HayuyHoM Behy UHcTUTYTa 32 dUu3nKy beorpap,

beorpag, 6. bedpyap 2019. rogmnHe

Mpepmert:
Monda 3a noKpetarwe NOCTyNKa 3a U360p Yy 3Batbe Hay4yHU CapagHUK

C 0631poM ga ucnyraBaM KpUTEPUjyME NponuncaHe ofl ctpaHe MUHUCTapCTBa
MPOCBETE, HAYKe U TEXHOJIOLLIKOT Pa3Boja 3a CTMLaHE 3Batba HaYYHU capafHUK, MOJIMM HayyHO
Behe MHcTUTyTa 3a dM3UKy beorpag, Aa NoKpeHe NocTynak 3a Moj U360op Yy HaBEILEHO 3BakbE.

Y npunory focTaB/baM:

1. Mrwbere pyKoBOAMOLLA NPOjeKTa ca NpeaoroM Y4iaHoBa KOMUCKje 3a U360p Y 3Batbe
2. CTpy4Hy 6uorpadujy

3. lNpernepn HayyHe aKTUBHOCTU

4. EneMeHTe 3a KBaIMTaTUBHY M KBAHTUTATUBHY OLIEHY Hay4YHOT AOMpPUHOCA Ca A0Ka3MMa
5. Cnncak o6jaB/beHNX HAaYYHUX PafioBa U HbMXOBE Komnuje

6. MNopaTke 0 UMTUPAHOCTU

7. YBepere 0 0abparbeHOj JOKTOPCKOj AMcepTaumjm

Ca nowutoBarbeM,
np bojaHa Naunh
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HayuHom Behy UHcTUTyTa 32 Pu3nKy y beorpaay

Beorpag, 6. ebpyap 2019. rognHe

Npeamet: Muwwberbe pyKoBoAMOLa NPpojeKTa o n3bopy Ap bojaHe Unuh y
3B8akbe Hay4yHU CapagHuUK

[p BojaHa Unuh 3anocneHa je y Jlabopatopuju 3a dU3UKY BUCOKUX eHepruja UHcTUTyTa
3a GpU3mnKy y beorpagy, Ha NPOjeKTy OCHOBHWX UCTPaXuBarba MUHNCTAPCTBA NPOCBETE, HAyKe U
TexHonowKor pa3soja Penybauke Cpbuje OH171004, nos Hasnsom ,ATLAS eKkcnepumeHT U
du3mka vectmua Ha LHC eHeprujama“, kao v Ha mehyHapogHom npojekty ERC-2016-COG:
725741. Ha nomeHyTUM npojekTuma ce 6asu TeOPHjCKNM nobosbilakbem mogena guHaMU4KUX
rybutaka eHepruje BUCOKO eHeprnjcknx 4ectmuay KBapPK-TNYOHCKO]j N1a3MMK, Kao U reHepucarbem
npeasuharba pagy nopeherba Ca EKCNEPUMEHTANHUM MOAauMMa, NoA MEHTOPCTBOM AP
MarpganeHe Thophesuh. Takohe, 6una je aHraxosaHa u Ha npojekty SNSF SCOPES
1IZ7320_152297, rgoe ce 6aBu TEOPMjCKMM NpOyvyaBarbem MMYyHOr CUCTEMA bakTepuja u
MOZEN0BarbeM perynauumje excrpecuje reHa, nog meHtopctBom Ap Mapka hophesuh u
MarganeHe bophesuh. C o63vpom pga wcryrwasa cse npeasuheHe ycnose y CKaagy ca
MPaBUAHMKOM O MOCTYNKY, Ha4uMHy BPEAHOBArba W KBAHTUTAaTUBHOM  WUCKasuBakby
Hay4YHOMUCTPAMKMBAYKMX pe3ynTata ucTpaxusada MIHTP, carnacHa cam ca MOKpeTarbem
nocTynka 3a usbop ap bojaHe Unuh y 3Barbe Hay4HU CapafHUK.

3a cacTaB Komucuje 3a usbop ap bojaHe Unuh y 3Barbe Hay4YHU CapaHUK Npeasiarkem:

(1) ap MarganeHa hophesuh, HayuHU caBeTHUK, MHCTUTYT 3a dn3unky y beorpagy

(2) ap Mapro hophesuh, BaHpeaHu npodecop, Buonowku dakynTet YHusepsuteta y
beorpagy

(3) ap Inamnja XKuskosuh, HayuHu caBeTHUK, MHCTUTYT 33 ¢dusnky y beorpagy

(4) npod. ap Boja PagosaHosuh, peaosHu npodecop, PUsnUKK dakynTet YHuBep3uTeTa y
beorpagy

Pykosoaunau, npojekta OH171004

o e

ap Nnpuj Kosuh, Hay4HWN CaBETHUK



Buorpadwuja ap bojaHe Ununh

BojaHa Mnuh (poh. Bnarojesuh) je poheHna y Mpujeaopy, bocHa 1 XepuerosuHa, 24. 8.
1984. rognHe. Y Jlo6ojy je 3aBpliMna OCHOBHY LUKOAY W TMMHa3ujy JoeaH [lyunh, kao hHak
reHepaumje. JyHa 2003. roauHe 6una je nobegHuk Pusmuke onmmnunjage bocHe wu
XepueroBuHe, a aBrycta 2003. yyectBoBana je Ha 34. MehyHapoaHoj $u3nMyKoj onmmnnjagm y
Tajnexy, TajBaH.

OcHoBHe aKageMmcke ctyamje Ha ®Ousmukom dakyntety YHuBepsuteTa y beorpagy,
cmep Teopumjcka U ekcnepuMeHTanHa ¢ousuKa, 3anodntbe 2003. roamHe u 3aBpwiaBa mx 2013.
roauHe ca npocevyHoM oueHoM 10,00, oabpaHMBLUM AMNAOMCKM paf Ha Temy [lpoaykuuja,
Mace u pacnagu cyrnepcuMempuyHux dYecmuuad y okBupy cMSSM mogena Ha LHC-y. ToKoMm
OCHOBHMX aKajeMCKux cTyanja bojaHa bnarojesuh je HarpaheHa Eurobank EFG LikosapuHoM,
Koja ce aoaesbyje Hajbo/bMM CTyaeHTUMA 3aBpLUHE roguHe ApXKaBHUX GaKynTeTa 3a OCTBapeHe
u3BaHpegHe pe3yatate TOKOM cTyauvja. TokoM akagemcke 2006/2007. roamHe 6una je
ctuneHaucta ¢oHaa lMpod. ap bophe XusaHoBuh Kao jeaaH oA, Haj6osbux cTyaeHaTa lll rognnHe
¢n3mnke Ha Pusmukom dakyntety. Ounaomckm pag je uspaheH y Jlabopatopujmn 3a UMKy
BMCOKMX eHepruja NHcTuTyTa 3a OM3KKy y beorpapny, a vM3pagoM pafja pykoBoauna je ap
Mapuja Bparbews Munocassbesuh, BULIM HayYHU capagHuK ca MHCTUTYTa 33 GU3MKY.

Akagemcke 2013/2014 roamHe ynucyje AOKTOPCKE aKafeMcKe ctyauje Ha OU3nMYKoM
dakyntety YHuBep3uteTa y beorpagy, yXa HaydyHa obnact ®Omsmka yectMua M nosba, Koje
3aBpwaBa 2018. NloauHe. MeHTOp AOKTOPCKMX CTyanja je ap MarpaneHa hophesuh, Hay4yHU
caBeTHUK NHcTUTyTa 3a dUsKuKy y beorpagy. Ha UHcTUTYTYy 3a dU3KUKy je 3anocneHa opf, 30. 06.
2013. roanHe Ha npojekty ,ATLAS ekcnepuMeHT u ¢usmka yectuua Ha LHC eHeprujama“
MuHMUcTapcTBa NPOCBETE, HayKe N TEXHOJOWKOr pa3Boja Penydauke Cpduje, a og, 1. 09. 2017.
aHra)koBaHa je n Ha npojekty ERC-2016-CoG:725741, ucto noa, MeHTOpCcTBOM Ap MarpaneHe
bophesuh. Op jyHa 2014. no aeuemdpa 2017. roanHe, 6MNa je aHraxkoBaHa 1 Ha npojekTy SNSF
SCOPES 127370-152297, noa, MmeHTOpCcTBOM Ap Mapka bophesuha, BaHpeaHor npodecopa Ha
Buonolikom pakyntety YHuBep3uTeta y beorpagy, n ap MaraaneHe hophesuh.

KaHanpatkuMba je y4yecTBOBasna Ha HEKOAMKO MehyHapoaHux LWKona u Bule
MehyHapoaHux KoHdepeHUMja, Ha KOjuMa je Npe3eHTOBasa CBOja WUCTpaXkmBama Y: Jlac
Herpacy, AHpganysuja, LLinaHnja; Oy&Hu, Pycuja; Beorpaay, Cpduja; HoeBocudupcky, Pycuja;
BeHeunjun, Utanunja; Tekcen, XonaHauja; CaBojy, ®paHLycka.

[lo capa je nydbankoBana jeaaH HaydHu pag M21la kateropuje, net pagoBa M21
KaTeropwmje, jeaaH pag, M22 kateropuje; gBa caonwTera ca MehyHapogHMX CKynoBa LUTamMmnaHa
y ueamHn M33 (u jow asa M33, Koja Ccy TPEHYTHO Yy MPOAyKLUMjU) M NpefaBatbe Mo NosmBy



LITaMMaHo Yy Ue/IMHU Ha goMahoj KoHdepeHunju ca MehyHapoaHuM yvyewhem Mé61. Takohe je
y4yecTBOBasa y u3paam nornaesba y MictakHyToj MoHOrpadmjn mehyHapoHor 3Ha4aja M13.

JlokTOpCcKy AucepTtaumjy nopn HasmBoM “Theoretical Predictions of Highly Energetic
Particles Energy Loss in Quark-Gluon Plasma” (“Teopujcka npepsuharba ryébutaka eHepruje
BMCOKO €HEpPrmjcKMX 4YecTuua Yy KBapK-ryOHCKOj nnasmu”), ypaheHy nop, pykoBoACTBOM Ap
MarpaneHe hophesuh, opbpanuna je 27.12.2018. rogmHe Ha PusnykoMm dakyaTeTy
YHuBep3suteta y beorpaay.

Mpernep Hay4yHe akTMBHOCTU Ap BojaHe Unuh

BojaHa (poh. Bnarojesuh) Unuh je 3anoyena cBoj UCTpaXknBadku pap, y JlabopaTtopuju
3a OU3UKY BUCOKUX eHeprmnja NHcTuTyTa 3a dmnsuky y beorpaay, y HoBembpy 2012. roauHe,
a 3anocneHa je on 30. 06. 2013. rogmHe. AHraXoBaHa Ha MpPOjeKTY OCHOBHUX UCTPaXKMUBaHba
OH171004 (ATLAS ekcrnepuMeHT n ¢usMka yectmua Ha LHC eHeprmjama) MuHucTapcTBa
NpocBeTe, HayKe U TEXHOJIOWKOr pa3Boja Penybaunke Cpbuje, a og 1. 09. 2017. n Ha ERC-
2016-CoG:725741, rpne ce 6aBU TEOPUCKOM GU3MKOM KBapK-TNyoHcke nnasme (QGP) nog
MeHTOpCTBOM Ap MaraaneHe bopheBuh, HayyHor caBeTHMKa WHCTMTYTa 3a GUSKUKY Yy
Beorpagy. QGP je HOBO cTatbe MaTepuje y KOjeEM CY KBApPKOBM WU TJIYOHM aCMMMTOTCKM
cnoboaHN, U Koje je KpeunpaHo y YyATpa-peslaTMBUCTUYKUM cydapuMma Tellkux joHa y RHIC
(Relativistic Heavy lon Collider, Brookhaven National Laboratory) u LHC (Large Hadron
Collider, CERN) ekcnepumeHtTUMa. KoHKpeTHO, bBojaHa Wavh paau Ha Teopujcknm
npeapuharbMma npuryliemwa, Tj. cynpecuje (NnpomeHe AucTpubyumja eHepruje) BUCOKO
€HEeprnjckux 4Yectuua, Ha nopehery n[o6UjeHUX npeapuharba ca eKcnepuMeEHTasIHUM
pe3ynTaTMMa, Kao U aHa/MTUYKOM YHanpehery Mojaena eHeprujckux ryburtaka. Hamme,
BMCOKO EHEpPrunjCKU MapToHM 4UmHe TeK oKo 0.1% CBUX KpeunpaHuX KBapKOBa W T1yOHa
HacTa/MX HaKOH cyjJlapa TELWKMX je3rapa ybp3aHux A0 YATpapenaTUBUCTUYKMX eHepruja, u
npejacTaB/bajy o4JIn4He TOMorpadcke coHae.

KaHanpatkurba ce Hajnpe SaBuia reHepucameM npeasuharba npuryllera nakux
(HaenekTpucaHUX XafpoHa M HeyTpasiHWUX MUOHA) M Tewkux (D-me3oHa M J/Y, HacTanmx
pacnagom B-mes3oHa) xagpoHa M Ha RHIC (200 GeV) u Ha LHC (2.76 TeV) eHeprujama y
HeueHTpanHUM cypapuma. lMNpeasuhara cy 6a3vpaHa Ha Moaeny AMHAMUYKUX TrybuTaka
eHepruje, pa3BujeHoM of, cTpaHe ap MarganeHe bophesuh u ap Mapka bophesuh y okBupy
Teopuje nosba Ha KOHAYHUM TeMnepaTypaMa 1 nepTypb6aTMBHe KBaHTHE XpOMOANHAMMUKE, A
ynopeheHa cy ca eKcnepuMMeHTa/lHMM nojauMMa Ha CBUM [AOCTYNMHUM LLEHTPANHOCTMMA
cynapa. [lobujeHa BeoMa ao6pa cnararba usmMehy npeapuharba (y OKBMPY UCTOT TEOPUjCKOT
dopmManu3Ma M HyMepuuKke npoueaype) M ekcnepumeHTta, 6e3 kopuwhera €n0604HMX
napamertpa, 3a p1>10 GeV, cy ykasuBana ga gatv Mogen rybutaka eHepruje BepoocTojHO
onucyje WMHTepakuuje etoBa ca QGP cpegmHoM. OnucaHW pesyntat objaB/beHU CY Y



MehyHapoAHOM Yyaconucy U3y3eTHUX BPeAHOCTU:

*  Magdalena Djordjevic, Marko Djordjevic and Bojana Blagojevic, RHIC and LHC jet
suppression in non-central collisions, Phys. Lett. B 737, 298-302 (2014) (DOI:
10.1016/j.physletb.2014.08.063) (M21a).

[logaTHa BpeAHOCT MoAena AMHAMUYKMX rybuTaka eHepruje ce ornega y HEeroBoj
npeAnKTUBHOj MOhH, jep je Npe AocneBarba eKCNepUMeEHTaNHMX NoaaTaka 3a Pb + Pb cypape
Ha eHepruju 5.02 TeV npeasnheHO NPaKTUYHO UCTO MPUryLIEHE HAENEKTPUCAHUX Xa[poHa
Ha OBOj eHeprunju n eHepruju og, 2.76 TeV y paay BpxyHCKor mehyHapoaHor yaconuca:

e Magdalena Djordjevic, Bojana Blagojevic and Lidija Zivkovic, Mass tomography at
different momentum ranges in quark-gluon plasma, Phys. Rev. C 94, 044908 (2016)
(DOI: 10.1103/PhysRevC.94.044908) (M21),

Ha KOMe je KaHaupatKumba Koaytop. OBo npegpuharbe je HakHagHO A06uno U CBOjY
ekcnepumeHTtanHy notepay. [peasuharbe M3 ucTOr paja, Koje jow YBEK YeKka Ha
BepudpMKaumjy je npnbanKHo ncto npurylerse D- u B-me3oHa Ha 5.02 TeV eHepruju, OoK ce
(usHeHahyjyhe) npeasuha Marbe npuryluere HaenekTpucaHux (nakux) xagpHoHa Ha p1>100
GeV (ycnep ytuuaja dparMeHTaumoHux ¢yHKUMja). butaH pesyatat Tor wuctor paja je
yKasuMBarbe Ha 06/1acT TpaHCBep3a/HMX MMIMyJica M BPCTYy 4YecTuue 3a Kojy 6M MaceHa
ToMorpaduja 6una HajcBpcucxodHuja. Tako ce umsgsojuna obnact p1<50 GeV u meperse
JMPEKTHUX B-Me30Ha, WITO je onaKklliano ekCnepuMeHTanHy noTpary, ycMepaBajyhu je Ha oBe
oncepsadne n odnactm umnysca.

C 0d3mpoM pa je ydecTBoBasa y AEMOHCTPMparby MOYy3[4aHOCTU C/OXEHOr Mogena
OVHaMUYKNX rybuTtaka eHepruje, cnegehm Kopak je 6uno ucnutuBarbe penaTUBHOT
JONpUHOCa pas3nunTmxX epekaTa gaTor MoJena Tako 06BPOM craraky ca ekcrnepmuMeHToMm. C
TMM UWBEM KaHAMAATKMHA je MOCTYMHO WCAWTMBasa 3Hayaj CBaKor MojeAuHayYHor
no6osbllaka AaTor MoAeNa Ha NPUMEPY YMCTO EHEPrUjcKe COHAE, Tj. Mpurywera D-Me30Ha.
TauyHuje npoyyaBana je: 1) afeKBaTHOCT CTaTMYKe anpokcMmaumje, 2) onpaBAaHOCT
(HeonxopgHocT) yBohewa JAMHAMUYKMX LEHTapa pacejarba, 3) penatMBaH  3Havaj
pagujaTUBHUX U KONM3MOHUX TybuUTaKa eHepruje y [AWHAMMYKOj cpeanHn, 4) GUTHOCT
ypayyHaBatba KOHa4YHE XPOMO-MarHeTHe Mace U 5) yiory ypadyyHaBatba KOHCTaHTe cripesarba
jakKux WHTepaKuMmja. 3ak/bydaK je fAa je HajoutHuju edekat ypadyHaBarbe AUMHAMUYKUX
LeHTapa pacejatba, Maja Cy M npeoctana nobosbliarba 6UTHA, jep gonpuHoce GUHMUjEM
cnararby ca eKCnepuMeHTa/HMM MojauMma, a pes3yntat Cy NPe3eHTOBaHW Y BPXYHCKOM
MehyHapoaHOM Yaconucy:

® PBojana Blagojevic and Magdalena Djordjevic, Importance of different energy loss
effects in jet suppression at RHIC and LHC, ). Phys. G 42, 075105 (2015) (DOI:
10.1088/0954-3899/42/7/075105) (M21)




n Takohe ncrtakHytn y LabTalk-y.

KoHayHoO, y TEOPUjCKOM [fesly CBOT HAay4YHO-UCTPaXKMBAYKOr pajia KaHANAATKMHA je
yBesia jow jeaHo nodosbluarbe Mojena rydutaka eHepruje, Tj. ocnodoamna ce soft-gluon
anpoKkcuMmauuje, Koja nojpasymeBa [a je eHepruja uspavyeHor r/lyoHa MHOro Makba 0o,
eHeprmje noyeTHor Leta. Y ToM UM/by npepadyHana je ogrosapajyhmux 11 ®dajHmMaHoBUX
AunjarpamMa &e3 pgaTte anpokcumaumje y okeupy Djordjevic-Gyulassy-Levai-Vitev (DGLV)
MoJjena, Koju noapasyMeBa CTaTUYKY CpeaunHy, Yy Cay4ajy nponarauuje riayoHa, Ha Koje oBa
anpokcumaumja mma Hajpehmn ytuuaj. Mako cy ce aHaauTUYKM M3pasn  NOoNpUANYHO
pPa3/IMKoBaaN U SUSIM 3HAYajHO KOMIJIMKOBAHUjU Of, OHUX Ca ypayyHaTOM anpoKCMMaLMjoM
(a cBOgMAM cy ce Ha HMX Yy [aToj anpokcumaumju), nsHeHahyjyhm pesyntaTt je pga cy
HyMepu4Ka npegsuharba ca 1 6e3 anpokcuMaumje dunaa NPakTUYHO MAEHTMYHA. 3aK/byyaK je
Ja je npuMeHa soft-gluon anpokcMMaumje agekBaTHa y OKBUMPY Mofena, a Ha OCHOBY
noctojehe npeckpunumje ca AMHaAMUYKMM MOJENIOM OYEKYje ce Aa UCTU 3aK/bydaK BaXkn U Y
TOM CAayyajy, WTo &M Tpedano U eKCnIMUMTHO MNokasaTu. Takohe, oBAae je nNo npBu Nyt
yBefeHa edeKTMBHA Maca [JlyoHa y u3pa3s 3a pajanjatuBHe rydutke eHepruje des soft-gluon
anpokcumauumje. Papg je odjaB/beH y BpXyHCKOM MehyHapoaHOM Yaconucy:

e Bojana_Blagojevic, Magdalena Djordjevic and Marko Djordjevic, Calculating hard
probe radiative energy loss beyond soft-gluon approximation: Examining the
approximation  validity, Phys. Rev. C 99, 024901 (2019) (DOI:
10.1103/PhysRevC.99.024901) (M21).

Op jyHa 2014. - 2017. rogmHe, duna je aHra)koBaHa M Ha npojekTy SNSF SCOPES
1Z7370-152297, nop ™eHTopcTBOM Ap Mapka hophesuha, BaHpepHor npodecopa Ha
Buonowkom dakyntety YHuBepsuteta y beorpagy, n ap MarpaneHe bophesuh, rge ce
SaBuna TEOPUjCKMM MpoyvaBarbeM MMYHCKOP cucTeMa daKTepuja u perynauuje ekcrnpecuje
reHa KoJ, peCTpPUKLMOHO- MoaMPUKaLMOHNX cucteMa, kao n CRISPR/Cas-a.

Y norneay  pecTpuKumoHo-moauédukaumoHux  (PM)  cuctema,  gonpuHOC
KaHAWJATKUHLE Ce Or/lefla Y MOJIE/IOBakby EKCMnpecuje reHa amBepreHTHor PM cuctema no
NpBU MYT, Y OKBMPY CTaTUCTUYKE MeXaHWKe. Pe3yntatn cy NpeicTaB/beEHU Yy BPXYHCKOM
mehyHapoaHoOM Yyaconucy:

¢ Andjela Rodic, Bojana Blagojevic, Evgeny Zdobnov, Magdalena Djordjevic and Marko
Djordjevic, Understanding key features of bacterial restriction-modification systems
through quantitative modeling, BMC Systems Biology, 11:377, (2017) (DOI:
10.1186/512918-016-0377-x) (M21).

[latn pap npepna)ke M yHUBep3asHe orcepBabne Tj. CBOjcTBa Koja 6w cBakn PM cuctem
Tpebano ga ucnosbasa. Y norneny HanpegHujer baktepujckor MMyHckor cuctema CRISPR/Cas-
a, HEMo3HaBarbe MeXaHM3Ma HeroBe akTuBauuje je npemolheHo (KOMNYTaUMOHO CUHTETMYKO



reHCKO KOJI0) CTaB/bakb€M AaTOr CUCTEMA NOJ, KOHTPoy J05po m3ydyeHor Ahdl PM cuctema, ca
KojuMm CRISPR/Cas penn 3HayajHy KapaKTEpPUCTMKY - BUCOKY KOOMEPaTUBHOCT, Y paay
BPXYHCKOr MehyHapoaHor Yaconuca:

e Andjela Rodic, Bojana Blagojevic, Magdalena Djordjevic, Konstantin Severinov and
Marko Djordjevic, Features of CRISPR-Cas Regulation Key to Highly Efficient and
Temporally-Specific crRNA Production, Front. Microbiol., 8, 2139 (2017) (DOI: doi.org/
10.3389/fmich.2017.02139) (M21),

UMjU je KaHAMAaTKUHba KoayTop. Y UCTOM pajly je MCMUTMBaAHa W yaora ABe Haj3HauvajHuje
perynaumoHe Kapaktepuctuke CRISPR/Cas y E. Coli: KoonepaTuBHe penpecuje TpaHcKpunumje
npomoTtopa cas reHa n CRISPR Hu3a, n 6p3a HecneumduyHa aerpagaumja CRISPR TpaHckpunTa
(pre-crRNA) y anHamuum oarosapajyhux npotenHa. 3ak/byyak je [a 0de KapaKTepuctuke
JornpuHoce HarnoMm npenasy cuctema m3 OFF y ON crarbe, nNpu 4eMy HecneumdpuyHa
Jerpajaumja KOHTpOAMLIE Kallkbee, [JIOK KoonepaTMBHOCT Ha Behum Op3nHama
npouecoBara pre-crRNA y crRNA (nytem Cas npoTeuHa) yTmye Ha TO Aa ce AMHaMUKa
ekcnpecuje crRNA npoTenHa npudamkaBa OHOj KO, TPEHYTHE MHAYKLUMje cucTeMa.

[lo caga o6jaB/beHM pafoBM Cy HaBedeHW y ofesbky Cnucak pafoBa, [OK je
MCTPaXKMBaHba NPEe3eHTOBasa Ha A0/IeHaBeAEHUM KOHbepeHLMnjaMa.

TokoM centemMbpa 2014. roauHe BojaHa Wnaunh (tTaga BnarojeBuh) je 6una yy4ecHuK
koHdepeHumnje Hot Quarks 2014, Workshop for young scientists on the physics of
ultrarelativistic nucleus-nucleus collisions y Jac Herpacy, AHganysuja, LlnaHuja, rae je
oflp>Kana npepasakbe noj HasmBoM Energy loss in jet suppression - what effects matter?.
TokoM jyHa u jyna 2015. rogmMHe 6una je nonasHuK netke wkone Helmholtz International
Summer School, Dubna International Advanced School of Theoretical Physics, Dense Matter
2015, koja je oapxaHa y [ly6Hu, Pycuja. Takohe y [lybHu je, TokoM jyna 2015. yyectBoBana
Ha KoHdepeHunju Strangeness in Quark Matter, rae je ogp>kana npegaBare Noj HasMBOM
Importance of different energy loss effects in jet suppression at RHIC and LHC.

TokoM jyHa 2016. roauHe 6una je ydyecHUK KoHdpepeHuuje Belgrade Biolnformatics
Conference BelBi 2016, y Beorpany, Cpbuja, rae je oap)kana npepaBarbe Noj, Ha3MBOM
Explaining regulatory features of bacterial R-M systems through theoretical modeling. Tokom
aBrycta 2016. roauHe KaHAuAaTKMbba je 6una nonasHuK wkone Young Scientists School,
Systems Biology and Bioinformatics SBB 2016 y HoBocubupcky, Pycuja, roe je ogpxana
npegaearbe noj, HasmBoM The role of different regulatory features in achieving safe and
efficient R-M system establishment. Takohe y HoBocnbupckKy je, TOKOM aBrycta u centemMbpa
2016. roauHe, yyectBOoBajla Ha KoHdepeHumju The 10th International Multiconference
Bioinformatics of Genome Regulation and Structure/Systems Biology BGRS/SB 2016, rne je
npeseHToBana nocrep nop HasmBoM Design of bacterial restriction-modification systems:


https://doi.org/10.3389/fmicb.2017.02139
https://doi.org/10.3389/fmicb.2017.02139

relating the system architecture with its dynamical response. Kpajem peuembpa 2016.
roguHe, 3ajegHo ca AHhenom Popuh, ogprkana je npepaBarbe Ha BuouHdpopmatTMykom
ceMuHapy MaTteMaTuukr ¢pakynteta YHuBep3uTeTa y beorpaay nog HasmBom: CRISPR/Cas and
restriction-modification systems: modeling dynamics of bacterial immune system expression.

