circles represent a difference DI — 0.15 x SI,
resulting in normal Auger decay contribution of DI yields fitted to a linear threshold model
(line). Adopted from [101].

In order to remove the multiple Auger contribution in DI yield, we performed the
following procedure. By downscaling the SI with a factor of 0.15 and fitting the difference
A=DI-0.15*SI with a linear threshold, we obtain the appearance energy (threshold) for
DI. The obtained threshold curve (thick red line in Figure 6.17) now represents the
contribution to direct K-shell ionization, which is possible only above IE. With this
procedure we obtained the IE of 5+ charge state of Ubiquitin protein at (294.3+0.2) eV.
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6.2 Electron experiments

6.2.1 Test measurements

Testing of the experimental setup is performed in two steps. The first step involves tuning
the electrode voltages to optimal values and the characterization of the electron beam in
the continuous mode. In the second step, the trapped ions are subjected to the pulsed beam
of electrons of a defined energy during an optimal irradiation time, which has been
defined previously.

In order to perform the optimization of the electrode voltages in the electron gun, the ion
trap in the LTQ was temporarily modified, to allow for the electron current measurements.
The electrical setup for the current measurement is presented in Figure 6.18. During the
current measurements, all ion optics lenses including the ion trap and the detectors were
turned off. Only the internal turbo pump has to be switched on.

The ion trap in the LTQ is equipped with two end disc plates, which appeared convenient
for current measurement. The size of the aperture on both plates is 2 mm. This aperture
was used for the beam profile measurement. The original wires in LTQ which supply the
voltage to the front and back disc plates were disconnected from the ion trap. Two Teflon
insulated Copper wires are connected instead, one on each plate of the ion trap. The front
plate of the ion trap is grounded. The back plate is closed with the Aluminum foil,
connected to the pico-ampere meter and polarized to +24 V relative to the ground, as
depicted in Figure 6.18. The distance between the last electrode of the electron gun and
the front plate of the ion trap is approximately 110 mm. The back plate is positioned at
65 mm from the front plate. Therefore, the final distance from the electron gun to the
current measuring point was around®® 175 mm.

15 This distance is a close estimation, since flexible bellows position is changed during optimal alighment.
Also, it can contract slightly once the pressure inside the vacuum manifold reaches ultra-high vacuum. For
this reason, a final distance is estimated with uncertainty of up to 5 mm.
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Figure 6.18 - An electrical scheme for the current measurement: 1) electron gun, 2) LTQ
front plate - grounded, 3) LTQ back plate - connected to the pico-ampere meter, 4) ion trap,
5) ion detectors and 6) aluminum foil attached to back plate.

By measuring the continuous electron current on the back plate of the ion trap, optimal
adjustment of the electrode voltages and characterization of the geometrical properties of
the electron beam inside the ion trap was done. The results of the measurements are
presented in Figure 6.19. The smallest spot size of the electron beam (or optimal focusing)
on the back plate of the ion trap is indicated by the maximal back plate current reading.
Optimal focusing, for a given electron energy is achieved by adjusting the voltage on the
electrode V in the electron gun (for reference see Figure 4.34 or Figure 4.39). The back
plate currents measured for different electron energies are presented in Figure 6.19a.
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Figure 6.19 - Electron current measured at the back plate of the ion trap: a) plot of the back
plate current versus the electron energy and b) electron beam profile. Simulated profile in
SIMION is obtained for the beam width of 1.1 mm and pencil angle of 0.3 degrees and is
in a good agreement with the measured profile.

The back plate current does not change significantly within the energy span of almost 100
eV. In particular, we were interested in a small energy range around 300 eV,
corresponding to C K-shell edge. The mentioned energy range of (280-300) eV is
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indicated by the dashed lines in Figure 6.19a. The current in this part of the energy range
is practically constant around the value of 1.8 pA. Therefore, a normalization of the ion
fragment intensities in the marked energy range was not necessary.

The electron beam profile is obtained by moving the LTQ mass spectrometer sideways
relative to the vacuum assembly. The recorded profile for the electron energy of 300 eV
Is presented in Figure 6.19b. Due to the limitation in the maximal sideway extension of
the flexible bellows, the measured profile is not fully completed. A programing code is
written in PC program SIMION, in order to simulate the geometrical properties of the
electron beam. The code is presented in Appendix 8.1. A good agreement with the
measured beam profile is obtained for a simulated electron beam width of 1.1 mm and a
pencil angle (divergence) of 0.3 degrees. According to the simulation, the electron beam
width at the front plate of the ion trap is =<2 mm. The obtained beam profile is very similar
to the measured beam profiles for the same electron gun in the experimental setup UGRA
from Belgrade. This was expected since no external electric fields from the ion trap are
present during the electron current measurements. After the initial testing of the electron
gun in the continuous mode, all original electrode connections of the ion trap were
reverted back to its previous state.

The trapped molecular ions are activated in collisions with electrons, during the activation
time. Part of the electron energy is absorbed by a molecular ion, which leads to the
fragmentation and ionization. An important question is for how long activation time
should last, before reaching a saturation of the signal intensity or even a detector
damage?*®. To establish optimal activation time under present experimental conditions,
trapped molecular ions were probed with different electron beam pulse widths.

Prior to the ion activation, tests with lowered detector multiplier voltages were performed,
in order to find their safe operating values. The beam of electrons was introduced in an
empty ion trap, without selecting any ions. The detection and the mass spectrum
acquisition was turned on, but with zero electron multiplier voltages on both detectors.
For safety reasons, we decided to use only one detector. The electron multiplier voltages
were gradually increased until normal values were reached, while constantly checking the
mass spectrum. Since no abnormalities were present in the mass spectrum, typical
working multiplier voltage of -1234 V (for positive ion mode) was set on the first detector,
while the other one was keptat 0 V.

Precursor ions of Ubiquitin protein with charge state 7+ were produced by ESI and
isolated in the ion trap. The trapped ions were subjected to short bursts of 300 eV electrons
during a specified activation time (defined by the pulse width). An averaged tandem mass
spectrum was recorded during 3 min for every pulse width. By this procedure, the MS?
were obtained for pulse widths of: 2, 5, 10, 20, 50, 100, 200, 500 and 1000 ms. The MS?
acquisition delay for each pulse width is presented in Table 6.1. The intensities of several
selected ion fragments of the interest were extracted and plotted against pulse widths in

16 See Section 4.3, for description of the LTQ mass spectrometer detection system.
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Figure 6.20. An example of one of the action MS? obtained for 500 ms pulse width, is
presented in Figure 6.21.
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Figure 6.20 - lon signal versus pulse width, measured for Ubiquitin 7+ precursor: a) peak
at m/z 1071 corresponding to the single ionization of the parent ion and b) fragments
originating from the electron background noise.

Table 6.1 - Acquisition parameters for the obtained MS? for Ubiquitin protein.

Pulse width [ms] 2 5 10 | 20 | 50 | 100 | 200 = 500 | 1000
Act. time [ms] 30 | 30 | 30 | 100 100 K 200 | 400 | 1000 | 2000
Acq. delay [ms] 28 | 25 | 20 | 80 | 50 | 100 | 200 | 500 | 1000
110 —rrrre LR IRARARRRL IR LA BB LR IRARARRRL rrrrrTTT
;\3100 ) Ubiquitin MS?, EHI:SOO eV, 500 ms [M+7H]7+ )
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Figure 6.21 - Tandem mass spectrum recorded for Ubiquitin protein, precursor charge
state 7+, for the electron energy of 300 eV and the pulse width of 500 ms. The spectrum
was not background subtracted and contains both ion fragments and the noise signal.

The ion fragment designated at m/z 1071 in Figure 6.21 corresponds to the single
ionization of the parent Ubiquitin precursor ion. The intensities of this ion fragment
obtained for different pulse widths are presented in Figure 6.20a. The peaks in the low
mass region in Figure 6.21 with mass-to-charge ratios 553, 479, 417, 387, 357 do not
originate from the isolated precursor ion. The intensities of the background noise peaks
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in relation to the pulse widths are presented in Figure 6.20b. They can be observed in the
MS? even when no ions were isolated in the ion trap, thus we consider them as the noise
signal. Both the ion fragments and the background start increasing for pulse widths higher
than 10 ms, although the background is always slightly higher. Maximum of the intensity
for ion fragment m/z 1071 is at 500 ms, while background continue to increase even
further with increasing the pulse width. Therefore, based on the fragment intensity values
presented in Figure 6.20, 500 ms is selected as optimal activation time (electron beam
pulse width) for Ubiquitin protein.

6.2.2 MS? examples - Ubiquitin, Substance P and Melittin

Several large bio-molecular targets were introduced into the gas phase and activated in
collisions with soft X-Ray energy electrons. In order to demonstrate the effectiveness of
the electron activation method, MS? are presented for protein Ubiquitin, peptides
Substance P and Melittin.

It should be noted that peaks with relatively high intensities appear in the low mass region
in every MS?. Their origin is not from the trapped precursor ions and they are regarded
as the background noise. The most probable cause of the background could be the
ionization of residual impurities on the ion trap electrode surface, as well as from
ionization of neutral species produced by ESI. Another possibility could be the direct
detection of reflected electrons by electron multipliers in the detectors. Increasing the
acquisition delay reduces the background, but with an expense of a decrease in ion
fragment intensities. Therefore, depending on the abundance of the produced precursor
ions, both the electron beam pulse width and the acquisition delay have to be optimized.
For the purpose of the background noise subtraction, MS? for each molecular target was
recorded three times: a) electrons and ions, b) electrons only and c) ions only. The final
MS? presented below were obtained by (b) from (a). Additionally, MS? obtained with
electrons only is presented for each target, to reflect the slight change of the experimental
conditions (regarding the neutral species content).

Ubiquitin, [M+7H]"*

Ubiquitin is a small protein composed of 76 amino acids, which exists in almost all
eukaryotic cells and has a molecular weight of 8565 g/mol.

The precursor ions with charge state 7+ from Ubiquitin protein, were selected in the ion
trap and subjected to the electron impact at 288 eV electron energy. Figure 6.22 presents
the MS? recorded without any ions produced, whereas Figure 6.23 presents the
background subtracted MS? obtained for 288 eV electron energy.

The tandem mass spectrum presented in Figure 6.22 contains strong peaks designated at
mass-to-charge ratios 360, 387, 401, 417, 479, 491, 553 and 873. The MS? is recorded
for the electron energy of 288 eV, for 500 ms pulse width, 200 ms acquisition delay and
is normalized to the intensity of the strongest peak at m/z 479. The mentioned peaks that
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dominate the spectrum, along with all other visible peaks, represent the noise signal since
there are no trapped precursor ions. Without a precise knowledge of the residual content

in the ion trap, it is not possible to assign these peaks. Therefore, so far, their assignment
remains unknown.
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Figure 6.22 - Mass spectrum recorded with no isolated ions, for electron impact energy of
288 eV, 500 ms pulse width and 200 ms acquisition delay, acquired during 3 min.
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Figure 6.23 - Tandem mass spectrum recorded for 288 eV electron impact with protein

Ubiquitin, 7+ charge state precursor. Electron beam pulse width is 500 ms, with acquisition
delay of 200 ms, acquired during 3 min.

MS? presented in Figure 6.23 was acquired during 3 min, it is background subtracted and
normalized to the intensity of the precursor ions designated at m/z 1225. Distinctive peaks
are observed at mass-to-charge ratios 1071 and 952. They correspond to the single and

double K-shell ionization of the precursor ions, respectively. More details are given in
the Section 6.2.3.

Substance P, [M+H]*

Consisted of 11 amino acids, Substance P is a neuropeptide with a molecular weight of
1347 g/mol. It acts as a neurotransmitter and neuromoderator. A comprehensive review
of the Substance P was reported by S. Harrison at al [104].
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The singly charged precursor ions of Substance P peptide are selected in the ion trap and
subjected to electron impact at two energies. Figure 6.24 presents the MS? obtained with
no ions selected, for 293 eV electron energy. Background subtracted MS? obtained for

electron energies of 288 eV and 293 eV, are presented in Figure 6.25 and Figure 6.26
respectively.

. Electron noise at 293 eV, 900 ms
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Figure 6.24 - Mass spectrum recorded with no isolated ions, for electron impact energy of
293 eV, 900 ms pulse width and 100 ms acquisition delay, acquired during 3 min.
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Figure 6.25 - Tandem mass spectrum recorded for 288 eV electron impact with peptide
Substance P, singly charged precursor. Electron beam pulse width is 900 ms, with
acquisition delay of 100 ms, acquired during 15 min.
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Figure 6.26 - Tandem mass spectrum recorded for 293 eV electron impact with peptide
Substance P, singly charged precursor. Electron beam pulse width is 900 ms, with
acquisition delay of 100 ms, acquired during 15 min.

Compared with the MS? presented in Figure 6.22, the same peaks corresponding to the
noise signal dominate the lower mass region of the MS in Figure 6.24. A distribution of
peak intensities is slightly different, given that the electron beam pulse width, the energy
and the acquisition delay are also different. A decreased acquisition delay of 100 ms,
yields higher overall noise. Unassigned noise peaks in Figure 6.24 with mass-to-charge
ratios of 387, 553 and 873 show relative intensity increase, in comparison with the same
peaks obtained at an electron energy of 288 eV (Figure 6.22).

Besides singly charged Substance P precursor ion [M+H]" designated at m/z 1374, the
tandem mass spectra presented in Figure 6.25 and Figure 6.26 also reveal the ion
fragments. In order to compensate for the low abundancy of precursor ions produced by
ESI, the electron beam pulse width was increased to 900 ms and the MS? were acquired
during 15 min. The peak at m/z 673 corresponds to the radical cation [M+H]"** originating
from the single ionization of the precursor ion, due to the Auger decay. After the neutral
loss of CH2CHSCH3, part of the methionine residue usually present in proteins, radical
cation [M+H]?* forms the ion fragment with a mass-to-charge ratio of 636. This ion
fragment is also reported by Canon et al [15], in a comprehensive fragmentation study of
the trapped Substance P cations, activated with VUV photons from synchrotron radiation.
Comparing the two MS? presented in Figure 6.25 and Figure 6.26, we observe a slight
increase in the relative intensities of ion fragments at m/z 673 and 636, for the electron
activation energy of 293 eV.

Melittin, [M+2H]%*

Melittin peptide is present in the honey bee venom and is composed of 26 amino acids,
with a molecular weight of 2846 g/mol.