Y Majy 2018. roAuHe yuyecTBOBana je Ha KoHdepeHumju The 271 International
Conference on Ultrarelativistic Nucleus-Nucleus Collisions, Quark Matter 2018, y Beneuujn,
UTtanunja, rae je npeseHToBasa Noctep noj HasmBoM Soft-gluon approximation in calculating
radiative energy loss of high p, particles - is it well-founded?. TokoM jyHa ucte roguHe 6una je
y4YecHUK KoHdepeHumje Belgrade Biolnformatics Conference BelBi 2018, y beorpaay, Cp6uja,
rae je npeseHToBana e-noctep nog Ha3mBoM Defining dynamical property observables which
ensure efficient restriction-modification systems establishment in bacterial host. Centem6bpa
2018. rogmMHe y4yecTBoBana je Ha KoHdepeHumju Hot Quarks 2018, Workshop for young
scientists on the physics of ultrarelativistic nucleus-nucleus collisions Ha octpBy Tekcen y
XonaHaujn, rae je oap)kana npepasatbe noj HasmBoM Testing reliability of the soft-gluon
approximation in calculating radiative energy loss of high p, particles, pok je noyetkom
OKTObpa ucTe rogmMHe 6una yyecHUK KoHdepeHuumje Hard Probes 2018: International
Conference on Hard and Electromagnetic Probes of High-Energy Nuclear Collisions, y CaBojy,
dpaHuycKa, rae je ogpkana npegasarbe nof HacnoBoM Hard probe radiative energy loss
beyond soft-gluon approximation.

EneMeHTU 3a KBa/IMTaTUBHY OLLEHY Hay4YHOT AOonpuHOCca

1. KBanuter Hay4yHUX pesyartaTa

1.1. 3Hauaj Hay4HMX pe3yaTaTa

McnutmBarbe  CBOjCTaBa  KBapK-TyoHCKe nna3Me je Moryhe camo nytem
ayTOreHepucaHUX BUCOKO EHEPrujcKMX YecTuua M HuxoBe WMHTepakuuje ca QGP cpeauHoM.
MogenoBakbe Te WHTEpPaKUMje je CNOXeH 3aJaTak M CBako Modosbluakbe Moaena BoAU
BEPHMjeM onucy nNpupoae Te MHTepakuuje. KaHanaaTknma ce y ToKy gocagallker paga 6aBmna
BepudUKOoBatbeM MoysaaHocTM [MHAMUUYKOr Mojena ryduTaka eHepruje, nytem nopeherba
npeasuharba Npuryllera CNekTpa XaApoHa ca eKCnepMMEHTaJIHMM nogauuma. [MHaMUYKU
Moaen je HajcodUCTULMPAHNjU MoJeN ANHAMUYKMX TyOUTaKa eHepruje, Koju ypadyyHaBa BE/IMKU
Opoj edekarta, 0K OCTaIM MoAEeNN T'YOUTaKa eHepPrmje BUCOKO EHEPIUjCKMX YECTUL,A 3aHEMAPY]Y
BehuHy mam y HajbosbeM cnydajy HekonuMko Tux edekaTta. KaHauaaTkubba je ucnutana
penatuMBaH 3Hauyaj CBaKor MojeAnHavyHor edekta M MoKasasa ga Ccy CBU OUTHU, AOK je
ypauyHaBarbe [AMHAMMYKMX LEeHTapa pacejatba, Na caMMM TUM U  KOJAU3UMOHUX Mopen,
yoduyajeHnx paaunjaTMBHUX ryduUTaka eHepruje, HajsHavajHuje. Taj pag, je uctakHyt u y LabTalk-



y. YyectBoBana je y ynyhuBarby eKCnepuUMEHTaNIHUX Fpyna Ha peneBaHTHU pPiorcer wu
oncepBadny, y norneagy usy4daBatba MaceHe Tomorpaduje. Takohe, yBena je jowl jegHo
Teopujcko nodosbllakbe Moaena - ocnodahare of soft-gluon anpokcumauuje, no3sosbaBajyhu
[1a M3payeHun INyoH oAHece 3HayajHy KOJIMYMHY eHepruje nonasHor napToHa. MNokasana je aa je
onpasgaHa npuMeHa soft-gluon anpokcnmaumje 1 no Npeu NyT yBesia epeKTMBHY Macy r1yoHa y
n3pas 3a pagmjatMBHe ryduTke eHepruje des soft-gluon anpokcmmaumje.

Ha npojekty dnodumsmnke MopgenioBana je perynaumjy ekcnpecuje reHa AuBepreHTHor
PECTPUKLMOHO-MOANPUKALMOHOT cucTeMa (MMYHCKOT cucTeMa GakTepuja) mo npBU  NyT,
yyecTBoBana y pgeduHUCatby AMHAMMYKUX CBOjcTaBa Koje cBakM PM cuctem Tpeda paa
NCnoJbaBa, Kao U Yy in silico KOHCTPYKLUMjU CUHTETUYKOT FTEHCKOr KOMa Y KOME je npeasioXKeH
HauuH akTnBaumje CRISPR/Cas cucteMa (cioxeHujer UMyHCKor cucteMa Saktepuja), Koja je Koj,
SaKTEpPMjCKMX opraHMsama Ao caja HeodjallHeHa.

K/by4HW pafoBu KaHAMOATKUHLE CY:

® Bojana Blagojevic and Magdalena Djordjevic, Importance of different energy loss
effects in jet suppression at RHIC and LHC, ). Phys. G 42, 075105 (2015) (DOI:
10.1088/0954-3899/42/7/075105) (M21).; Takohe uctakHyT u y LabTalk-y,

¢ Bojana Blagojevic, Magdalena Djordjevic and Marko Djordjevic, Calculating hard probe
radiative energy loss beyond soft-gluon approximation: Examining the approximation
validity, Phys. Rev. C 99, 024901 (2019) (DOI: 10.1103/PhysRevC.99.024901) (M21).

1.2. TMapameTpu KBaauTeTa Yaconmca

KaHgupaTtkurba ap bojaHa Unuh je objaBuna ykynHo 7 papoBa y MehyHapogHuUM
yaconmcuma u To:

e 1 pan y mehyHapoaHOM vaconucy usyseTHux BpeaHoctu Physics Letters B (IF = 6.131,
SNIP = 1.961),

e 2 paga y BpxyHckoM mMehyHapoaHoM yaconucy Physical Review C (IF = 3.820, SNIP =
1.747 v IF = 3.304, SNIP = 1.290)

e 1 papn y BpxyHCKoM MehyHapoaHoM Yaconucy Journal of Physics G: Nuclear and Particle
Physics (IF = 2.838, SNIP = 1.231)

e 1 pan y uctakHyToM MehyHapoaHoM yvaconucy Nuclear Physics A (IF = 1.992, SNIP =
0.941)

e 1 pap y BpxyHckoM MehyHapoaHoMm yaconucy Frontiers in Microbiology (IF = 4.165, SNIP
=1.174)

e 1 papn y BpxyHckoM MehyHapogHoM vaconucy BMC Systems Biology (IF = 2.303, SNIP =
0.689).



1.3.

YKynaH nMnakTt ¢paktop objaB/beHUX pajoBsa je 24.553.

Mogauu o LMTUPaAHOCTU

Mpema &a3u INSPIRE-HEP, paposu u3s obnactn ¢pusmke ap bojaHe (poh. Bnarojesuh)

Nnnh cy untmpanm ykynHo 89 nyta, og, yera 79 nyta usysumajyhu aytouutate (h=4). Pagosu n3

odnactn duodusmke, npema 6asm Google Scholar, untupanmn cy 9 nyta, og 4yera 3 nyta

nsysumajyhm aytouutate. Mpema 3BaHMYHOj da3m SCOPUS pafoBM KaHANAATKUHE LIUTUPAHU CY

75 nyta, of, yera 63 nyta usysmumajyhu aytoumutate (BMAETM npuaor o uutnpaHoctu). MNpema

0BOj da3n XMpLIoB MHAEKC KaHAMAATKUHLE je 3.

1.4. [OopaTHM OUONMOMETPUjCKM MOKa3aTe /by

[onatHn SUSNIMOMETPUjCKN NapaMeTpu Cy NpukKasaHu y cneaehoj tadenu:

no M CHMN

YKyrnHo 24.553 55 9.033
YcpeaH€eHo Nno YaaHKy 3.508 7.857 1.290
YcpeareHo No ayTopy 7.529 16.867 2.842

1.5.

MehyHapoaHa capaatba
MehyHapoaHe aktuBHOCTM aAp BojaHe Manh odyxBartajy:

Yyewhe Ha ®MN7 npojekty EBponcke komucuje (PIRGO8-GA-2010-276913) "Theoretical
predictions of jet observables in QCD matter",

Yyewhe Ha npojekty EBporicke Komucmje ERC-2016-CoG:725741 “A novel Quark-Gluon
Plasma tomography tool: from jet quenching to exploring the extreme medium
properties”,

Capagrby ca rpynom gap E. 3po0dHoBa (Department of Genetic Medicine and
Development, University of Geneva and Swiss Institute of Bioinformatics, Geneva,
Switzerland) y okBupy npojekata SNSF SCOPES 1273Z0-152297,

Capagmby ca rpynom ap K. CeesepuHoBa (Waksman Institute of Microbiology, Rutgers
University, Piscataway, NJ, United States; Skolkovo Institute of Science and Technology,
Skolkovo, Russia).

2. HopMmupame dpoja KoayTopcKux pajoBa, NaTeHata U TEXHUUYKUX pelleHa

Nmajyhun y Buay ga cBaku objaB/beHM pajl KaHAMAATKUHE UMa 5 MU Marbe KoayTopa,

CBaKM paj, ce payyHa ca MyHOM TEXUHOM.



3. Yuyewhe y npojektuma, noTnpojektTuMa u NpojeKTHUM 3agaumuma
KaHanpaTkuiba je yyectBoBasia Ha cieaehum npojektuma:

®* npojekaT MuHUCTapCTBa NPOCBETE, HayKe M TexHonowkor pa3soja Penybnnke Cpduje
OH171004 , ATLAS eKkcrniepuMeHT 1 ¢pusmnka yectmua Ha LHC eHeprujama“ (jyH 2013 - ),

e  O®IN7 npojekat EBponcke komucuje Marie Curie International Reintegration Grant within
the 7™ European Community Framework Programme (PIRG0O8-GA-2010-276913)
"Theoretical predictions of jet observables in QCD matter" (jyn 2013 - mapt 2015)

e npojekat SNSF SCOPES 1Z73Z0-152297 “Bioinformatics and modeling of bacterial
immune systems -understanding control of CRISPR/Cas” (jyH 2014 - peuembdap 2017)

* npojekat EBponcke komucumje ERC-2016-CoG:725741 “A novel Quark-Gluon Plasma
tomography tool: from jet quenching to exploring the extreme medium properties”
(centemdap 2017 -)

4. AKTMBHOCT Y HAyYHMM M HaY4YHO-CTPYYHUM ApPYLUTBUMA

4.1. PeugeH3nje Hay4YHUX pajoBa

3ajelHO ca MEHTOPOM, KaHAMAATKUHbA je duna peueHseHT 3 paga y Yaconucy Physical
Review C (aBa papa IF = 3.820, jepaH pag, IF = 3.850).

4.2. Tlleparowku pag,

KaHaupaaTkurba je TokoM 2018. roguHe y4vecTBOBana Yy MNpuMpeMary M M3Bohewy
HacTaBe 3a MacTep CTy[leHTe W [OKTopaHTe Ha buosiowkoM dakyntety YHuBep3suteTa y
beorpaagy, npegmetn: BuonHbopmaTMKa M padyHcka duonoruja (moktopcke ctyauje) u OcHose
MonekynapHe &uodusuke (mactep cryamje). Takohe, yyectBoBana je Ha EBponckoj Hohwu
nctpaxkmsada 2018 y beorpagy, y cekumju EBponcko holue, Kao npeacraBHMK MHCTUTYTa 3a
¢un3nky beorpag, YHuBep3nuTteT y beorpaay n npojekta: ERC-2016-COG-725741 - A novel Quark-
Gluon Plasma tomography tool: from jet quenching to exploring the extreme medium
properties, unju je Hocunay ap MarpaneHa hophesuh, ca npeseHTauMjoM NoJ Ha3MBOM:
,ToMorpadwuja KITl: ucnutmBare ocodrHa KBapK-rnyoHcke nnasme”. Hoh ucrtpaxusaya je geo
nporpama XopmsoHT 2020, Hajseher nporpama EBponcke yHuje 3a UCTpaXKnBake U MHOBALLMOHE
[enatHocti, u notnporpama ,Mapuja CknogoBcka Kupu'. YyectBoBana je 3ajegHo ca
UCTpaXXnMBaykoM rpynom npod. Mapka bopheBuha ca Kateape 3a onwty éusmonornjy m
dnodunsuky, buonowkor pakynteta YHuBep3uTeTa y beorpagy.

5. YTuuaj HayyHuxX pesynTtarta



YTUuaj HayyHUX pesyaTtaTta KaHAnAaTKMHbE ce orneaa y Spojy umTtaTa Koju Cy HaBefleH! y
Taykn 1. oBOr nMpwusiora, Kao M y NpUAOry O UUTUPaAHOCTU U EneMeHTMMa 3a KBa/IMTAaTUBHY U
KBaHTUTAaTMBHY OLEHY HayyHoOr AonpuHoca. Y Tauyku 1. je Takohe onucaH 3Hayaj Hay4YHWX
pesynTarta.

6. KoHKpeTaH p[onpuHOC KaHAuAATa Yy peanuMsauuju pagoBa Y Hay4yHUM
LLeHTPMUMa Y 3eMJ/bU U UHOCTPAHCTBY

KaHanaaTkmMbba je CBe CBOje MCTpaXKMBa4yKe aKTMBHOCTU peanu3oBana y MIHCTUTUTY 3a
¢un3nky beorpag. KaHanaatkumba je gana butaH gonpuHoc o6jaB/beHMM pagoBuMa n'y BehmHm
pafioBa je npBu ayTop. tbeH gonpuHOC ce ornega y oBnajaBakby HYMEPUYKOM MpoueaypoM
npuryllietba CrekTpa, Aobujamy, MHTepnpeTaumju U NpeseHTaumju HYMEPUUKUX pe3ynTaTa,
TEOpUjcCKOM nodosbllakby MOAeNa, MUcarby pPajoBa M KOMYHMKaUMjM ca opraHusaTopuma
KoHdepeHuMja ypegHMLMMaA U peLLeH3eHTUMA Yaconunca, Kao 1 peLleH3rjamMa pasoBa.



EnemMeHTU 3a KBaHTUTAaTUBHY OL,EHY Hay4YHOr AOMNpPUHOCA

OcTtBapeHu M-6040BU No Kateropujama ny6amkKauymja

Kateropuja M-6o0p08Ba no Bpoj YKynHo M-
ny6amkauymju ny6amkKaumja 6oa0Ba
M13 7 1 7
M21a 10 1 10
M21 8 5 40
M22 5 1 5
M33 1 2 2
Mé61 1.5 1 1.5
M70 6 1 6

NMopehere octBapeHor 6poja M-6o40Ba ca MMHUMAJIHUM YCJI0BUMA
noTpe6HUM 3a n360p y 3BaH-€ Hay4yHOr capagHu1Ka

MotpedHo OctBapeHo
YKynHoO 16 71.5
M10+M20+M31+M32+M33+M41+M42 10 64
M11+M12+M21+M22+M23 6 55
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Abstract Restriction-modification (R-M) and CRISPR-Cas are bacterial immune
systems which defend their prokaryotic hosts from invasive DNA. Understanding
how these systems are regulated is necessary for both biotechnology applications,
and for understanding how they modulate horizontal gene transfer (including
acquisition of virulence factors). We here review results on modeling these sys-
tems which point to common general principles underlying their architecture and
dynamical response, with particular emphasis on modeling methods. We show that
the modeling predictions are in a good agreement with both in vitro measurements
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of promoter transcription activity and the first in vivo measurements of gene
expression dynamics in R-M systems. Modeling induction of CRISPR-Cas systems
is challenging, as signaling which leads to their activation is currently unknown.
However, based on similarities between transcription regulation in CRISPR-Cas and
some R-M systems, we argue that transcription regulation of much simpler (and
better studied) R-M systems can be used as a proxy for CRISPR-Cas transcription
regulation, allowing to in silico assess CRISPR-Cas dynamical properties. Based on
the obtained results, we propose that mechanistically otherwise different bacterial
immune systems, presumably due to a common function, share the same unifying
principles governing their expression dynamics.

Keywords Thermodynamic modeling - Restriction-modification systems -
CRISPR-Cas - Gene expression regulation - Regulatory dynamics

1 Introduction

Two types of prokaryotic “immune systems,” known as restriction-modification (R-
M) and CRISPR-Cas (Clustered, regularly interspaced short palindromic repeats-
CRISPR-associated proteins) systems, resemble the mammalian immune system in
their ability to actively and with high selectivity combat infectious elements (foreign
DNA) (Goldberg and Marraffini 2015). Apart from their immune function, these
systems significantly influence evolution and ecology of prokaryotes in a number of
ways and have a range of applications in biotechnology (Ershova et al. 2015; Hille
and Charpentier 2016).

In type II R-M systems, which are often found on plasmids, separate genes
code for two main system components: a restriction enzyme, which cuts specific
DNA sequences, and a methyltransferase, which methylates the same sequences
and thereby protects them from cutting (Nagornykh et al. 2008). It is widely
considered that the main condition for safely and efficiently establishing an R-
M system in a naive host cell, is a delayed beginning of expression of restriction
enzyme with respect to methyltransferase. This delay provides enough time for a
methyltransferase to protect a host genome, so that restriction enzyme later targets
only invasive DNA. Apart from this constraint on their dynamics imposed by their
function, we propose other potentially common R-M system dynamical properties,
and ask if these can be achieved by a wide variety of R-M systems architectures and
regulatory features (Rodic et al. 2017b). These hypotheses are tested by analyzing
dynamical properties of different R-M systems, predicted by biophysical models
including thermodynamically modeled transcription regulation and dynamically
modeled transcript and protein expression.

Unlike R-M systems, which are considered rudimentary for their lack of ability to
memorize past infections, CRISPR-Cas are advanced, adaptive prokaryotic immune
systems, which store partial DNA sequences of former infectors as spacers flanked
by direct repeats in a so-called CRISPR array (Hille and Charpentier 2016). Another
constitutive part of a CRISPR-Cas system are genes coding for Cas proteins. In Type
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I-E CRISPR-Cas system in E. coli, which is a model system for studying CRISPR-
Cas regulation, CRISPR array is transcribed as a long pre-crRNA molecule which is
further cut by Cas6e protein into small crRNAs, containing separate spacers. These
crRNAs guide Cascade complexes constituted of Cas proteins to complementary
foreign DNA, which is consequently destroyed. Somewhat surprisingly, while
CRISPR-Cas is extensively used for designing various biotechnological tools,
its native function and regulation in bacterial cells are not well understood. In
particular, CRISPR-Cas is silenced in E. coli cells under standard conditions, which
hinders observing its expression dynamics (Pul et al. 2010). However, transcription
regulation of this system involves general features similar to those found in certain
R-M systems, which can be used to predict the main features of CRISPR-Cas
expression dynamics (Rodic et al. 2017a).

In this chapter, we aim to explain how a thermodynamic model of a given
promoter regulation is formulated, by briefly describing a theoretical basis of
thermodynamic modeling and showing how this approach is applied on examples of
R-M systems, AhdI and EcoRV. Further, thermodynamic modeling of transcription
is used as an input for dynamic modeling, predicting appropriate protein expression
in a cell in time, which is discussed on the example of Esp13961 R-M system,
for which protein expression dynamics were experimentally measured. We also
show how measures for dynamical properties of interest were defined to compare
expression dynamics of different R-M systems and to propose unifying principles
that characterize their regulatory dynamics. To in silico predict the main qualitative
properties of CRISPR-Cas dynamics, and to understand the significance of few
characteristic regulatory features found in CRISPR-Cas, we introduce the idea of
using a synthetic setup where R-M system transcription regulation with similar
features is used as a proxy for not-well understood CRISPR-Cas transcription
regulation. Based on the obtained results, we propose that regulatory dynamics
of CRISPR-Cas and R-M systems may be governed by similar design principles
imposed by their immune function.

2 Thermodynamic Modeling of Transcription Regulation

Thermodynamic modeling approach of gene transcription control is based on
principles of statistical mechanics. As an input it takes levels of transcription factors,
and patterns and affinities of their binding sites, while as an output it provides
predictions of promoter transcription activity (Dresch et al. 2013).

As regulation of transcription initiation, which is a rate-limiting step in gene
transcription, involves binding of protein molecules (RNA polymerase, transcription
factors) to DNA (promoter region), let us start with a simple scenario in which
one molecule of protein, present in some copy number in a cell, binds to one
binding site on DNA. From a thermodynamics point of view, the cell interior can
be approximated by a system exchanging energy with a much larger heat reservoir
(its surroundings) (Phillips et al. 2012). Protein molecules in this system, among
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which energy is distributed, are approximated by noninteracting particles randomly
moving in space confined to the cell volume. These particles can be arranged in a
number of different ways, and every unique arrangement of particles corresponds to
a particular microstate of the system. The probability of finding different microstates
is given by the Boltzmann distribution, which we derive below.

2.1 Derivation of the Boltzmann Distribution

Consider a system (s) in contact with a thermal reservoir (r), which together
constitute an isolated system with fixed total energy E = E® 4+ E®. According
to the second law of thermodynamics, such an isolated system evolves toward such
partition of energy between the system and the reservoir, which corresponds to the
largest number of microstates of the whole system (Phillips et al. 2012). Therefore,
the probability that the system has energy E;® is proportional to the number of the
corresponding microstates of the overall system, Q(E,E®) = QO(E;®) x QO(E-
E;®). System degeneracy is directly related to its entropy S = kp In(2), where kp is
the Boltzmann constant, so the probability that the system has energy E;® reads:

P (ED) ocexp (59 () /ks) -exp (SO (E - EP) /ka)
~ exp (S(S) Efs)) /kB) . exp ((S<f>(E) —asy. E,.(*)) /kB) (1)
o exp (S© (El(s)) /kB> - exp (—El.(s)/ (kg - T)) ,

where in the second step, the reservoir entropy is expended about ST(E) (note
that this approximation is valid when a reservoir is much bigger than a system,
s0 E;® << E), while in the third step the thermodynamic definition of temperature
(0S/0E)y Ny = U/T is used. The first term in Eq. (1) gives the number of microstates
of a system with energy E;® (i.e., Q®(E;)), while the second term is called
the Boltzmann factor, and represents the unnormalized probability of selecting one
particular system microstate at energy E;®), i.e. it represents a statistical weight of
that microstate (Sneppen and Zocchi 2005).

2.2 Statistical Weights from Statistical Mechanics

In the problem of binding of a protein to its binding site considered above, all of
the microstates can be grouped in one of the two system macrostates: the one in
which the DNA binding site is occupied by the protein, or the one in which it is
empty, where binding sites in these two states are characterized by the energies &;(**
(so that i corresponds to bound or unbound). Thereby, the energy of the system

(E{®) is a sum of the binding site energy and the kinetic energies of all unbound
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protein molecules. Since the probability of finding different microstates is given by
the Boltzmann distribution, the weight associated with the macrostate with energy
E;® is proportional to the corresponding number of the system microstates (),
multiplied by the Boltzmann factor (the numerator in the equation below):

Q) (E,@) Ce Bk T)

P(EY) = .
' ) (g(s) (E,(S)) .e—E,-(S)/(kB-T))

i

2

In the denominator of Eq. (2) is the so-called partition function, which represents
a sum of statistical weights of all possible system microstates.

To determine Q) from Eq. (2), i.e. to count in how many ways protein
molecules can be arranged, one needs to know how many states are available to
one freely moving protein molecule with kinetic energy &; = p?/(2m) in a cell.
According to the uncertainty principle from quantum mechanics, this question
amounts to counting discrete cells of the size 4 (Planck’s constant) in the phase-
space containing three dimensions of particle position () and three dimensions of
its momentum (p) (Stowe 2007; Sneppen and Zocchi 2005).

Therefore, the statistical weight of the system macrostate with binding site
energy s,(mu)n 4> Where the protein binding site is occupied, is obtained by summing
through all possible arrangements (permutations) of N—1/ indistinguishable protein
molecules (because 1 is bound) in a cell phase-space, with that sum weighted by a
corresponding Boltzmann factor (Phillips et al. 2012; Sneppen and Zocchi 2005):

N-1

drd3p_ dYmkpT —e®™ g
ZonN (N 1 <ff p°/Q@mkpT) e—bouna/ kBT) 5

oc kN1 —(N De— s,m,,d/(kBT)

where k = Q2mkgTn/h*)¥? and p = N/V (V is cell volume). Equivalently, a
statistical weight of a system macrostate in which all protein molecules are free

(bs) ) reads:

in a cell (with binding site energy ¢, ., .

N

3,..43 2
7 — 1 d’r-d [Jefp /(RmkpgT) e unbound/(kBT)
OFF NI (f f "3 (4)

kN 7N unbuund/(kB T)

Taking into account that the total statistical weight (partition function) of this
system is Z = Zon + ZorF, one can express the ratio of probabilities of finding a
binding site in occupied and unoccupied state:

Pon _ Zon (Zorr - _ P o—De/ksT) )
PorF z zZ k '



42 A. Rodic et al.

where Age = slgt(')jn d = 5,(;? ound 18 the binding energy. Conveniently, statistical

weights are expressed in terms of Ae (i.e., normalized with Zprr). One should
have in mind that binding of a protein to DNA induces significant conformational
changes in both molecules, so A¢ in the above equations corresponds to the (Gibbs)
free energy of binding (often written as AG, which we will adopt below).

2.3 Statistical Weights from Equilibrium Biochemical
Reactions

Binding of a protein present in a cell in concentration [P], to a binding site of
concentration [BS] is, alternatively, described by the following chemical reaction:

[P] + [BS] K::‘id [P ~ BS], (6)

characterized by the equilibrium dissociation constant K; = [P]-[BS]/[P ~ BS]. The
ratio of probabilities of finding a binding site occupied and unoccupied is then

Poy _ [P~BS] ( [BS] )‘1 [Pl o
PorF [BSTot [BSTot Kd’

where [BS]iot = [BS] + [P ~ BS] is a total binding site concentration. Equation
(7) is equivalent to Eq. (5) obtained using statistical mechanics, where [P] = p and
Ky = k-exp(Ae/(kpT)) (Sneppen and Zocchi 2005).

If a protein from the analyzed example is RNA polymerase (RNAP) binding to
a promoter site, the promoter transcription activity can be approximated through
a classical assumption that the transcription activity is proportional to equilibrium
binding probability of RNAP to the promoter (Shea and Ackers 1985). Transcription
from promoters with more complex regulation, including combinatorial binding of
multiple transcription factors which results in more than two promoter configura-
tions, can also be modeled in this way, as in the following example.

2.4 Modeling Transcription Regulation of Ahdl R-M System

Thermodynamic modeling approach introduced above was applied in modeling
transcription regulation of the R-M system AhdI, which belongs to a large group
of R-M systems coding for an additional, control protein (C) which regulates
transcription of system genes (Bogdanova et al. 2008). In this system, an operon
containing control protein and restriction endonuclease genes (¢ and res), and a gene
coding for methyltransferase (met) are oriented convergently and transcribed from
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Fig. 1 Thermodynamic modeling of P.CR transcription regulation in Ahdl R-M system. (a) Gene
organization in Ahdl system. P.CR, DBS, PBS, and P.M mark relative positions of the PCR
promoter, the distal and the proximal C protein binding site, and the PM promoter, respectively.
(b) Allowed P.CR configurations with their statistical weights denoted on the right, expressed in
terms of the equilibrium dissociation constants (K) of reactions (8). Protein-DNA (below each
configuration) and protein—protein (above interacting proteins) binding free energies (AG, in units
of kgT) are related to the appropriate equilibrium dissociation constants following the equations
in (c¢). (d) P.CR transcription activity (¢cg) is proportional to the fraction of statistical weights
corresponding to transcriptionally active configurations (those containing an arrow in b)

the promoters denoted as P.CR and P.M, respectively (Fig. 1a). Methyltransferase
methylates the P.M promoter, thereby repressing transcription of its own gene. On
the other hand, transcription of the operon genes is regulated by binding of C
protein dimers to the distal (DBS) and the proximal binding sites (PBS) in the P.CR
promoter region.

Prior experiments of in vitro transcription from a wild type P.CR showed that
transcription from this promoter is virtually inactive in the absence of C protein, and
that it becomes first activated and then repressed with increasing C protein concen-
tration (Bogdanova et al. 2008). This suggests that RNAP is presumably recruited
to the promoter through a protein-protein contact with a bound C protein which,
therefore, acts as a transcription activator. However, in the electrophoretic mobility
shift assay experiments, only free DNA and complexes comprised of C protein
tetramers bound to DNA were revealed in the whole range of varying C protein
concentrations (Bogdanova et al. 2008; McGeehan et al. 2006). Furthermore, it was
shown that DBS has a few orders of magnitude larger binding affinity than PBS,
indicating that binding of C dimers to DNA is highly cooperative, i.e., a C dimer
bound to DBS immediately recruits a second C dimer to PBS. As a bound C tetramer
prevents RNAP from binding to the P.CR and thereby represses transcription of ¢
and res genes, this raises a question of how transcription from the P.CR is activated.
Therefore, quantitative modeling was used to test the proposed mechanism: that
RNAP can passively outcompete a second C dimer from binding to PBS, which
results in activation of transcription from the P.CR (Bogdanova et al. 2008).
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The proposed thermodynamic model of the P.CR transcription regulation takes
into account the following chemical reactions, characterized by the appropriate
equilibrium dissociation constants (K):

[Mon] + [Mon] T—) [D]
1

[RNAP] + [DNA] === [RNAP ~ DNA|
2

[D] + [DNA] =——= [D ~ DNA] 8)
3

[D ~ DNA] + [RNAP] === [D ~ RNAP ~ DNA|
4

[D ~ DNA] + [D] ? [T ~ DNA],
5

where [RNAP], [Mon], [D] and [DNA] stand for concentrations of RNA poly-
merase, C protein monomers and dimers, and DNA containing the P.CR promoter
region, while [RNAP ~ DNA], [D ~ DNA], [D ~ RNAP ~ DNA] and [T ~ DNA]
denote concentrations of established complexes of, respectively, RNAP bound to
the P.CR, a C dimer bound to DBS, RNAP recruited to the promoter by a bound C
dimer, and a bound C tetramer. This system of reactions describes establishing of the
allowed P.CR equilibrium configurations characterized by the following statistical
weights (Fig. 1b):

* ]—empty promoter;

* Zrnap = [RNAP ~ DNA]J/[DNA]—only RNAP bound to the promoter, which
corresponds to basal transcription of the operon genes;

* Zp-rnap = [D ~ RNAP ~ DNA]/[DNA]—RNAP recruited to the promoter by a
C dimer bound to DBS, resulting in transcription activation;

e Zr = [T ~ DNAJ/[DNA]—a second C dimer recruited to PBS by a C dimer
bound to DBS, with obtained C tetramer repressing transcription.

Note that the configuration representing only a C dimer bound to PBS was not
taken into account, as such a configuration was not observed in the experiments
and has a very low probability due to a large cooperativity in C dimers binding.
One should also note that this modeling approach involves the rapid equilibrium
assumption applied to the binding reactions, which is justified by the fact that
association and dissociation processes between a protein and a DNA molecule, or
two protein molecules, are much faster compared to transcription, translation and
protein/RNA degradation processes (Phillips et al. 2012). Consequently, the model
considers only the frequency of different promoter configurations in equilibrium and
cannot distinguish between different sequences of binding events leading to a given
configuration—e.g., whether protein A binds to DNA first and prevents binding of
protein B, or it displaces protein B when it is already bound to DNA.
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The measured value of C protein dimerization constant (K1) is by an order of
magnitude larger than the range of C protein concentrations used in experiments,
indicating that C protein is present in a cell in the form of monomers. Therefore,
statistical weights of the corresponding configurations are expressed in terms of C
monomer and RNAP concentrations and, either appropriate equilibrium dissociation
constants (Fig. 1b), or binding free energies (Fig. 1c). According to the assumption
introduced above, transcription activity of the P.CR is proportional to the fraction of
statistical weights that correspond to bound RNAP (Fig. 1d). Absorbing all constants
into few parameters (x, y, and z), P.CR transcription activity is obtained as a function
of C protein monomer concentration:

x + y[Mon]2

, 9
1 + x + y[Mon]? + z[Mon]* ©)

@ocr (Mon) =«

where « is a proportionality constant with units transcript amount over time.
Equation (9) was fitted to the experimentally measured data, obtained for a wild
type system (Fig. 2a), but also for systems in which mutations were introduced in
the DNA sequences of DBS or/and PBS (Fig. 2b—d), which corresponds to changing
AGp.pps or/and AGp_pps (see Fig. 1b) (Bogdanova et al. 2008). Fig. 2 shows that
the proposed model, with only three free parameters (x, y, and z; « was given the
value 1), is in very good agreement with the data for both the wild type and the
mutated systems. Furthermore, when fitted to the mutants data, parameter values
change as expected with respect to the wild-type case—e.g., decreasing the affinity
of DBS strongly negatively affects parameters y and z, while it has no effect on
parameter x (compare the Eq. (9) with statistical weights in Fig. 1b and c). All of
the above indicates that the modeling can realistically explain in vitro measured
transcription activities and, accordingly, that the proposed model appropriately
describes the P.CR transcription regulation in AhdI system.

wild type DBS mutated PBS mutated DBS and PBS mutated
a b ) ¢ d

exp. data
— model

100 200 0 200 0 100 200 0 100 200

P.CR transcription activity
(relative units)

C protein concentration (nM)

Fig. 2 Fitting experimentally measured dependence of P.CR transcription activity on C protein
concentration in wild type and experimentally mutated systems, with a thermodynamic model of
this promoter transcription regulation. Transcription activity was measured in arbitrary units and
the values (grey circles) were normalized. Solid curves represent the fitted model Eq. (9). (a) Wild
type system, (b) DBS affinity decreased, (c¢) PBS affinity decreased, (d) Decreased affinity of both
DBS and PBS (Bogdanova et al. 2008)
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3 Dynamic Modeling of Protein Expression

Dynamic modeling is the most common approach to model molecular networks and
can be used to predict how protein amounts of interest—e.g. those of restriction
enzyme and methyltransferase—change with time. State variables of the model
represent concentrations (or numbers of molecules) of all mMRNA and protein species
in the system. These quantities dynamically depend on the combination of all
processes that increase or decrease the corresponding amounts, characterized by
appropriately defined rates (Le Novere 2015).

Experimentally observing dynamics of protein expression in a cell is, however,
challenging due to a prerequirement for a synchronized cell population. Conse-
quently, such measurements have been conducted on R-M systems in only two
cases: for Pvull system, by introducing the system in a cell on a phage vector
(Mruk and Blumenthal 2008), and for Esp1396I system, by monitoring fluorescently
labeled R-M system proteins at the level of single cells (Morozova et al. 2016). In
the latter case, experimental measurements were compared with predictions of a
biophysical model of Esp13961 R-M system expression during its establishment in
a newly transformed host (Morozova et al. 2016).

Similarly to AhdI system, Esp1396I system contains ¢ and res genes in an
operon, expressed from a promoter controlled by cooperative binding of two C
dimers (see Fig. 1a and b). In contrast to an autoregulated m gene in AhdI system,
in Esp1396I system, P.M is under control of C protein, where binding of one C
dimer to its single binding site in this promoter region represses transcription of
m gene (Bogdanova et al. 2009). P.CR and P.M regulation was thermodynamically
modeled as explained above, to obtain relations for their transcription activities (¢;)
as functions of C protein concentration, which were further used as an input for a
dynamic model describing how appropriate transcript (m;) and protein (p;) amounts
change with time, for all three system components (i = C, Res, Met denoting C
protein, restriction enzyme, and methyltransferase, respectively):

dm;(r)
dr

o —em PO —mi =l (10)
dt

Equation (10) takes into account that transcript and protein amounts are increased
by transcription of the corresponding genes and translation of their transcripts (with
translation constants «;), respectively, while these amounts are decreased with decay
constants A" and )\f , which account for both degradation and dilution of molecules
due to cell division.

The proposed model of Esp13961 expression is minimal, in a sense that it takes
into account only the experimentally established regulatory mechanisms, and that
all model parameters are considered time-independent. Estimating the parameters
by fitting this model to the data (Fig. 3a and b), is a difficult task due to the relatively
large parameter space. This task is simplified by the fact that the parameters
related to restriction enzyme expression can be estimated separately from those
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Fig. 3 Fitting experimentally measured data of single cell Esp13961 R-M system expression
dynamics with a biophysical model. The zero time point corresponds to the plasmid entry in a naive
cell. (a) Restriction enzyme expression dynamics, (b) Methyltransferase expression dynamics
(Morozova et al. 2016)

describing methytransferase expression, as methyltransferase does not control ¢
and res expression. The observed good agreement of the model with the data is
also supported by a subsequent experimental confirmation of very large restriction
enzyme stability, which is consistent with inferred parameter values. Moreover, this
minimal model can explain the main qualitative features of expression dynamics
observed for Esp1396I system and proposed for R-M systems in general (Fig. 3a
and b): a delayed beginning of restriction enzyme synthesis and high expression
of methyltransferase early upon transforming a naive cell. Improved quantitative
agreement of the model with the data can likely be achieved by involving the
dependence of at least some parameter values with time, imposed by changing
conditions in a cell population or a desynchronization of cell and plasmid division.
Specifically, during the first ~160 min cells in the culture divided with different
(faster) rate compared to the rest of the experiment (Morozova et al. 2016), which is
taken into account through decay parameters in the model, as previously explained.
Therefore, it is plausible to assume that population dynamics also has significant
effect on some other parameters of the model, which may be a subject of future
modeling.

4 Modeling Expression of EcoRV R-M System

In contrast to AhdI and Esp1396I systems presented above, in ECORV R-M system
P.CR and PM are oriented divergently and partially overlap causing mutually
exclusive binding of RNAP to these promoters (Fig. 4a), which represents the
most distinctive regulatory feature of EcoRV system (Semenova et al. 2005).
Consequently, P.CR and P.M control is strongly coupled, making transcription
regulation of this system more complex compared to AhdI system. Furthermore,
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Fig. 4 Thermodynamic modeling of EcoRV R-M system transcription regulation. (a) Scheme of
gene organization in EcoRV. Relative positions of operon and met promoters (P.CR and P.M) and
distal and proximal C dimer binding sites (DBS and PBS) are denoted. (b) Allowed configurations
of a DNA fragment separating met and ¢ genes, with those transcriptionally active denoted with
an arrow. Overlapping of P.CR and P.M is emphasized by framing their common fragment. (c)
Chemical reactions in the model, with their equilibrium dissociation constants (K). Unlike in
modeling AhdI transcription regulation (Fig. 1), cooperativities in binding of a second C dimer to

PBS (w = exp (—AGr)) and of RNAP to P.CR (a)’ = exp (—AGICJISRNAP)) are here introduced
as separate parameters, to enable perturbation of w alone (see below in the text)

all characteristic Ahdl regulatory features are absent from EcoRV. Namely: (1)
no cooperativity in C dimers binding to DBS and PBS was experimentally found
for EcoRV system, (2) ¢ transcript is not leaderless in EcoRV, contrary to AhdI
system whose leaderless c transcript is translated less efficiently than res and met
transcripts, and (3) the equilibrium dissociation constant for a reaction of C protein
dimerization is significantly lower than in AhdI system, leading to mostly C dimers
in solution (Semenova et al. 2005).

To thermodynamically model EcoRV transcription regulation, one first needs
to determine the allowed configurations of a DNA region separating the two
divergent genes (Fig. 4b). Transcription regulation of the PCR by C protein is
similar to that found in AhdI system, except that now an additional configuration,
consisting of only one C dimer bound to DBS, has to be included due to the
absence of cooperativity. Regarding the PM regulation, contrary to Ahdl where
it was C-independent, in EcoRV it is indirectly influenced by C protein, as it
dictates when RNAP can bind to PM due to overlapping promoters. From the
equilibrium chemical reactions (Fig. 4c), which describe establishing of the allowed
configurations, statistical weights can be determined and further used to obtain the
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equations for P.CR and P.M transcription activities:

(14 )

¢ck (Mon) = a i ) ooap
[Mon] [Mon] / [Mon]
u <1 + Ki1K3 +w5K12K32) + (1 T K1K3 )
Mon]? Mon]*
(1 N+ ol )
¢m (Mon) =« , (12)

2 4 , 2
U (1 + et +w%‘1;r1§32) T (1 + o [¥on) )

relying, again, on the assumption that promoter transcription activity is proportional
to its equilibrium occupancy by RNAP. In deriving the above Egs. (11) and (12),
the following information from the experiments was used: a C dimer binds to DBS
with approximately five times higher affinity compared to PBS, setting K4/K3 =5,
and the P.CR is considerably weaker than the PM (Kar >> K>r, u = Kar/Kor)
(Semenova et al. 2005). The thermodynamic model of EcoRV transcription reg-
ulation (Eqgs. (11) and (12)) is incorporated in an appropriate dynamic model of
transcript and protein expression, of the form given by Eq. (10). Furthermore,
to estimate the model parameters, and since EcoRV expression dynamics has not
been experimentally measured, it is useful to reduce their number by rescaling the
appropriate variables. A detailed explanation of parameter estimation in the case of
EcoRV is available in (Rodic et al. 2017b). Overall, this presents to our knowledge
the first model of a divergent R-M system, which provides an opportunity to assess
the effect of regulatory features found in such a system on its expression dynamics,
by in silico introducing AhdI features in EcoRV system (see below).

5 Inferring Effects of R-M Systems Regulatory Features
on Their Dynamical Properties

As all R-M systems share the same function, namely, efficiently destroying foreign
DNA without harming the host cell, it is reasonable to hypothesize that their
expression dynamics, constrained by their function, should exhibit some universal
properties, regardless of the underlying regulation. Specifically, the following
common dynamical properties of R-M system establishment in a naive host cell
have been proposed (Rodic et al. 2017b): (1) a time delay in expression of
restriction enzyme with respect to methyltransferase, which provides time for
genome protection, (2) a fast transition of restriction enzyme expression from
the OFF to the ON state, to ensure rapid cell protection from incoming foreign
DNA, and (3) a stable steady-state of the toxic molecule (restriction enzyme), as
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Fig. 5 Dynamical property observables. (a) Predicted restriction enzyme (R) and methyltrans-
ferase (M) expression dynamics upon system entry in a naive bacterial host. Measures of R
expression time delay and transition velocity are graphically represented, (b) Dependence of
AhdI P.CR transcription activity on C protein concentration is provided by the full line, whose
intersection with the dash-dotted line determines the equilibrium C protein concentration. Slope of
the transcription activity curve at this equilibrium concentration (the dotted line) is related with the
steady state stability (Rodic et al. 2017b)

fluctuations in restriction enzyme amount not matched by appropriate fluctuations
in methyltransferase amount could lead to host cell death.

To quantify these properties, corresponding dynamical property observables
were defined, which are graphically represented on the example of predicted Ahdl
wild type dynamics in Fig. 5 (Bogdanova et al. 2008; Rodic et al. 2017b). As a
measure of the time delay, the ratio of the shaded areas in a perturbed and in a
wild type system, spanning the first 10 min postinduction was introduced (Fig. 5a).
A maximal slope of the sigmoidal restriction enzyme expression curve (the dash-
dotted line in Fig. 5a) measures the transition velocity from the OFF (low restriction
enzyme amount) to the ON (high restriction enzyme amount) state. Finally, the third
dynamical property observable (2?) related with the slopes of the dash-dotted and
dotted curves shown in Fig. 5b quantifies stability of the restriction enzyme steady-
state (Rodic et al. 2017b).

From Fig. 5 it can be readily inferred that AhdI exhibits all the listed dynamical
properties. Moreover, perturbing characteristic Ahdl regulatory features—i.e., large
cooperativity in C dimers binding, high dissociation constant for C dimerization
and low translation rate for the leaderless ¢ transcript—abolishes these properties,
leading to, presumably, less optimal AhdI expression dynamics (Rodic et al. 2017b).
Thus, the requirement for the proposed dynamical properties might explain the
existence of these characteristic Ahdl regulatory features.

Despite missing all regulatory features inherent to AhdI system, and having a
unique feature not present in AhdlI (overlapping of P.CR and P.M), wild type EcoRV
system also meets the same three dynamical properties (see the darkest R and M
curves in Fig. 6a), arguing in favor of universality of these properties in different
R-M systems. Therefore, the question emerges: why are AhdlI regulatory features,
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Fig. 6 In silico introducing AhdI-characteristic regulatory features in EcoRV system. Effect
of increasing C dimerization constant K| on (a) dynamics of restriction enzyme (R) and
methyltransferase (M) and (b) the steady-state stability. Effect of increasing cooperativity w in
C binding on (¢) R OFF-ON transition velocity. Effect of decreasing the ¢ translation constant k¢
on (d) transition velocity and (e) steady-state stability (Rodic et al. 2017b)

apparently successful in optimizing this R-M system immune function, absent from
EcoRV? This question can be addressed by in silico introducing characteristic Ahdl
regulatory features in EcoRV and observing their effect on the system dynamics
(Rodic et al. 2017b).

To that end, the equilibrium dissociation constant of C dimerization (K; in Fig.
4c) was gradually increased toward an AhdI-characteristic value, which corresponds
to a transition from the case where the solution contains mostly C dimers to the case
where it contains mostly C monomers (Fig. 6a and b). This perturbation clearly
has an adverse effect on two dynamical properties: on the OFF-ON transition
velocity (note in Fig. 6a that the slope of R curves decreases as the dimerization
constant is increased) and on the steady-state stability (Fig. 6b). Transition velocity
of restriction enzyme expression is also decreased by introducing higher C binding
cooperativity (increasing ), as can be seen from Fig. 6¢, and by decreasing ¢
translation constant k¢ (Fig. 6d). Less efficient ¢ translation additionally leads to
a less stable steady-state (Fig. 6e). Apparently, none of these three perturbations
affect an extent of the time delay in restriction enzyme expression.

Overall, the observation that perturbing of the characteristic regulatory features
abolishes one or more of the proposed dynamical properties for both AhdI and
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EcoRV R-M systems (that are characterized by two different architectures, con-
vergent and divergent), provides a possible unifying principle behind seemingly
different designs of these systems. Particularly, specific combinations of different
regulatory features found in these two systems appear to be optimized to meet the
same dynamical properties, related with their successful establishment in a new host
cell. Moreover, it seems that some regulatory features are specifically found together
in the same system because of their complementary effects on system expression
dynamics. Namely, high binding cooperativity in AhdlI system is accompanied by a
large C dimer dissociation constant, which may be a consequence of the opposite
effects these features have on the steady-state level of restriction enzyme, thereby
balancing the amount of this toxic molecule, while at the same time providing more
optimal dynamical properties of system expression (Rodic et al. 2017b). In line with
this proposal is the absence of both features in ECORV system, where their separate
introduction leads to abolishing of some of the dynamical properties and disrupting
the steady-state ratio of the amounts of methyltransferase and restriction enzyme
(see for example Fig. 6a). Furthermore, Esp1396I system with convergent gene
organization and C regulated transcription similar as in AhdI system, exhibits both
lower cooperativity in C binding and lower dissociation constant of dimerization
compared to Ahdl (Bogdanova et al. 2009). It would be interesting to see if other R-
M systems, with different regulatory features, such as control by antisense RNAs or
by translational coupling (Nagornykh et al. 2008), are similarly constrained by the
proposed dynamical principles, and what are the roles of their regulatory features in
achieving these principles.

6 Assessing the Significance of CRISPR-Cas Regulatory
Features

Protection of a host bacterium by a CRISPR-Cas system requires its activation
upon infection by foreign DNA, or upon setting the right environmental conditions
(Ratner et al. 2015). However, expression dynamics of a native CRISPR-Cas have
not been observed experimentally because this system (Type I-E) is silent in cells
under standard conditions, even in the presence of an infecting phage, and signaling
resulting in system activation is unknown (Pul et al. 2010). To date, experimental
research on CRISPR-Cas transcription control in E. coli and S. enterica revealed
some elements and regulatory features involved in system activation (Pul et al. 2010;
Westra et al. 2010; Medina-Aparicio et al. 2011), specifically: (1) it is known that
both CRISPR array and (Cascade) cas genes promoters are repressed by highly
cooperative binding of global regulators, such as H-NS and LRP, (2) repressors can
be outcompeted in binding by some global activators (e.g., LeuO), when present at
elevated amounts. Therefore, highly cooperative repression, which is abolished by
transcription activators, can be considered as one of the major Type I-E CRISPR-
Cas regulatory features (Rodic et al. 2017a).
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Fig. 7 Scheme of the proposed setup for CRISPR-Cas activation. (a) Pre-crRNA processing
model scheme. Notation: ¢—CRISPR array transcription rate (assumed constant in modeling),
Apres k and Acpya—rates of the processes specified in the ovals (Djordjevic et al. 2012); (b)
Equations which correspond to the scheme under a and which describe time dependence of pre-
crRNA and crRNA amounts; (¢) A schematic diagram of plasmid encoded ¢ and cas genes under
control of the Cas promoter (P.Cas), with a transcription rate ¢ c4s. AhdI-like regulation of P.Cas by
C protein, as denoted by a dashed arrow, is included in the cooperative model; (d) Dependence of a
processing rate k on Cas6e amount is considered linear, in line with an experimentally determined
very low amount of its substrate (pre-crRNA; k*—processing constant) (Rodic et al. 2017a)

Furthermore, another key regulatory feature of CRISPR-Cas expression is the
fast nonspecific pre-crRNA degradation by an unidentified endonuclease (Djord-
jevic et al. 2012). Particularly, it was shown by modeling CRISPR transcript
processing upon artificial overexpression of Cas proteins (for a scheme of a model
and corresponding dynamic equations see Fig. 7a and b), that the main mechanism
responsible for a large increase in crRNA amount from a small decrease in substrate
(pre-crRNA) amount is the fast substrate degradation. Processing of pre-crRNA by
an elevated amount of Cas proteins diverts the whole molecule from the path of
nonspecific degradation, thereby amplifying the equilibrium crRNA amount for a
few orders of magnitude (Djordjevic et al. 2012).

However, to more realistically predict CRISPR-Cas expression dynamics and
to understand the significance of the established main regulatory features of
this system, an appropriate mathematical description of gradual expression of
a processing Casbe protein upon system induction is also needed, as the pre-
crRNA processing rate (k) directly depends on the level of Cas6e (Fig. 7d). As
a detailed mechanism of Cas promoter (P.Cas) control is unknown, one possible
approach involves replacing transcription control (while keeping the CRISPR-Cas
pre-crRNA processing regulation) of a native P.Cas with that of a qualitatively and
mechanistically similar, but better explored system, and in silico analyzing expres-
sion dynamics of the obtained construct (Rodic et al. 2017a). Such an approach
would allow assessing the significance of CRISPR-Cas regulatory features, with a
minimum of guessing (if a system used as a proxy was already well-studied so that
all its major parameters are fixed). At the same time, in silico analysis would provide



54 A. Rodic et al.

a much simpler and faster way of fulfilling the task of interest, in comparison to a
complementary experimental approach, which would require creating an artificial
gene circuit, extensive mutations of the system regulatory features and measuring in
vivo expression dynamics of pre-crRNA and crRNA.

Similarities in transcription regulation can be noted between a well-studied
Ahdl R-M system, for which a biophysical model was already constructed and
evaluated (see Fig. 1) (Bogdanova et al. 2008), and Type I-E CRISPR-Cas. Strong
cooperative interactions are involved in both systems, in particular, in binding of C
dimers to the P.CR region and in binding of H-NS molecules to the P.Cas region,
thereby repressing transcription (Pul et al. 2010). This repression by H-NS can be
abolished by transcriptional activator LeuO (Westra et al. 2010; Medina-Aparicio et
al. 2011). Consequently, autoregulation (both positive and negative), similar to that
exhibited by C protein in AhdI system, is likely found in CRISPR-Cas regulation,
as LeuO activates, and also indirectly represses its own promoter (Chen et al.
2001; Stratmann et al. 2012). Thus, the main features of CRISPR-Cas transcription
regulation, namely, gradual synthesis of Cas proteins, cooperativity in transcription
regulation, and putative autoregulation, can be qualitatively mimicked by putting
cas genes under transcription control found in Ahdl. More precisely, the proposed
setup for CRISPR-Cas activation analyzed in silico includes cas genes put under
control of the P.CR promoter from AhdI (see Fig. 1b), which are introduced in a cell
on a plasmid, marking the start of CRISPR-Cas activation (Fig. 7¢); dynamics of
crRNA generation due to the Cas6e processing activity is monitored.

To understand the effect of cooperative transcription regulation of cas genes,
three (sub)models of cas genes regulation in the proposed setup are analyzed: (1) a
baseline model, in which P.Cas transcription activity acquires its equilibrium value
infinitely fast, (2) a constitutive model, with constant P.Cas transcription activity,
and (3) a cooperative model, where P.Cas is cooperatively regulated by C protein
in the same manner as the AhdI P.CR promoter. Figure 8 shows how the amount of
crRNA, determined 20 min after the start of system activation, depends on the level
of the processing rate k reached in equilibrium, in all three models. The crRNA
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Fig. 8 Dependence of crRNA amount 20 min postinduction on the equilibrium value of a pre-
crRNA processing rate k,, in the three models of CRISPR-Cas activation (Rodic et al. 2017a)
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amount at 20 min postinduction was specifically chosen, as this period is most
relevant for a successful cell defense against an incoming virus.

The most prominent characteristic of the cooperative model is its switch-like
behavior (Fig. 8), in contrast to much more gradual responses of the constitutive
and the baseline models. This feature enables keeping the system in the OFF state
in the case of possible leaks in P.Cas activity (corresponding to low k., values)
and, on the other side, rapidly generating a sufficient amount of crRNAs once
the induction signal is received, to efficiently combat viral infection. Furthermore,
taking into account that the amount of crRNAs sufficient to negatively affect phage
development was determined to be ~10 molecules (Pougach et al. 2010), the models
predict that enough crRNAS is generated even at low (somewhat larger than 1 1/min)
keq values, corresponding to the activated system regime. Therefore, CRISPR-Cas
system expression regulation is probably mainly constrained by a requirement of
rapidly producing a large amount of crRNAs (Rodic et al. 2017a).

In line with its switch-like behavior, at low k., values the cooperative model
produces less crRNAs than the constitutive one. However, at high k., values an inter-
esting cross-over behavior is observed, where the cooperative model approaches
the limit of infinitely fast crRNA production (given by the baseline model). Even
more crRNAs can be generated by jointly activating transcription of both cas genes
and a CRISPR array, which relieves the saturation obtained when increasing only
cas expression (Djordjevic et al. 2012; Rodic et al. 2017a). As k values around
100 1/min were encountered in experiments with artificial overexpression of cas
genes (Pougach et al. 2010; Djordjevic et al. 2012), it is tempting to speculate that
such high rates of pre-crRNA processing may also be reached in the native system,
providing highly efficient protection to a bacterium.

Effect of abolishing the second major CRISPR-Cas regulatory feature, i.e., of
decreasing the pre-crRNA nonspecific degradation rate (1) in the cooperative
model, can be deduced from Fig. 9. Namely, the crRNA dynamics curve is gradually
deformed with respect to the standard Hill (sigmoidal) shape, indicating that fast
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Fig. 9 Perturbing the fast nonspecific degradation of pre-crRNA. Effect of decreasing the pre-
crRNA degradation rate A, on crRNA expression dynamics at three different k., values can be
seen in the figures under (a, b, and ¢). Native CRISPR-Cas is characterized by A, = 1 1/min.
Zero time point corresponds to the start of system activation, i.e., to the moment of entrance of a
plasmid carrying cas genes in a cell (Rodic et al. 2017a)
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nonspecific pre-crRNA degradation is, together with cooperative transcription regu-
lation, responsible for the system switch-like behavior. Another effect of decreasing
Apre; Which comes as a model prediction, is a decrease in the time delay of the
onset of crRNA generation, most pronounced at high k., values. It has been shown
previously that slow or delayed CRISPR interference (targeting of foreign DNA by
Cascade-crRNA complexes) facilitates the primed adaptation (Kiinne et al. 2016;
Musharova et al. 2017), i.e., the acquisition of invasive DNA fragments similar
to already possessed spacers, to be incorporated as new spacers in the CRISPR
array. This mechanism serves to minimize infection by phages with mutated genome
sequences, which would otherwise evade the interference (Sternberg et al. 2016).
The required delay could be achieved by a delay in crRNA generation, resulting
from fast pre-crRNA degradation, as predicted by the model (Rodic et al. 2017a).
Consequently, both main dynamical features, i.e., rapid transition of the system from
OFF to ON state and the delay in the expression of the effector molecules (restriction
enzyme and crRNAs), are observed in both R-M systems and mechanistically more
complicated CRISPR-Cas systems.