Doubly charged precursor ions of Melittin peptide, are selected in the ion trap and
subjected to the electron impact at the energy of 293 eV. Figure 6.27 presents the MS
obtained with no ions selected, at 293 eV electron energy. A background-subtracted MS?
obtained for electron energy of 293 eV is presented in Figure 6.28.
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Figure 6.27 - Mass spectrum recorded with no isolated ions, for electron impact energy of
293 eV, 900 ms pulse width and 100 ms acquisition delay, acquired during 5 min.

The electron noise mass spectrum presented in Figure 6.27 is also characterized by the
distinctive peaks in the low mass region. The peak designated at m/z 553 shows up as the
strongest and followed by the peak at m/z 479. Even though the electron energy, the pulse
width and the acquisition time are the same as for the Substance P in Figure 6.24, the
distribution of the noise peak intensity is different. The different noise peak distributions
suggest that experimental conditions are changed if a new analyte solution was injected
into ESI, even though the precursor ions were not isolated in the ion trap. Compared with
the electron noise obtained for Ubiquitin and Substance P, the noise peak observed at m/z
873 in Figure 6.27 appears with an increased intensity.
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Figure 6.28 - Tandem mass spectrum recorded for 293 eV electron impact with peptide
Melittin, doubly charged precursor. Electron beam pulse width is 900 ms, with acquisition
delay of 100 ms, acquired during 25 min.

The tandem mass spectrum presented in Figure 6.28 shows a strong ion fragment at m/z
949, corresponding to the radical cation [M+H]"3*. It is formed by single ionization of the
precursor ion at m/z 1424 followed by an Auger decay. After a neutral loss of about 45
amu from the radical cation [M+H]"*, the peak with the mass-to-charge ratio of 934 is
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formed. The radical cation [M+H]™* that corresponds to double ionization of the Melittin
precursor ion would appear in the spectrum at m/z 712. Although the MS? in Figure 6.28
Is background subtracted, it is not entirely clear if the small peak observed at m/z 712 can
be assigned to this radical cation. The electron noise MS? from Figure 6.27, does show a
small noise peak at m/z 710. This noise peak is very close to the radical cation peak at
m/z 712, thus there is a possibility that we observe a noise signal instead. Another peak
at m/z 877 also remains unassigned so far. It might be assigned to a neutral loss from
[M+H]%*, corresponding to 216 amu. However, the presence of a broad noise signal peak
at m/z 873, clearly visible in the MS? from Figure 6.27, brings the ion origin of the peak
at m/z 877 into question.

6.2.3 Electron induced action spectroscopy of Ubiquitin protein

Multiply charged precursor ions of Ubiquitin protein, with 7+ charge state were produced
by electrospray ionization and activated with electrons. Electron energy was scanned near
Carbon K-edge, from 280 eV to 300 eV. The same target was also probed with soft X-
ray photons, by A. Milosavljevic et al [101]. The two obtained action MS? for practically
the same incident energies of 288 eV, are compared in Figure 6.29 [105].

Figure 6.29a presents the action MS? obtained for the electron activation of the trapped
precursor ions [M+7H]"* at m/z 1225, at the electron energy of 288 eV. The dominant
relaxation channel corresponds to the single ionization of the precursor ion, thus forming
the radical cation [M+7H]"®* with a mass-to-charge ratio of 1071. The triggering process
of the Auger decay, in this case is the direct inner-shell excitation by the electron impact.
A strong peak is observed near m/z 1066 corresponding to a neutral loss of about 42 amu
from the radical cation [M+7H]®*. Given the reduced m/z resolution, we can tentatively
assign the peak due to the amino acid side chain losses. A second strong channel is
observed at m/z 952, corresponding to the formation of the radical cation [M+7H]"®*,
originating from the double ionization of the precursor ions. The intensive peak at m/z
947 is ascribed to the neutral loss (of about 42 amu) from the doubly ionized precursor
ion. Other peaks with very low intensities are also present in the spectrum, although their
assignments are not significant for the present study.

Figure 6.29b presents the action MS? obtained for the Ubiquitin 7+ precursor ions, at the
photon energy of 288.2 eV. These action NEXAFS results are recently reported by A.
Milosavljevi¢ et al [101]. The experiment is performed by coupling the same LTQ XL
mass spectrometer to the soft X-ray beamline PLEIADES, at the synchrotron SOLEIL. It
should be noted that m/z resolution of the X-ray action spectrum is higher than the one
obtained for the electron activation. The energy of 288 eV, corresponds to a maximum in
measured C 1s near-edge excitation function [101]. It could be seen that both
fragmentation patterns are very similar. Indeed, in both cases, the ionization of the protein
precursor ion, is the result of a resonant Auger decay process. It is triggered by the Carbon
1s electron excitation into higher unoccupied molecular orbitals, resulting in a core hole
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formation. The system relaxes and an electron is ejected, resulting in a single ionization.
Even though the triggering process of the Auger decay is entirely different (photons or
electrons), the ionization pattern seems to be very similar.
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Figure 6.29 - Comparison of tandem mass spectra of Ubiquitin 7+ precursor, for energies
near Carbon K-edge activated with: (a) electrons and (b) photons.

If the incident energy is lower than the ionization threshold, governed by the selection
rules of a dipole transitions, the X-ray photon can be absorbed by the protein if its energy
matches with the energy required by the core electron to undergo a transition from its
ground state to the particular unoccupied bound excited state. In short, the photon
absorption is a resonant process. In the case of the electron impact, the lower part of the
incident electron energy is transferred to the core electron undergoing a transition. The
remaining energy is carried away by the scattered electron, suffering the energy loss.
Upon core hole formation valence electron fills the core vacancy in the order of
femtoseconds [106] and an electron is ejected. In both cases, the process is called the
resonant Auger decay, in which the single ionization of the protein precursor ion
dominantly occurs. It should be noted that even below the ionization threshold the
multiple resonant Auger decay can still occur [103, 107] in which system relaxes with
more than one ejected electrons.
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In the present experiment, the incident electron energy is only slightly above the transition
energy. Thus, the excitation process is performed under so-called near-threshold
conditions [108].

The acquisition of many action MS? spectra for different photon energies yields the action
NEXAFS. In the case of the electron activation, action near-edge electron excitation
function (NEEEF) is obtained. Figure 6.30 presents the obtained NEEEF action spectra,
for the single and double ionization of the 7+ charge state precursor ions from Ubiquitin
protein.

A comparison between the obtained NEEEF and NEXAFS action spectra, obtained for
single ionization of the same Ubiquitin protein, is presented in Figure 6.31. The presented
energy yields are extracted from MS?, by normalizing the area under the corresponding
peak in the mass spectrum to the total ion current and by plotting it against the incident
energy. In the experiment involving photons, an additional normalization to the photon
flux was performed. In order to preserve the electron beam geometry and keep the
incident electron current constant, the electron gun was refocused for each energy point.
The voltages required to refocus the electron gun were determined during the test
measurements, prior to the experiment involving activation of trapped ions.
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Figure 6.30 - Energy yields of single (a) and double (b) ionization of Ubiquitin protein, 7+
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Figure 6.31 - Comparison of single ionization energy Yyields, obtained for Ubiquitin
protein 7+ charge state precursor, for electron and photon impact.

In order to be able to compare the two energy yields from Figure 6.31, both yields are
additionally normalized to the same area under the presented curves. The dashed line
represents the NEXAFS spectrum, while diamonds represents the normalized NEEEF
spectrum for the obtained single ionization (SI) of the Ubiquitin precursor ions. The clear
spectroscopic feature appears for both Sl yields. For the electron impact, the increase of
the cross sections starts at the energy of 284.5 eV, corresponding to the Carbon 1s —
7 c=c (aromatic) transition. The maximum is reached at the energy of 288 eV, which
corresponds to the Carbon 1s — m’c.n (amide) transition. Cross sections of both Sl yields,
decreases slowly with further increase of the incident energy.

Sl yields presented in Figure 6.31 are in a very good agreement, even though the
triggering process is intrinsically different. This fact could be of a high importance for
the studies involving the radiation damage [109]. Furthermore, the similarity in the
obtained action MS? (Figure 6.29) as well as in the ionization yields (Figure 6.31), is a
proof of principle for our experimental setup for electron activation of trapped ions.
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7 Conclusions

The work presented in this Thesis involved the gas-phase photon and electron action
spectroscopy of trapped biopolymer ions, as well as bare and hydrated nucleotide ions.
The activation of trapped ions was performed by either synchrotron radiation or electron
beam produced by a custom designed electron gun. The photon action spectroscopy was
performed using the previously developed setup and during the work on this Thesis, the
experimental procedures have been improved and new interesting results have been
collected and discussed. The experimental setup for coupling a focusing electron gun with
the LTQ XL linear ion trap mass spectrometer has been developed during this Thesis. It
allowed for performing, for the first time, the electron impact action spectroscopy of
trapped macromolecular ions, in the C K-edge ionization region.

The energy dependent fragmentation study of protonated peptide Leu-enk in the VUV
photon domain of (5.7-14) eV or (217.5-88.56) nm was performed. In the obtained
fragment ion yields, we were able to observe the distinctive spectroscopic band centered
at c.a. 6.9 eV ascribed to the peptide momz* (NV1) transition. For fragments by, bs, bs and
y2 we could also observe the second spectral band centered at c.a. 9.6 eV ascribed to the
mnz* (NV2) transition. We propose that the photo-fragmentation below the IE threshold
proceeds on the hot ground electronic state after an internal conversion, following the
electronic excitation of the target. The measured photo-dissociation yields of the selected
ionic fragments from Leu-enk dimer precursor reveal the absorption bands at about 6.7—
7.1 eV (185-175 nm), which is similar to the monomer precursor.

The UV/VUV photo-dissociation of both bare and monohydrated protonated AMP
nucleotide isolated in the gas phase, revealed spectral bands located at 4.75 eV and 6.5
eV. It should be noted that the band at 6.5 eV has not been directly measured previously
and agree very well with our TD-DFT calculations. However, our studies also showed
that the nanosolvation of the AMP nucleotide, with even one water molecule,
significantly reduced the dissociation. This could be due to different absorption properties
of the hydrated species, according to theoretical analysis.

The inner-shell X-ray action spectroscopy near C and N K-edge of multiply charged
Ubiquitin protein (from +4 to +11 charge states) allowed to clearly distinguish the band
at 284.5 eV, ascribed to Carbon 1s — m"c=c (aromatic) transition, as well as dominant
strong absorption band at 288.2 eV corresponding to Carbon 1s— w'cn (amide)
transition. For the N-edge, the spectroscopic band was observed at 401.2 eV
corresponding to Nitrogen 1s— 7 c.n (amide) transition. IE for 5+ charge state precursor
ion of Ubiquitin protein was measured at (294.3+0.2) eV.

Finally, we have presented the energy-tunable focused electron beam activation of m/z
selected trapped protein ions by coupling an electron gun to a linear quadrupole ion trap
mass spectrometer. We have shown that the electron and the X-ray activation of the
charged precursor ion of Ubiquitin protein produce very similar MS? patterns, which is
defined by the resonant Auger decay, regardless of the triggering process. We could also
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measure the electron-induced single ionization ion yield, that revealed a maximum
centered at about 288 eV, in the accord with the soft X-ray measurements. The performed
experiments represent a proof of principle for an electron-impact activation method for
MS? of trapped macromolecular ions, which can be also of interest for top-down protein
sequencing.
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8 Appendix

8.1 Faraday cup simulation in SIMION

This program was used to simulate and record the electron beam profile for the preset
beam width and angle divergence. The final result is plotted in the graph in Microsoft
Excel, although that part of the code is not necessary for the simulation. The main
program code is contained in the LUA file. The geometry of the electrodes is contained
in a separate geometry file (GEM), independent of the main LUA code. Definition of
particles is also contained in an independent file (PARTICLES). All three pieces of the
code are presented in the following sections.

8.1.1 Faraday cup - LUA code
simion.workbench_program()
--global adjustables

adjustable _y range_mm -- Y-axis range to scan [mm]

adjustable _points -- number of data points

adjustable _dy _mm -- electron beam initial width (window) [mm]
adjustable _da_deg -- electron beam initial divergence (pupil angle) [mm]

--Create Excel object (if not exist).
local excel -- Excel object
if not excel then
_G.excel = _G.excel or luacom.CreateObject("Excel.Application™)
excel = _G.excel

end
local wh = excel.Workbooks:Add()  -- Excel workbook
local ws = wh.Worksheets(1) -- Excel worksheet
excel.Visible = false -- don't show excel window

-- create function for ploting graph in excel
local function plot_chart()
local chart = excel.Charts: Add()
chart.ChartType = -4169 -- scatter XY
chart.HasTitle = true
chart.HasLegend = false
chart.ChartTitle:Characters(). Text = "Faradey cup simulation
local range = ws.UsedRange
chart:SetSourceData(range, 2)
chart.Axes(1,1).HasTitle = 1
chart.Axes(1,1).AxisTitle:Characters(). Text = "Y(mm)"
chart.Axes(1,2).HasTitle = 1
chart.Axes(1,2).AxisTitle:Characters(). Text = "Transmission(%)"
end
-- global help variables
local y_step=_y range_mm/ _points
local current_ y =y range_mm
-- Counters.
local run=1
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local num_particles
local num_hits
-- SIMION intialize segment. Called for each particle construction.
function segment.initialize_run()
assert(current_y)
assert(y_step > 0)
assert(_dy_mm > 0)
assert(_da_deg > 0)
-- Regenerate particle definitions
local PL = simion.import 'particlelib.lua’
PL.reload_fly2('particles.fly2', {
--variables to pass to FLY2 file.
current_y=current_y,
y_step=y_step,
_dy_mm=_dy_mm,
_da_deg=_da_deg,
b
-- Reset the counter before each rerun
num_hits = 0
num_particles =0
if run == 1 then -- when first particle in run is created.
-- Print parameters used.
print("Initial parameters:")
print(string.format("dY=%g[mm], dA=%g[deg]"”, _dy_mm, _da_deg))

print(" ")
print("Y[mm] T[%]")
print(*'---------- ")
end
end

-- called on each particle initialization inside a PA instance...
function segment.initialize()
end
-- called on each particle termination inside a PA instance...
function segment.terminate()
-- Count total number of particles
num_particles = num_particles + 1
-- Count particles that splat beyond some distance
if ion_px_mm >=75.5 then
num_hits = num_hits + 1
end
end
-- called on end of each run...
function segment.terminate_run()
-- Count number of runs
run=run+1
-- Print summary and store some data at end of each run.
local transmission = 100 * num_hits / num_particles

if run > 2 then -- skip the first run
print(current_y+y_step, transmission)
end

-- set next y position to scan
current_y = current_y - y_step
-fill excel cells with data
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ifrun>2then  --skip the first run
ws.Cells(run,1).Value2 = current_y + 2*y_step
ws.Cells(run,2).Value2 = transmission

end

-- rerun the ions

sim_rerun_flym=1

-- stop reruns if enough data points are reached

if run > 2*_points+2 then

sim_rerun_flym=0

--Plot chart, make excel visible and reset number of runs

excel.Visible = true

plot_chart() -- create chart

run=0

end

end

8.1.2 Faraday cup - GEM file
pa_define(1957,201,1,cylindrical,y_mirror)

e(1) ;{fill{within{box(0,0,4,200)} ;start disc
locate(1105,0,0)
{
within{box(0,0,11,200)} ;f.c.
notin{box(0,0,11,8)} :f.c. hole
locate(663,0,0)
{
within{box(0,0,4,200)} ;detector disc
1}

8.1.3 Faraday cup - PARTICLES file
local var = _G.var or {}
local yO = var.current_y
local y_step = var.y_step
local dy = var._dy_mm
local da = var._da_deg
particles {
coordinates = 0,
standard_beam {
n=121,
tob =0,
mass = 0.00054857990946,
charge = -1,
x =0.401,
y = arithmetic_sequence
{
first = y0O+(dy/2),
step = -(dy/10),
n=11

z=0,

ke =1,

az =0,

el = arithmetic_sequence
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{
first = da/2,
step = -(da/10),
n=11

}
cwf=1,
color=3

8.2 Simulation of the linear quadrupole RF+DC ion trap

This program was used to simulate the transmission of the electron beam through the
linear quadrupole ion trap from the LTQ mass spectrometer. This simulation consists of
few separate code segments. Particle definitions are used without special coding and are
created through the user interface of the SIMION program. The main part of the code
(LUA) is presented in the following section, while 3 geometry files with the information
of electrode dimensions are given in the sections that follow next.