7 Summary and Conclusion

Seemingly very different architectures and regulatory properties of AhdIl and
EcoRYV systems can be explained by few common design principles, ensuring that
expression dynamics of every R-M system is optimized to serve its purpose—
namely, safe and efficient host cell protection from foreign DNA. Other R-M
systems, representative of different regulatory mechanisms, should be investigated
to test if unifying design principles can be defined at the level of the whole
group of these prokaryotic immune systems. Moreover, having the same immune
function, CRISPR-Cas systems may also obey similar design principles, as it was
theoretically predicted by using a synthetic system to bypass the unknown CRISPR-
Cas transcription control, while keeping the same transcript processing mechanism
as in native CRISPR-Cas. Thereby, thermodynamic modeling proved to be an
appropriate approach in describing R-M system transcription regulation, while in
combination with a dynamic model of protein expression, it can be used to describe
the main qualitative properties of R-M system dynamics of establishment in a
single, naive host cell. Further experimental and theoretical studies of CRISPR-
Cas regulation may allow to more accurately understand its dynamics, in line
with what is already done for R-M systems. Overall, the studies on bacterial
immune systems summarized here underline a major goal of systems biology which
is to discover common design principles in mechanistically otherwise different
biological systems.
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four different probes (charged hadrons, neutral pions, D mesons and non-prompt J/vy). We obtain
good agreement with all available non-central data, and also generate predictions for suppression
measurements that will soon become available. Finally, we discuss implications of the obtained good

agreement with experimental data with different medium models that are currently considered.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.

1. Introduction

High-momentum hadron suppression [1]| of light and heavy
observables provides an excellent tool [2-4] for studying prop-
erties of QCD matter created in ultra-relativistic heavy ion col-
lisions. Mapping these properties is also a major goal of RHIC
and LHC experiments, which requires comparison of hadron sup-
pression measurements with corresponding theoretical predictions.
To ensure the unbiased comparison with experimental data, it is
necessary to generate predictions for different experiments, ex-
perimental probes and experimental conditions, within the same
theoretical model. With a major goal of generating these predic-
tions, we developed dynamical energy loss formalism, that i) al-
lows treating, at the same time, both light and heavy partons, ii) is
computed in dynamical QCD medium (i.e. takes into account re-
coil of the medium constituents), iii) includes both collisional [5]
and radiative [6,7] energy losses, computed within the same the-
oretical framework, iv) includes realistic finite size effects, i.e. the
fact that experimentally created QCD medium has finite size, and
that the jets are produced inside the medium, v) includes finite
magnetic mass effects [8] and running coupling [9]. We further
integrated this formalism into numerical procedure which also in-
cludes multi-gluon fluctuations [10], path length fluctuations [11]
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http://dx.doi.org/10.1016/j.physletb.2014.08.063

and most up-to-date jet production [12,13] and fragmentation
functions [14]; the procedure allows generating predictions with
no free parameters used in comparison with experimental data.

We previously applied the computational procedure outlined
above for generating predictions in most central collisions for a
number of different probes at LHC [9]. These predictions showed a
very good agreement with experimental data; however, a compre-
hensive comparison also requires generating predictions for non-
central collisions at RHIC and LHC. With this goal, we here extend
the formalism towards generating predictions for different central-
ity ranges. We consequently generate the suppression predictions
for all available centrality ranges, for both RHIC and LHC exper-
iments and for four different probes - specifically for charged
hadrons, D mesons and non-prompt J/¢¥ at LHC and neutral pi-
ons at RHIC. Such comprehensive comparison allows testing some
of important assumptions behind our current understanding of
the created QCD matter, such as ranges of validity for different
medium models.

2. Theoretical framework

The numerical procedure for calculating high-momentum had-
ron suppression for central collisions is outlined in detail in [9].
We below first briefly list the main steps in this procedure and
then describe the extension of the procedure that is necessary for
generating the predictions for non-central collisions:

0370-2693/© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/3.0/). Funded by

SCOAP3.


http://dx.doi.org/10.1016/j.physletb.2014.08.063
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/physletb
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1016/j.physletb.2014.08.063
http://creativecommons.org/licenses/by/3.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.physletb.2014.08.063&domain=pdf

M. Djordjevic et al. / Physics Letters B 737 (2014) 298-302 299

i) Energy loss calculations: Our model takes into account both
radiative and collisional contributions to jet energy loss. Specifi-
cally, the radiative energy loss calculations present a state-of-the-
art extension of a well-known DGLV model [15,16] towards a finite
size dynamical medium [6,7], finite magnetic mass [8] and running
coupling [9]. These extensions are further discussed below.

ii) Dynamical scattering centers: To calculate the radiative en-
ergy loss, we use finite size dynamical energy loss formalism. This
formalism removes a ubiquitous assumption of static scattering
centers [17] and takes into account that the medium constituents
are in reality dynamical, i.e. moving particles; similarly, the unre-
alistic assumption of infinite medium is also removed. Calculations
of the jet energy loss in dynamical medium are done by using two-
hard-thermal-loop approach. In contrast to the static energy loss,
where only the electric contribution appears in the final result,
both electric and magnetic contributions appear in the dynami-
cal case. This then directly leads to the question of finite magnetic
mass, which we further discuss below.

iii) Magnetic mass: In pQCD energy loss calculations - includ-
ing our (initial) dynamical energy loss formalism [6,7] - magnetic
mass is taken to be zero. However, different non-perturbative ap-
proaches suggest a non-zero magnetic mass at RHIC and LHC (see
e.g. [18-21]). To address this issue, we generalized the dynami-
cal energy loss calculations to the case of finite magnetic mass.
Introducing the finite magnetic mass is described in detail in [8],
where the finite magnetic mass is introduced through generalized
sum-rules.

iv) Running coupling: Introducing the running coupling is de-
scribed in detail in [9]. One should note that the obtained result
is infrared safe and moreover of a moderate value. There is con-
sequently no need to introduce an artificial cutoff as is commonly
done elsewhere with the running coupling.

v) Suppression procedure: We further integrated the energy
loss formalism outlined above into a numerical procedure that in-
cludes: light and heavy flavor production [12,13], path-length [11]
and multigluon [10] fluctuations, up-to-date fragmentation func-
tions [14] for light and heavy flavor and the decay of heavy mesons
to single electrons and J/v. In the calculations, as a start point
we use an effective temperature of 304 MeV for 0-40% centrality
Pb + Pb collisions at LHC (as extracted by ALICE [22]) and effective
temperature of 221 MeV for 0-20% centrality Au + Au collisions
at RHIC (as extracted by PHENIX [23]). The other parameter values
are specified in the next section, while the details of the proce-
dure are provided in [9]. Note that we use no free parameters in
comparison with the data, i.e. all the parameters that we use cor-
respond to standard literature values.

To extend the computational procedure outlined above to non-
central collisions, we start by obtaining the path-length distribu-
tions for different centrality ranges from [24]. Furthermore, we

determine the temperature for each centrality region according
dN,

g dNg
3. @ _ (13 i i _
to [15] T v > T= c(Npm) (more details will be pro
dNg

vided in [25]), where T is gluon rapidity density, V is the vol-

ume of created medium, and we take that V ~ Npg¢ (number of

participants for a given collision). Furthermore, ¢ is a constant
dN_g

for a specific system/collider energy, and ﬁ is directly propor-

tional to experimentally measured charged particle multiplicity per
dNp

participant pair (W) which is measured for both RHIC [26]
and LHC [27] and across different centralities. The constants ¢
can be fixed through ALICE measurement of effective temperature
for 0-40% centrality at 2.76 TeV Pb + Pb collisions at LHC, and
through PHENIX measurement of effective temperature for 0-20%

centrality at 200 GeV Au + Au collisions at RHIC (see above).

3. Numerical results

In this section, we concentrate on 200 GeV Au + Au colli-
sions at RHIC and 2.76 TeV Pb + Pb collisions at LHC, and present
our suppression predictions for light and heavy flavor observables.
We proceed by considering a QGP with ny = 2.5 effective light
quark flavors for RHIC and ny =3 for LHC. Perturbative QCD scale
is taken to be Agcp = 0.2 GeV. For the light quarks we assume
that their mass is dominated by the thermal mass M = 1z /+/6,
where the temperature dependent Debye mass wg(T) is obtained
from [28]. Magnetic mass u); is taken as 0.4ur < um < 0.6ug
[18-21], and the gluon mass is mg = Wwe/~2 [29]. For the charm
(bottom) mass we use M = 1.2 GeV (M = 4.75 GeV). Path-length
distribution and temperatures for different centralities are com-
puted according to the procedure outlined in the previous section.
Parton production, fragmentation functions and decays, which are
used in the numerical calculations, are specified in [9]. Note that,
on each panel of every figure, the gray region corresponds to the
range of 0.4 < upy /g < 0.6, where the upper (lower) boundary of
each band corresponds to wy /g =0.6 (up/ e =0.4).

We start by generating predictions for momentum dependence
of hadron suppression at LHC experiments, for different centrality
regions, which are shown in Figs. 1 and 2. Each panel in these fig-
ures shows a fixed centrality region (0-5%, 5-10%, 10-20%, etc.)
and for each of these centrality regions, momentum dependence
of Raa is shown. Fig. 1 shows predictions for charged hadron R4x
and their comparison with relevant ALICE and CMS experimental
data at 2.76 TeV Pb + Pb collisions at LHC. In Fig. 2 predictions
for D meson Ra4 are shown; predictions for 0-10% and 30-50%
are compared with the available ALICE data, where a very good
agreement can also be seen. Note that predictions for 30-50% re-
gion were generated before the experimental data — that are now
shown in the figure — became available [34]. The experimental data
for the rest of the predictions (the other two panels in Fig. 2) are
expected to become available soon.

In Fig. 3, we show equivalent predictions as in Figs. 1 and 2,
but for RHIC measurements of neutral pions at 200 GeV Au + Au
collisions. Each panel shows predictions for different (fixed) cen-
trality bin, which are compared with experimental data. Similarly
as for LHC measurements, we see a very good agreement between
the theoretical predictions and RHIC data.

In Fig. 4, instead of fixing the centrality ranges (as in Figs. 1-3),
we fix the momentum regions and explore how Ras changes
for different centrality values (i.e. number of participants). The
predictions are generated for both RHIC and LHC experiments,
and for various probes. Specifically, we compare our predictions
with experimental data for neutral pions at RHIC and charged
hadrons, D mesons and non-prompt J/v at LHC. One can see that
we here also obtain a robust agreement with the experimental
data.

4. Conclusions

We here generated suppression predictions for all available cen-
trality ranges, for both RHIC and LHC, and for diverse experimental
probes. These predictions were generated by the same theoretical
formalism and within the same numerical procedure. Furthermore,
all the predictions within the same experiment (i.e. within RHIC
and within LHC) were generated with the same parameter set,
which corresponds to standard literature values, and with no free
parameters used in comparison with experimental data. We ob-
tained good agreement of the theoretical predictions with the di-
verse experimental measurements, for all momentum ranges larger
than 10 GeV.
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Fig. 1. Theory vs. experimental data for momentum dependence of charged hadron Raa for different centrality bins at LHC. The panels show the comparison of charged
hadron suppression predictions with experimentally measured Raa for charged particles at 2.76 Pb + Pb collisions at LHC, for different (fixed) centrality ranges. Red circles
and blue squares correspond to ALICE [30] and CMS [31] experimental data, respectively. In the lower right corner of each panel we denote the centrality for which the data
and the predictions are presented. Note that, on the third and the fourth panels, CMS data for centrality bin 10-30% are shown. Similarly, on the fifth and the sixth panels,

CMS data for centrality bin 30-50% are shown, on the seventh and the eight panels, CMS data for centrality bin 50-70% are shown, and on the ninth panel CMS data for
70-90% in centrality are shown.
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Fig. 2. Theory vs. experimental data for momentum dependence of D meson Raa for different centrality bins at LHC. The left panel shows the comparison of D meson
suppression predictions with D meson Ras at 0-7.5% central 2.76 Pb + Pb collisions at LHC [32] (the red triangles). The other three panels show the theoretical predictions
for D meson Rpxs for centrality bins 10-30%, 30-50% and 50-80%, respectively. In the third panel (30-50% centrality region), the predictions are compared with ALICE
preliminary data [33] that recently became available.

The robust agreement discussed above has interesting implica-
tions for ranges of validity of different medium models, which are
incorporated in different approaches to hadron suppression pre-
dictions. As discussed in the Introduction, our calculations employ
state-of-the-art method for energy loss calculations and numerical

procedure for suppression calculations, but do not explicitly take
into account the medium evolution (i.e. the evolution is taken into
account through effective/average medium parameters). This is in
contrast to a number of other approaches (see e.g. [39-42]), which
simplify the energy loss to a various degree, in order to more
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Fig. 4. Theory vs. experimental data for participant dependence of light and heavy flavor R44 at RHIC and LHC. The first panel compares theoretical predictions with
experimental data for participant dependence of 70 R4 [35] at 200 GeV Au + Au collisions at RHIC, where 7% momentum is larger than 7 GeV. The second, third and
fourth panels compare theoretical predictions with experimental data for participant dependence of, respectively, h* [36], D meson [37] and non-prompt J/v [38] Raa at

2.76 TeV Pb + Pb collisions at LHC. The jet momentum ranges for the second, the third and the forth panels are, respectively, 6-12 GeV, 8-16 GeV and 6.5-30 GeV.

explicitly incorporate the evolving medium. Consequently, the ob-
tained robust agreement with the experimental data above 10 GeV,
strongly suggests that expansion of the medium does not play a
major role in explaining angular averaged high momentum hadron
suppression data. We hypothesize that the reason behind this re-
sult is that hard probes have a sufficiently large amount of energy,
while the created medium is sufficiently short, so that the angular
averaged suppression of the outcoming hadrons is only sensitive
to the average properties of the created medium. This hypothesis
is actually in line with previous work [43-47], which used differ-
ent formalism - and explored lower centrality regions - but also
obtained that angular averaged high momentum hadron suppres-
sion results are not sensitive to explicitly including the medium
expansion. What however remains to be tested is validity of this
simplification for jet energy ranges outside of those tested here,
and whether the framework employed here can also reasonably
explain angular differential suppression observables (such as high-
momentum Vv;); note that these observables are expected to be
more sensitive to the medium evolution than the angular averaged

suppression studied here [46]. Such analysis could simplify theo-
retical predictions and facilitate intuitive understanding of complex
experimental data.
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CrossMark
Abstract
Jet suppression is considered to be an excellent probe of quantum chromo-
dynamic (QCD) matter created in ultra-relativistic heavy ion collisions. Our
theoretical predictions of jet suppression, which are based on our recently
developed dynamical energy loss formalism, show a robust agreement with
various experimental data, which spans across different probes, experiments
(Relativistic Heavy Ion Collider (RHIC) and Large Hadron Collider (LHC))
and experimental conditions (i.e. all available centrality regions). This formalism
includes several key ingredients, such as the inclusion of dynamical scattering
centers, a finite size QCD medium, collisional energy loss, finite magnetic mass
and running coupling. While these effects have to be included based on theo-
retical grounds, it is currently unclear what their individual importance is in
accurately interpreting the experimental data; in particular because other
approaches to suppression predictions commonly neglect some—or all—of
these effects. To address this question, we study the relative importance of these
effects in obtaining accurate suppression predictions for D mesons (clear energy
loss probe) at top RHIC and LHC energies. We obtain that several different
ingredients are responsible for accurate predictions, i.e. robust agreement with
the data is a cumulative effect of all the ingredients, though inclusion of the
dynamical scattering centers has the largest relative importance.

Keywords: energy loss, jet suppression, quark-gluon plasma, charm quarks

(Some figures may appear in colour only in the online journal)

1. Introduction

The suppression of high transverse momentum light and heavy flavor observables [1] is
considered to be an excellent probe of QCD matter created in ultra-relativistic heavy ion
collisions at the RHIC and the LHC. One of the major goals of these experiments is mapping
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the quark—gluon plasma (QGP) properties, which requires a comparison of the available
suppression data with theoretical predictions [2—4]. Such a comparison tests different theo-
retical models and provides an insight into the underlying QGP physics. It is generally
considered that the crucial ingredient for reliable suppression predictions is an accurate
energy loss calculation.

Therefore, we previously developed the dynamical energy loss formalism, which
includes the following effects: (i) dynamical scattering centers; (ii) a QCD medium of a finite
size [5, 6]; (iii) both radiative [5, 6] and collisional [7] energy losses; (iv) finite magnetic mass
[8] and (v) running coupling [9]. This energy loss formalism is based on the pQCD calcu-
lations in a finite size and optically thin dynamical QCD medium, and has been incorporated
into a numerical procedure [9] that allows generating state-of-the art suppression predictions.

These predictions are able to explain the heavy flavor puzzle (the fact that, contrary to
pQCD expectations, both light and heavy flavor probes have very similar experimentally
measured Ry,) at both the RHIC [10] and the LHC [11] and, in general, show a very good
agreement with the available suppression data at these experiments, for a diverse set of probes
[9, 10] and centrality regions [12].

However, such good agreement between the predictions and the experimental data raises
the question of which energy loss effects are responsible for the accurate predictions. In other
words, is there a single dominant energy loss effect responsible for the good agreement, or is
this agreement the result of a superposition of several smaller improvements? This issue is
moreover important, given the fact that various pQCD approaches [13-22] to the energy loss
calculations neglect some (or many) of these effects.

Consequently, here we address the importance of different energy loss ingredients in the
suppression calculations. For this purpose, it would be optimal to have a probe that is
sensitive only to the energy loss, i.e. for which fragmentation and decay functions do not play
a role. The D meson suppression is such a probe, since the fragmentation functions do not
modify bare charm quark suppression, as previously shown in [10, 11]. To explore different
energy loss approximations, which have been used in suppression predictions, we concentrate
on the D meson suppression in central 200 GeV Au+Au collisions at the RHIC and 2.76 TeV
Pb+Pb collisions at the LHC. While high momentum D meson suppression data are not
available at the RHIC—the RHIC measurements extend up to 6 GeV—such data are available
at the LHC, which is useful as a baseline for assessing the importance of different effects.

Our approach is to systematically include different energy loss effects. In particular, we
first compare the relative importance of radiative and collisional contribution to the D meson
suppression predictions to assess the adequacy of the historically widely used static
approximation. We then investigate the importance of including the dynamical scattering
centers, followed by the collisional energy loss and the finite size (LPM) effect. Finally, we
also address the importance of including the finite magnetic mass and the running coupling.

2. Theoretical and computational frameworks

In this section we first provide a brief overview of the computational framework and our
dynamical energy loss formalism. As mentioned above, this formalism leads to a very good
agreement with the suppression experimental data across different probes, collision energies
and centrality regions [9, 10, 12]. We also introduce how the energy loss expression is
modified, as different ingredients are excluded from this formalism. Note that, in section 3,
we will for clarity address different energy loss effects in a reverse order, i.e. we will start
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from the static approximation and systematically include all the effects, as such a historically-
driven approach is more comprehensible and easier to follow.

For studying the importance of different energy loss effects, we will use angular averaged
nuclear modification factor R44, which is well established as a sensitive observable for the
interaction of high-momentum particles with the QCD medium. The nuclear modification
factor Ry, is defined as the ratio of the quenched A + A spectrum to the p + p spectrum, scaled
by the number of binary collisions Ny;,:

T (1)
Nbin dep/de

RAA(pT) =
Furthermore, since angular averaged R4 was previously shown to be sensitive almost
entirely to the average properties (temperature) of the evolving medium (in distinction to
elliptic flow, v,, which is considered highly sensitive to the details of the medium evolution)
[23, 24], angular averaged Rss can be taken as a ’nearly pure’ test of the jet-medium
interactions. Due to this, we do not consider the effects of the medium evolution in this study,
but provide a detailed study of the importance of different jet-medium effects. For this
purpose, we model the medium by assuming an effective temperature of 304 MeV at the LHC
(as extracted by ALICE [25]) and effective temperature of 221 MeV at the RHIC (as extracted
by PHENIX [26]).

In order to obtain the quenched spectra, we use generic pQCD convolution [9, 27]:

E s E&
f - ”fQ) ® P(E — Ey). )
dpj; dp;

43
In equation (2) Q stands for charm quarks and E’ZGB(Q) denotes the initial charm quark
p,

spectrum computed at next-to-leading order [28]. P (E; —E r) is the energy loss probability,
which includes both radiative and collisional energy losses in a finite size dynamical QCD
medium, multi-gluon [29] and path length [27, 30] fluctuations. The path length distributions
are extracted from [30]. Distinction from equation (1) from [9], in our calculations we do not
use the fragmentation function D(Q — Hp) of the charm quark into the D meson (Hy),
because fragmentation does not alter bare charm quark suppression [10, 11], nor do we use
decay function f(Hp — e), because D mesons are directly measured in the experiments.

The expression for the radiative energy loss in a finite size dynamical QCD medium
[, 6], obtained from hard-thermal-loop (HTL) approximation, at first order in opacity is given
by:

2
sin WL

%2%5 dxd_zkﬂv(q)l_ xE*
E T A T (k+q)2+;(L
xE*
2(k + q) ( k+q  k ) 3)
k+q@’+y\k+q@’+r K +y

In equation (3), v(q) denotes the effective cross section defined below, L is the length of
the finite size QCD medium, E is the jet energy, K is the transverse momentum of the radiated
gluon, while q is the transverse momentum of the exchanged (virtual) gluon and x represents
the longitudinal momentum fraction of the jet carried away by the emitted gluon. The color

factor is Cg = 3 x =M+ mg2 where mg = py/ /2 is the effective (asymptotic) mass for
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gluon with the hard momenta k > T, while u, is Debye (electric) screening mass and
M. =1.2 GeV is the charm quark mass. 4 is the mean free path in the QCD medium and in the

dynamical case is given by = 3agT. In the incoherent limit [5],

dyn
2
gip EHD" +x
xE*
k+a9’+7,
xE*

L
- 0.

The effective cross section, with the included finite magnetic mass [8], is given by the
equation below, where p,, is the magnetic screening mass:

Wi = Ky
@ +ud)(@+ul)

Note that, in the case when magnetic mass is equal to zero, the above expression reduces
to a well-known HTL effective cross section [5, 18]:

V@ = @
(

M
(@ + )
Non-perturbative approaches [31-35] suggest that at the RHIC and the LHC the range of
magnetic to electric mass ratio is 0.4 < u,, /u; < 0.6. We therefore use these values in
equation (4) when generating suppression predictions in the case of the finite magnetic mass.
In the case of zero magnetic mass, we use equation (5) above.
The collisional energy loss is calculated in accordance with [7], i.e. we use equation (14)

from that reference for the finite size QCD medium and equation (16) for the incoherent limit.
The running coupling is introduced according to [9] and is defined as in [36]:

2\ 4z
«(€%) = (11 = 2/3n,)in( Q% /Adep)

where Aqcp is the perturbative QCD scale (Agcp = 0.2 GeV) and ny= 2.5 (n,= 3) for the
RHIC (LHC) is the number of the effective light quark flavors. In the case of the running
coupling, Debye mass p [37] is obtained by self-consistently solving the equation:

2
I " pp | V+ng6 ( agr o
Adep |\ Adep) 11 =2/3ns\ Agen )

viq) = o)

(6)

Otherwise, when the running coupling is not included, fixed values of the strong coupling
constant ag = % = 0.3 for the RHIC (a5 = 0.25 for the LHC) [38] and Debye mass y, = gT
are used.

Transition from the dynamical to the static [20] approximation in the case of the radiative
energy loss is determined through the following two changes and according to [6]. The mean
free path is altered as:

12021 + ny/4

1 1
— =6 — 3a3T =c(n N 8
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where c(ny =2.5) ~ 0.84 is a slowly increasing function of n, that varies between
c(0) ~ 0.73 and c(o0) ~ 1.09 and the effective cross section changes to:

I

. 9)
@ +pl)

v (q)stal =

3. Results and discussion

In this section, we concentrate on central 200 GeV Au+Au collisions at the RHIC and 2.76
TeV Pb+Pb collisions at the LHC, and investigate how different energy loss ingredients affect
the D meson suppression predictions. Regarding the LHC, for which the high momentum D
meson R4, data are available [39], we compare our calculations with experimental data in
order to visually investigate, both qualitatively and quantitatively, the importance of indivi-
dual effects in explaining the data.

We will start the analysis from the static approximation, which has been historically the
first approach to the energy loss calculations. After investigating the adequacy of the static
approximation, we will address the importance of including the dynamical scattering centers,
the collisional energy loss and the finite size effect. Finally, we will also investigate the
importance of finite magnetic mass and the running coupling.

We therefore start from the static approximation, where we use a fixed value of the strong
coupling constant ag = % = 0.3 at the RHIC (ag = 0.25 at the LHC) and Debye screening
mass u; =~ gT. Note that these values are used in figures 1-4 and figure 6. Also, note that
magnetic mass effect is not included (u,, = 0) in figures 1-5, while the finite magnetic mass
is considered in figures 6 and 7. The running coupling is considered in figures 5 and 7. The
finite size QCD medium is considered in each figure, whereas figure 4 investigates the
significance of the finite size effect.

To test the adequacy of the widely used static approximation (modeled by the Yukawa
potential) [40], we compare the relative importance of radiative and collisional energy loss
contributions to the suppression predictions. Namely, in the static approximation, collisional
energy loss has to be equal to zero, i.e. the static approximation implies that collisional energy
loss can be neglected compared to radiative energy loss. However, in figure 1, we see that the
suppression due to collisional energy loss is comparable—or even larger—compared to the
radiative energy loss suppression.

This, then, clearly shows that the static approximation is not an adequate one for the D
meson suppression calculations, and that the collisional energy loss has to be taken into
account in the suppression predictions. Therefore, a number of the approaches which take
only radiative energy loss (for an overview see [41])-and some that take only collisional
energy loss (e.g. [42, 43]) are clearly not adequate. This can also be directly observed in the
right panel of figure 1, where we see that the static approximation leads to a strong dis-
agreement with the data, i.e. to two to three times smaller suppression than the one observed
experimentally. Consequently, we will below first test the importance of including the
dynamical effects in radiative energy loss (figure 2) and then also test the importance of
collisional energy loss within such a dynamical medium (figure 3).