8.2.1 lontrap - LUA file
simion.workbench_program()
-- Definition of variables.

adjustable DC_voltage V =100.0 -- DC voltage [V]

adjustable RF_frequency Hz = 1E+6 -- RF frequancy [Hz]

adjustable RF_voltage V =400 -- RF voltage [V]

adjustable phase_in_deg =0 -- Phase angle at ion entrance [deg]
adjustable phase_RF_deg = 180.0 -- Phase angle between RF rods [deg]
adjustable disk_DC_voltage V=0 -- Disk electrode DC voltage [V]
adjustable katode_V =0 -- Katode DCvoltage [V]

adjustable pe_update_each_usec = 0.0001 -- PE display update time step [usec]
adjustable time_step_min = 0.0001 -- Min time step [usec]

-- Initialising static potentials on Disk electrodes and kathode in instances 1 and 3 only.
function segment.init_p_values()
if ion_instance == 1then  -- entrance PA
adj_elect03 = disk_DC_voltage_V
adj_elect04 = katode_V
elseif ion_instance == 3 then -- exit PA
adj_elect03 = disk_DC_voltage_V
end
end
-- SIMION fast_adjust segment. Called to override electrode potentials.
function segment.fast_adjust()
local omega = 2 * math.pi * RF_frequency_Hz * 1E-6
local phase_in = phase_in_deg * (math.pi/180)
local phase_RF = phase_RF_deg * (math.pi/180)
-- Set electrode voltages.
adj_elect01 = RF_voltage V *sin (omega * lon_Time_of Flight + phase_in) + DC_voltage V
adj_elect02 = RF_voltage_VV * sin (omega * lon_Time_of Flight + phase_in + phase_RF) -
DC voltage V
end
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-- SIMION other_actions segment. Called on each time-step.
local next_pe_update =0 -- next time to update PE surface display [usec]
function segment.other_actions()

-- Trigger PE surface display updates. If TOF reached next PE display update time...

if ion_time_of_flight >= next_pe_update then
-- Request a PE surface display update.
sim_update_pe_surface = 1
-- Compute next PE display update time (usec).
next_pe_update = ion_time_of flight + pe_update_each_usec
end
end
-- SIMION segment called by SIMION to override time-step size on each time-step.
function segment.tstep_adjust()

ion_time_step = min(ion_time_step, time_step_min)
end

8.2.2 lon trap - front section GEM file

pa_define (72,72,232,p,xy,e,1)

locate(0,0,0,1,0,0)

{e(4) ; Cathode

{fill{within{box3d(-72,0,0,72,72,5) circle(0,0,10,10)}}}}
locate(0,0,155,1,0,0){e(3) ; Front plate disc
{fill{within{box3d(-72,0,0,72,72,6) circle(0,0,61,61)}
notin{box3d(-72,0,0,72,72,6) circle(0,0,6,6)}}}}
locate(0,0,166,1,0,0){

locate(0,0,0,1,0,0)

{e(1) ; Y-axis electrodes

{fill{within{box3d(-52,0,0,52,72,60) hyperbola(0,0,16,17)}}}}
locate(0,0,0,1,0,-90)

{e(2) ; X-axis elektrodes
{fill{within{box3d(-52,0,0,52,72,60) hyperbola(0,0,16,17)}}}

8.2.3 lon trap - center section GEM file
pa_define (72,72,1,p,xy,e,1)

locate(0,0,0,1,0,0){

locate(0,0,0,1,0,0)

{e(1) ; Y-axis electrodes

{fill{within{box(-52,0,52,72) hyperbola(0,0,16,17)}}}}
locate(0,0,0,1,0,-90)

{e(2) ; X-axis electrodes

{fill{within{box(-52,0,52,72) hyperbola(0,0,16,17)}}}}}

8.2.4 lon trap - back section GEM file
pa_define (72,72,82,p,xy,e,1)

locate(0,0,70,1,0,0)

{e(3) ; Detector disk

{fill{

within{box3d(-72,0,0,72,72,6) circle(0,0,61,61)}
notin{box3d(-72,0,0,72,72,6) circle(0,0,6,6)}}}}
locate(0,0,5,1,0,0){

locate(0,0,0,1,0,0)
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{e(1) ; Y-axis electrodes

{fill{within{box3d(-52,0,0,52,72,60) hyperbola(0,0,16,17)}}}}
locate(0,0,0,1,0,-90)

{e(2) ; X-axis electrodes

{fill{within{box3d(-52,0,0,52,72,60) hyperbola(0,0,16,17)}}}}
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Mpunor 1.

UsjaBa o ayTopcTBY

Motrvcatim-a Mwuaow Pavmeoeuh

6poj ynuca D29 (2012
UsjaBrbyjem
[a je [oKTopcKa avcepTaumja no Hacnosom

q)oTOH(;KA W ENEETPOHCE A A¥E UMOHA COEKTPOCKOO\A\DI—\ TPATMTWVPARUX
BVOMONE KYNAPHUX f)oHA; O UBZONOBAHUX NO HAHOCONRATWCAHRUX AEQTV&LHA

e pe3ynTtaTt CONCTBEHOr NCTPaXXuBadkor paga,

e [a npeanoxeHa guceprauunja y UennHn HU y Aenosuma Huje buna npeanoxeHa
3a pobujawe OWno Koje Aunnome npema CTYyAWjCKAM nporpamuma apyrux
BMCOKOLLIKOTNICKMX YCTaHOBA,

e [1a Cy pe3yntaTu KOPEKTHO HaBedEeHN U

* [a HucaMm KpLmo/na ayTopcka npaBa W KOPWUCTUO WHTENEKTyanHy CBOjUHY
Opyrux nuua.

MoTnuc gokTopaHga

Y Beorpagy, _15 . ©4, 2016,

Fopeabads  Muoapan




Mpwunor 2.

M3jaBa 0 NICTOBETHOCTMU LWITaMIMaHe N efIeKTPOHCKe
Bep3uje OOKTOPCKOr paaa

Nwme n npesnme aytopa Munsow Paveoruh

Bpoj ynuca D29 {2012

CTtyaujckn nporpam Cb\/l?,vw-ﬁ\ ATOMA W MOAEXRINA

PoTorcra U EAEETPOHC KA AKLUB HA CNEETPO CEONUI A TPANUPAUUX
Hacnoe pafa _ EuoMoNEEINAPHUX  IOHA ! S MIOAPBAHUX NSO HAHOCOABAT UCA HUX
MECT UY A

MeHTop oe /\AEx:cAHmAP N\AJ\OCAG%EBMT}

[ToTnncann Mv\/\ow PAH Loﬁm"h

n3jaBrbyjeM Aa je WTamnaHa Beps3uja MOr AOKTOPCKOr paga NCTOBETHA €MNeKTPOHCKO]
BEP3NjM KOjy cam npefao/na 3a objaBrfbuBarkbe Ha nopTtany [Ourutandor
penosuTtopujyma YHuBep3urteta y Beorpagy.

[osBorbaBam fa ce objaBe MOjU NUYHU Nojaum BesaHW 3a faobujarbe akagemckor
3Bara [OKTOpa Hayka, Kao LUTO Cy MMe 1 nNpe3ume, rogrHa n Mecto pofewa u gatym
onbpaHe paga.

OBM nuyHM nopaum mMory ce o6jaBuTW Ha MpPEXHVWM CTpaHuuama aurutanHe
B6ubnuoTeke, y eNeKTPOHCKOM KaTanory uy nyénukauujama YHusepsuteTa y beorpaay.

MoTnuc gokTopaHaa

Y Beorpagy, _ A5 .94, 2916,




Mpwunor 3.

UzjaBa o kopuwhemwy

Osnawhyjem YHusepsuteTcky 6ubnuoteky ,CBeTosap Mapkosuh® aa y OurutanHm
penosnTopujym YHuBepauTeTa y Beorpagy yHece Mojy AOKTOPCKY AucepTauujy nop
HacrnoBomMm:

chToHu_/;\ W TBAEETPOHCKEA AELUOHA CNEETPOCKSNUYA TPANUPAHUX

CUOMONE EYNAPHUX  SOUA: Off MIONSBAUUX O  HAHO CoABAT ICA HUX HqecTvy A

Koja je mMoje ayTopcko aeno.

HAucepTauujy ca ceum npunosmma npegao/na cam y enekTpoHCKOM (opMary norogHom
3a TpajHO apxmMBMpare.

Mojy AOKTOpCKY AucepTaumjy noxpaweHy y [urntanHn penosutopujym YHusepsuteTa
y beorpany mory aa kopucTte CBuW Koju nowTyjy oapeade cagpxaHe y ogadbpaHom Tuny
nuueHue KpeatueHe 3ajeaHute (Creative Commons) 3a kojy cam ce ogny4uno/na.

1. AyTopcTBo
2. AyTOpCTBO - HéKomepumjanHo
@AyTopCTBo — HeKkomepumjanHo — 6e3 npepage
4. AYyTOpCTBO — HEKOMEepLMjanHo — AeNUTH Nogd UCTUM YCroBUMa
5. AytopcteBo — 6e3s npepage
6. AyTOpCTBO — AENWUTU NoA UCTUM yCroBuMa

(Monumo pa 3aokpyxute camo jedHy oA LUECT MOHYHEeHUX NULEHLM, KpaTak onuc
NVLEHUN AaT je Ha nonefhuHu nucra).

MoTnuc gokropaHaa

Y Bbeorpaay, 15,04, 2916,




1. AytopcTteo - [losBorbaeaTe ymHOXaBawe, OUCTPUBYLM)Y M jaBHO CaoniiTaBare
Aena, v nNpepaje, ako ce HaBefe vMme ayTtopa Ha HauvH ofpeheH of cTpaHe ayTtopa
vrm aasaoua NuUeHLe, Yak 1 y komepuujande cepxe. OBo je HajcnoboaHuja of CBux
NMLEHLM.

2. AyTOpCTBO — HekomepuwjanHo. [lo3BorbaBate yMHOXaBsarwe, AncTprubyumjy u jaBHo
caonwiTasarse Aena, u rnpepage, ako ce HaBede vMe ayTopa Ha HauuH oapefjeH of
CTpaHe ayTtopa vy fasaoua nuueHue. Osa nuueHUa He [03BOMbaBa KoMepuujanHy
ynoTpeby gena.

3. AyTOpCcTBO - HekomepuujanHo — 6e3 npepape. [ossorbasate yMHOXaBarbe,
ANCTPUbYLMj)y 1 jaBHO caonwTasawe fena, 0e3 npomeHa, npeobnukosarba Wnu
ynotpebe Aena y cBOM fefly, ako ce HaBede UMe ayTopa Ha HauuH oppeheH of
CTpaHe ayTopa wnu gaeaoua nuuerue. Osa nuueHua He [03BOrbaBa KoMepLmjany
ynotpeBy fena. Y ofHOCY Ha CBe ocTarle NULEHLE, OBOM JIMLIEHLIOM Ce orpaHuyaBsa
Hajsehu 0BuM npasa kopuithera fena.

4. AyTOpPCTBO - HEKOMepuujanHO — AenuTi Nog WMCTUM ycrosuma. [o3BorbapaTte
yMHOX@Bame, ANCTpubyLMjy v jaBHO caonwiTaBawe Aena, U npepaje, ako ce HaBeae
“Me ayTopa Ha HaumH ofpeheH of cTpaHe ayTopa Wnu [asaoua fMueHLe W ako ce
npepafja aucTpubympa nofd WCTOM UnM CuYHOM nvueHuoM. OBa nuueHua He
A03BOM-a@Ba KoMepuujandy ynotpeby fena u npepaga.

5. AytopctBo — 6e3 npepage. [ossorbaBate ymHOXasarwe, OUCTPUBYUM)Y W jaBHO
caonwTaBak-e fena, bes npomena, npeobnnkosara win ynotpebe aena y csom geny,
ako Ce HaBeJe vMe ayTopa Ha HauduH ofpefleH of CTpaHe ayTopa unv nasaoua
nuuerue. OBa nuleHUa Jo3Borbasa komepuujanty ynotpeby gena.