Therefore, in figure 2, we compare the D meson suppression obtained from radiative
energy loss only in the static framework, with the one in the dynamical framework. We
observe a large difference in the two suppressions, with a significant suppression increase in
the dynamical case. Consequently, the dynamical energy loss effect has to be taken into
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Figure 1. Static radiative versus collisional energy loss suppression. D meson
suppression predictions, as a function of transverse momentum, are shown for radiative
energy loss only in a static QCD medium (dotted curve), and for collisional energy loss
only in a dynamical QCD medium (dot-dashed curve). Left (right) panel corresponds to
the RHIC (the LHC) case. Right panel also shows the D meson R44 data in 0-7.5%
central 2.76 TeV Pb+Pb collisions at the LHC [39] (red triangles). Debye mass is
ug = gT, coupling constant is ag = 0.3 (ag = 0.25) for the RHIC (LHC) and finite

magnetic mass effect is not included (i.e. p,, = 0).
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Figure 2. Radiative energy loss suppressions in a static vs dynamical QCD medium. D
meson suppression predictions are shown, as a function of transverse momentum,
assuming only radiative energy loss in static (dotted curve) and in dynamical (dashed
curve) QCD medium. Left (right) panel corresponds to the RHIC (the LHC) case. Right
panel also shows the D meson R4, data in 0-7.5% central 2.76 TeV Pb+Pb collisions at
LHC [39] (red triangles). Debye mass is p; = gT, coupling constant is ag = 0.3
(as = 0.25) for the RHIC (the LHC) and no finite magnetic mass effect is included (i.e.

py = 0).

account at the RHIC, as there are no momenta within the RHIC jet momentum range where
static approximation becomes adequate. At the LHC, the results indicate that, for jet
momentum ranges larger than 100 GeV/c, the static approximation to radiative energy loss
may become valid, in general agreement with [5, 6, 13, 14]; note, however, that the dynamical
effect has to be taken into account even for these momenta, as the collisional energy loss,
which is zero in the static approximation, gives a significant contribution to the jet sup-
pression (see the right panel in figure 1). However, despite the fact that inclusion of the
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Figure 3. Radiative versus collisional energy loss suppressions in a dynamical QCD
medium. D meson suppression predictions are shown, as a function of transverse
momentum, for radiative (dashed curve), collisional (dot-dashed curve) and radiative +
collisional (solid curve) energy loss. Left (right) panel corresponds to the RHIC (the
LHC) case. Right panel also shows the D meson R4 data in 0-7.5% central 2.76 TeV
Pb+Pb collisions at the LHC [39] (red triangles). Debye mass is y, = g7, coupling

constant is as = 0.3 (as = 0.25) for the RHIC (the LHC) and no finite magnetic mass
effect is included (i.e. u,, = 0).
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Figure 4. Finite size effect on R,4. D meson suppression predictions are shown, as a
function of transverse momentum, with (solid curve) and without (dashed curve) finite
size effect. Upper (lower) panels correspond to the RHIC (the LHC) case. Left, central
and right panel show, respectively, the finite size effect on radiative, collisional and
total (radiative + collisional) energy loss in a dynamical QCD medium. Debye mass is
ug = gT, coupling constant is ag = 0.3 (a5 = 0.25) for the RHIC (the LHC) and no
finite magnetic mass effect is included (i.e. p,, = 0).
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Figure 5. Running coupling effect on R44. D meson suppression predictions are shown,
as a function of transverse momentum, with constant coupling as = 0.3 (as = 0.25) for
the RHIC (the LHC) (solid curve) and with running coupling (dashed curve). No finite
magnetic mass effect is included (i.e. y,, = 0). In both cases radiative + collisional
contributions in dynamical QCD medium are included. Left (right) panel corresponds
to the RHIC (the LHC) case. Right panel also shows the D meson R44 data in 0-7.5%
central 2.76 TeV Pb+Pb collisions at the LHC [39] (red triangles).
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Figure 6. Magnetic mass effect on R44. D meson suppression predictions are shown, as
a function of transverse momentum, for radiative + collisional energy loss in dynamical
QCD medium, with (gray band) and without (solid curve) magnetic mass. Left (right)
panel corresponds to the RHIC (the LHC) case. Right panel also shows the D meson
Ra4 data in 0-7.5% central 2.76 TeV Pb+Pb collisions at the LHC [39] (red triangles).
Debye mass is y; = gT and coupling constant is ag = 0.3 (g = 0.25) for the RHIC

(the LHC). Upper (lower) boundary of each band corresponds to uy,/pp = 0.6
(g = 04).

dynamical effect significantly increases the suppression compared to the static approximation,
from the right panel in figure 2 we see that, at least below 50 GeV/c, radiative energy loss
alone is not able to neither quantitatively nor qualitatively (see the shape of the curve) explain
the experimental data, which leads to the conclusion that including only radiative energy loss
to model the jet-medium interaction is clearly not adequate.

Furthermore, the results shown in figure 2 imply the question of whether a collisional
energy loss is still relevant in the dynamical QCD medium, as suppression due to radiative
energy loss significantly increases in the dynamical QCD medium. To address this question,
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Figure 7. Running coupling and magnetic mass effect on Rq4. D meson suppression
predictions are shown, as a function of transverse momentum, with the constant
coupling as = 0.3 (ag = 0.25) for the RHIC (the LHC) (light gray band) and with the

running coupling (dark gray band). In both cases radiative + collisional contributions in
dynamical QCD medium are included. Upper (lower) boundary of each band
corresponds t0 iy, /up = 0.6 (uy /iy = 0.4). Left (right) panel corresponds to the

RHIC (the LHC) case. Right panel also shows the D meson R4, data in 0-7.5% central
2.76 TeV Pb+Pb collisions at the LHC [39] (red triangles).

in figure 3 we compare the D meson suppressions resulting from collisional and radiative
energy loss, both calculated in the dynamical QCD medium. We observe that, even when the
dynamical effect is accounted for, suppressions from both radiative and collisional con-
tributions are important (consistent with the claims in [7, 44, 45]). This further underscores
that collisional energy loss has to be included in the D meson suppression predictions at both
the RHIC and the LHC. Moreover, we see that including the collisional contribution increases
D meson suppression by up to factor of two compared to the suppression resulting only from
dynamical radiative energy loss. Consistent with this observation, we see that the total
suppression is significantly larger than either of the two contributions—radiative alone or
collisional alone—so that they have to be taken into account jointly for accurate predictions.
Furthermore, our main observation from figure 3 is that inclusion of the dynamical effect
results in a (rough) agreement with the experimental data, which leads to the conclusion that
the dynamical effect is the main/necessary ingredient for accurate description of the jet—
medium interactions.

Since we showed that collisional and radiative energy losses are important, we will
further investigate how they are affected by the finite size (LPM) effect, as it is commonly
considered that this effect is not important for heavy flavor at the RHIC. In figure 4, we
separately investigate the finite size effect for radiative (the left panels), collisional (the central
panels) and radiative plus collisional (the right panels) energy loss; the top and the bottom
panels correspond to the RHIC and the LHC cases, respectively.

We see that for D mesons at both the RHIC and the LHC, the finite size effect is indeed
negligible for collisional energy loss, but that they are significant for both radiative and total
energy loss suppressions. That is, we see that neglecting LPM effect can lead to as much as
two times larger suppression at the RHIC and several times larger suppression at the LHC. In
figure 4 we also observe that, LPM effect leads to qualitatively different suppression
dependence on momenta, as this effect can lead to a decrease—rather than increase—of
suppression with jet momentum. Consequently, the LPM effect has to be taken into account
in heavy flavor suppression predictions at both the RHIC and the LHC.
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We next consider how the running coupling [9] affects the R4,4. Therefore, in figure 5 we
compare the D meson suppression predictions obtained by using the fixed value of strong
coupling constant, with the predictions when the running coupling is accounted, as a function
of the transverse momentum. From figure 5 we observe that the running coupling leads to an
increase in the suppression by almost a factor of two at lower jet momenta, while it makes no
significant difference at higher jet momenta. Note that such an unequal contribution notably
changes the shape of the suppression pattern, so that accounting for the running coupling for
D mesons at both the RHIC and the LHC is also important. Furthermore, when comparing the
predictions with available (LHC) experimental data (see the right panel of figure 5), we see
that inclusion of running coupling leads to a somewhat worse agreement with experimental
data, compared to the predictions with constant coupling; we will however see below that
inclusion of both the running coupling and the finite magnetic mass improves the predictions.

We next investigate the significance of taking into account the finite magnetic mass in the
suppression calculations. Namely, all previous energy loss calculations assumed zero mag-
netic mass, in accordance with the perturbative QCD. However, different non-perturbative
approaches [31-35] reported a non-zero magnetic mass at the RHIC and the LHC, which
indicates that the finite magnetic mass has to be included in the radiative energy loss cal-
culations [8].

Hence in figure 6 we compare the D meson suppression predictions with and without the
finite magnetic mass included in the suppression calculations. To investigate the importance
of magnetic mass only, we do not include running coupling in this figure, i.e. we assume the
constant coupling. Figure 6 shows that the inclusion of the finite magnetic mass effect leads to
a notable ~ 30% decrease in the suppression. Consequently, the finite magnetic mass effect is
also important. Furthermore, when comparing the predictions with available (LHC) experi-
mental data (see the right panel of figure 6), we see that the effect of the inclusion of magnetic
mass runs in the opposite direction from the inclusion of running coupling, and also in itself
leads to a worse agreement with experimental data (compared to predictions with zero
magnetic mass). From this and the previous figure (i.e. Figures 5 and 6), one can conclude
that inclusion of the individual improvements in the energy loss calculations—in particular
the running coupling alone, or the magnetic mass alone—does not necessarily lead to the
improvement in the agreement between the predictions and the data.

Consequently, we finally consider how the inclusion of both the running coupling [9] and
the magnetic mass affects R, 4. Therefore, in figure 7 we use the finite value of magnetic mass,
and compare the D meson suppression predictions with fixed value of strong coupling
constant, with those when the running coupling is used, as a function of transverse
momentum. We see that these two effects, taken together, lead to a very good agreement with
the experimental data, i.e. to both quantitative and qualitative improvement compared to the
case in figure 3. This illustrates possible synergy in including different energy loss effects:
taken individually, the running coupling and the finite magnetic mass lead to worse agreement
with the experimental data, but taken together they notably improve the agreement. Therefore,
detailed study of parton energy loss, as well as inclusion of all important medium effects, may
be necessary to correctly model the interactions of high-momentum particles with the QCD
medium.

4. Conclusion

Since our dynamical energy loss formalism led to a robust agreement with the experimentally
measured nuclear modification factor for different experiments, probes and experimental
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conditions (i.e. centrality ranges) [9, 10, 12], we investigated how different energy loss effects
contribute to such a good agreement. In particular, we aimed at determining whether such a
good agreement is a consequence of a single dominant effect or of several smaller
improvements. We investigated this issue for the case of D mesons, whose suppression
patterns are not modified by the fragmentation functions, so that they present a clear energy
loss probe. We used an approach where we started from the simplest reasonable (and his-
torically justified) energy loss model—which includes only radiative energy loss—and then
sequentially added different model improvements. This approach both allows investigating
the importance of different energy loss ingredients and obtaining the historical perspective on
how the energy loss model has been improved. In particular, we studied the importance of the
transition from the static to the dynamical framework and of including collisional energy loss,
the finite size effect, the finite magnetic mass and the running coupling. As an overall
conclusion, we found that the most important effect in modeling jet-medium interactions is
the inclusion of the dynamical effect, i.e. modeling the medium constituents as dynamical
(moving) particles, instead of the commonly used static scattering centers. However, for a fine
agreement with the data, we find that each energy loss effect is important, and that the robust
agreement between the theoretical predictions and the experimental data is a camulative effect
of all these improvements. As an outlook, the presented results suggest that further
improvements in the energy loss model may be significant for accurately explaining the data
even outside of the energy ranges and observables that we have tested so far. Therefore, we
expect that data from the upcoming RHIC and LHC runs will help testing—or even further
constraining—model calculations at higher transverse momentum.
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We here show that at lower momentum (i.e., p, ~ 10GeV) single particle suppression for different types
of probes exhibit a clear mass hierarchy, which is a direct consequence of the differences in the energy loss,
rather than the differences in the initial distributions. On the other hand, we predict that the mass hierarchy is
not expected at high momentum (i.e., p; ~ 100GeV); i.e., while we surprisingly predict that suppression for
charged hadrons will be somewhat smaller than the suppression for heavy mesons, we find that this difference
will be a consequence of fragmentation functions, not the finite mass effects. That is, apart from the fragmentation
functions, the probes of different masses exhibit nearly the same suppression in the high momentum region. We
also argue that the same insensitivity on the probe types also appears for jets. In particular, the experimental
data in the momentum regions where they exist for both types of probes, show similar suppressions of charged
hadrons and inclusive jet data. Interestingly, we also find that our state-of-the-art suppression predictions for
high momentum single particles are also in agreement with the jet suppression data, where the reasons behind
this agreement yet remain to be understood. Finally, the available jet data also show (though with large error
bars) an overlap between b jets (heavy) and inclusive jets (light) probes. Consequently, our results suggest that
single particles in the momentum region below 50 GeV present an excellent tool for mass tomography, while
high momentum single particles and (possibly) jets are somewhat insensitive to the details of the interaction with

quark-gluon plasma.

DOI: 10.1103/PhysRevC.94.044908

I. INTRODUCTION

Quark-gluon plasma (QGP) is a new state of matter [1,2]
consisting of interacting quarks, antiquarks, and gluons. Such
new state of matter is created in ultrarelativistic heavy ion
collisions at Relativistic Heavy Ion Collider (RHIC) and Large
Hadron Collider (LHC). Rare high momentum probes, which
are created in such collisions and which transverse QGP, are
excellent probes of this extreme form of matter [3—5]. As these
probes have different masses and consequently interact with
the medium in a different manner, such mass tomography
allows investigating properties of the interactions with the
medium [6-8]. Furthermore, as higher momentum ranges
become increasingly available at the LHC experiments, there
are both different probes and a wide range of their momentum,
which become available for such mass tomography. However,
there is now a question which exactly probes, and momentum
ranges, are optimal for such tomography, i.e., will lead to
different behavior that can provide new information about
interactions with the medium. To address this question, we
will in this paper concentrate on the nuclear modification
factor (R44), as suppression is traditionally considered to be
an excellent observable for mass tomography.

As an example, it was previously widely expected that
such clear distinction between the suppression patterns will
be provided by the measurements of charged hadron (light)
and D-meson (heavy) probes (see, e.g., [7,8]). However, as
shown by both the experimental data [9,10] and theoretical
predictions [11], these two probes have the same suppression
at least in the momentum region between 10 and 50 GeV,
which is a consequence of a serendipitous interplay between

“Corresponding author: magda@ipb.ac.rs

2469-9985/2016/94(4)/044908(8)

044908-1

energy loss and fragmentation functions. Below 10 GeV,
there exists a small difference in the R ss between D
mesons and charged hadrons; however, this difference in
the suppressions is both small and somewhat influenced by
the fragmentation functions [11], so it is, unfortunately, not
suitable for extracting any reliable conclusions. Furthermore,
at high momentum, recent jet measurements indicate (though
with large error bars) the same suppression for b jets [12], and
inclusive (light) jets [13,14]. Consequently, there is a nontrivial
question of what exactly probes and momentum ranges can
be used for obtaining new information on probe-medium
interactions. Addressing this will, in turn, allow optimally
exploiting experimental efforts and provide further tests of
our understanding of QCD matter. Systematically testing the
mass tomography effects, for different probes, and at wide
momentum ranges, will be the main goal of this paper.

To achieve this goal, we will here use our state-of-the-art
dynamical energy loss formalism [15,16], which removes
a widely used static approximation and takes into account
interactions of the probe with the moving (dynamical)
medium constituents. Through this, it consistently treats both
radiative [15,16] and collisional [17] energy loss, which
was shown to be crucial for quantitatively and qualitatively
explaining the experimental data [18]. Additionally, the
formalism also takes into account finite magnetic mass [19]
and running coupling [20], and is integrated in an up-to-date
numerical procedure, which includes path-length [21] and
multigluon [22] fluctuations. The formalism was previously
shown to be consistent with the wide range of suppression
data corresponding to different probes and experimental
conditions [11,20,23]. Importantly, no free parameters are
used in comparing predictions with the experimental data. The
same parameter set, corresponding to the standard literature
values, will be used in this paper, so that the generated

©2016 American Physical Society
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predictions will be also constrained by an agreement with
a wealth of previous data.

We will here generate single particle R 4 predictions
at both lower momentum (i.e., p; ~ 10GeV) and high
momentum (i.e., p; ~ 100GeV) regions. Our predictions
are applicable for both 2.76 TeV and 5.02 TeV collision
energies, because we here predict the same suppression
at these two collision energies for light flavor, while we
previously [24] predicted the same suppression at these
energies for heavy flavor. Comparing these predictions with
single particle Rq4 measurements will allow investigating
how suppression depends on the mass hierarchy in different
momentum regions, particularly because high precision single
particle R 4 4 measurements are (or will soon become) available
at both lower and high momentum ranges. In the high
momentum range, we will generate predictions for 5.02-TeV
collision energy, where preliminary experimental data are
currently becoming available. The high momentum single
particle predictions are not available for 2.76 TeV, so in
this range, we will compare our single particle predictions
for 5.02 TeV (which are also applicable to 2.76 TeV; see
above) with the available jet measurements. The comparison
of the single particle predictions with the available jet data
is motivated by the fact that, in the momentum region where
both (limited) single particle and jet R4 4 data exist, these two
observables show the same suppression within the error bars,
as we present below. This observation leads to a question of
how the leading particle R4 predictions, done with state-of-
the-art dynamical energy loss model, compare with the whole
jet Raa, which we will here address. Consequently, we will
here provide a systematic investigation of how the predicted
suppression depends on the probe type, the momentum and
collision energy range, and how these predictions compare
with various available data.

II. METHODS

The numerical framework for generating suppression pre-
dictions is presented in detail in [20]. We below briefly outline
the main steps in this procedure.

We study the angular averaged nuclear modification factor
R 44, which is established as an excellent probe for studying
the interaction of high-momentum particles with QGP. R4 4 is
the ratio of the quenched spectrum in A 4 A collisions to the
spectrum in p + p collisions, scaled by the number of binary
collisions Npip:

dNpa/dpy

- (1)
Nbindep/dpL

Raa(pr) =

To calculate the quenched spectra of light and heavy probes,
we use the generic pQCD convolution, which consists of the
following steps:

E;d’c  E;dc(Q)
dpi ; dpi
®D(Q — Hg)® f(Hg — J/¥). 3)

Here “i” and “f” subscripts correspond, respectively, to
“initial” and “final,” E is energy, p, is transversal momentum,

® P(E; > E)® )
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Q denotes partons (quarks and gluons), and the terms in the
equation correspond to the following:

@) E,d%(Q)/dpii denotes the initial parton spectrum.
For light quarks and gluons, the spectrum is extracted
from [25], while for charm and bottom quarks, the
spectrum is extracted from [26].

(i) P(E; — Ey) is the energy loss probability. The
probability is generalized to include both colli-
sional [17] and radiative [15,16] energy loss in the
same framework (i.e., realistic finite size dynamical
QCD medium), which abolishes the widely used
approximation of static scattering centers. It is also
recently improved to include path-length [21] and
multigluon [22] fluctuations, as well as running
coupling [20] and finite magnetic mass [19].

(iii) D(Q — Hyp) is the parton to hadron Hy fragmen-
tation function. For light hadrons, and D and B
mesons we use DSS [27], BCFY [28], and KLP [29]
fragmentation functions, respectively. Note, however,
that for heavy flavor, fragmentation functions do not
influence the suppression of heavy mesons [11]. That
is, heavy meson R4 is a true probe of heavy quark
Raa.

(iv) Fornonprompt J/ W, we also have to include the decay
of B meson to J /v, which is represented by the func-
tion f(Hgp — J/v) and obtained according to [26].

To generate the suppression predictions for light and
heavy flavor observables in Pb+Pb collisions at the LHC
experiments, we used the following parameter set: QGP with
perturbative QCD scale of Agcp = 0.2 GeV and effective light
quark flavors n y = 3. In the calculations, as a starting point we
use an effective temperature of 304 MeV for 0%—40% central-
ity Pb+Pb collisions at the LHC [30] experiments (as extracted
by ALICE); the average temperature for every centrality region
is then determined according to the procedure given in [23].
Also, for every centrality region, we use different path-length
distributions, which are provided to us by [31]. The light
quark mass is assumed to be dominated by the thermal mass
M = 1 /+/6, where temperature-dependent Debye mass itz
is obtained from [32]. The gluon mass is m, = ,uE/ﬁ [33],
while the charm and the bottom masses are M = 1.2 GeV and
M =4.75 GeV, respectively. Magnetic to electric mass ratio
is0.4 < up /e < 0.6, as extracted from several independent
nonperturbative QCD calculations [34-37], so the uncertainty
in the predictions, presented in the next section, will come
from this range of screening masses ratio. Note that our model
uses no free parameters in comparison with the experimental
data, that is, all the parameters correspond to standard literature
values.

III. NUMERICAL RESULTS

In this section, we will generate predictions which cor-
respond to the probe suppression at both lower (~10GeV)
and high (~100 GeV) momentum ranges. At high-momentum
ranges, we will also compare the single particle and jet
measurements with each other, and with the generated the-
oretical predictions. The predictions will be generated both as
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Npart

FIG. 1. R4 Vs Ny, for single particles at the 2.76 TeV Pb+Pb collisions at the LHC experiments. (a) Theoretical predictions for R4 vs
Npar are compared with CMS experimental data for D mesons [38] (red triangles) and nonprompt J /W [39] (orange circles) in, respectively,
8 < pL <16GeVand 6.5 < p; < 30GeV momentum regions. Gray bands with dashed, and dot-dashed boundaries, respectively, correspond
to predictions for D mesons and nonprompt J/ W in corresponding momentum regions. (b) Theoretical predictions for 2%, and D and B mesons
Rya V8 Npar in 60 < p; < 95 GeV momentum region are, respectively, provided as white bands with full, dashed, and dot-dashed boundaries.
The h* predictions are compared with ATLAS (green squares) [40] 2* experimental data in the same momentum region. On each panel, the
upper (lower) boundary of each gray (or white) band corresponds to /g = 0.6 (uy /e = 0.4).

a function of probe momentum and the number of participants
and for both light and heavy flavor observables.

We first show predictions for the suppression dependence
for single particles on the number of participants at 2.76 TeV
Pb+Pb collision energy. In Fig. 1(a) we compare predictions
with the data in the lower momentum range (p; ~ 10GeV),
while in Fig. 1(b) we compare predictions with the data in
the high momentum range (p, ~ 100GeV). Note that the
formalism is developed under the assumption that M?/E? «
1, so, for all types of quarks (both light and heavy), our
predictions are valid for p; 2 10GeV. The predictions in
Fig. 1(a) are generated for J /W and D mesons, and, compared
with the corresponding CMS experimental data [38], D-meson
data from ALICE [41], not shown for figure representation,
are consistent with CMS D-meson data. Also, the charged
hadrons (light probes) are not shown in Fig. 1(a) for clarity,
as it was previously shown that both experimental data [9,10]
and theoretical predictions [11] largely overlap with those for
D mesons. Because charged hadrons are indirect and complex
probes, composed of both light quarks and gluons with the
nontrivial effect of fragmentation functions [11], for mass
tomography it is clearly beneficial to, whenever possible, con-
centrate on D mesons (clear charm quark probes [11]) instead
of charged hadrons. In Fig. 1(b), the theoretical predictions for
charged hadrons, and D and B mesons are generated and shown
together with the ATLAS charged hadron experimental data.

A clear distinction in predictions between lower and high
p. ranges are observed. In addition, for lower p, [Fig. 1(a)],
it is obvious that the light and heavy flavor suppressions
are significantly different. On the other hand, in the high
p1 ~ 100GeV range [Fig. 1(b)], the predictions for all the
probes (both light and heavy) almost overlap with each other.
From the pQCD perspective, a reason for similar suppressions
at high momentum is that the mass of the probe becomes
small compared to its momentum, so the relevance of mass

effects should also become small in this region. However,
while plausible (expected) from the pQCD perspective, this
prediction can be quite distinct in other approaches, as, e.g.,
AdS-CFT predicts a clear suppression mass hierarchy, even
for high momentum regions [42,43].

The experimental data shown in Fig. 1 are in good agree-
ment with the generated theoretical predictions. Moreover,
these data also confirm the predicted qualitative distinction
between the light or charm and bottom suppressions at the
lower momentum region. At the higher momentum range, such
comparison between the light and heavy flavor experimental
data cannot be made, as the corresponding single particle data
are currently available only for charged hadrons. Therefore,
the overlap of the light and heavy flavor suppressions at high
momentum ranges, provides a clear prediction to be tested by
the upcoming experiments.

For understanding the difference between D-meson and
nonprompt J/ W suppressions, we studied the importance of
different contributions to this suppression difference. Regard-
ing this, note that it was considered that this difference may
largely originate from the differences in the initial distributions
between charm and bottom quarks, rather than the difference
in their energy losses [44]. We show in Fig. 2(a) that this is
not the case, i.e., the contribution to the suppression difference
from the initial distributions is small, while the contribution
from the different energy loss is substantially larger. Note,
however, that the contributions shown in Fig. 2(a) are not pure
effects of initial distribution and energy loss. This is because
J /W suppression is not a direct probe of b quarks, i.e., it
includes a decay from B mesons to J/ W, i.e., f(B — J/WV).
Consequently, to exclude the decay contribution from these
two effects, in Fig. 2(b) we show the same contributions
but with the B mesons (clear b quark probe) instead of
J/W. We see that, in the case of B mesons, the energy loss
contribution becomes even larger, while the initial distribution
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FIG. 2. Suppression contributions at lower momentum. (a) Theoretical predictions for Ry4 vS Ny are compared for D mesons (dashed
curve, 8§ < p; < 16 GeV momentum region) and nonprompt J/ W (dot-dashed curve, 6.5 < p; < 30 GeV momentum region). Gray curve
shows the analogous nonprompt J /W predictions, if the originating bottom quark would have the same energy loss as charm quark in QGP.
(b) Theoretical predictions for R4 VS Ny, are compared for D and B mesons in 8 < p; < 16 GeV momentum region. Comparing (a) and (b)
shows the effect of decay functions to the contributions analyzed in (a). (c) Theoretical predictions for R44 vs p, are compared for D and B
mesons. In (b) and (c), the curve legend is the same as in (a) with distinction that now B replaces J/W. In each panel, the full arrow points
to the contribution of the different initial distributions to the difference in the suppression between the D meson and nonprompt J/W¥ (or B
meson), while the dashed arrow points to the contribution of the different energy losses to the difference between D-meson and the nonprompt
J /W (or B-meson) suppression. Magnetic-to-electric mass ratio is set to uy /g = 0.4.

becomes even smaller. Therefore, the strong mass dependence
of the suppression, which is observed and predicted at lower
momentum ranges, is clearly a consequence of the differences
in the energy loss, rather than the consequence of the initial
distributions or decay. Furthermore, we show in Fig. 2(c) that
there is no momentum region in which initial distribution
makes a significant effect on the suppression difference
between different types of probes. Therefore, studying the
difference between D- and B-meson suppression patterns in the
lower momentum region is not influenced by the production,
fragmentation, and the decay, and therefore allows directly
assessing how different probes interact with QGP.

While there are currently only limited data for single
particles at high momentum, these types of measurements
are expected to become increasingly available at 5.02-TeV
Pb+Pb collisions at the LHC. At 5.02-TeV collision energy,
the R44 measurements for charged hadrons are expected to
become available up to p; ~ 400GeV, for D mesons the
R 44 measurements might be available up to p; ~ 200GeV,
while for bottom mesons the measurements are expected
up to p; ~ 100GeV [45] and possibly even higher. It is,
therefore, useful providing single particle R4 4 predictions in
the high-momentum region, and studying the effects of high
p. mass tomography.

With this goal, in Fig. 3, we provide predictions for
charged hadrons, and D and B mesons Rss at 5.02-TeV
0%—10% central Pb+-Pb collisions at the LHC. From Fig. 3(a),
we see that at p;, ~ 100GeV, all types of probes show
similar suppressions, as supported by Fig. 1(c). However, for
p1 > 100GeV, we also observe that, while D and B (i.e.,
heavy) meson Rs4s become almost identical, the h* (.,
light hadron) R4 shows a surprising tendency for a lower
suppression compared to heavy mesons. Moreover, we see
that the difference between light and heavy meson suppression

increase with increasing p , leading to more than 10% higher
R 44 for h* compared to heavy mesons at p; > 150 GeV. That
is, our observation is that, contrary to the 2.76-TeV collision
energy where overlap between 4* and the D meson R4, was
observed for the entire momentum region where both data
are available (p; < 50 GeV), we here predict that increasing
momentum (above p; of 100 GeV) will lead to the separation
in the R 44 of these two observables, but in a different direction
than intuitively expected.

A naive conclusion from this prediction would be that,
for highly energetic partons, the light partons start to lose
notably less energy compared to heavy partons, which is not
in accordance with pQCD, as discussed just after Fig. 1.
To further investigate this issue, in Fig. 3(b), we compare
R4 predictions for bare quarks, i.e., for up, charm, and
bottom quarks. We here observe that for p; > 100GeV, and
in accordance with pQCD, finite mass effects for all types of
quarks become negligible, leading to the same suppressions for
both light and heavy flavor partons. However, from Fig. 3(c),
we see that the nonintuitive result observed in Fig. 3(a), is a
consequence of the fragmentation function effect on the light
partons that compose the charged hadrons. That is, the effect of
fragmentation functions on the light quarks is to decrease their
suppression [noted by the vertical arrow in Fig. 3(c)]; the gluon
contribution (partially) compensate this effect (as discussed
in [11]), but for p; > 100 GeV, the gluon contribution, and
therefore the gluon compensation effect, is small. Because of
this, we conclude that, if our predicted larger Rq4 for hE
compared to heavy flavor (D and B) in the high p, region
is indeed experimentally observed, this increase will be a
pure consequence of the fragmentation function effect, and
therefore not related to the mass tomography in the QGP.

Moreover, the predictions presented in Fig. 3 show that
the mass tomography effects can be clearly observed below
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FIG. 3. R4 vs p, for single particles at the 5.02-TeV Pb+4-Pb 0%—10% central collisions at the LHC. (a) Theoretical predictions for h*,
and D and B mesons R4 Vs p, are, respectively, given as white bands with full, dashed, and dot-dashed boundaries. The upper (lower)
boundary of each band corresponds to wy /g = 0.6 (uy /e = 0.4). (b) Theoretical predictions for bare quark R4 vs p, are shown for u
(dotted curve), ¢ (dashed curve), and b (dot-dashed curve). 11,/ g ratio is set to 0.4. (c) Theoretical predictions for Ry, vs p, are compared

for u (dotted curve) with 2% (full curve). j1y/p ratio is set to 0.4.

50 GeV. In particular, we see that below 50 GeV, bottom
suppression significantly differs compared to charm and light
probes. On the other hand, such a distinction does not appear
for high probe momentum (above 50 GeV) where all the
suppression predictions nearly overlap (apart from the frag-
mentation functions effect discussed above). Furthermore, we
also showed that indirect bottom probes (i.e., nonprompt J / W)
lower the dead-cone [8] effect compared to the clear B-meson
probes. Consequently, we propose that one should concentrate
on the lower momentum range and on the difference between
the B-meson suppression on one side, and D-meson and
charged hadron suppression on the other side, for observing
significant mass tomography effects.

Furthermore, in [24], we have shown that, for heavy flavor,
the R4, predictions for 5.02 TeV and 2.76 TeV overlap with
each other, because of interplay between energy loss and initial
distributions. In Fig. 4, we show that the same conclusion is
valid for charged hadrons as well. We therefore conclude that
all the predictions and observations presented in this paper are
valid for both 2.76-TeV and 5.02-TeV collision energies.

With regard to this, we note that, while high p, data are
not available for single particles at the currently available
2.76-TeV collisions, high p,; data are abundant for jets. As
our theoretical predictions for single particle R4, data at
5.02 TeV are also applicable for 2.76-TeV collision energy,
it is tempting to compare these predictions with the available
jet data at 2.76-TeV collision energy. Before comparing single
particle predictions with the jet data, we address the same
comparison with the experimental data, i.e., we start by
asking how the single particle data and the jet measurements
correspond to each other, in the momentum range where
both are available. Consequently, in Fig. 5, we compare the
available experimental data for charged hadrons (the green
squares and circles) and inclusive jets (the blue squares and
circles). In Fig. 5(a), we show the comparison of the measured
suppression dependencies on the probe momentum (for the
similar, fixed centrality region), while in Fig. 5(b), we show
the comparison of the measured suppression dependencies on
the number of participants (for the similar, fixed momentum

region). Therefore, one can see that similar suppressions are
observed for single particles and jets, i.e., while the inclusive
jets show a somewhat higher suppression compared to charged
hadrons, they are the same within the error bars.

The results presented above then motivate us to investi-
gate how our bare quark (i.e., leading particle) suppression
predictions, done with the dynamical energy loss, agree with
the jet suppression measurements. To that end, in Fig. 6, we
show our predictions of R4 vs p, for the light (full curve),
charm (dashed curve), and bottom (dot-dashed curve) probes.
These leading particle predictions are shown together with
inclusive jets from the ATLAS experiments [14] [Fig. 6(a)])
and with both inclusive jets [13] and b jets [12] from CMS

ht
08+

0-10% central
0 } } } } }

20 40 60 80 100

p.(GeV)

FIG. 4. Comparison of R4, predictions for charge hadrons at
2.76 and 5.02 TeV. Charged hadron suppression predictions, as a
function of transverse momentum, are shown. R4, predictions at
5.02 TeV (2.76 TeV) 0%—10% central Pb+Pb collisions at the LHC
are presented as white bands with full (dashed) boundaries. The
upper (lower) boundary of each band corresponds to /g = 0.6
(ar/e = 0.4).
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FIG. 5. Comparison of single particle and jet suppression data at the LHC experiments. (a) R44 Vs p, experimental data are compared
for inclusive jets from ATLAS [14] (blue squares) and CMS [13] (blue circles) and charged hadrons [40] from ATLAS (green squares) and
CMS [46] (green circles). ATLAS jet data correspond to 0%—10% centrality, while the other data correspond to 0%—5% centrality. (b) R4
VS Npare ATLAS experimental data are compared for inclusive jets [14] (blue squares, 63 < p; < 80GeV) and charged hadrons [40] (green

squares, 65 < p; < 90GeV).

[Fig. 6(b)]. The predictions for both light and heavy probes
are in a good agreement with the available jet measurements.
This, together with the near overlap of the single particle and
the jet suppression data shown in Fig. 5, therefore suggests
that the leading particle predictions agree well with the jet
R 4 4 measurements.

There are few other important conclusions: (i) Above
50 GeV, we predict almost the same suppressions for the
light, charm, and bottom quarks [see also Fig. 3(b)]; (ii) this
prediction, extrapolated from the single particle predictions
to the light and b jets, is in agreement with the measured
experimental data. Because charm jet suppression is not yet
measured, our result that the charm suppression overlaps with
the light and bottom suppressions, likely suggests that c-jet
R 44 will overlap with both unidentified and b-jet R44s.

Finally, the similar conclusion is also obtained if the
suppression is analyzed as a function of the number of

(@) 1

R AA

ATLAS

O i I
0 100 200 300 400
p.(GeV)

participants (Fig. 7). In particular, we also see that R44 vs
Npar single particle predictions for all three types of probes
nearly overlap with each other and explain well the inclusive
and b-jets data, which are also shown in the figure. Finally, the
overlap of the suppression predictions is also consistent with
the overlap in the data—similarly, as shown in Fig. 6, the case
of the charm jets is a new prediction to be tested by the future
measurements.

IV. CONCLUSION

In this paper, we systematically explored the mass tomog-
raphy effects, which can be observed for different probes
and in the wide momentum range corresponding to the span
of the available experimental data. The predictions of the
suppression dependence from both the momentum and the
number of participants were generated and compared with the

(b) 1

CMS

0 100 200 300 400
p.(GeV)

FIG. 6. Single particle suppression predictions vs jet data. (a) Theoretical R44 vs p, predictions for single particles are compared with
0%-10% centrality ATLAS experimental data for inclusive jets [14] (blue squares). (b) Ras Vs p, single particle predictions are compared
with CMS experimental data for inclusive jets [13] (blue circles, 0%—5% centrality) and b jets [12] (orange triangles, 0%—10% centrality). On
each panel, white bands with dashed, dot-dashed, and full boundaries, respectively, correspond to charm, bottom, and light flavor predictions,
and the upper (lower) boundary of each band corresponds to /g = 0.6 (uy /g = 0.4).
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FIG. 7. Single particle suppression predictions vs jet data. Single
particle predictions for R44 VS Npa are compared with ATLAS data
for inclusive jets [14] (blue squares, 80 < p; < 100 GeV momentum
region) and CMS data for b jets [12] (orange triangles, 80 < p; <
90 GeV momentum region). White bands with dashed, dot-dashed,
and full boundaries, respectively, correspond to charm, bottom, and
light flavor predictions for 80 < p, < 100 GeV. The upper (lower)
boundary of each band corresponds to puy /e = 0.6 (upm/me =
0.4).

available single particle and jet measurements. As a result, we
obtained both the agreement of the theoretical results with the
available data, and generated new predictions to be tested in
the upcoming experiments, as we briefly summarized below.
For the single particle predictions, we obtained that signif-
icant mass tomography effects can be noticed below 50 GeV,
related to the difference between the bottom and the charm
and light suppressions. While this difference is sometimes
attributed to different initial distributions for the charm and
bottom quarks, we here showed that this effect is almost
entirely a consequence of the differences in the respective
energy losses (i.e., the dead-cone effect), while the initial
distribution contribution to the difference is almost negligible.
Furthermore, at the existing 2.76-TeV collision energy,
we showed that the leading particle predictions agree well
with the jet measurements. Moreover, the experimental results
show that there is a reasonable overlap between the single

PHYSICAL REVIEW C 94, 044908 (2016)

particle and jet suppression experimental data. These findings
are interesting, particularly because our suppression approach
does not include the features such as jet reconstruction [47]
[which are considered crucial for accurate description of (di)jet
suppression [48-55]], but includes an advanced dynamical
energy loss description for the leading parton. Therefore,
the agreement between the single particle and jet Rax
measurements, both with respect to the experimental data and
the theoretical predictions is currently unclear, and even if this
agreement turns out to be accidental, understanding it may
provide an important outlook for the future research.

Finally, we here provide clear predictions for the upcoming
experimental data at 5.02-TeV collision energy: For the single
particle data, we predict that, at the high momentum range
p1 > 100GeV, B- and D-meson (and likely c- and b-jet)
R4 data will nearly overlap with each other. On the other
hand, our predictions for 7* R4, unintuitively suggest a
tendency for lower suppression compared to heavy mesons.
We, however, show that this lower suppression is a pure
consequence of the fragmentation function effect on h*, while
the finite mass effect is negligible in this region. Finally,
we predicted significant mass tomography effects related to
B-meson suppression below 50 GeV. As discussed above,
these predictions also provide specific guidelines on where
future experimental efforts related to this goal should be
concentrated. For example, given these results, we think that it
is clearly beneficial to concentrate further efforts on improving
b probe data in the relevant momentum region; this can include
both directly measuring B mesons instead of nonprompt J/ W,
reducing the uncertainties, as well as increasing the number of
available measurements for this important probe. With regards
to this, note that the CMS experiment already published
its measurement of the nuclear modification factor for fully
reconstructed B mesons in p+Pb collisions [56], while such
measurements in Pb+Pb collisions are expected to become
available soon from ALICE.
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Abstract

Background: Restriction-maodification (R-M) systems are rudimentary bacterial immune systems. The main
components include restriction enzyme (R), which cuts specific unmethylated DNA sequences, and the
methyltransferase (M), which protects the same DNA sequences. The expression of R-M system components is
considered to be tightly regulated, to ensure successful establishment in a naive bacterial host. R-M systems are
organized in different architectures (convergent or divergent) and are characterized by different features, i.e.
binding cooperativities, dissociation constants of dimerization, translation rates, which ensure this tight regulation. It
has been proposed that R-M systems should exhibit certain dynamical properties during the system establishment,
such as: /) a delayed expression of R with respect to M, ii) fast transition of R from “OFF” to “ON" state, jii) increased
stability of the toxic molecule (R) steady-state levels. It is however unclear how different R-M system features and
architectures ensure these dynamical properties, particularly since it is hard to address this question experimentally.

Results: To understand design of different R-M systems, we computationally analyze two R-M systems,
representative of the subset controlled by small regulators called ‘C proteins’, and differing in having convergent or
divergent promoter architecture. We show that, in the convergent system, abolishing any of the characteristic
system features adversely affects the dynamical properties outlined above. Moreover, an extreme binding
cooperativity, accompanied by a very high dissociation constant of dimerization, observed in the convergent
system, but absent from other R-M systems, can be explained in terms of the same properties. Furthermore, we
develop the first theoretical model for dynamics of a divergent R-M system, which does not share any of the
convergent system features, but has overlapping promoters. We show that i) the system dynamics exhibits the
same three dynamical properties, ii) introducing any of the convergent system features to the divergent system
actually diminishes these properties.

Conclusions: Our results suggest that different R-M architectures and features may be understood in terms of
constraints imposed by few simple dynamical properties of the system, providing a unifying framework for
understanding these seemingly diverse systems. We also provided predictions for the perturbed R-M systems
dynamics, which may in future be tested through increasingly available experimental techniques, such as re-
engineering R-M systems and single-cell experiments.
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Background

Restriction-modification systems are rudimentary bacterial
immune systems, whose main components are the restric-
tion enzyme (R), and the methyltransferase (M). We here
consider Type II restriction-modification (R-M) systems
[1], where R cuts the same DNA sequences that are pro-
tected by M. Consequently, R and M act, respectively, as a
toxic molecule and its antidote, and analogies of R-M and
toxin-antitoxin systems are often made [2]. R-M present
rudimentary “bacterial immune systems”, as they protect
the host bacterial cell against infection by foreign DNA,
such as viruses (bacteriophages) [3-6]. The protection
mechanism is straightforward, as the foreign DNA enter-
ing bacterial cell is unmethylated, and is consequently cut
(destroyed) by R. On the other hand, the host DNA is
methylated due to presence of M, and is therefore not cut
by R, which prevents autoimmunity. In fact, many bacte-
riophages are under pressure from R-M systems with
whom they have common hosts [7, 8], and have developed
different mechanisms to avoid restriction [9—11]. Conse-
quently, expression of the toxic molecule and its antidote
provides an effective protection of the bacterial cell against
foreign DNA infection [12].

R-M systems are often mobile [2, 12, 13], spreading
from one bacterial host to the other, so that a bacterial
host, which initially did not contain the R-M system (a
naive host), can acquire it through horizontal transfer. Ex-
pression of R and M was directly observed in single cells
only very recently, for the Esp13961 system [14], and it is
still unclear how different R-M system features affect this
expression. It is however assumed that R-M expression
has to be tightly regulated during its establishment in a
naive host [15]. For example, as the naive host genome is
initially unmethylated, R must be, and where tested actu-
ally is, expressed after a delay with respect to M, so that
the host’s genomic DNA can be protected before the ap-
pearance of R [14, 16, 17]. To ensure such tight regulation,
a significant subset of R-M systems contains a third gene,
which expresses the control protein (C) [5, 6, 18-23]. C is
a transcription factor, which regulates expression of genes
in R-M system, including its own expression. In fact, C is
typically co-transcribed with R from a common promoter
(CR promoter), while M is transcribed from a separate
promoter (M promoter) [5, 6, 24].

With respect to the organization of the transcription
units, two different architectures are exhibited, which cor-
respond to the convergent (Fig. la), and the divergent
(Fig. 1b) orientation of CR and M promoters [5, 6, 14, 20,
21, 23, 25, 26]. Despite R-M systems being known for few
decades now, with numerous biotechnological uses of re-
striction enzymes, control of expression of these systems
has been insufficiently studied. Two relatively well studied
examples are Ahdl (a representative of the convergent
architecture) [6], and EcoRV (a divergent architecture
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representative) [5]. For both systems, the core promoters
(binding sites of RNA polymerase), and the binding sites of
C protein, are experimentally mapped. In addition, for AhdI
system, the transcription activity of CR promoter was mea-
sured as a function of C protein amount. We previously
showed that a thermodynamic model of CR promoter regu-
lation provides a good agreement with this measurement
[6]. We also recently showed [14] that a similar thermo-
dynamic model, coupled with a dynamical model of tran-
script and protein synthesis, can reasonably explain the
dynamics of the enzyme synthesis measured by single-cell
experiments in another convergent R-M system (Esp13961I).
This strongly suggests that quantitative modeling presented
here can realistically explain R-M system transcription con-
trol. Additionally, thermodynamical modeling of transcrip-
tion regulation was successfully applied to a number of
different biological problems [27-30], while dynamical
modeling was applied to explain both more and less com-
plex gene circuits including control of other convergent R-
M systems [31-33].

As we detail below on the example of AhdI (convergent
system), and EcoRV (divergent system), it is experimentally
firmly established that R-M systems exhibit both different
architectures, and different features that characterize their
gene expression regulation [1, 15]. On the other hand, the
regulation should yield the same three dynamical proper-
ties, so that the host genome is protected, while the system
is efficiently established. In particular, as discussed above,
there would have to be a significant expression of M before
R is expressed, to ensure that the host genome is protected.
Furthermore, once the host genome is protected, the sys-
tem should likely turn to “ON” state as rapidly as possible,
so that the host genome becomes “immune” to the virus in-
fections — this would then require that after an initial delay,
R is rapidly generated. Finally, we also previously proposed
that, once the toxic molecule (R) reaches a steady-state, its
fluctuations should be low — otherwise a high fluctuation in
the toxic molecule (R) may not be matched by the antidote
(M), which could destroy the host genome [34].

It is however unclear how the diverse system features
and architectures, relate with the constraints on the dy-
namical response of the system stated above. Experimen-
tally, one could, in principle, address this issue by
mutating the relevant features (or introducing them in
the system where they do not exist), and then measuring
how the resulting system dynamics is perturbed. This
would however be very hard, as the system would have
to be extensively experimentally mutated and/or rede-
signed, and the resulting protein dynamics measured in-
vivo during the system establishment. In that respect,
note that the in-vivo dynamics of R and M expression
were directly observed for only two Type II systems — in
Pvull via nearly simultaneous introduction into a culture
using bacteriophage M13 [17], and in Esp1396l, via
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Fig. 1 Typical gene arrangement and promoter orientation in convergent and divergent R-M systems. a Convergent systems, a representative of
which is Ahdl, where other studied systems encoding C protein include Esp1396l, Kpn2l, Csp231l, Pvull [14, 23, 47-49]. Note that C and R genes are
transcribed together from Pz promoter. Transcription of M is exhibited from the separate Py, promoter. b Divergent systems, a representative of which
is ECORV, where BamHI is another studied divergent system that encods C protein [20]. C and R genes are also co-transcribed, but now share a
common promoter region with M gene. In EcoRV the two divergent promoters (Pcr and Py have overlapping RNA polymerase binding sites

transformation followed by single cell analysis [14]. Even
in these cases, the measurements are done only on the
wild-type (wt) system, i.e. perturbations were not intro-
duced in the system.

Therefore, the main purpose of this paper is to investigate
the relationship between different system features/architec-
tures, and the dynamical properties which the system is ex-
pected to exhibit during its establishment. In particular, it is
our hypothesis that the diverse features exhibited in R-M
systems may largely be explained in terms of the three dy-
namical properties discussed above. To start testing this hy-
pothesis, we will here biophysically model the control of
AhdI and EcoRV, and assess the resulting dynamics when
the characteristic system features are either perturbed (in
AhdI case) or (artificially) introduced (in EcoRV case) in
the system. This is analogous to a classical approach in mo-
lecular biology, where the system is analyzed by mutating
its main features, or introducing new features in the system
where they do not exist, and consequently observing what
effect these perturbations have on the presumed system
function. The difference is that we here analyze the system
computationally instead of experimentally, where we build
on the fact that we previously showed that the modeling
approach that we employ here can reasonably explain the
available equilibrium measurements [6], and the available
single cell experiments [14]. Therefore, the ability of the
modeling to explain the measured wild-type data in R-M
systems provides a reasonable confidence that our predic-
tions for the perturbed system will also be realistic. More-
over, with the advancement of sophisticated experimental
approaches, such as single cell experiments, or possibility
to reengineer the system, there comes a prospect of directly
experimentally testing these predictions in the future.

Specifically, we will here start by reviewing the rele-
vant experimental information for Ahdl and EcoRV

systems (the structure of their promoter regions and
their regulatory features), which will provide a bases for
our theoretical modeling. We will then quantify the gen-
eral principles discussed above, i.e. introduce what we
here call the dynamical property observables, which will
allow us quantifying the delay between R and M, how
fast the system makes the transition from OFF to ON
state, and the stability of R steady-state levels. We will
then investigate if abolishing the characteristic features
of AhdI also diminishes these observables, i.e. negatively
affects the dynamical properties discussed above. Fur-
thermore, we will also study if these dynamical proper-
ties also apply to the system (EcoRV) where AhdI
features are absent, but a new feature is present (the
overlapping promoters). We will then ask what happens
if the AhdI features are (computationally) introduced in
wild-type EcoRV system, where they originally do not
exist. That is, we will investigate if introducing these fea-
tures leads to (at least) some of the three dynamic prop-
erty observables being diminished — therefore explaining
why they are absent from EcoRV. Overall, we will here
systematically investigate how perturbing (or introducing
new) features in two characteristic R-M systems affects
the resulting system dynamics.

Methods

In the first subsection, we provide in detail the experi-
mentally available information on AhdI (the convergent
system) and EcoRV (the divergent system), on which we
base our quantitative modeling. The main properties of
the model, including the observables through which we
assess the system dynamical properties, are provided in
the second subsection. We note that the model itself is
provided in details in Additional files 1 and 2, where all
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the parameters (including their experimental/theoretical
support) are listed.

Experimentally determined configurations of Ahdl and
EcoRV

For Ahd], the positions of different promoter elements (C
protein and RNAP binding sites) were experimentally
mapped for both CR and M promoters [6] (see Fig. 1a). In
addition, the binding affinities and the transcription activ-
ities for both the wild type and mutant systems (where C
protein binding sites were mutated) were measured [6].
These measured values, together with the standard litera-
ture values for the kinetic parameters (the translation and
the degradation rates), were used to parameterize the
model, as provided in detail in Additional file 1.

As indicated in Fig. 2a, C binds to CR promoter, regu-
lating both its own transcription and the transcription of
R [6, 19]. C binds to promoter DNA as a dimer, where
binding to the distal binding site (configuration Kj),
when C is present at relatively low concentration, leads
to transcription activation, as C dimer bound to this
position recruits RNAP binding to the promoter (config-
uration Ks). On the other hand, when C is present at
high concentration, C dimer bound to the distal binding
site recruits another C dimer to the proximal binding
site (the tetramer configuration, K,), thus repressing the
transcription, as RNAP cannot bind to the promoter.
Note that the configuration in which C dimer binds only
to the proximal binding site (equivalent to Kj3) is not
shown, as the binding affinity to the proximal binding
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site is much lower compared to the distal binding site,
making this configuration much less probable. As for M
gene, its transcription is controlled by a negative feed-
back loop, i.e. M methylates specific sites in its own core
promoter thereby repressing the transcription (Fig. 2b).

There are three features which characterize control of
AhdI expression [6]. First, there is a very high coopera-
tivity in binding of the C protein dimers to the distal
and the proximal positions in CR promoter, so that C
dimer bound only to the distal site (K3 configuration)
exists only very transiently in the wild-type (wt) AhdI
system. That is, in the absence of RNAP, a C dimer
bound to the distal position immediately recruits an-
other C dimer to the proximal binding site. Second, the
C dissociation constant of dimerization for AhdI is very
high, so that almost all C protein in the solution is in
the form of monomers. Finally, C protein is translated
from a leaderless transcript (i.e. a transcript which does
not contain a ribosome binding site), which was in E.
coli shown to be associated with lower translation initi-
ation rate [35, 36].

For EcoRV, CR and M promoters are divergently ori-
ented, as schematically shown in Fig. 1b. Consequently, the
promoter elements are located in the intergenic region that
separates CR and M genes, and these elements are also ex-
perimentally mapped [5]. Some of the binding affinities
were also measured [5], while the others were eliminated
by rescaling the equations (see Additional file 2) — note that
we can rescale the equations, as we are interested only in
the relative protein amounts. The kinetic parameters (the

@
C , C , RNAP r‘ K,

Fig. 2 Ahdl R-M system promoter regions. The arrangement of the promoter elements for Ahdl CR and M promoters is based on the experimental infor-
mation provided in [6]. The regions which are schematically shown correspond to (@) Pcg promoter. Circles indicate C monomers, the rectangles indicates
RNAP, while the arrows indicate transcriptionally active configurations. K, — Ks denote the dissociation constants (see Additional file 1) corresponding to
different promoter configurations (K; denotes the dissociation constant of dimerization), where w and w’ denote, respectively, the binding cooperativity
between the two C dimers bound to DNA, and between C dimer bound to the distal binding site and RNAP. C binds to the promoter as either dimer
(K3) or tetramer (K,). The bound dimer recruits RNAP to the promoter (Ks). On the other hand, the tetramer configuration corresponds to the repression,
as it prevents RNAP binding to the promoter. b Transcription is repressed by DNA methylation due to M binding [6], i.e. M methylates specific sites in M
promoter that overlap RNAP binding site — for simplicity this is in the figure represented as M being bound to the promoter DNA

b

RNAP

 Kiw
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translation and the degradation rates), correspond to the
standard literature values, and are taken to be the same as
for Ahdl (with the exception of C translation rate, see
below).

In contrast to AhdI, the main feature of EcoRV is the
partially overlapping CR and M core promoters, as sche-
matically shown in Fig. 3. Consequently, RNAP cannot
simultaneously bind to and initiate transcription from
both Py; and Pcr. Moreover, the characteristic features
of AhdI are not found in EcoRV [5]. In particular, while
the transcription control of the CR promoter by C pro-
tein is similar as in AhdI, the main difference is that the
large cooperativity between the C dimers at the distal
and the proximal binding site is now absent, in fact it
was found in EcoRV that the two dimers bind to DNA
with no cooperativity [5]. Furthermore, the transcription
from Py is not directly influenced by C protein binding,
i.e. C binding does not directly affect RNAP binding to
Py. However, the influence of C on Py transcription is
indirect, as the regulation by C of RNAP binding to Pcg,
also affects when RNAP can bind to Py;. Consequently,
while in AhdI transcription of CR and M was independ-
ent from each other, in EcoRV we have a more complex
system where their transcription is strongly coupled.
Similar regulation through overlapping CR and M core
promoters is also found in CfrBI R-M system [26, 37].
Finally, C transcript is not leaderless in EcoRV, so the
feature which was associated with lower translation initi-
ation rate in E. coli, and which is present in Ahdl, is
now absent from EcoRV.

Modeling Ahdl and EcoRV dynamics

We model R and M synthesis upon introducing AhdI
and EcoRV in naive bacterial hosts. The models are
based on the experimental knowledge of Ahdl and
EcoRV transcription regulation, which is summarized
in Figs. 2 and 3, respectively. The models are provided
in detail in Additional files 1 and 2, and are briefly
based on:

(i) A thermodynamic model, which takes into account
the activation and the repression of CR promoter by
C, and the repression of M gene by its own product
(which was experimentally shown in [6]). The model
assumes that the promoter transcription activity is
proportional to the equilibrium binding probability
of RNAP to promoter, which is a general
assumption initially proposed by the classical Shea-
Ackers approach [38].

(ii)Equations that predict how the transcription activity
of CR and M promoters depends on C-protein con-
centration, which further allows modeling the dy-
namics of transcript and protein expression. That is,
the modeled transcription activities provide the main
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Fig. 3 Transcription regulation of EcoRV R-M system. The promoter
configuration in the figure is based on the experimentally mapped
promoter elements from [5]. Note that the promoters for CR (Pcg) and
M (Pw) genes are divergent, as schematically shown in Fig. 1b. C and R
genes are co-transcribed from the rightward promoter (Pcg, see Fig. 1b),
with RNAP bound to the promoter as indicated in the first and the
third configuration (from top to bottom). M gene is transcribed from
the divergent Py, promoter (see Fig. 1b), with RNAP bound to the pro-
moter as indicated in the last three configurations. Py, and Pcg core
promoters partially overlap each other, so that RNAP cannot simultan-
eously bind to Py, and Pc. The explanations for the first four configura-
tions are equivalent as in Fig. 2a. Note that w' denotes the binding
cooperativity between the dimer bound at the distal position and
RNAP. For the last three configurations, note that binding of C does
not directly influence binding of RNAP to Py, [5]

input for a kinetic model, which calculates R, C and
M transcript and protein synthesis. Also, note that
R-M systems are characterized by very high expres-
sion of R and M proteins [14] so that on the order
of thousands of molecules are present in the cell.
Consequently, the system is expected to be well in
the limit where deterministic modeling can be used
to realistically describe the system.

We previously showed that such modeling can well ex-
plain the wild-type measurements for AhdI [6] - in par-
ticular the measured dependence of the transcription
activity on C protein concentration — as well as the most
recent measurements in single-cell experiments allowing
directly observing the dynamics of R and M synthesis
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[14]. Our aim here is to computationally analyze how
systematically abolishing individual system features af-
fects the system’s dynamics, focusing on the following
properties:

i. the time delay between R and M accumulation,
ii. the transition speed of the system from “OFF” to
“ON”,

iii. the stability of R steady-state levels.

=

For this, we will introduce observables (which we call
the dynamical property observables) that can quantify
these properties. To reasonably define them, it is useful
to visualize the predicted system dynamics, and the sta-
bility of R steady-state levels in wild-type AhdI system,
which is shown in Fig. 4 and calculated from Egs. (1.12),
(1.22) and (1.24)—(1.27) (see Additional file 1).