6. AyTtopctBO - pgenuTy nod ucTUM  ycrioBuma. [ossorbaBate  yMHOXaBaroe,
AVCTPUBYLIM]Y ¥ jaBHO caoniuTaBare [ena, v npepage, ako ce Hasefe UMe aytopa Ha
HauMH ofpefeH o CTpaHe ayTopa wnuM Aasaoua NULeHUe ¥ ako ce npepaja
AucTpubynpa nopd UCTOM WM CriMuHOM nuueHuom. Osa nuueHUa [o3BoMLasa
komepuujarnHy ynotpeby pena u npepaga. CrnunuHa je codTBEPCKUM FMLEHUama,
O[HOCHO NvLeHLama OTBOPEHOT Koaa.
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OIITUMM3AIINJA PAJA EJTEKTPOHCKOI TOIIA ¥ OIICETY
EHEPI'NJA 1-1000 eV

M. Jb. Pauxosuh", M. Yenukuh? u A. P. Munocasmsesuh'*

1) Jlabopamopuja 3a ¢usuxy amomckux cyoapuux npoyeca, Hucmumym 3a Qpusuxy,
Yuueepzumem y Beoepaody, Ilpeepesuya 118, 11080 Beocpao
2) Faculty of Physics, University of Vienna, Strudlhofgasse 4, 1090 Vienna, Austria
#e-mail: vraz@ipb.ac.rs

Ancrpakt. Y 0BOM pajly Cy NpeJICTaB/beHU DE3ylATaTH HCIUTHBAKmA M ONTHUMH3ALHMjEe pajia
KOMepIHMjalHor eleKkTpoHckor Tona nomohy mnporpama SIMION. Vpaljena je cumynaumja u
CHHMAame IyTama ENeKTPOHA, 33 Pa3NHYuTe KOMOMHAIMje HANOHA Ha EJEKTpoaama TOma, y
KOHTUHYaIHOM pexuMy paja. Takohe je mcnuTuBaHa MOTyHHOCT OIpikaBama KOHCTAHTHOT
nonoxaja Gokyca Ipy MPOMEHM EHepruje eyekTpoHa y omncery ox 1 eV mo 1000 eV, mpomerom
HaroHa Ha caMo jeJIHOj OJ1 eJIEKTPO/IA.

1. YBOJ

VYV excrepuMeHTHMa ca YKPLITEHHM MIIa3eBUMa Yy (U3UIM aTOMCKHX Cyaapa, y
KOjUMa ce Kao MPOjEeKTIUIN KOPUCTE eJIEKTPOHH, BEOMa j€ BaKHO UMATH CHEPIHjCKH U
TEOMETPUJCKH JT0OpO JMe(HHHCAH MJIa3 ENeKTPOHA.  YKOJIHUKO HCTPaXKHMBAKE HE
3axTeBa BeOMa Maly HEOOpeheHOCT eHepruje yhaJHUuX eJIeKTPOHa,  Kao W3BOP
€JIEKTPOHCKOI MJIa3a Ceé KOPUCTU €NEeKTPOHCKM TOIN. YOOW4YajeHO, KOHCTPYKIIHja
€JIEKTPOHCKOI' TOIla IOoApa3syMeBa KaroJy (paBHY WM Yy OOJHKY YKOCHHIE) Koja
ocnobaha eIeKTpOHE TEPMOCICKTPOHCKOM €MHCHjOM, M HEKOJIMKO JOJATHUX
UUIMHAPUYHUX elleKTpoJa Koje omoryhyjy dopmupame TreoMeTpujcka  106po
JeduHECcaHOr Mila3a 3a7aTe eHeprHje U HeroBo (QOKyCHpame Ha JKeJbCHY MO3HIHN]Y.
Enepruja enektpona y Mmiasy je neduHHMCaHA pa3iUKOM IIOTEHIHMjajla KaToAe MU
HOCIEbe eJIEKTPOJIE, a EHEPIUjcKa pe3oiylija je oapeheHa TepMaTHOM Pacoaenom
eNIEKTPOHA KOje eMHTYje Karona u pena je 0.5 eV.

VY oBOM pajy je onmcaH KOMEPLHjaIHU EIEKTPOHCKH Ton A5516 W mnpe3eHTOBaHU
Cy pe3ylITaTH CUMyJalyje paja OBOT TOMA, Ka0 ¥ ONTUMHU3AIIKje BPEAHOCTH HAIIOHA Ha
elleKTpoaMa Koje oMoryhyjy omkaBame KOHCTaHTHE mo3uiuje HoKyca Impy MpOMEHN
eHepruje enexTpoHa y omncery oxn 1 eV mo 1000 eV.

2. NI3PAJJIA MOJEJIA 1 CUMYJIALIMJA PAJIA EJIEKTPOHCKOI TOITA

3a M3paLy MOAeNa U CUMYyJalKjy pajia eJIeKTPOHCKOr Toma je KopuiihieH mporpam
SIMIONS [1]. Hajope je motpeOHO nedUHUCATH TEOMETPH]Y EIEKTPOIa Y MoceGHOM
TeOMETpHjCKOM (ajiy. 3aTHM ce paj OBOI IpOrpamMa 3acHHBAa Ha H3payyHaBarby
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€JIEKTPUYHOL 10Jba Y IPOCTOPY M3Mel)y enekrposa pemraBameM Jlammacose jeHauMHE
METOJIOM KOHAYHHMX pas3iuka. HakoH Tora, mporpaM pemaBa audepeHIujaaHe
jelHayMHe KpeTama 3aJaTuX HACICKTPUCAHMX YEeCTHIAa Yy OBako J0OUjeHOM
CJIEKTPUYHOM I10JbY M UCLIPTABA BbUXOBE TPajeKTOpHje.

ETeKTpOHCKH TOI KOjM ce pa3Mmarpa y HalleM pamy ce CacTOjU Of YKYIHO LIECT
eNIEKTPOMa, OJf KOjHX jemHa IpeicTaBba Kartofgy. Ha cmuum 1 cy npeicraBibeHH
Y3IY)KHA TONPEYHH MHPECEeK M H30METPH]CKM TIPUKa3 MOJena EIeKTPOHCKOI ToIa
HanpasJseHor y nporpamy SIMIONS. Cse enektpojie nMajy DHIHHIPHIHY CUMETPHU]Y
M Ha CBaKy je JOBelNeH craiaH HanoH. [Ipu meduHHCcamy reoMeTpHje eleKTpoja,
uckopuitheHa je akcHjajHa CHMETpHja, INTO IocTa ympomrhaBa uspaay Mofena H
nosehasa Op3uHy cuMyianuja. Jly)KuHa eleKTPOHCKOr Tona H3HocH 1=122mm, 0K je
nosynpeuHuk Hajpehe enextpoze r=9,7mm.

6)

CJIMKA 1. Mogen enexrponckor torna ypahenor y mporpamy SIMIONS [1]: a) monpednu mpecek y
paBHu XY, ca eNEKTPOHCKMM MJIa30M (IIaBa) U JMHMjaMa CHjIa eIeKTPUYHOr moJba (3eieHa), 0) 3]1
M30METPH]jCKH IIPHUKA3 eIEKTPOHCKOT TOIa.

HM3na3Ha eHepruja eleKTpOHCKOr Miiasa oapeleHa je camMo pa3iuKoM MOTEHNHMjana
usmely nocienmwe enekrpone ES u katone K. CBe octane enexTpone UMajy yjaory Ja
yemepe U (QoKycupajy mia3 efqekTpoHa, 6e3 yTHliaja Ha BUXOBY H3JIa3HY EHEPTH]Y.
Onuoc moTeHijana usMel)y enekrpona neuHHUIIE OCOOUHE EIEKTPOHCKOI COYMBA
Koje one (popMupajy, a MoroJAHUM u36OPOM TOT OFHOCA Ce T00Hja KeJbeHa MO3UIHja
(hoKyca U reOMETPHjCKE KAPAKTEPUCTHKE eJIEKTPOHCKOr MIla3a.
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Y peanHuM ekcrnepuMeHTHMa ce Hajuemhe TOCTeNma eleKTpoja TOma, Kao u
MHTCPaKLHMOHA 3alPEMHUHA M Liela €KCIIEPUMEHTaTHa KOMOpa, MI0CTaBsbajy Ha HYITH
NOTEHIMjaNl, Tj. Ha Macy. Karozma je Ha HeraTuBHOM moTeHumjany koju oxpehyje
eHeprujy enekTpona. CBM OCTaIM HATIOHH Ha eeKTpoJama Cy «ILMBajyhmy» y oaHocy
Ha MOTEHIMjal Katone. Ha Taj HauMH ce MOCTHXKE Ja ce MPOMEHOM MOTEHIHjana
KaToIe y OJHOCY Ha Macy (ZaKie, IPOMEHOM EHEeprHje eNEKTPOHa KOjU M3laze H3
TONa), 32]pKaBajy MCTH OJHOCH MOTEHLHjalla CBMX OCTalHX enektpoma. To oHma
3Ha4YM Ja he eNEKTPOHCKO COYMBO Y IOYETHOM Jelly TOMa, KOje BPIIM NPUMApHY
GKCTPAKIHjy €JNEKTPOHA Ca KaTOe, 3a[p)KATH ONTHMAlHE OCOOMHE HpH IPOMEHH
CHEPIUje U3JIAa3HOT ENIEKTPOHCKOT Mila3a. MehyTum, 1a 61 M3/1a3HM eeKTPOHCKH Mila3
610 Ha NMPUOMMKHO MCTH HAauMH (OKYCHpaH IPU NPOMEHH EHEPrHje y BEIHKOM
omcery, IOTPeOHe Cy KOpEeKIMje HalloHa Ha 6ap jeHOj 01 KpajimuX eJleKTposa. Y 0Boj
CHMYJIAalMji Cy HOTEHLMjalld €NEeKTpona JCHUHHCAHM HA MCTM HA4YMH Kao M y
pEaHOM EKCIICPHMEHTY.

3. PE3YJITATU U JUCKYCHJA

Y okeupy nporpama SIMIONS [1], HamucaH je JomyHCKH rporpaMm Kopucrehn
«JIVA» nporpamcku jesuk, koju omoryhyje ayTomarcky mpoMeHy HaloHa Ha jeHOj
OJ1 €JICKTPO/Ia U CHHMake MOTPEOHMX MapameTapa COYHBA U €IEKTPOHCKOT MIIasa y
¢yHkuMju oBor Hanona. IloTeHIHMjan ce Mera MTEPATMBHHM IMOCTYIKOM, TaKo 1a
CBaka cieeha urepauyja uMa 3a TOCIIeIHIly aCUMIITOTCKO CMAF-EHe TONyPeUHNKA
CIEKTPOHCKOI' Mia3a Ha pactojamy d=40mm ox m3masHOr OTBOpa MOCICHIHE
CNIEKTPOJIC TOMA, KOje je M3abpaHo Kao KeJbeHo MecTo (okyca. Ha oaj maumn cy
CHMYJIALIAjOM pajia eNEKTPOHCKOT ToMa J06HjeHe BPEAHOCTH NIOTEHIIHjana eneKTPoIe
E4 y bynkuujn wsnaswe eHepruje enektpoHa (Tj. NOTEHIMjama KaTode) Koje
00e30elyjy xoHcTaHTHO MecTo (okyca. Y CHMynalMju je yHampesn IOCLICHO aa
CNIEKTPOHH HACTA]y MCTOBPEMEHO Ha MOBPIIMHHE KAaTOAE YHYTap Kpyra MOMyNpeuHHKa
0,5mm, ca HaCyMMYHOM HOPMAJIHOM PACIOAEIOM M MOYETHOM eHeprijom ox 0,leV.
JlobujeHa 3aBUCHOCT je NpesicTaB/beHa Ha Cuiy 2a. Moxe ce BUIETH [a II0CTOje 1Ba
peXuMa paja TONa y 3aBUCHOCTH O] JKEJbEHOT OICera CHEpruje eNeKTPOHa.
Cumynauuje nokasyjy MoryhHOCT onpxkaBama KOHCTaHTHOI (DOKyca YHYTap BeOMa
BEIMKOT OICera CHEPrHje €JNEKTPOHa, allM je BAXKHO YPaIuTH W PEaNHHjy
KapakTepu3alyjy eNeKTPOHCKOT MJla3a 3a HaBe/IeHe MapamMeTpe.

Ha cimum 26 je nmpukasana 3aBucHOCT Y KOOpAMHATe (paMjaiHa KOMIIOHEHTA)
NyTame ENeKTPOHAa y (JOKAHOj paBHM O eHepruje enektpona. Cumynammja je
ypahena npahemeM IyTame je[HOT €NEKTPOHA, KOjH TIOJIa3HM ca KaToJe Ha MaioM
pacTojamy O OCe €NEKTPOHCKOT Toma (Majla pajujaiHa KOOpJAMHATA) M MapaieiiHo
0B0j ocu. JloOMjeHa 3aBHCHOCT alpPOKCHMMATHBHO OJIrOBApa pEJATHBHO] NPOMEHH
NpEYHUKA ENEKTPOHCKOr Miasa y (OKalHOj PaBHH y 3aBHCHOCTH O CHEpruje
eneKkTpoHa. Pesynratu jacHo mokasyjy ma 6e3 oaroeapajyher mnoxemaBarma
NOTCHIMjaja, MPEYHMK MJa3a 3HA4yajHO BapHpa ca MPOMEHOM eHepruje, ITo Ou
peasHO OpEeICTaBIbaIo NPoOIEM y eKCIIEPUMEHTAITHOM Pay.
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CJIMKA 2. a) 3aBucHoct Hanona E4 o enepruje, Tako ONTUMHU30BAHOr Ja ce yBEK no0uje (oKarHo

pacrojame d=40mm. b) 3aBUCHOCT MIMPUHE €IEKTPOHCKOT MJIasa OJi eHepruje Ha (POKAITHOM pacTojarby
d=40mm op mocneamne eNeKTPO/Ie eIEKTPOHCKOT TOMa, 63 ONTUMHU3ALIM]e HAalloHA Ha eJiekTpoau E4.

3AXBAJTHUIIA

OBaj pax je copoBemeH y3 MOAPIIKY MHMHHCTapcTBa 3a TPOCBETY, HAYKY H
TEXHOJOIIKKA pa3Boj Pemy6muke CpbGuje, y okeupy mpojekta OW 171020, kao u

OunaTepaJiHOT TIpojekTa HayuyHe capanme wusMmehy Cpbuje n Ppanmycke ,,IlaBie
Casuh* (680-00-132/2012-09/06).
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YTHUIAJ HAHOCOJIBATAIIMJE HA CTABMJIHOCT HEIITHAA
HU30JIOBAHOT Y TACHOJ ®A3U

A.P. MI/IJIO()aBJBeBPIhl)*, M. Jb. PaHKOBI/Ihl), B. 3. I_IepOBCKI/II), (O} KaHOHz), J1. Haou®
u A. Bymajapn® !

1) Huemumym sa usuxy, Ynusepsumem y Beozpady, IIpeepesuya 118, 11080 Beozpao
2) INRA, UMR1324 Centre des Sciences du Goiit et de 1’ Alimentation, F-21000 Dijon, France
3) Synchrotron SOLEIL, Saint Aubin, BP 48, 91192 Gif-sur-Yvette, France
4) UAR 1008 Cepia, INRA, BP 71627, 44316 Nantes Cedex 3, France

*e-mail: vraz@ipb.ac.rs

AmncTpakT. YTHUA] HAHOCOJIBATAlMjE HA CTAGUIHOCT aeyuun-enkedamun (Jley-EHk) nenruna y
FaCHOM CTamy je CTYJHPaH EKCIICPUMEHTAIHO (MOBE3MBAEEM jOHCKE 3aMKe H CYHXPOTPOHCKOT
3paverha) U TeOPUjcKu (KOpHUCTEhH MONeKyIapHy JIMHAMUKY U TEOPHjy rycTuHe (QyHKIHOHATA).
Wnrensuter orommcounjalyje H3000BaHOT HPOTOHUCAHOT Jley-Enk nenTuma, kao u ucTor
OBOI' MOJICKYJIa XUIPATHCAHOT Ca TPU MOIEKyNa BOJE, je MepeH y (yHkuuju eHepruje BYB
Qoronckor Miasa, y obnactu 5-14 eV. Pesynratu noxasyjy 3HAYAJHO CMABCHEC HHTEH3UTETA
(parmenTanuje XuapaTicaHor GuoNoMMMEpa yciIen nosehame Be3HBHE €Hepruje CHUCTeMa, IITo
j€ TOTBphEeHO U popayyHUMa.

1. YBOJ

CrpykTypa n yHKIMOHATHOCT GHOMOJIEKYNAa Cy TECHO IIOBE3aHE ca BOJCHUM
OKPYXKCHEM y KOME Ce MPHPOAHO Hanase. 300r TOra ce KOHCTAHTHO paje
HCTPaXXMBalba y LMIbY PasyMeBaa yTHIAja MONEKyJa pacTBapada y HeroCpeIHOM
OKpYXXCHY Ha TPOAHMEH3HOHAIHY CTPYKTYpy OmomoinnMepa (MENTHIM, MPOTEHHH,
JHK) [1]. Cmarpa ce 1a ciabe MoleKyIapHe HHTEpaKIMje HMajy Beoma Ba)KHY YJIOTY
IpH yMOTaBakby NPOTCHHA ¥ (OPMHUPAY MAaKPOMOJIEKYIAPHUX KOMILIEKca. Y OBOM
HPOLECY COJIBATaLMja UMa KJbYUHY YJIOTY.

Taxohe, Gpojue cy cryamje mpomeca Cyjmapa eleKTpoHa, joHa M ¢doroHa ca
H30JI0BAaHUM MOJICKYJIMMA KOjU IPEACTABIba]y IPaJMBHE GIIOKOBE HITH JEIO0BE BEIMKOT
Ouomnomkor cucrema, kao wro cy JIHK u mporennu. [locnenmux rOJMHA, OBE CTY/Hje
Cy Tpe CBera MOTHBUCAHE HCTPAXKHBAbMMA PaujaluoHor omrrehema 6Gnomarepujana,
IITO MOE UMAaTH BEOMa BAXXHE INPUMEHE y OuoMenuuuHu. Behuna my6amuxoBaHmx
pesynTara ce OJHOCH Ha PEJaTHBHO Malle MOJIEKYJE H30JI0BaHE y TacHoj (Basu wim
ACIIOHOBAaHE HA MNOBpIIMHAaMa, WTO omoryhyje cTymujy ca mo6po meduHMCAHHM
napamerpuma. MehyTuM, Mako je oBakaB HpPHCTYN BeOMa KOPHCTAaH 3a Jobujame
TIOYCTHUX M KOHKPETHHX pEe3y.NTaTa, MOJICKYJIH KOjU CE€ MCTPaxyjy He Hajase ce y
YCIIOBHMA KOJH [IOCTOj€ Yy PEATHIM GHOJIOLIKMM CHCTEMUMA. Y 1By peMomthaBama

'F. Canon?, L. Nahon?, A. Giuliani***
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jasa m3mely pesyisitara JJOOMjEHUX HA U30JIOBAHUM OHMOMOJIEKYJIAa U BUXOBE IIPUMEHE
y peamHuM OHOJIOIIKMM CHCTEMHMa, pajJl ca HAaHOCOJBATHUCAHUM CUCTEMMMA, KOjU
Takohe MOTy OWTH H30JOBaHH U CTYIHMpaHH IOX N0Opo NedHHUCAHUM YCIOBHMA, j€
0]1 BJIUKOT 3Hayaja.

VY oBoM panmy je pa3MaTpaH YTHIQ] HAHOCOJIBAaTallMje Ha CTAOMIHOCT JICYIHH-
enkepanmud (Jley-Enk) mnentuma (“Try-Gly-Gly-Phe-Leu) y racHoMm cramy.
ExcnepuMeHTanHH pe3yiaTaTd Cy J0OMjeHM IIOBE3MBAKEM JOHCKE 3aMKe H
CYHXPOTPOHCKOI'  3padema, YuMe je omoryheHo Mepeme  HHTEH3UTETa
¢doroauconnjanuje u3oia0BaHor nporoHucanor Jley-EHk menTuia, Ka0 U HCTOT OBOT
MOJIEKYJIa XHJpPATHCAHOT ca TpH MOJIeKysia Bone, y ¢yHkuuju eHepruje BYB
dboToHCKOT MTa3a, y obnactu 5-14 eV. CuMynanyja cTpyKType MosieKyia je paheHa
kopucTehn MonekynapHy JTUHAMHUKY M T€OpHUjy I'yCTUHE (QYHKIIMOHAA.

2. METOJE
ExcnepumenTt

ExcniepuMeHTannd cucteM [2] ce cacToju Ol KOMEpPIHUjaJHOT MAaCEHOT
cnektpomerpa (“Thermo Finingan LTQ XL”) xoju je mnosesan ca BVYB
CHHXPOTPOHCKMM MIIa3oM (oToHa. Mepema cy paheHa Ha EKCHCPUMEHTATHO]
crauunu  “DESIRS”  [3] cunaxporpona COJIEWJI (Ilapus, Dpaniycka).
[MpuHnunujenHa mema eKClepUMEHTa je Aara Ha ciaunu 1. JoHm ucnuThBaHOr
MaKpOMOJIeKyJa (KOjH caJpiKe BHIIAK WIN Mambak IPOTOHA) ce 100Mjajy U3 pacTBopa
nomoly “electrospray” joHckor uzBopa (1), 3aTuM ce cucTeMOM couuBa (2) yBone y
JoHCKY 3aMmKy (3) ca mpeame cTpaHe, IJE CE CEJEeKTyje JKEJbEHH IIPEKypcop.
MonoxpoMatcku mia3 (GoToHa ce yBOAM Yy 3aMKy Ca 3aJibe CTpaHe, a CIeLdjaJiHu
MexaHndku npekuaad (“shutter”) (8) omoryhyje mpenusso aeduHHCAHO Bpeme
unrepkayje (oko 500 ms) m3Melhy GoToHa M cenekToBaHMX joHa y 3amuu. Hakon
akTHBandje ¥ (parMeHTaldje, CHUMa ce TaHJaeM MaceHd crektap (MS?) 3a mary
eHeprujy QoToHa.

CJIMKA 1. Llema excnepumenta: (1) “electrospray” joHcku H3BOD; (2) joHCKa onTuka; (3) MHHEapHA
KBaJIpyIoJiHa joHCKa 3amka; (4) 3apoOsbenn jouu; (5) “undulator”; (6) racum duarap; (7)
MOHOXpoMaTop; (8) porupajyhu npekumau GporoHckor miasa; (9) qeTekTopu joHa.
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Teopuja

Teopujcko mozenoBame xumparucanor Jley-Enk je ypaheno kopumhemem
KJTACHIHE  MOJICKyJIapHE JMHAMHUKE 3a onpehuBame aTOMCKHMX KOHGbHTypammja
KOH(poOpMepa Koje Cy 3aTHM ONTHMH30BAHE nomohy Teopuje ryctune GyHKIHOHANA
(TT'®) na suBoy B3LYP/6-31G(d). U360p reopujckor Husoa TI'® npartn pax [4] rne
Je ompehero mMecto nporonanwuje u g8a HHUCKO-eHeprujcka kopopmepa Jley-EHk-a.

3. PE3YJITATHU U IJUCKYCHJA

Ha cimmu 2 cy npukasanu cHuMIbeHN Macenu CIIEKTPU HAKOH UHTEpakiije hoToHa
erepruje 7.2 eV ca nporonucanum Jley-Exk mentumom ([Leu-Enk+H]", ciuka 2a) u
XHujipaTucannM nporonucanum Jley-Enk nentumom [Leu-Enk+3H,0+H]", cimka 20).
Y caydajy umcror Jley-Enk Mosekyna, MOTy Ce jacHO YOUMTH (parMeHTH KOjH
OroBapajy Lenawmy NEeOTHIHOT JIAHIA. Mebyrum, nnrensurer Qparmentammje je
OYHMIIIEHO MHOTO MaibH Y CIy4ajy XHIAPATHCaHOT IPEKYpcopa 3a HCTY EHepTH]jy
Qorona. OBo yKasyje Ha HeKy BpCTYy 3alITHTHOT edekra, mpousBeneHOr
HaHOCOJIBATALMJOM TIENTH/A Ca CBEra TPU MOJIEKyJa BOJE. Taxobe je murepecanrto
TIOMCHYTH Jla c€ y MAaCCHOM CHEKTPY XHAPAaTHCAHOT MPOTOHHCAHOT MpeKypcopa
(cimka 26) mojaBibyjy KapaKTepHCTHYHH MENTHIHY (parmenTH xoju cy 3aapkanu Tpu
MOJIEKYJIa BOJIE.
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CJIMKA 2. Tamnem macenu criektpu Jley-Exk (a) u xunparucauor Jley-Enk (6) nenruzaa, cCHUMIBEHH
3a eHeprujy dorouna ox 7.2 eV.

Mosekyn Bome ce renepanHo mako Besyje BOJOHMYHHM Bezama M ca IpyTuM
MOJICKYJIIMa BOIC Ka0 M Ca AKTMBHHM MECTHMA Y TOJHIICHTHAHUM JaHIuMa. Jla 61
pasyMenu Kako ce Boja Besyje ca Jley-EHK Ha MHKPOCKOIICKOM HHBOY, Y OBOM pany
CMO TPaXWIX HajCTAOWIHMH KOMIUIEKC HPOTOHHUCAHOT Jley-Enx  xondopmepa
HAJHIKE €HEPIUje U TPH MOJIEKYJA BOJE OMUCAHOM metononorujom. Ha cnumu 3 cy
npukasane TOI' onmrnmuzoBaHe CTpyKType, Iie je y aecHOM naHely IpHUKa3aHa
reomMeTpuja HajHIKe HaljeHe eHeprhje XHAPATHCAHOT KOMILICKCA. Jobujena
reOMETpHja jaCHO IOKa3yje [1a je eHepTHjCKU HAjIIOBOJBHH]E BE3UBAHE MOJIEKYJIA BOJIE
Ca pas/MIATHM aKTHBHUM MECTHMA IEeNTH/R, 10K CEKyHIApHA CTPYKTYpa 0CTaje BpIIO
Majo MPOMEmEHa. YKynan eekaT HaHOCOJBATALH]E TIPeMa TOME MOKE 1a Ce pazyme
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XII Konrpec ¢pusnuapa Cpouje

Kao JIoJaTHa CTa0WiM3alija CEKyHIapHa CTPYKType NENTHAa NpeKo e(eKTUBHOT
noBehama Opoja BOJOHUYHHX Be3a MENTHIA OCTBAPEHHUX IPEKO MOjeIUHUX MOJIEKyJa
BOJIE.

&

CJIUMKA 3. TOI' onTiMu30BaHa TeOMETPHja HUCKO-eHEePrujcKu KoHdopmMepa nportonucanor Jley-Enk
(neBu mawmen) u xuaparucanor Jley-Enk (mecHu manen) mentupa. VcmpekuiaHe JIMHHjE Ha3HAUY]y
BOJIOHMYHE BE3€.
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Photoionization of isolated charged proteins — the role of charge
state and nanosolvation
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“vraz@ipb.ac.rs

Photoionization of isolated protonated peptides and proteins has been studied,
particularly the role of either charge state of the precursor or hydratation by only a few water
molecules. Gas phase VUV and X-ray single-photon photoionization spectroscopy
ofelectrospray-producedprotonated bare and nanosolvatedbiopolymers has been performed by
means of coupling a linear quadrupole ion trap with a synchrotron beamline [1].

We have demonstrated, in the VUV photon domain, a strong correlation between the
ionization energy of a full protein and both its charge state and structure [2]. This study has
been recently extended to inner-shell ionization by soft X-rays. Previously, we have reported
the first inner-shell spectroscopy of gaseous protein ions, showing a striking apparent stability
of the large photoions arising from direct photoionization or Auger processes [3].

We have also studied the influence of nanosolvation to the physicochemical properties
of biomolecules, particularly the susceptibility to VUV irradiation [4]. The measurements
have showed that although the nanosolvation of a protonated peptide dimer with only 3 water
molecules has a limited impact on the three dimensional structure of this fragile complex, it
increases dramatically its stability and prevents apparent photo-fragmentation. The latter
experimental results have been confirmed theoretically by using molecular dynamics and
density functional theory.This study has been most recently extended to AMP nucleotide and
the role of a single solvent molecule.
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N K-SHELL X-RAY TANDEM MASS
SPECTROMETRY OF GAS-PHASE
UBIQUITIN PROTEIN

A.R. Milosavljeviél, C. Nicolas™", M. L. Rankovi¢', F. Canon’, C. Miron® and
A. Giuliani**

!Institute of Physics, University of Belgrade, Pregrevica 118, Belgrade, Serbia
ZSynchrotron SOLEIL, L’Orme des Merisiers, Saint-Aubin, B.P. 48,
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Abstract. We present results on the N K-shell X-ray tandem mass spectrometry
of gas-phase, multiply charged ubiquitin protein. The results have been achieved
by coupling a linear ion trap mass spectrometer, fitted with an electrosprayed ion
source probe, to a soft X-ray synchrotron beamline. The tandem mass spectrum of
the 5+ charge state precursor of ubiquitin at the activation energy of 402 eV is
presented and discussed. The results show a predominant ionization channel of
the protonated protein precursor, but accompanied also by losses of small neutral
fragments.