The first dynamical property observable (delay)

From Fig. 4a, we see that the system features lead to
a significant delay in the expression of R compared
to M, in accordance with the first dynamical prop-
erty. To quantify how the delay changes upon
perturbing these features, we introduce the first dy-
namical property observable, which corresponds to
the ratios of the shaded areas in the perturbed sys-
tem and in wt Ahdl, at an initial interval post-
system entry.
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The second dynamical property observable (OFF to ON
transition speed)

Furthermore, in Fig. 4a, we see that R expression curve
has a sigmoidal shape. Consequently, the maximal slope
of this curve (indicated in the figure) provides a reason-
able measure of transition velocity from “OFF” (low R
value) to “ON” (high R value) state. Therefore, as the sec-
ond dynamical property observable, we introduce the
maximal slope of this curve. The changes of this slope will
allow assessing how the transition velocity — which deter-
mines the time window between the host genome being
methylated, and the cell being protected against viruses —
will be affected when the system features are perturbed.

The third dynamical property observable (R steady-state
level stability)

Finally, the third dynamical property relates with fluctu-
ations of the toxic R molecule, which we propose should
be small in the steady-state [34]. The fluctuations are
directly related with the stability of the steady-state, so
that smaller fluctuations imply larger steady-state stabil-
ity, which we introduce as the third dynamical property
observable.

Different (in-silico) perturbations of the wild-type sys-
tem — ie. gradually abolishing the existing or introdu-
cing new features — will be introduced in either the
thermodynamic model, or in the kinetic equations (see
Additional files 1 and 2).

Fig. 4 a Dynamics of R and M expression. R and M expression upon the system entry in a naive bacterial host (0 min corresponds to the system entry).
The shaded area corresponds to the difference of the surface areas below M (dashed curve) and R (solid curve) expression curves for the first 10 min post-
system entry; the area presents a measure of the delay between M and R expression. The dash-dot line corresponds to the maximal slope of the sigmoidal
R expression curve, measuring the transition velocity from OFF to ON state. b Steady-state and its stability. The steady-state (indicated by C.g) is obtained
as an intersection of the transcription activity (the solid black line), and the dash-dot line whose slope is determined by the transcript decay and the protein
translation rate (Eq. (1.33)). The stability of the steady-state is related with the difference of the dash-dot line slope, and the slope of the transcription activity
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Results and discussion

We will start by gradually abolishing the three character-
istic AhdI features introduced above, and assess how this
will affect the dynamical property observables. We will
next model the dynamics of EcoRV establishment in a
naive bacterial host, to see if the proposed dynamical
properties also apply to a system with different architec-
ture and transcription regulation features. This will pro-
vide, to our knowledge, the first quantitative model of a
divergent R-M system control, and an opportunity to as-
sess dynamics of R and M expression, which was up to
now not experimentally observed for the divergent sys-
tems. Finally, we will in-silico introduce to EcoRV the
regulation features that exist in Ahdl, but are not found
in EcoRV, to investigate how this effects the dynamical
property observables, and why these features are not
present in EcoRV.

Perturbing Ahdl system features

The three characteristic Ahdl features are the high C sub-
unit dissociation constant of dimerization, the large coop-
erativity between C dimers bound at the distal and the
proximal position, and the low C transcript translation ini-
tiation rate. It was previously discussed that these features
serve to limit the amount of the synthesized toxic mol-
ecule (R) [6]. However, it is not clear that this amount
per-se should be limited, as a too small steady-state
amount of R may compromise the immune response — i.e.
it can lead to the virus genome being protected by M be-
fore it can be destroyed by R [39]. As we discussed above,
it would be very hard to experimentally investigate the ef-
fect of these AhdI features on the system dynamics, this
can be readily predicted from the model that we formu-
lated above.

Decreasing the dissociation constant of dimerization

The dissociation constant of dimerization K; is very high
for Ahdl, leading to almost all C subunits being present
as monomers in solution [6, 40] — e.g. for another con-
vergent R-M system (Esp1396I), the measured dissoci-
ation constant of dimerization was found to be
significantly (four times) lower [41]. We start by grad-
ually decreasing this high dissociation constant of
dimerization, in the range that corresponds to the wild-
type (all monomers in the solution) to the opposite limit
of lower K3, in which only dimers are present in the so-
lution. In Fig. 5a, we see that this perturbation has a sig-
nificant effect on R synthesis dynamics — note that the
M dynamics curve, which is also indicated in the figure
for reference, is not affected by perturbing the three
characteristic AhdlI features. One can observe the three
main effects from Fig. 5a: The decrease of the delay be-
tween R and M expression, the slower transition from
OFF to ON state, and the decrease in the steady-state
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level of R. The first two effects are further quantified in
Fig. 5b and c, as discussed below.

In Fig. 5b, we see that decreasing K; leads to a signifi-
cant, more than twofold, decrease in the relative delay
between R and M expression. This perturbation can
then significantly impact the ability of the system to pro-
tect the host genome from being cut during R-M estab-
lishment, with the necessary lag also depending on the
specific activity of the M protein and the propensity for
R to nick hemimethylated sites. Furthermore, in Fig. 5¢
we see that decreasing K also leads to a significantly
slower transition from OFF to ON state, so that the
maximal slope is decreased for almost two-fold. There-
fore, decreasing the wt dissociation constant of
dimerization also significantly impacts the time window
in which the host will be protected from foreign DNA
infection. However, perturbing K1 has no significant ef-
fect on the steady-state stability of R levels (Fig. 5d).
Overall, decreasing the high dissociation constant of
dimerization characteristic for wt Ahdl, has a significant
adverse effect on two of the three proposed design
principles.

Increasing C protein translation rate

In AhdI C transcript is leaderless [6], which was in E. coli
[35, 36] shown to be associated with a significantly smaller
translation initiation rate — consequently in [6] a five times
smaller C transcript translation rate kc, compared to R and
M was assumed. We now test the effect of perturbing this
system feature, i.e. increasing kc towards those of R and M
transcripts, which is shown in Fig. 6. We see that the main
effect of this perturbation is on decreasing the steady-state
level of R and the delay between R and M expression (for
~ 40%), as shown in Fig. 6a-b. Intuitively, this can be under-
stood that by a more efficient C transcript translation, C ac-
cumulates faster, facilitating the formation of the activating
and the repressing complexes on the CR promoter, so that
R is expressed with a smaller delay, and reaches the lower
steady-state level. On the other hand, the effect on the
other two design-observables, i.e. on the transition velocity
and the stability of R steady-state levels, is rather small
(Fig. 6¢-d). Consequently, increasing the low C transcript
translation rate adversely affects one of the dynamical prop-
erty observables, ie. the delayed expression of R with re-
spect to M, which is considered crucial for the protection
of the host genome.

Decreasing cooperativity in the dimer binding

A rather drastic feature of Ahdl is a very large cooperativ-
ity w in binding of the two dimers to the distal and the
proximal position in the promoter [6], which is either not
present (EcoRV) [5], or significantly smaller (Esp1396I)
[41], in other R-M systems. We therefore investigate how
gradually abolishing this high cooperativity affects the
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system dynamics and the design observables. In Fig. 7a,
we see that abolishing w affects only the late dynamics of
R, so that the first two dynamical properties are not af-
fected (and not shown in Fig. 7). On the other hand, we
see that the steady-state amount of R significantly in-
creases as the cooperativity w decreases. This can be intui-
tively understood by the fact that perturbing the
cooperativity affects only the efficiency of forming the re-
pressor tetramer complex. As the probability of forming
this complex is proportional to C* (see Additional file 1),
it becomes significant only in the later period, when a
large enough amount of C is synthesized. Furthermore, in
accordance with the perturbation affecting the late dy-
namics, from Fig. 7b, we see that decreasing the coopera-
tivity significantly impacts the stability of R steady-state
levels, leading to its 50% decrease.

Importantly, the first two AhdI features (the large
dissociation constant of dimerization, and the small C
translation initiation rate) have an opposite effect on the
steady-state amount of R, as compared to the large

cooperativity in C dimer binding. That is, while we
showed that the first two features significantly increase
the steady-state R amount, the third feature (the large
cooperativity) significantly decreases it. On the other
hand, all three features generally have the same effect on
the three dynamical properties that we consider, i.e. abol-
ishing these features either decreases the values of the dy-
namical property observables (making the corresponding
dynamical property less optimal), or do not significantly
affect them. This can then explain the extremely large
binding cooperativity that was experimentally observed, as
on the one side it allows controlling the steady-state
amount of the toxic protein due to the opposite effect
from the other two features, while at the same time work-
ing together with the first two features to ensure more op-
timal dynamical properties. In particular, note that both
the large dissociation constant of dimerization and the
large binding cooperativity significantly increase the stabil-
ity of R steady-state levels, while having a significant - but
opposite — effects on the steady-state R amounts.
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EcoRV wild-type dynamics

EcoRV is an example of R-M system with a divergent
organization of CR and M transcription units. Overlap-
ping CR and M promoters is the most distinctive feature
of this system (presenting its main difference with re-
spect to AhdI), which is, together with C protein bind-
ing, responsible for control of EcoRV transcription. That
is, high occupancy of M promoter by RNAP, prevents
RNAP binding to CR promoter, leading to lower CR
transcription activity, and vice versa. In modeling the
gene expression regulation, we consider that CR pro-
moter transcription is controlled by C, while C binding
has little to none direct effect on M promoter transcrip-
tion activity, as shown in [5]. In distinction to AhdI [6],
which shows an extremely high cooperativity in C dimer
binding, no coperativity was found in EcoRV [5]. We
also assume that C dissociation constant of dimerization
is significantly lower than the relevant range of C con-
centration, so that the majority of C molecules in solu-
tion exist as dimers. Note that in another R-M system
(Esp1396I), which has a much lower cooperativity in C
dimer binding compared to Ahdl, a significantly lower
dissociation constant of dimerization is also observed

[41]. Finally, in distinction to Ahdl, C transcript in
EcoRV is not leaderless, so for ECORV we assume that C
has the same translation initiation rate as R and M.

Consequently, EcoRV does not have the three features
that control transcription in Ahdl, but has instead an-
other characteristic feature, i.e. the overlapping CR and
M promoters. We therefore ask if EcoRV, with different
architecture and the regulation features, can also meet
the three dynamical properties that we consider. To that
end, we modeled the synthesis of R and M during the
system establishment in wild-type EcoRV, under the as-
sumptions stated above, and following the scheme of the
transcription configurations shown in Fig. 3. The model
is provided in detail in Additional file 2, and is based on
the same thermodynamics assumptions as the one for
AhdI dynamics. To our knowledge, this presents the first
model of expression dynamics for a divergent R-M sys-
tem, which has a more complex regulation due to over-
lapping nature of their promoters. This model moreover
presents the first opportunity to assess the dynamics of
R and M synthesis for a divergent R-M system, as, to
our knowledge, either their regulation or their expres-
sion dynamics was not previously measured.
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The predictions for R and M accumulation in wild-
type EcoRV are shown by the full black curve (for R)
and by the black dashed curve (for M), in Fig. 8 below.
From the figure we see that, regardless of lacking the
characteristic AhdI regulatory features, the synthesis of R
and M is well in accordance with the three dynamical
properties. Namely, by comparing Fig. 4 (the dynamics
of AhdI) with the EcoRV dynamics, we see that: i) the
time delay for EcoRV is even larger compared to Ahd],
ii) there is a clear switch-like behavior of R expression
in EcoRV, ie. the speed of transition from “OFF” to
“ON” state is comparable to the one in Ahd], iii) the
system reaches the steady-state level (Q>0), where the
reached stabilities of R steady-state levels are comparable
(compare Fig. 5d with Fig. 8c). Therefore, we see that
the design principles which we showed are inherent to
Ahdl R-M system, are retained in EcoRV R-M system,
despite the apparent distinction in gene expression
regulation.

Introducing Ahdl control features to EcoRV

Next, there is a question of why the characteristic AhdI
features are absent from EcoRV. That is, could we get
even more optimal design-observables if Ahdl control
features are introduced in wild-type EcoRV? Therefore,
we next use our model, to individually introduce each of
the three control features of Ahdl, on the top of the
existing wt EcoRV regulation (i.e. the overlapping pro-
moters). Specifically, in the wild-type EcoRV, we will
perturb: i) the dissociation constant of dimerization to-
wards the high values characteristic for Ahdl, ii) coop-
erativity in C dimer binding to the promoter, also

towards the high values observed in Ahd], iii) C protein
translation rate k¢, towards the low values characteristic
for leaderless AhdI C transcripts.

Introducing the high dissociation constant of
dimerization to EcoRV

We first perturb the wt EcoRV system by increasing the
rescaled equilibrium dissociation constant of dimerization
K (see Fig.8 and Additional file 2), which corresponds to
a gradual transition from the solution containing mostly C
dimers to the solution containing mostly C monomers.
Note that the dynamics of both R and M expression is
now affected by the perturbation, in distinction to AhdI
where only R expression is changed. This is because CR
and M promoters overlap in EcoRV, so that changing
transcription from one promoter, necessarily impacts tran-
scription from the other.

We observe that this perturbation does not signifi-
cantly affect the early accumulation of R and M (during
the first ~10 min), but that the dynamics at later times is
significantly affected (see Fig. 8a). In particular, we see
that increasing the dissociation constant of dimerization
leads to a significantly slower switch from “OFF” to
“ON” state, so that the transition velocity decreases as
much as four times (Fig. 8b). Furthermore, in Fig. 8c, we
see that increasing K, also significantly decreases the
stability of R steady-state levels Q% which drops almost
three times. Consequently, introducing the high dissoci-
ation constant of dimerization to EcoRV, which is char-
acteristic for Ahdl, has a significant adverse effect on
two of the three dynamical properties.
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Introducing the high C dimer binding cooperativity

We next modify wt EcoRV by increasing the cooperativity
o of C dimer binding to the proximal and the distal bind-
ing site, while keeping the other wt EcoRV features un-
changed. Note that the experimental measurements in wt
EcoRV show an absence of C dimer binding cooperativity
(w=1) [5], as opposed to the extremely large binding
cooperativity that is observed in AhdI [6]. In Fig. 9, we
see that increasing  has the following effects: i) the time
delay remains nearly the same (Fig. 9a), ii) the transition
velocity decreases (Fig. 9b), where we see that increasing
 for a relatively moderate factor (2*), leads to a signifi-
cant (somewhat less than twofold) decrease of V., iii)
stability of R steady-state levels slightly increases. Conse-
quently, we see that perturbing wt EcoRV cooperativity
towards the higher values characteristic for Ahdl, has a
significant adverse effect on one of the dynamical proper-
ties (the transition velocity), while not significantly affect-
ing the other two.

Decreasing C translation rate in EcoRV
Finally, we perturb wt EcoRV by decreasing C transcript
translation rate ke, towards the value characteristic for
AhdI. Note that C transcript is leaderless in AhdI [6],
which is not the case for EcoRV [5], so that we assume
the same translation rate for all three transcripts (C, R
and M) in EcoRV, while k¢ is taken as five times lower
in AhdI according to [6]. In Fig. 10a we observe that de-
creasing kc does not impact the initial R and M accumu-
lation (during the first ~10 min). On the other hand, at
later times the perturbation significantly decreases both
the transition velocity that decreases two times (see
Fig. 10b), and the stability of R steady-state levels that
decreases somewhat less than twofold (see Fig. 10c).
Consequently, we see that again two of the three dynam-
ical properties are significantly adversely affected by
introducing a control feature from Ahdl.

Overall, introducing AhdI characteristic features to
EcoRV has a significant adverse effect on at least one of
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the dynamical properties, which may explain why those
features are not found in EcoRV. Additionally, perturb-
ing EcoRV wt parameters towards the AhdIl values
(Figs. 8a, 9a and 10a) changes M to R ratio in the same
direction for each introduced feature (consistently in-
creasing the ratio). This is in distinction to Ahdl, where
the high cooperativity of C dimer binding has an oppos-
ite effect on this ratio, compared to the other two fea-
tures. Consequently, we argue that another reason for
why the characteristic Ahdl features are not observed in
EcoRV, is because they do not allow balancing the
amounts of R and M in the host cell.

Conclusion

R-M systems are characterized by different architectures
and control features. We here test a hypothesis that
these diverse features can be explained by constraints
imposed by few dynamical properties. We started from a
relatively well studied AhdI system, and computationally
abolished three of its characteristic control features,
showing that this has a clear adverse effect on the three

dynamical properties. We then modeled a system with
different architecture (EcoRV), and showed that its ex-
pression dynamics also satisfies the same properties. The
EcoRV model has significance in its own right, as the ex-
pression dynamics of the divergent R-M systems was, to
our knowledge, not studied before, either theoretically
or experimentally. Finally, we computationally intro-
duced to EcoRV the control features that exist in Ahdl,
and showed that this diminishes at least some of the
proposed dynamical properties, consistent with the fact
that these features do not appear in wt EcoRV. More-
over, increasing the binding cooperativity has the same
effect on M to R ratio in EcoRV as increasing the dis-
sociation constant of dimerization, or lowering the
translation rate, which prevents balancing M to R ratio
upon introducing these perturbations — this then pro-
vides another argument for why AhdI control features
are absent from wt EcoRV.

Furthermore, dynamical properties proposed here can
provide an explanation for a surprisingly large value of
the cooperativity in C protein binding, accompanied by
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the large dissociation constant of dimerization that was
observed in wt Ahdl. We here showed that these two
features have an opposite effect on the steady-state levels
of the toxic molecule (R), allowing balancing the steady-
state R amount, while at the same time leading to more
optimal dynamical properties. In support of this pro-
posal, a similar convergent system with lower binding
cooperativity (Esp1396I) was also found to have a lower
value of the dissociation constant of dimerization. As a
prediction, it will be interesting to test if, in other R-M
systems, the value of the dissociation constant of
dimerization and the binding cooperativity are also re-
lated in this way.

Overall, this work provides an example that the system
properties that may appear “random” or even surprising
(such as the extremely large binding cooperativity) may be
explained by constraints imposed by few general princi-
ples (in this case the system dynamical properties). Add-
itionally, some of these system properties may serve other
functions, e.g. the leaderless C transcripts might be related
with a need for preferential translation under specific

physiological conditions [42]. Analyzing other R-M sys-
tems can further test relation of the system features with
the simple dynamical properties, where the main obstacle
is that their transcription regulation is generally not well
studied. In particular, investigating up to now poorly
understood linear R-M systems, which have different
architecture compared to the convergent and the diver-
gent systems studied here, and which do not encode C
proteins — but may exhibit control by antisense RNAs or
at the level of translation initiation efficiency - may be par-
ticularly useful [43, 44]. As a further outlook, it will be in-
teresting investigating if properties of other bacterial
immune systems, such as recently discovered CRISPR/Cas
systems [45], can also be explained by similar dynamical
properties [34]. With that respect note that CRISPR/Cas
is more advanced, i.e. adaptive bacterial immune system,
which retains a memory of the past infections incorpo-
rated as spacers in the CRISPR array [46].

Also, in this work we follow a standard approach in
molecular biology, where features of the system are per-
turbed/mutated (which is here done in-silico), and the
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effect of these perturbations on the presumed system
function is assessed. In addition to such “single muta-
tions”, a computational equivalent of “double” or “triple”
mutations can be exhibited, where more than one sys-
tem feature would be simultaneously perturbed. This
would address the question if perturbations in one fea-
ture, can be rescued by also perturbing the other fea-
ture(s), which is related to the system robustness. While
this question is out of the scope of this work, it also pro-
vides an interesting outlook for future research.

Finally, the recent advancement of experimental tech-
niques, such as single-cell experiments, allows directly
observing the protein dynamics during the system estab-
lishment. While in principle arduous, it would be inter-
esting to experimentally observe how the relevant
dynamics is perturbed when some of the key system fea-
tures are abolished. This would then directly put to test
some of the prediction from the computational model-
ling, which we provided here.
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Model of Ahdl regulation and dynamics
Thermodynamic model of CR promoter transcription regulation

The model of wild-type Ahdl transcription control follows the same assumptions as in [1], for
which it was shown that it can well reproduce the experimentally measured dependence of
transcription activity on C concentration in wild type system. We start from these assumptions,
and from the system parameters determined for the wild type, to systematically (in-silico) mutate
the main system features, as described below.

Transcription regulation of the CR promoter by C is described by the following set of reactions
(shown in Fig. 2):

Mon + Mon —(T_) D (1.2)

DNA+ RNAPT_z) RNAP — DNA (1.2)
D+DNAZ——>D—DNA (1.3)
D—DNA+D<——T -DNA (1.4)

D - DNA+ RNAPT_S)D—DNA—RNAP (1.5)

In the above reactions, Mon, D and T denote C monomers, dimers and tetramers, respectively.
Reactions given by (1.1)-(1.5) represent:
(1.1) — dimerization of C monomers (Mon) ;
(1.2) — RNAP binding to the CR promoter forming a RNAP — DNAcomplex;
(1.3) — D binding to the distal (high affinity) binding site, forming a D — DNA complex; Note that
this configuration was neglected in [1], due to a very low probability of detecting a single dimer
bound in the wt Ahdl. We here include this configuration, since as we perturb (in-silico mutate)
the system this configuration can become important.
(1.4) — a second D recruited to the proximal (low affinity) binding site, forming a C tetramer on
the promoter (T — DNA complex);
(1.5) — RNAP recruited to its binding site forming a D — DNA— RNAP complex.
In equilibrium, the above reactions lead to the following relationships between the relevant
concentrations and the dissociation constants (note that the square brackets refers to the reactant
concentration):

_ [Mon]?

© D]
«__ [DNAJ-[RNAP] _
> [RNAP —DNA]
— [D]'[DNA] — k—l eAG,_
° [D-DNA]

—ktet% (1.6)

k’l eAGRNAP(CR) (17)

(1.8)



_ [D - DNA][D] _ k—l eAGR+AGT

‘[T -DNA]
_ [D-DNAJ-[RNAP]
° [D-—DNA—RNAP]

In the above relations, AG,, corresponds to the free energy of C protein dimerization, AGgyp g, t0

(1.9)

-1 eAGRNAP(CR)JrAGD—RNAP (1 10)

the free energy of RNAP binding to CR promoter, AG, to the free energy of a C dimer binding to
the distal binding site, AG;to the free energy of a C dimer binding to the proximal binding site,
AG; to the free energy of interaction between the C dimers bound to the distal and the proximal

binding site, and AG, s t0 the free energy of interaction between the C dimer bound to the
distal binding site and RNA polymerase (RNAP), with a proportionality constant k (in units of
concentration [2]).

The model of transcription regulation is based on the assumption by Shea-Ackers [3], by which
the promoter transcription activity is proportional to its equilibrium occupancy by RNAP:

ZRNAP + ZD—RNAP ) (111)

o=
l+ ZRNAP + ZL + ZD—RNAP + ZT
Here « is a proportionality constant, while 1, Zqup: Z, ) Zp suae @nd Z; denote statistical weights

of allowed protein configurations on CR promoter, which are related with the concentrations of
appropriate protein-DNA complexes (see reactions and Fig. 2A). That is, i) 1 is a statistical

weight of an empty promoter, ii) Zgy,» =[RNAP—DNA]/[DNA] corresponds to the basal
transcription, i.e. to only RNAP bound to the promoter, iii) Z, = [D— DNA]/[DNA] corresponds

to the C dimer bound to its distal binding site, iv) Z, g =[D—DNA—RNAP]/[DNA]
corresponds to the RNAP recruited to the promoter by the C dimer bound to the distal binding
site, and v) Z; =[T —DNA]/[DNA] corresponds to C tetramer bound to the promoter.

By using (1.6)-(1.10) with the above statistical weights, Eq. (1.11) becomes:
a+b[Mon]2

l+a+f [Mon]2 +b[Mon]2 +c[Mon]4 '

Constants a, b, cand f above depend on the equilibrium dissociation constants (or corresponding

free energies of protein-DNA and protein-protein interactions), and RNAP concentration:
[RNAP]
a=——

¢T(M0n):a (112)

=k [RNAP]g e (1.13)

2

oL 2o (1.14)
K1K3




b — — k3 [RNAP] a)le_AGL_AGRNAP(CR)_AGD (115)

1

Cc= W — k4a) e—AGL—AGR—ZAGD ) (116)
1 3" Y4
Here, wzexp(—AGT), corresponds to cooperativity of the dimers binding to the distal and the

proximal binding site, while o'=exp(—AG, ) quantifies the strength of RNAP recruiting to
the promoter by a C dimer bound to the distal binding site. Note that for wt system, the
dissociation constant for C protein dimerization K, was shown to be very high, so that almost all
C protein in the solution is in the form of monomers, i.e. [Mon]=[C]. We will subsequently
explore the system dynamics when K is perturbed (decreased), which leads to both monomers
and dimers present in the solution (see below).

Thermodynamical model of M promoter transcription regulation

Methyltransferase (M) methylates specific sites in M promoter, which overlap RNAP binding
site, thereby repressing transcription of its own gene — this mechanism is also found in other R-
M systems (reviewed in [4]). We model the control of M expression as an equilibrium negative
autoregulation, as described below.

Transcription regulation of M promoter is then described by the following set of reactions (see
Figure 2B):

RNAP + DNAZ= RNAP — DNA (1.17)
Kim

M + DNAZ=M — DNA (118)
Kam

The reactions above lead to the following relation between the dissociation constants and the
reactant concentrations:

. [RNAP][DNA] (1.19)

[RNAP - DNA]

[M][DNA]
= 1.20
2M [M _ DNA] ( )
We again assume that transcription activity is proportional to the promoter occupancy by RNAP:
z

O =B e d (1.21)

1+ ZRNAP(M) + ZM
where 3 is a proportionality constant, and i) 1 is the statistical weight for the empty promoter
configuration, ii) Zgyse, =[ RNAP — DNA]/[DNA]is the statistical weight for the configuration

with bound RNAP, iii) Z,, =[M —DNA|/[DNA]is the statistical weight of M bound to the

3



promoter. If we use Egs. (1.19)-(1.20) in the expressions for the statistical weights, and introduce

RNAP . L
§0m(bas):(/3[ ]KZM ]/KD and K, :[1+ REAPJKZM (following the notation in [1], we

KlM 1M

obtain (@, s IS the basal transcription rate of M promoter):
P (M) = Preas) Ko (1.22)
Ky +[M]

Next, the numerical values of the parameters in Egs. (1.12) and (1.22) are determined as follows:
a and ¢, .., are adjusted so that, in equilibrium, transcription activities of CR and M promoters
become equal (and correspond to 1) [1]. Parametersa, band ¢ were obtained from the best fit to
the experimentally measured transcription activity vs. C from the wt system [1], while f was
estimated from the dissociation constants measured in [5]:

f= = Jc—2 (1.23)

Dynamical model of transcript and protein expression

The equations for transcription activity (Egs. (1.12) and (1.22)) are used as an input in a Kinetic
model, which describes how R and M transcript and protein concentrations change with time,
during establishment of the Ahdl R-M system in a naive host cell. CR operon and M gene
transcripts dynamics is modeled by the following differential equations:

%:gor(Mon)—ﬂrr (1.24)
dm
=P (M) = 2,m (1.25)

In both equations, the first term on the right-hand side represents transcript synthesis by
transcription of the appropriate genes from their promoters, while the second term represents
transcript decay by degradation. Protein dynamics is modeled by a similar set of differential
equations shown below, in which the first term on the right-hand side describes protein synthesis
by transcript translation, while the second term describes protein decay by degradation (for the
notation and the constant values, see the Table 1 below):

(L—(t:z kel = A.C (1.26)
(:TT: Kyl — AR (1.27)
dd—'\t/lszm—/iMM (1.28)

C and R are produced by translation of the same CR operon transcript, and as their degradation
rates are assumed to be the same, R = (k; /k.)C, which reduces the number of the differential

4



equations to be solved. Note that C transcript is leaderless, so that following [1] K; =k,, =5k,
(see Table 1 below).

The system of differential equations (1.24)-(1.26) and (1.28) is numerically solved in MATLAB,
using Runge-Kutta method with the initial conditions set to zero. The model of Ahdl regulation
is next used to assess the changes of the system dynamics, upon gradually abolishing the
characteristic features of the system regulation.