1. INTRODUCTION

The controlled study of protein degradation upon exposure to X-rays is
of particular importance for the radiation damage research. Additionally, this field
has become highly relevant in the last few years, when it was demonstrated that
short and intense X-ray pulses from the X-ray free electron lasers (XFEL) can be
used for protein 3D structure determination using single-object coherent X-ray
diffraction [1]. This is of special interest for membrane proteins, which are
difficult to crystallize and study using conventional protein crystallography
methods at synchrotrons. There has been a large effort to understand the details of
radiation damage of biomaterials at the molecular level, which can also favor
important medical applications such as cancer therapy [2]. With this respect, an
immense number of publications have been devoted to the electron/ion/photon
interaction with DNA and its components [3]; however, protein
ionization/degradation and associated secondary effects were less investigated

* email: christophe.nicolas@synchrotron-soleil.fr
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although equally important in damage modeling [1]. It is well known that X-ray
irradiation induces strong fragmentation in amino acids and peptides [4].
Nevertheless, surprisingly, gas phase proteins appeared to be much less prone to
dissociation, whereas dominant channels corresponded to ionization and losses of
neutral fragments [5]. Still, it should be noted that intensive production of low-
energy secondary electrons, due to direct ionization or to the normal/resonant
Auger decay of the core-ionized/-excited states, can also strongly affect the
degradation of the biomaterial [6]. Very recently, it has been also predicted that
resonant X-ray photoabsorption can effectively produce slow electrons, through
the initial inner-shell excitation triggering a resonant-Auger intermolecular
Coulombic decay (ICD) cascade [7]. Although the latter study [7] has been
performed for a simple ArKr model system, the authors pointed out that the
process might have consequences for fundamental and applied radiation biology.
With this respect, the inner-shell mass-resolved action spectroscopy of a protein
can indeed resolve the dominant relaxation channels upon resonant X-ray photon
absorption.

2. EXPERIMENTAL SETUP

The experimental setup and coupling of the linear quadrupole ion trap
to a synchrotron beamline has been described in previous publications [5,8,9].
Briefly, the setup is based on a commercial linear quadrupole ion trap mass
spectrometer (Thermo Finnigan LTQ XL) equipped with an electrospray
ionization (ESI) source. The electrosprayed ions are introduced from the front
side into the trap, while the soft X-ray photon beam enters the ion trap from the
backside. The irradiation time (about 500 ms in the present case) of the mass-
selected precursors is regulated by a special photon shutter [10]. The setup
includes a differential pumping stage to accommodate the pressure difference
between the beamline (10~ mbar) and the LTQ (10~ mbar of He in the main
chamber).

The setup is connected to the soft X-ray beamline PLEIADES [11,12]
of the SOLEIL storage ring in Saint-Aubin (France). The photon beam is
produced by a quasi-periodic APPLE II type of undulator (80 mm period),
followed by a modified Petersen plane grating monochromator with varied line
spacing and varied groove depth gratings. For the present experiment, a 400 lines
mm ' grating was used, which provides high photon flux on the order of 1-2 x
10" photons s'/0.1% bandwidth for the used energy. The energy resolution used
(full with at half maximum, FWHM) was about 430-460 meV. The photon
energy was calibrated according to the N Is—=n* resonance in molecular
nitrogen. Multiply protonated ubiquitin protein (Sigma Aldrich) was generated
by the ESI source from a water/acetonitrile (75:25) solution at 10 uM.

3. RESULTS AND DISCUSSION

The tandem mass spectrum of the 5+ charge state ubiquitin precursor,
upon resonant X-ray photon irradiation during 500 ms, below N 1s ionization

55



27th SPIG Atomic Collision Processes

threshold (IT) is presented in Figure 1. The spectrum shows that the inner-shell
photo-excitation of a protein dominantly leads to its ionization accompanied by
losses of neutral fragments. The ionization of the photo-excited precursor at
photon energies below the direct inner-shell IT is the consequence of the
resonant Auger decay [7] triggered by the promotion of a core (1s) electron to an
unoccupied, bound molecular orbital, forming a highly-excited state. A valence
electron fills the core vacancy and the molecule decays by ejecting another
(Auger) electron. It is also possible that more than one valence electron be
ejected during decay leading to multiple resonant Auger decay [13].

The finding that the ionization process, accompanied by low-mass
neutral fragment losses, represents the dominant relaxation channels upon X-ray
absorption by ubiquitin protein is very important for the radiation damage
research, imposing limitations to the widely applied building blocks approach
based on the premise that the properties of complex macromolecules can be
elaborated through investigation of their components. Note that the channelling
of the absorbed energy into multiple electron ejection and neutral fragment
losses, instead of backbone destruction, does not necessarily mean a better
protection of the biological material; the secondary electrons can further produce
damage [6] and neutral fragment losses from amino acids can induce mutations.
However, the present results certainly bring new insights for a more accurate
modelling of the complex radiation damage phenomenon. Multiple electron
ejection, rather than the formation of small ions and radicals, suggests that the
resonant X-ray irradiation of protein-reach regions in the cell would produce a
significant number of secondary electrons.
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Figure 1. Tandem ESI/photoionization mass spectra of the 5+ (m/z 1714) ions of ubiquitin protein,
obtained after 500 ms of irradiation at the photon energy of 401.2 eV.
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Abstract. We have performed electron ray-tracing simulations, in order to
optimize a commercial low-energy electron gun used for controlled irradiation of
biological samples deposited on a surface. The simulations have been performed
by using SIMION program packet, for electron energies from 1 to 20 eV. The
results suggest possibilities to improve the performance of the electron gun
considering the stability of the focal position over the used energy domain.

1. INTRODUCTION

A novel method that allowed for the first time to visualize the electron-
induced dissociation of single chemical bonds within well-defined self-assembled
DNA nanostructures has been recently developed [1]. It is based on AFM imaging
and quantification of low-energy-electron-induced bond dissociations within
specifically designed oligonucleotide targets that are attached to DNA origami
templates.

The previous electron-irradiation experiments [1] investigated the
strands breaks as a function of electron fluence at fixed electron energy of 18 eV,
and it was found that at the fluence of 1-5%10n* the number of DNA strand
breaks increased linearly with the fluence. Further experiments are presently in
progress, in order to investigate the electron energy dependence of the strand
breaks over a domain from 1-20 eV. In order to perform such experiment
properly, the incident electron beam should be controlled to preserve an optimal
electron current density at the sample. We present herein the electron ray-tracing
simulations that should help obtaining the best conditions of the electron gun used
in the experiment. Although the present study does not take into account all
possible parameters (for example, the Earth and other stray fields), the results
suggest possibilities to improve the performance of the electron gun.
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2.RESULTSAND DISCUSSION
2.1 Simion

The simulation of the electron gun in the present study was conducted by
using the commercial program SIMIONS8[1]. Briefly, a desired geometry of the
electrodes of the gun is loaded into SIMION through a geometric file, written in
SIMION’s specific programing language. Each electrode, specified in the
geometry file has itsown electric potential value, which should be defined by the
user. SIMION program solves the Laplace equation for a given electric potential
and stores data in a potential array (*.pa#) file. By solving Laplace equation,
SIMION calculates the electric field defined by gradient of electrode potential,
using a method of finite differences. Additional changes of electrode potentials
and starting conditions of the projectiles (electrons) have been done through
“LUA” programing code, written in a separate file which controls the entire
simulation. In the final step, charged particle trajectories are being displayed.

2.2 Modeling and simulation

The present electron gun consists out of five cylindrical electrodes, with the
cathode being one of them. Geometry of the electrodes and a 3D model of the
electron gun are displayed in Figurel.

Figurel. 3D model image from SIMIONS of the electron gun. Denotations: K-
cathode, W-wehnelt, A-anode, M-metal rings (gnd), S-shutter and Sample holder
disk.

In the present simulations, in order to preserve a cylindrical symmetry
of the whole electrode assembly, the cathode is made as a simple bar, although it
is hairpin in real. This should not affect the present preliminary simulation,
because the electrons are generated just in front of the cathode with 0.1eV
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energy,without simulating a thermo-electronic emission, where a shape of the
cathode is very important.

The present experimental setup has W, M and S (see Figure 1) set on
the ground voltage, with the anode biased to a high positive voltage (500V in the
simulation). The sample disk is grounded through a picoamperemeter and placed
at a distance of d=5 mm apart from the last electrode (shutter), while cathode is
set to a negative voltage which defines the electron energy. To control the
irradiation time, a deceleration of all electrons is achieved by applying a small
negative voltage (around 110% of the electron’s energy) on the shutter electrode
(S). In the simulation, 501 electrons were generated uniformly from a disk with a
radius of r=0.5 mm, with §&0.1 eV initial energy and,=45° cone divergence
angle, just near the surface of the cathode. The radius of the electron beam as a
function of the electron energy was recorded, with fixed anode voltage (Figure
2).

4 : —— —
500V anode
§/ N=501 electrons ]
3 d=5mm distance 1
E i-4-4-4
E gttt
523 /§'§ ]
K
1S
£
P
m 14 Y ]
r——————
0 5 10 15 20

Energy (eV)

Figure2. The radius of the electron beam for different electron energies, at 5mm
distance from the exit, with fixed anode voltage of 500V.

Low energy electrons (up to 5 eV) are highly scattered, with the
Wehnelt electrode being grounded, because no primary extraction zone was
formed. In that energy range, the transmission of electrons through the electron
gun was below 50%, while the electron beam had unstable geometry. For the
electron energies above 5eV, the electron beam is well defined and approaches
desired 2.5 mm radius (5 mm diameter) even with the fixed anode voltage.
Optimization of the anode voltage up to 5eV energy range, had no influence on
the stabilization of electron beam. Experimentally obtained electron beam
diameter at 10 eV is in a good agreement with the calculated value.

In order to further improve the electron transmission and better control
the beam geometry, formation of the primary extraction zone as well as it's
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tuning of gun’s potentials as a function of the energy is needed. This was done
by setting floating voltages on the wehnelt and the anode (W and A in Figurel,
respectively) relative to the cathode. W was set to -4V, while A was set to 500V,
both relative to K. With additional programming in “LUA” the voltage on A was
adjusted in order to obtain the beam radius of r=5 mm at a distance of d=5 mm,
from the shutter, for different applied electron energies. The results of this
optimization are given in Figure3. Clearly, beam radius is dependent of the
energy, therefore at least one (anode) voltage must be set accordingly.

T
Anode 500V 1200] Anode optimized
Wehnelt -4V Wehnelt -4V

N=501 electrons N=501 electrons
d=5mm 1 d=5mm

10004 beam radius r=5mm

800+

600 /

0 T . T 400

Beam radius (mm)
Anode (V)

Energy (eV) Energy (eV)

Figure3. Left: Electron beam radius at d=5mm distance for fixed anode (500V)
and wehnelt (-4V) voltages, relative to kathode; Right: Optimized anode
voltage, to keep electron beam radius near r=5mm at a distance of d=5mm.
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Abstract. We have measured the kinetic energy distribution of electrons escaping
a macroscopic platinum (Pt) tube (3.3 mm diameter and 40.8 mm length). The
200 eV incident electron beam of about 800 nA was directed into the capillary
entrance at a large tilt angle of 5.5°, with respect to the capillary axis. The results
show a dominant fraction of elastically scattered electrons, accompanied by
inelastic losses.

1. INTRODUCTION

Insulating micro- and nano-capillaries made of different materials have
been extensively used to investigate the so-called guiding phenomenon, which
was first revealed with the pioneering work of Stolterfoht and coauthors in 2002
[1]. Briefly, the beam of charged particles, particularly highly charged ions (HCI),
dinamically deposit charge on the inner capillary surface, thus providing a
Coulomb field that deflects the particles and efficiently guides them towards the
capillary exit. Large attention has been devoted to this phenomenon due to both
an interesting physics and possible applications, such as the possibility to
introduce a micro/nano HCI beam directly into a biological object [2]. The first
results on electron guiding through insulating capillaries have been reported more
recently [3,4], followed by a more detailed investigations [5,6]. A comprehensive
review on the subject can be found in the recent paper by Lemell et al. [7].

In contrast to the HCI, the electron transmission through insulating
capillaries appeared to be much more complex [5,6,7]. Particularly, electrons can
be closely elastically scattered from the surface (not only deflected by deposited
charge), inelastically scattered and can produce secondary electrons (which thus
affect the Coulomb interaction). Moreover, it has been suggested that even
metallic (conductive) capillaries could be used for the electron guiding [6].
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In the present work, we investigate electron transmission through
metallic macroscopic capillaries. Our aim is both to learn about fundamental
properties of the electron guding by metallic capillaries, governed by electron-
surface interaction, and to investigate the potential application of metallic high-
aspect ratio capillaries as a robust, spatially well-determined, low-energy electron
carier/source, which could be efficiently applied to study electron driven
molecular processes under different environmental conditions. We started
investigation with a large-diameter Pt tube, in order to compare the obtained
results to the electron interaction with a plane Pt surface and theoretical
simulations. In the present work, we have investigated transmission of 200 eV
incident electrons through a single Pt macrocapillary (3.3 mm diameter and 40.8
mm length — the aspect ratio of about 12.4). The intensity of the outgoing electron
current has been measured as a function of both the incident beam angle with
respect to the capillary axis (tilt angle) and the kinetic energy of outgoing
electrons.

2. EXPERIMENTAL SETUP

The experiment has been performed in the Laboratory for Atomic
Collision Processes, at the Institute of Physics Belgrade (IPB) by using the
electron spectrometer UGRA [8], which has been modified to perform the
present experiment. The electron gun produces a well collimated electron beam,
with a diameter and an angular divergence estimated to be approximately 1 mm
and 1° at 200 eV of the incident energy, and with an energy spread of about 0.5
eV. The Pt tube has been fitted inside the entrance electron lens system (see
Figure 1), in front of the electron gun, which can be rotated around the capillary
entrance in the angular domain of about -15 to +15 degrees. The angle between
the capillary axis and incident electron beam direction is denoted as the tilt

angle.

... to detector

Pt tube

- ~
-~ ~~ ~
~~ -

... from electron gun

grounded

electron lenses

Figure 1. Schematic drawing of the experimental setup.
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The electrons escaping the capillary were focused by an electrostatic
lens (Figure 1) into a double cylindrical mirror energy analyzer (DCMA),
followed by a single channel multiplier used as a detector. Since the entrance
lens of the analyzer is fixed to have its axis parallel to the capillary axis, the
observation angle is fixed at 0° and the acceptance angle also depends on the
focal properties of the entrance lens. The kinetic energy distribution of the
electrons escaping the capillary was measured by recording the electron current
at the detector (count rates) as a function of the retarding potential at the entrance
of the DCMA that worked in a constant pass-energy mode, thus providing a
constant energy resolution over the whole scanned energy domain [8]. Still, it
should be noted that the recorded kinetic energy distribution can be affected by
the transmission of the entrance lens [8].

3. RESULTS

The preliminary obtained kinetic energy distribution of electrons
escaping the Pt tube at the tilt angle of about 5.5° and for the incident electron
energy of 200 eV is shown in Figure 2.
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Figure 2. The kinetic energy distribution of electrons escaping the Pt tube at the tilt angle of 5.5° and
the incident electron energy of 200 eV.
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The aspect ratio of the Pt tube defines the tilt angle of 4.6° as a
maximum angle to transmit the direct electron beam. Moreover, even at smaller
tilt angles down to only a few degrees, the electron detection should not be
possible due to the aspect ratio of the entrance lens stack and the DCMA (see
Figure 1), which also depends on the electrostatic field. Therefore, the present
results suggest that 200 eV electrons can be directed and transmitted along the
metallic Pt tube. The dominant fraction of the transmitted electrons seems to
suffer only elastic surface collisions. Inelastically scattered electrons are also
detected and further work is in progress to compare the present results with the
electron scattering from a plane Pt surface and calculations that include
cylindrical geometry.
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Probing DNA radiation damage by DNA nanotechnology
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Synopsis Absolute cross sections for DNA strand breaks induced by low-energy electrons (< 20 V) and photons (< 10 eV)
can be determined by using DNA origami nanostructures and analysis by atomic force microscopy. In this way electron and
photon induced processes are studied in oligonucleotides of defined sequence. The DNA strand breakage depends on the nu-
cleotide sequence with A containing sequences being the most sensitive ones. By using synchrotron VUV radiation we have
determined the quantum yield for strand breakage for a range of photon energies and different DNA sequences.

DNA radiation damage is either due to the
direct interaction of radiation with DNA or due
to the indirect effect of secondary particles such
as low-energy electrons [1]. The most important
type of DNA radiation damage is strand break-
age, which can lead to cell death, mutations and
cancer. The DNA strand breakage is dependent
on the nucleotide sequence [2]. We have devel-
oped an approach to determine absolute cross
sections for radiation induced strand breakage
in specific oligonucleotide target strands to
study this sequence dependence [2-4]. The tar-
get strands are immobilized on DNA origami
nanostructures, which serve as a platform to or-
ganize the target strands, and irradiated and
non-irradiated samples are analyzed by atomic
force microscopy (AFM) [5]. The main ad-
vantages of the technique are (i) a rather simple
determination of absolute cross section for
strand breakage at specific irradiation condi-
tions, (ii) the analysis and comparison of multi-
ple sequences at the same time, and (iii) the
analysis of rather complex higher-order struc-
tures [6].

We have applied the DNA origami technique
to DNA strand breaks induced by low-energy
electrons (10 and 18 eV) [2-4], and vacuum UV
photons (5 — 9 eV). Results from both experi-
ments will be presented and discussed.

In experiments using low-energy electrons
we find a clear dependence of strand break
cross sections on the nucleotide sequence.
Among the sequences TT(XTX);TT (X = A; G,
C) the adenine (A) containing sequence has the
highest cross section for strand breakage. The
work is now extended to higher-order DNA
structures such as guanine (G) quadruplexes [6].

1 E-mail: bald@uni-potsdam.de

5-Bt-TT GG GTT-

IT-
-Bt-TT CTCCTC CTCTT-
"-Bt-TT GBrUG GBrUG GBrUG TT-
*-Bt-TT ABrUA ABrUA ABrUATT-
-BE-TT CBrUC CBrUC CBRUCTT-

5
5
5
5
5

~ control

Figure 1. a) Scheme showing DNA target strands
protruding from the DNA origami platform. b) The
target strand positions can be distinguished in AFM
images. On the left a typical AFM image of non-

irradiated DNA  origami  samples carrying
TT(GTG)sTT and TT(GBrUG)STT oligonucleotides
is shown. On the right, a typical AFM image after ir-
radiation with 18 eV electrons is shown.

UV photons are able to directly induce DNA
strand breaks. We have carried out experiments
using synchrotron radiation in the energy range
5 — 9 eV to determine the strand break and ab-
sorption cross sections for a range of oligonu-
cleotide sequences and photon energies. We
observed a clear energy and moderate sequence
dependence of UV-induced strand breakage,
which becomes more pronounced at higher en-
ergies.
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Photodissociation of protonated Leucine-Enkephalin peptide in the VUV range
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Synopsis We present results of VUV action spectroscopy of gas-phase protonated Leucin-Enkephalin peptide.
The experiment has been performed by coupling a linear quadrupole ion trap with a synchrotron radiation VUV

beamline.

Recent development of experimental methods
that use electrospray ion source (ESI) to bring
macromolecules into gas phase and collect the
ions in an ion trap, which is coupled to bright
synchrotron radiation sources, has allowed the
investigation of large biopolymers (proteins and
nucleotides) under well-defined conditions.
These studies can provide more detailed insight
into fundamental properties of biopolymers and
their interaction with high energy photons.

We present the results of VUV photon action
spectroscopy of Leucin-Enkephalin (Leu-Enk)
peptide in 5-15 eV energy domain. This peptide
has been studied with wide range of spectrome-
try techniques and has become a standard
biomolecular target [1].

The experiment has been performed at the
beamline DESIRS [2] of the synchrotron radia-
tion facility SOLEIL near Paris, France. More
details about the experimental setup can be
found in recent publications [3, 4]. Briefly, pre-
cursor ions [Leu-Enk+H]" were produced by
ESI and injected into the ion trap from the front
side. Tons were irradiated with
monochromatized VUV photon beam, during
500 ms from the back side of the ion trap. After
irradiation all ion fragment species were ejected
from the ion trap and tandem mass spectra
(MS?) as a function of the photon energies were
recorded. Leu-Enk molecules were provided
from Sigma Aldrich and dissolved in wa-
ter/acetonitrile at 10 uM.

Photodissociation ion yields were extracted
from the MS? and normalized to the total ion
current and the photon flux. The ion yields
show spectroscopic structure allowing the stud-
ying of absorption-like bands of the peptide.

* E-mail: mrankovic@ipb.ac.rs
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Figure 1 shows the relative ion yield of one of
the backbone fragments. The present experi-
mental results are in good agreement with our
time dependent density functional theory (TD
DFT) calculations.
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Figure 1. Relative ion yield of fragment b; from the
photodissociation of precursor [Leu-Enk+H]".
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VUV action spectroscopy of bare and hydrated protonated
leucine-enkephalin peptide
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Leucin-enkephalin (Leu-enk) is a model peptide system consisting of 5 amino acids, with a
sequence Tyr-Gly-Gly-Phe-Leu and has been intensively investigated previously [1-3] (and
references therein). Here, we report a study on VUV photodissociation of gas-phase protonated
(Leu-enk) peptide, both bare and hydrated with one water molecule, in the photon energy range
from 5.5 to 9.0 eV. By recording photon activation tandem mass spectra at different photon
energies, we could measure the photofragment ion yields for a number of selected fragments of
Leu-enk and thus record the action spectroscopy of isolated precursors. The experiment has been
performed by coupling a linear quadrupole ion trap mass spectrometer (LTQ XL) to the VUV
DESIRS beamline [4] of the SOLEIL synchrotron facility (France). The front side of the LTQ mass
spectrometer was equipped with an electrospray ionization (ESI) source, whereas the photon beam
was introduced from the back side. A detailed description of the experimental setup can be found in
the previous references [5,6]. Additionally, we have performed density functional theory (DFT)
and time-dependent DFT calculationsin order to investigate their structures and absorption bands.
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Fig.1. Photodissociation yields of y, fragment from [Leu-enk+H] " (circles) and [Leu-enk+H,O+H]*
(stars) precursors.
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We report preliminary results from unprecedented near edge X-ray absorption fine structure action
spectroscopy of a gas-phase nanosolvated peptide ion. Doubly protonated substance P (Arg-Pro-
Lys-Pro-GIn-GlIn-Phe-Phe-Gly-Leu-Met-NH2) cations have been isolated in a linear ion trap and
submitted to soft X-ray synchrotron radiation by means of coupling a commercial quadrupole ion
trap mass spectrometer (Thermo Finningan LTQ XL) to the PLEIADES beamline at the SOLEIL
synchrotron radiation facility (France) [1]. X-ray activation tandem mass spectra have been
recorded for different photon energies, scanned over C, N and O K-edge ionization thresholds.

Figure 1 shows the photofragment ions yield corresponding to a total water loss (a normalized
integral yield of al fragments corresponding to the loss of one or more water molecules) from the
doubly protonated substance P cation nanosolvated with 11 water molecules [M+2H+11H,0]%"
upon soft X-ray irradiation. We observed that a resonant excitation of an O 1s electron to an
unoccupied molecular orbital, following by a resonant Auger decay, induces an increased water
detachment from the precursor.
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Fig.1. Photofragment ions yield that corresponds to a range m/z 674-766 (an integral yield of all
fragments corresponding to the loss of one or more water molecules) from a doubly protonated nanosolvated
substance P cation precursor [M+2H+11H,0]%* (m/z 773.5).
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better understand, to monitor and to control the complex ultrafast electronic and nuclear dynamics
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Abstract. In this article we report new results for action spectroscopy of protonated peptide
Leucine enkephalin (YGGFL). By coupling a linear ion trap mass spectrometer with a vacuum
ultraviolet (VUV) synchrotron radiation beamline, we investigate photofragmentation pattern
of this peptide, through the analysis of tandem mass spectra recorded over a range of VUV
photon energies, below and above the ionization energy. The obtained fragmentation patterns
are discussed and compared to previous results.

1. Introduction

Development of electrospray ionization (ESI) [1], along with the advances in mass spectrometry
techniques in recent years, has allowed manipulation of large bio-molecular ionic species in the gas
phase. Therefore, fundamental properties of peptides, proteins, and nucleic acids such as ionization
energies, bond energies and electronic energy levels could be investigated through action spectroscopy
methods. In the present work ESI technique is used to produce intact biomolecular ionic species in the
gas phase, from liquid solutions of these molecules. Tandem mass spectrometry by using VUV as an
activation method was employed to investigate targets of interest.

Leucine enkephalin (Leu-enk) peptide is formed from five amino acids joined through peptide
bonds, with the sequence tyrosine-glycine-glycine-phenylalanine-leucine (or YGGFL, in one letter
coding). Leu-enk is an ideal candidate to study because it is small enough to be easily manageable
with mass spectrometry techniques and to allow clear analysis of fragmentation products, while still
being big enough to represent peptides. Usually the site of protonation is at N-terminus of the first
amino acid - tyrosine, although other protonation sites were reported in the literature, as a consequence
of proton mobility (see [2] and references therein). A standard nomenclature of the backbone
fragments is based on where the positive charge (proton) stays upon bond scission and which
particular bond is cleaved. If the proton stays at C-terminal, fragments a, b, ¢ are formed, while
fragments X, y, z originate from the N-terminal. Numbers in the subscripts of the fragment letters
indicate the number of amino acid residues left in the particular fragment. Cleavage of the peptide C-N
bonds is the origin of b and y fragment ions. Figure 1 displays a schematic structure of the Leu-enk
peptide and denotation of some backbone fragments relevant for the present work.
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Figure 1. Schematic structure of Leucine enkephalin peptide with denoted fragments (dashed lines)
and constituent amino acids (in one letter code).

Leu-enk has been probed with a vast number of different techniques, covering fragmentation pattern
information and fragment yields. The reported results include collision induced dissociation (CID) [3],
surface induced dissociation (SID) [4], blackbody infrared radiative dissociation (BIRD) [5] and laser-
induced dissociation (LID) [6]. Each of these methods produces different conditions which favor
certain decomposition pathways governed by certain fragmentation mechanisms. An extensive study
of fragmentation schemes has been reported for protonated Leu-enk in the experiment involving
multiple-resonance CID, by V. Rakov et al. in [3]. One of the reasons Leu-enk is used as a standard
peptide is because it is very useful for testing and tuning new experimental setups, since it has been
found that abundance ratios of some fragment ions can indicate an amount of internal energy
deposited in the precursor ions [7]. Therefore, experimental parameters of a setup are adjusted in such
a way that various ratios of Leu-enk’s fragment intensities are kept constant. On the other hand, ratios
of a,/b, and bs/y, can indicate at least qualitatively the degree of excitation of the precursor ions.

Amino acids and peptides strongly absorb VUV light [8]. Therefore an investigation of VUV
interaction with peptides is of great interest. The only VUV light source with high enough brilliance
and flexibility to continuously change the photon energy over a wide range is the synchrotron
radiation source. A comprehensive study of VUV-induced fragmentation of protonated Leu-enk was
reported by S. Bari et al in [9]. In the present work, we extend this investigation by means of mass
resolution, the number of assigned ionic fragments and the photon energy range. The obtained results
are also compared with existing data.

2. Experiment

Mass spectra in this article were obtained using the experimental setup located at the synchrotron
SOLEIL near Paris, France. A commercial mass spectrometer Thermo Phiningan LTQ XL (LTQ)
equipped with ESI was connected to the synchrotron VUV beamline DESIRS [10], with custom made
turbo differential vacuum manifold [11-13]. Leu-enk ions produced by ESI were isolated in a linear
quadrupole ion trap and subjected to VUV photons. After well-defined time of irradiation (500 ms in
the present experiment) at particular photon energy, tandem mass spectra (MS?) were recorded.

The LTQ mass spectrometer was connected to the synchrotron beamline from the back side of the
LTQ. A dedicated vacuum manifold has been made to accommodate the pressure difference between
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the LTQ and the beamline. One side of the vacuum manifold was fixed to the beamline where the
pressure is in the order of 10® mbar, while the other side was connected via flexible bellow to the back
plate window of the mass spectrometer. The pressure of the Helium buffer gas inside the ion trap of
LTQ is of the order of 10~ mbar while the pressure in the spectrometer is of the order of 10~ mbar.
During the operation and photon irradiation, the pressure inside the vacuum manifold was in the order
of 10° mbar. A home-made rotating mechanical shutter driven by an electric motor was built and
positioned in front of the photon beam inside the vacuum manifold. Cooling of the electric motor in
the vacuum was established through heat conduction through a massive copper heat sink (holder)
tightly surrounding the motor [14]. Alignment of the photon beam with respect to the ion trap’s axis
was achieved by using a custom supporting frame, mounted under the LTQ. It has several degrees of
freedom, both translational and rotational, which allow for a fine alignment of the ion trap position
with respect to the incident photon beam. An optimal alignment provides the highest overlap between
cylindrical ion trapping region and the photon beam and is essential for the experiment.

Leu-enk was provided from Sigma-Aldrich as a powder and it was diluted with water/acetonitrile
75:25% v/v solution to the final concentration of 10 yM. The ESI source is positioned on the front side
of LTQ. The ions formed by ESI source from the solution are guided by a system of ion lenses and
stored in the ion trap. Parameters of ESI were optimized to obtain highest possible abundance of
protonated Leu-enk cations [YGGFL+H]*. A typically recorded mass spectrum (MS') produced by
ESlI is displayed in figure 2.
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Figure 2. The mass spectrum of electro-sprayed Leu-enk ions from water/acetonitrile 75/25% solution
with 10 uM concentration of peptide molecules. The peak in the spectrum at m/z 556 corresponds to
the protonated Leu-enk cation [YGGFL+H]*, while two peaks denoted with a star originate from
pollutions.

The precursor ions of interest, in this case [YGGFL+H]*, were selected and isolated in the ion trap,
by means of ejecting all other ions. When enough precursor ions are accumulated in the ion trap or
when a time limit for ion accumulation is reached, the mechanical shutter opens and the
monochromatic VUV photon beam of defined energy irradiates the precursor ions. Synchrotron
beamline DESIRS [10] is equipped with a gas filter cutting off higher order harmonics, which can
create an additional signal originating from higher photon energies. If filled with Krypton, the gas
filter cuts off all photon energies above 14 eV. Additionally, a MgF, glass filter is inserted as the part
of the vacuum manifold assembly, to cut off the higher harmonics over 10.6 eV. The photon beam
produced by the beamline undulator is monochromatized by using a normal incidence
monochromator, resulting in final energy resolution of around 10 meV in the present case.
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3. Results and discussion

J. Sztéray et al. in [15] performed a review of the studies about Leu-enk energetics and reaction
pathways, so we will focus here only on the discussion of the most prominent fragments prevailing
under our experimental conditions. Figure 3 displays the tandem mass spectra obtained for protonated
Leu-enk precursor ions [YGGFL+H]" after activation with synchrotron VUV photons at three different
energies. The mass spectra have been normalized to show the precursor ions [YGGFL+H]" at m/z 556
with 100 % relative intensity.
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Figure 3. Tandem mass spectrum of protonated Leucine enkephalin precursor ions after irradiation
with photons of a) 5.7eV b) 8 eV and c) 16 eV.

Fragmentation patterns in our spectra are in good agreement with the ones reported in [9], which is
expected considering the similar experimental conditions: VUV synchrotron photon activation of
trapped ions. The lack of x and z and low abundant y-sequence ions in our spectra confirm that N-
terminal ions are favoured. The ionization energy (IE) of protonated Leu-enk was determined by DFT
calculations to be 8.87 eV [16]. The radical cation is not observed in our spectra and it is likely that it
is not stable and fragments readily after its formation, as it has been proposed by Bari et al. [9]. For
sub-ionisation energies absorption of photons by precursor ions leaves them in an excited electronic
state. This energy may be redistributed internally via intramolecular vibrational processes, causing the
weak peptide C-N bonds to break first, forming the backbone ions b and y. According to the
fragmentation scheme proposed in [3], the major reaction pathway is following: YGFFL-b,-a,-b;-b,-
a,-Y. All these ions are present in our mass spectra, except Y (136), due to the mass cut off at m/z 150.
Backbone ion b, (m/z 425) needs the lowest photon energy to form and it shows up as the strongest
fragment at 5.7 eV in our mass spectrum. This ion is formed directly from dissociation of the
precursor ions. The fragment at m/z 538 corresponds to the loss of a water molecule from the
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precursor ions. Its intensity is highest among all fragments in the lowest energy region but falls
quickly with the increase of the photon energy. Note that this fragment has not been discussed in the
previous work by Bari et al. [9]. Following figure 1, after CO loss, b, forms into the fragment ion a,
(m/z 397). lon a, dissociates with the neutral loss of NH; into fragment at m/z 380. After Glycine
residue loss (-57) near ionization energy, this ion is observed at a,-NH;-G (m/z 323). It is also reported
and discussed in detail by a group of Glish, as a rearrangement fragment FYG (m/z 323) [17]. The
intensity of the ion a, exceeds the b, intensity and peaks at around 7 eV, where it is the most prominent
fragment in the mass spectrum. This energy corresponds to the peak of the absorption band coming
from the -7t peptide transition. Fragment b; (m/z 278) is the next in line to show up as a dominant
fragment with further increase of the photon energy. Ion b; is formed from a, ion while further
dissociation of b; forms b, (m/z 221). C-terminal ion y, (m/z 279) has a higher intensity than b; (278)
in the low energy region. With the increase of photon energy, the internal energy of the precursor ions
rises, resulting in the drop of the intensity of y, ions compared to the intensity of b; ions, similarly as
for b, and a, ions, respectively. The peak designated at m/z 449 corresponds to the tyrosine side chain
loss of the precursor ions while the loss of the phenylalanine side chain is responsible for a small peak
at m/z 465. H loss from 449 leads to a fragment designated at m/z 448. Loss of tyrosine side chain is
also noticed from backbone fragment b, so fragment b,-107 (318) is observed. As the photon
activation energy goes over the IE of Leu-enk (8.87 eV) more reaction channels become open. New
reaction channels above the IE lead to internal fragments GGF (m/z 262) and GF (m/z 205). These
fragments are also present in the sub ionization energies, but with very small abundances. Suffering
the CO loss, these ions form GGF-CO (m/z 234) and GF-CO (m/z 177). In the second channel with
another CO, loss from GF, fragments at m/z 161 are created. Above the IE internal fragments
dominate over the backbone by more than a factor of 10. At 16 eV, the most prominent fragments are
c; (m/z 295) and GF (m/z 205). Mass-to-charge ratio of doubly ionized precursor ions [Leu-enk+H]*
is the same as for b; ion at m/z 278. According to [9], it is possible that small abundance of doubly
ionized precursor ions contributes to the intensity of the m/z 278 peak. Internal C-terminal fragment a,
(m/z 250) is formed upon CO loss from b; ion and along with ion a, (m/z 193) shows up at energies
above 14 eV. Both backbone and internal fragment ions peak at around 20 eV with a very broad peak,
which is also reported in [9]. At 24 eV being the final energy point in our scans, all fragments are in a
decline with GF (205), b, (221), b; (278) and c; (295) dominating the spectra at around 1% of the
precursor ion intensity.

4. Conclusions

A linear quadrupole ion trap mass spectrometer was coupled to a synchrotron beamline to study the
VUV photo-induced dissociation of gas-phase protonated Leu-enk cations. The present experiment
extends previous studies by means of high spectral purity of the photon beam, increased sensitivity
and mass resolution (in the case of VUV/ion trap results) and increased energy range. Presented mass
spectra are in good agreement with the existing fragmentation data in the literature. The fragmentation
of the Leu-enk peptide shows a clear and interesting energy dependence that can be related to
electronic excitation processes, which will be investigated in more details in future papers.
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Synopsis The novel approach of DNA origami structures as templates for precise quantification of various well-
defined oligonucleotides provides the opportunity to determine the sensitivity of complex DNA sequences to-

wards low-energy electrons.

Secondary low-energy electrons (LEES) be-
long to the most important intermediates in
DNA radiation damage. Strand breaks in the
DNA backbone can be initiated by resonant
electron attachment at different electron ener-
gies.! Recent experiments suggest that single
strand breaks (SSBs) strongly depend on the
nucleotide sequence due to efficient coupling of
the electronic states of the nucleobases by
stacking interactions.? A novel approach using
DNA origami templates carrying different oli-
gonucleotide target sequences provides access
to efficient and systematic determination of
electron induced DNA strand break cross sec-
tions (see Figure 1).3

Figure 1. 3D model of a triangular DNA origami struc-
ture carrying six well-defined oligonucleotides and biotin
at the 5” end.

We assembled a new instrument to irradiate
specific oligonucleotide sequences on DNA
origami templates with electrons of defined but
variable energy from 2 to 50 eV (see Figure 2).
First experiments are performed at 10eV, where
a maximum of DNA single and double strand
breaks was previously observed.*

The damaged oligonucleotides are analyzed
with atomic force microscopy (AFM) and the
well-defined shape of the DNA origami tem-
plates allows for a precise localization and thus
guantification of DNA strand breaks at a single-

L E-mail: rackwitz@uni-potsdam.de 2 E-mail: mrankovic@ipb.ac.rs 3 E-mail: vraz@ipb.ac.rs 4 E-mail: bald@uni-potsdam.de

molecule level. The influence of the DNA se-
guence, e.g the telomere sequence, shall be ex-
plored. Furthermore, potential radiosensitizers
such as 2-Fluoroadenine are used to study their
influence on DNA strand break cross sections.

Figure 2. 3D model of the instrument for oligonucleotide
irradiation, equipped with vacuum pump, electron
source, sample stage and manipulators.
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Synopsis In this work we study the transmission of charged particles through a single cylindrically shaped metallic ca-
pillary of microscopic dimensions with a large aspect ratio. We used electrons as projectiles. Our results suggest the
existence of guiding of the electron beam by a metallic capillary.

In this work we investigate the guiding of
electrons through straight and narrow metallic
capillaries. The investigation of guiding of
charged particles by metal capillaries is strongly
motivated by the possibility of producing cheap
alternatives to complex electron-optical tools.

We have performed both the measurements
and the classical calculations of electrons guid-
ing [1, 2, 3]. Since electrons cannot change their
charge state, it is experimentally impossible to
make a clear distinction between transmission
of the primary and secondary electrons which
correspond to elastic scattering. But using the
classical simulation, we can identify and follow
up all electron trajectories. We performed Mon-
te Carlo simulation assuming that after each
inelastic collision a secondary electron is gener-
ated with kinetic energy directly estimated from
the energy transfer [2, 3]. The created secondary
electron is treated as a primary electron and the
trace of its path is followed in the successive
simulation procedure.

Our experimental setup consisted of an elec-
tron gun, a straight cylindrical platinum capil-
lary, an energy analyzer and a channeltron as a
detector. Pressure inside the vacuum chamber
was 7x107 mbar. An inner radius of the capil-
lary was 3.3 mm, with 40.8 mm in length. Esti-
mated electron beam width at the entrance of
the capillary was 0.9 mm with 0.3° angle diver-
gence. The initial electron energy was 200 eV.
We found that a dominant fraction of electrons
escaping from the capillary have energies
smaller than the incident electron energy. Fig-
ure 1. shows the energy spectrum of electrons
transmitted through a cylindrical platinum ca-
pillary.
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Figure 1. - Energy spectrum of electrons transmitted
through platinum capillary [4].
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ELECTRON IMPACT ACTION SPECTROSCOPY
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With the advent of modern mass spectrometry tools, as well as the electrospray
ionization techniques, it has become possible to study large macromolecules in
the gas phase. Recently Milosavljevi¢ et al [1] performed the action near edge X-
ray absorption fine structure (NEXAFS) of a protein, by coupling the soft X-ray
beamline PLEIADES at SOLEIL synchrotron with a linear quadrupole ion trap
mass spectrometer. Here, we present the results from an electron impact action
spectroscopy of trapped Ubiquitin protein, by coupling the same mass
spectrometer with a focusing electron gun [2, 3]. We also compare the electron
and photon impact results.
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Figure 1. Single (a) and double (b) ionization yields from Ubiquitin 7+ precursor
activated by electron impact.
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Ha ocHoBy wiana 82. 3akoHa 0 Hay4yHOMCTpakuBaukoj aeiaatHoctd ("CiyxOeHu
riacHuK Peny6imuke Cpbuje", 6poj 110/2005, 50/2006 - ucop. u 18/2010), wrana 33.
tayka 5. Ctaryra MHCTUTYTa 32 QU3UKY U 3aXTeBa KOJH j€ IMOIHEO

MWJIOII PAHKOBHU'h
Ha cenauny Hayunor Beha MuctutyTa 3a Pusuky onpikanoj 17.06.2014. roaune,
JIOHETA je

OJUIYKA
O CTULIAILY UCTPAKABAYKOT 3BAIHA

MUJIOII PAHKOBUh
CTHYE UCTPAKUBAYKO 3BAHE
Hcempascusau capaonuk

OBbPA3JIOJKEBE

Munom Pankxosuh je 26.02.2014. romuHe moJHEO 3aXTEB 3a CTUIAIE HCTPAKUBAYKOT
3Bamba MCTpakuBad capagHuk. Hayuno Behe MucruryTa 3a Qusuky je Ha ceqHUIU
onpxanoj 18.03.2014. roguue o6pazoBano Komwcujy 3a crnpoBoherme MOCTyIIKa y
cactaBy Ip Ajekcannap MuiocaBibeBuh, BUIIM HAayYHU capagHuk y MHCTUTYTY 3a
¢usuky, np bpatucinas MapunkoBuh, Hayynu caBeTHUK y MHCTUTYTY 3a QU3HKY, JIp
Jo3o Jypera, Hayunu caBetHuk y WHctutyty 3a usuky, u ap I'opan Ilomapuh,
BaHpeaHH npodecop Ha Pusmuxkom dakynrery y beorpaxy. Hayuno Behe je Ha
cennun of 17.06.2014. roguue yTBpAUIIO 1Ja UMEHOBAHHU UCIyhaBa yCJIOBE U3 YjaHa
70. craB 3. 3aKkoHa O HAyYHOUCTPAKHUBAYKO] IEITATHOCTH 3a CTHIAIHE UCTPAKUBAYKOT
3Barba HCTPAKUBAY CAPAJHHUK, 112 j€ OJUTYIHIIO Kao Y U3PEIH OBE OJIIyKE.

OmnyKy IOCTaBUTH MOAHOCHOITY, apXuBH MHCTHTYTA 32 QU3KMKY, KaJPOBCKO] CITyKOU
HucrutyTa 33 QU3UKy ¥ padyHOBOJCTBEHO] City)x0Ou MHcTHTYTa 38 DU3HUKY.

pencennnx Hayuynor Beha
ap Jbyounko UrmatoBuh
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