Table 1. Notations used in model equations
Variables | Description
Or Transcription activity of CR promoter
Pm Transcription activity of M promoter
r Concentration of CR operon transcript
m Concentration of M gene transcript
M Concentration of methyltransferase
C Concentration of control protein
R Concentration of restriction endonuclease
Constants | Description Values
a Proportionality constant for CR promoter 1.7
Poaz(m) Basal transcription activity of M promoter 1.7
a 1.6:10™
f _ _ | 2.810*
b Constants that absorb _the relevant interaction energies 15107
and RNAP concentration (Egs. (1.13)-(1.16)) <
c 1.2.10
Ko 6.5-107
ke Translation constant for control protein 6.0-10"
Kr Translation constant for restriction endonuclease 3.0
Kwm Translation constant for methyltransferase 3.0
Ar Rate of CR transcript decay 2.0-10"
A Rate of M transcript decay 2.0-10"
Ac Rate of control protein decay 3.3.10%
AR Rate of restriction endonuclease decay 3.3.10°
Am Rate of methyltransferase decay 3.3.10%

Table 1: Values of the constants are the same as in [1], which were shown to be able to explain the
equilibrium measurements for Ahdl wild type system. The transcription activities and the transcript decay
rates are given in units of transcripts per minute, while the translation initiation rates and the protein
decay rates are given in proteins per minute.



Decreasing the dissociation constant of dimerization

We vary the equilibrium dissociation constant of dimerization K, which changes the balance of
monomers and dimers in the solution. The total concentration of the synthesized C protein is:

[C]=[Mon]+2[D], (1.29)
which together with (1.6) leads to:
[Mon]:%[ 1+$—1} (1.30)

In addition to C monomer concentration, f, bandcalso depend on K, (see Egs. (1.13)-(1.16)).

One should note two limiting cases when mostly: i) monomers are present in the solution
[C]~[Mon], and ii) dimers are present in the solution [C]~ 2[D]. The first case corresponds to

the wt system behavior, with very high K, which we estimate as the lowest K, in which the
monomer dimer balance (Eq. (1.30)) leads to the R dynamics that does not notably depart from
the one in wt system (estimated as K, ~4000nM).
The second limiting case occurs for low K,, when mostly dimers are in the solution, which we
derive as follows. We define K,'=K, /X (x>1), so that f, bandc change as:

f'=1fx, b'=bx, c¢'=cx’ (1.31)
For the condition K,'<[C], Eg. (1.30) reduces to [Mon]zm, which, together with

f ' b'andc’, transforms Eqg. (1.12) to the limit when mostly C dimers are present in the solution:

a+ Xapc
#(C)=a fK sz KZ (1.32)
1+a+71[c]+71[c]+°41 [cT

Different monomer/dimer ratios in solution, i.e. the cases between these two limits, are obtained

by gradually increasing x and solving Eq. (1.30) for [Mon], which is used together with f b’
andc' (Eqg. (1.31)) to calculate the transcription activity (Eqg. (1.12)).

Changing cooperativity in the dimer binding

Cooperativity in the dimer binding is decreased by varying o (see Eq. (1.16)), which translates
to varying the parameter ¢ that is related to the establishment of the repressing tetramer
complex. As it is estimated that @~ 3000 in the wt Ahdl system [5], we varied c in the range
from @=3000 to w=1 (the absence of cooperativity).



Changing C protein translation rate

The translation rate for C protein k; is increased from the initial value, to the same translation

rate as for R and M (i.e. K. is increased two, three, four and five times), while leaving the other
parameters unchanged.

The effects on stability of R steady-state levels

In the equilibrium dr/dt = dC/dt = 0, leading to (see Egs. (1.24) and (1.26)):

0,(C)- l;jc C. (1.33)

Consequently, C_. is found at the intersection of ¢,(C) curve given by Eq. (1.12), and the

eq
straight line given by the right side of Eq. (1.33). The steady-state stability can be approximated
by the value of the spring constant in the oscillator equation derived in the Supplementary files
of [1]:

do (C)
Q=1 —k, —/— ) 1.34
r/lc < dc ( )

Ceq

where positive Q?indicates the stable equilibrium. To quantify the changes in the stability of R
steady-state levels, we assess how Q? is changed upon introducing a perturbation in the system
(e.g. as K,is decreased). Note that the decrease of Q”indicates the decrease in the stability of the
R steady-state levels, and vice versa.

The effect on the system switch-like behavior

We here assess how fast the system makes a transition from “OFF” to “ON” state, i.e. from the
initial small R values to the values approaching the system equilibrium. For quantifying this
effect, we determine the maximum rate of R(t)change during the system evolution. As R(t)

curves have sigmoidal shape, this maximal rate corresponds to the time interval in which R
makes an approximately linear increase from small to high concentrations.

The effect on the delay of R with respect to M

To quantify the effect of changing the system features on the delay in expression of R with
respect to M in the initial interval of the protein synthesis (taken as the first 10 minutes), we
define the following parameter (relative delay):



Ty = [ljo M (t)dt —T Rou (t)J / [T M (t)dt —T Ru (t)j, (1.35)

whereR_, (t) andR,, (t)correspond to the perturbed and the wt system, respectively. Note that,

for the wt system, the relative delay is 1, while values larger than 1 indicate an increase in R
delay, and vice-verse.
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Model of EcoRY regulation and dynamics
Modeling transcription activity of divergent M and CR promoters

We here develop the first model of EcoRV transcription regulation and dynamics. We model
transcription activity of CR and M promoters, by using the set of reactions schematically shown
in Fig. 3:

Mon+Mon=——D
K 1 1Equation Section

(Next)211Equation Chapter (Next) Section 1312Equation Chapter (Next) Section 1423Equation
Chapter (Next) Section 2525\* MERGEFORMAT (.)

DNA+ RNAP = == RNAP - DNA,
Ko 626\* MERGEFORMAT (.)

DNA+D<ZE__’ D- DNA

727\* MERGEFORMAT (.)
D- DNA+RNAP=== D- DNA- RNAP,
Kl 828\* MERGEFORMAT
)
D- DNA+D=== T~ DNA
929\* MERGEFORMAT (.)
DNA+RNAP = == RNAP- DNA,
K, 10210\* MERGEFORMAT ()
RNAP- DNA, + D= == RNAP- DNA- D,
2 11211\
MERGEFORMAT (.)
RNAP- DNA- D, + D= == RNAP- DNA- T,
o 12212\*
MERGEFORMAT ()

As in the previous section, Mon, D and T denote C monomers, dimers and tetramers,
respectively. Reactions given by 25-212 represent:

25 — dimerization of C monomers;

26 — RNAP binding to the CR promoter forming RNAP-DNAr complex; note that subscript R
denotes the rightward transcription direction (see Figure 3).

27 — D binding to the distal binding site forming D-DNA complex;

28 — RNAP recruitment to the CR promoter forming D-DNA-RNAPr complex;

29 — D recruitment to the proximal binding site forming 7-DNA complex;

210 — RNAP binding to the M promoter forming RNAP-DNA, complex; subscript L denotes the
leftward transcription orientation (see Figure 3).

211 — D binding to the distal binding site forming RNAP-DNA-D, complex;

212 — D recruitment to the proximal binding site forming RNAP-DNA-T, complex.

In equilibrium, the reactions above lead to the following relations:



K, =[Mon] /[ D]
_ [DNA] {RNAP]

2R
[RNAP- DNAly 1 4314% MERGEFORMAT (.)
_[D]{DNA] _[RNAP- DNA], {D]

13213\* MERGEFORMAT (.)

' [D- DNA] [RNAP- DNA- D], |5)15:+ MERGEFORMAT
)
K,, _[D- DNA] {RNAP]
@' [D- DNA- RNAPl;  16716\* MERGEFORMAT (.)
K, _[D- DNA] {D] _[D- DNA- RNAP], {D]
w  [T- DNA] [RNAP- DNA-T], 17217\
MERGEFORMAT (.)

_[DNA] {RNAP]
*» " [RNAP- DNA],

18218\* MERGEFORMAT (.)

=¢ AGS- RNAP

In these equations, & ' corresponds to binding cooperativity between D bound to the

— -AGp.
distal binding site and RNAP bound to CR-promoter, while @ =€ op corresponds to the

cooperativity of C dimers binding to the distal and the proximal binding site, with AG). g and

AG

D-Dthe corresponding energies of the protein-protein interactions.

By again applying the assumption of transcription activity being proportional to occupancy of
the promoter by RNA polymerase [1], we obtain:

Zrnap,* ZD- RNAP,
@, =k
U+ Zenap, ¥ Zp* 21 Zp- rNap, * ZRNap,* ZRNAP- D, ZRNAP-T, 19219\*
MERGEFORMAT (.)
Zrnap,* ZrNAP- D, * ZRNAP-T,
®,, =k
U Zrnap * Zp* 214 Zp- rNap Y ZRNAR, Y L RNAP- D, LRNAP-T, 505501

MERGEFORMAT (.)
k is a proportionality constant, while, similarly as for the Ahdl, statistical weights of the allowed
protein  configurations on the CR and M  promoters are denoted by

1’ ZRNAPR’ ZD’ ZT’ ZD—RNAPR’ ZRNAPL’ ZRNAP— D, and ZRNAP— T, * Here, ZRNAPR :{ RNAP- DNA]R /{DNA]’

Z, =D~ DNA|/|DNA|, Z, =T~ DN4|/| DN4

+ Zp, pyp, = D~ DNA- RNAP, /| DN4),



Zuyp, = RNAP- DN4| /| DNA|, Z,,,,., = RNAP- DNA- D| /| DN nd

Zpip-y, = RNAP- DNA-T| /| DNA|.

We further take into account that C binds to the distal binding site with approximately five times

K,/ K, =5

higher affinity compared to the proximal binding site, i.e. [2]. If we also take into

>K,,

account that the CR promoter is significantly weaker than the M promoter Kor , the

transcription activities become:
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We above introduced a new constant Cr , where 2R 2L In accordance

K,,>K

a, > a.

with 2L we also used the approximation

Equation Section (Next)Modeling the dynamics of CR and M transcripts' and proteins'
expressions

The time dependencies of C, R and M transcript and protein amounts upon EcoRV introduction
in a naive bacterial host is described by the following differential equations:
dr(t
Y g, )~ A
dt 23223\* MERGEFORMAT (.)
dm(t
) g, )~ 4, m()
dt 24224\* MERGEFORMAT (.)
PO —tr)- 2
dt 25225\* MERGEFORMAT (.)
MO )~ 1, M)
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where r and m denote, respectively, CR and M transcript concentrations, while C and M denote,

respectively, C and M protein concentrations. Constants  (with different subscripts) denote
transcript and protein decay rates, while constants & (also with different subscripts) denote the

3



translation rates. The first terms on the right-hand side represent transcript/protein synthesis by
transcription/translation, while the second terms represent transcript/protein decay by
degradation. We assume the same decay rate for the transcripts (1/5 1/min), as well as the same

decay rate for all the proteins (1/30 1/min), leading to R =kylke C. Note that due to this relation,

we left out the equation for R protein dynamics, i.e. R dynamics is described by Eq. 225. The
above system of differential equations is again solved numerically in MATLAB by Runge-Kutta
method, with the initial conditions set to zero.

Dynamics of wild-type EcoRV

We apply the model developed above to the wt EcoRV system. We assume that in the solution,
most of C proteins are dimers, so we express the transcription activities in terms of D by using
Eq. 213. Since there is no cooperativity in C binding to the distal and the proximal binding site in
wt EcoRV (see [2]), we also set =1 which leads to:
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Taking into account that monomer concentration is close to zero, leads to:

C=Mon+2D= D ~C/2 29229\* MERGEFORMAT (.)

Furthermore, to reduce the free parameters, and since the absolute protein amounts are not
relevant for the analysis, we introduce the following scaling:
cC - k = K

k K !

3
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Finally, with the rescaling, the transcription activities acquire the form:
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where we assume: x=10, i.e. an order of magnitude higher M compared to CR basal promoter

rate [2]; @'=20 je. an order of magnitude smaller strength of protein-protein interactions than
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found in [3], consistently with the absence of cooperativity in EcoRV C dimer binding [2].
Furthermore, it was found in [2] that the steady-state levels of CR and M transcripts are

comparable in the presence of C, which we use to set the value of k. as described below.

Rewriting Eqgs. (2.1)-(2.4) in terms of rescaled variables @ = Gy r = rom=m, €= C M= M)
and assuming the same transcript decay rates, the condition of the comparable CR and M
transcript amounts leads to the equality of CR and M transcription activities in the equilibrium
(when the left-hand sides of Eqs. 223-226 are zeros). Eqs. 230-231 then lead to:
Cay

5 32232\* MERGEFORMAT (.)

1+a)'(_?eq =x(1 +Eeq +

Ces can be determined from the equation above, and consequently, X can also be obtained by

eliminating r from rescaled analogs of Eqs. 223 and 225 in the equilibrium, 1.e.:

(pr (Ce‘]) = ;{ s ng
c 33233\* MERGEFORMAT (.)

Regarding the translation constants, in the wild-type system we use ey T e 3, since C

transcript is not leaderless [2], contrary to AhdI system [4]. We further analyze the divergent R-
M systems, by introducing Ahdl characteristic features to wt ECORV.

Increasing the dissociation constant of dimerization
We next gradually increase the (rescaled) dissociation constant of dimerization K1, from the

limiting case in which mostly C dimers are in the solution (corresponding to wt EcoRV), to the
other limit in which mostly monomers are in the solution (corresponding to wt AhdI).

We first investigate the gradual transition from the solution containing only C dimers to the
solution containing only C monomers, by varying rescaled equilibrium dissociation constant of

dimerization Ki . The dependence of C monomers on Ki is obtained by using the left side of Eq.
229 and the rescaled equivalent of Eq. 213:

2
Mon” g i+ E-1p
KK, Ky 34234\ MERGEFORMAT (.)
k
2K,
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which is then substituted in Egs. 221 and 222 (with @ =1 ), where we also introduce

Wild-type transcription activities (Eqs. 230-231) represent the limiting case of mostly dimers
(K1 < C)- T determine K1 that corresponds to this limit, we search for maximal value of K1
when wt M and R curves nearly overlap with the corresponding curves that result from imposing

the monomer dimer balance (Eq. 234) (leading to K ~1/1000).



The other limit of K1>C corresponds to mostly monomers in solution, where Eq. 234 can be

2 201
Tylor expanded to Mon’ /K, K~ /4K,, so that rescaled equivalents of Eqgs. 221-222 lead to:
—2
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To estimate K1 corresponding to this limit, we gradually increase K1 until M and R curves (that
result from the limiting case, i.e. Egs. 235-236) overlap with the corresponding curves that result

from imposing the full monomer dimer balance (Eq. 234) (resulting in K1~10)). To assess how
increasing the dissociation constant of dimerization towards the high values characteristic for

AhdI changes R and M dynamics, we vary the dissociation constant of dimerization K1 from the
small values corresponding to mostly dimers in the solution to the high values corresponding to
the monomer limit.

Increasing the cooperativity in dimer binding and decreasing the C protein translation rate

We also assess the changes in R and M dynamics when the high cooperativity in C dimer
binding to the promoter is introduced to EcoRV. To that end, we use the rescaled form of Egs.
221 and 222, in which we change ® from ®w=1 that is found in wt EcoRV, to higher binding
cooperativity, by gradually increasing o (i.e. =1, 2, 4, 8, 16). Note that the other wt EcoRV
features are unchanged.

Finally, we investigate the effect of introducing lower C translation rate, where we decrease its
value from the one equal to that of R and M transcripts (used in EcoRV), to the five times lower
value used in AhdI (i.e. k=3, 12/5, 9/5, 6/5, 3/5), where we do not change other EcoRYV features.
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Bacterial immune systems, such as CRISPR-Cas or restriction-modification (R-M)
systems, affect bacterial pathogenicity and antibiotic resistance by modulating horizontal
gene flow. A model system for CRISPR-Cas regulation, the Type I-E system from
Escherichia coli, is silent under standard laboratory conditions and experimentally
observing the dynamics of CRISPR-Cas activation is challenging. Two characteristic
features of CRISPR-Cas regulation in E. coli are cooperative transcription repression
of cas gene and CRISPR array promoters, and fast non-specific degradation of full
length CRISPR transcripts (pre-crRNA). In this work, we use computational modeling
to understand how these features affect the system expression dynamics. Signaling
which leads to CRISPR-Cas activation is currently unknown, so to bypass this step,
we here propose a conceptual setup for cas expression activation, where cas genes
are put under transcription control typical for a restriction-modification (R-M) system and
then introduced into a cell. Known transcription regulation of an R-M system is used
as a proxy for currently unknown CRISPR-Cas transcription control, as both systems
are characterized by high cooperativity, which is likely related to similar dynamical
constraints of their function. We find that the two characteristic CRISPR-Cas control
features are responsible for its temporally-specific dynamical response, so that the
system makes a steep (switch-like) transition from OFF to ON state with a time-
delay controlled by pre-crRNA degradation rate. We furthermore find that cooperative
transcription regulation qualitatively leads to a cross-over to a regime where, at higher
pre-crRNA processing rates, crRNA generation approaches the limit of an infinitely abrupt
system induction. We propose that these dynamical properties are associated with rapid
expression of CRISPR-Cas components and efficient protection of bacterial cells against
foreign DNA. In terms of synthetic applications, the setup proposed here should allow
highly efficient expression of small RNAs in a narrow time interval, with a specified
time-delay with respect to the signal onset.

Keywords: CRISPR-Cas activation, pre-crRNA processing, CRISPR regulation, crRNA generation, biophysical
modeling
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INTRODUCTION

CRISPR-Cas are adaptive immune systems, which defend
prokaryotic cells against foreign DNA, including viruses and
plasmids. A CRISPR-Cas system consists of a CRISPR (Clustered
Regularly Interspaced Short Palindromic Repeats) array and
associated cas genes (Makarova et al., 2006; Barrangou et al.,
2007; Brouns et al., 2008; Hille and Charpentier, 2016). CRISPR
arrays consist of identical direct repeats (R) of about 30 bp
in length, interspaced with spacers (S) of similar length and
variable sequence. Spacer sequences are often complementary
to fragments of viral or plasmid DNA. A match between a
CRISPR spacer and invading phage (bacterial virus) sequence
provides immunity to infection (Barrangou et al., 2007; Hille
and Charpentier, 2016). The entire CRISPR locus is initially
transcribed as a long transcript (called pre-crRNA) (Pougach
et al., 2010; Pul et al, 2010), which is further processed by
Cas proteins to small protective CRISPR RNAs (called crRNAs)
(Brouns et al., 2008; Pougach et al., 2010; Djordjevic et al.,
2012). crRNAs are responsible for recognition and, together
with Cas proteins, inactivation of invading foreign genetic
elements (Brouns et al., 2008; Al-Attar et al., 2011). Cas proteins
also take part in CRISPR adaptation, which is a process in
which new spacers from viral genomes are inserted in CRISPR
array. Figurel shows a schematic gene diagram for Type
I-E CRISPR-Cas from E. coli, (Mojica and Diez-Villasenor,
2010; Patterson et al., 2017), which we consider in this paper.
The cas genes and the CRISPR array are transcribed from
separate promoters, which are located inside of the intergenic
regions here denoted by IGLB and L (the leader sequence),
respectively (see Figure1l; Pougach et al., 2010; Pul et al,
2010).

Promoters for cas operon and the CRISPR array are repressed
in Type I-E CRISPR-Cas in E. coli (Pougach et al., 2010; Pul
et al, 2010; Westra et al., 2010), which makes this system
silent under standard conditions. Consequently, to generate
crRNAs that can protect the bacterial cell, CRISPR-Cas has
to be activated. Thus, to understand the system function
it is crucial to understand the main features that control
dynamics of CRISPR-Cas activation (Mojica and Diez-Villasenor,
2010; Richter et al., 2012; Patterson et al., 2017). However,
approaching this problem experimentally is complicated due to
the following:

i. It requires direct experimental observation of in vivo
dynamics of molecular species (proteins or RNA) in a cell (see
e.g., Morozova et al., 2015).

ii. The signaling which leads to system induction is currently
unclear (Ratner et al., 2015; Patterson et al., 2017), e.g., even a
viral infection, an obvious trigger, is not sufficient to activate
the system.

iii. To understand the roles of the key system features in
its response/dynamics these features would have to be
perturbed, which may require extensive reengineering of the
system.

A complementary approach is to use mathematical/biophysical
modeling to assess how different features of CRISPR-Cas
expression affect system dynamics. Moreover, in silico analysis
allows one to study alternative system architectures, and/or to
perturb the natural system (see e.g., Rodic et al., 2017), which in
turn allows understanding the role of its key regulatory features.

Experimental research has led to a consistent picture of
the main CRISPR-Cas regulatory features in closely related
E. coli and Salmonella enterica (Pul et al., 2010; Westra et al.,
2010; Medina-Aparicio et al., 2011). Under standard conditions,
promoters for both CRISPR array and cas genes are repressed by
global regulators (H-NS and LRP). Repression by these regulators
is highly cooperative, as their binding is nucleated at certain
position, and then extends along the DNA through cooperative
interactions between repressor molecules (Bouffartigues et al.,
2007). Additional regulators, such as CRP, may also be involved
in the repression of cas operon (Yang et al, 2014). While
the exact signaling mechanism remains unclear, this repression
must be relieved upon appropriate external signal (e.g., envelope
stress that may signal bacteriophage invasion), through the
action of transcription activators (LexA, LeuO, and BaeR-S are
likely involved) (Richter et al, 2012; Patterson et al, 2017).
In particular, for Type I-E CRISPR-Cas in E. coli, it was
shown that cooperative repression by H-NS can be relieved
by elevated amount of LeuO (Pul et al,, 2010; Westra et al,
2010). Thus, highly cooperative repression, which is abolished by
transcription activators, emerges as a major feature of CRISPR-
Cas transcription control in E. coli and its relatives.

Another crucial mechanism in CRISPR-Cas expression is pre-
crRNA transcript processing (Brouns et al., 2008; Pougach et al,,
2010). Experiments in E. coli, reported that overexpression of

m

cas3 IGLB csel cse2 cas7

SISISI:
] | 2.3

cas5 cas6e casl cas2 L CRISPR array

FIGURE 1 | A scheme of a Type I-E CRISPR-Cas system from £ coli (Al-Attar et al., 2011; Makarova et al., 2011, 2015). The cas genes and the CRISPR array are
indicated. R and S within the CRISPR array correspond, respectively, to repeats and spacers; note that the spacer sequences differ from each other, and are labeled
by consecutive numbers (1, 2, 3...). IGLB and L correspond to intergenic regions where promoters for the Cascade complex genes (cse’,2, cas7,5,6e) and the
Cas1,2 adaptation proteins (IGLB) and the CRISPR array (L) are located. The two promoters within IGLB and L are indicated by arrows. One of the Cas proteins
(Casbe) is responsible for processing pre-crRNA to crRNA. The effector Cascade complex is composed of proteins encoded by genes marked with yellow color. It
binds crRNA, which recognizes invading DNA. Once recognized, foreign DNA is destroyed by the product of cas3 (Brouns et al., 2008).
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FIGURE 2 | (A) A scheme of CRISPR transcript processing: CRISPR array is transcribed (i.e., pre-crRNA is generated) with rate ¢, and the transcript is either
(non-specifically) degraded with rate Apre, or processed to crRNAs by Cas6e with rate k; individual crRNAs are then degraded with rate A.pn4 (Djordjevic et al.,
2012). (B) The proposed model system for CRISPR-Cas activation: cas genes (including cas6e, whose product processes pre-crRNA to crRNA), and the transcription
factor (C), are transcribed from ¢, promoter. To reproduce the same qualitative features of transcription regulation as in a native CRISPR-Cas system (cooperative
regulation), ¢cas is put under control of C protein, in the same manner as in a well-studied Ahdl R-M system (Bogdanova et al., 2008). The system is induced when
the plasmid expressing cas genes and C protein enters a bacterial cell, as indicated in Figure 3. Gradual expression of cas genes, leading to Cas6e protein synthesis
(gray oval), then increases k (this is indicated by the full arrow in the figure), which in turn results in crRNA generation.

FIGURE 3 | A scheme of the basic setup: pre-crRBNA is transcribed in a cell from CRISPR array with rate ¢. Transcription of cas genes occurs from a plasmid, which
enters the cell, inducing crRBNA generation. A transcription regulator (C) is transcribed together with cas genes, regulating transcription of the ¢4 promoter in a same
qualitative manner as exhibited in native CRISPR-Cas system. To achieve this, C protein controls transcription of ¢o,45 promoter in the same way as in a well-studied

R-M system. This leads to a gradual synthesis of Cas6e and C protein, leading to system activation, as schematically shown in Figure 2B.

Cas6e (which is responsible for pre-crRNA processing) generates
highly abundant crRNAs from pre-crRNA which is present at low
abundance (Pougach et al., 2010). We previously showed that
a simple quantitative model—whose relevant kinetic scheme is
shown in Figure 2A—explains this observation (Djordjevic et al.,
2012), so that a small decrease in pre-crRNA abundance leads to a
much larger (around two orders of magnitude) increase in crRNA
abundance. Interestingly, the main mechanism responsible for
this strong amplification is fast non-specific degradation of pre-
crRNA (see Figure 2) by unidentified nuclease(s). In particular,
when cas genes expression increases, processing of pre-crRNA
by Casé6e is favored and diverts the entire pre-crRNA molecule
away from the path of non-specific degradation. Therefore, the
fast non-specific degradation of pre-crRNA should be considered
as a second major regulatory feature of CRISPR-Cas expression.
The modeling described in Djordjevic et al. (2012) took into
account only the transcript processing step, i.e., it was assumed
that there is an infinitely abrupt (stepwise) increase of pre-crRNA

to crRNA processing rate, and pre-crRNA generation rate. This
is, however, a clear idealization of the induction mechanism,
as transcription regulation of cas genes and CRISPR array
promoters is neglected. That is, in reality, pre-crRNA processing
rate can be increased only gradually, as it takes time to synthesize
the needed Cas proteins. The rate of Cas proteins synthesis is
in turn directly related to the transcription control of the cas
gene promoter in the IGLB region (see Figure 1). Similarly, the
rate by which pre-crRNA is synthesized is determined by the
transcription control of the CRISPR array promoter (L region).
Consequently, a more realistic model of CRISPR-Cas
expression dynamics has to take into account both the regulation
of CRISPR array and Cas protein synthesis, and CRISPR
transcript processing. However, a major obstacle in achieving
such model is that signaling which leads to the system induction,
and detailed mechanism of CRISPR-Cas transcription regulation,
is still unclear. We here propose a model system for CRISPR-Cas
induction by assuming that activation of crRNA production
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is put under transcriptional control exhibited in a restriction-
modification (R-M) immune system (Pingoud et al., 2014). As
argued below, such model system would have qualitative features
of transcription regulation expected for a CRISPR-Cas, and will
keep the same transcript processing mechanism as that described
for native system. On the other hand, this model system allows
bypassing the currently unknown signaling that leads to CRISPR-
Cas activation, and can be readily analyzed in silico, since
transcription regulation of a well-studied R-M system (Ahd]I, see
Bogdanova et al., 2008)—for which we previously showed that
it can be reliably modeled (see below)—is used as a proxy for
transcription regulation of CRISPR-Cas system.
Through this approach, we expect to:

i. Obtain quantitatively more realistic model of CRISPR-
Cas induction dynamics, in which the transcription
regulation, i.e., the gradual synthesis of relevant enzymes
and transcription regulators is explicitly taken into account.

ii. Qualitatively understand the main features of CRISPR-Cas
induction, in particular the roles of cooperative transcription
regulation, and of fast non-specific degradation of pre-
crRNA.

iii. Propose an experimental setup for CRISPR-Cas induction
that mimics the main qualitative features of the native
system.

The setup of the model will be explicitly considered in the next
subsection.

RESULTS

In silico Experiment Setup

The Model System

We start from a CRISPR transcript processing scheme, which
is shown in Figure 2. According to this scheme, pre-crRNA is
generated with rate ¢, and subsequently either non-specifically
degraded (due to activity of an unspecified nuclease) with
rate App, or is processed by Cas6e to crRNAs with rate k.
crRNAs are subsequently degraded with rate Agprna. All the
parameters in the scheme are experimentally determined in
(Djordjevic et al., 2012) (for Type I-E CRISPR-Cas in E. coli)
and explicitly stated in Methods. In particular, the main feature
of the transcript processing is a large (non-specific) pre-crRNA
degradation rate (with Ape ~ 1 1/min), which is much larger
than crRNA degradation rate (with A rna ~ 1/100 1/min).
In the experiments, crRNA production is artificially activated,
by overexpressing Cas6e from a plasmid, which increases pre-
crRNA processing rate (k) for between one and two orders of
magnitude (between 10A,r and 100X,,). While the repression
of the cas promoter in IGLB region (see Figure 1) is very strong,
with very small amount of Cas6e synthesized when the system
is uninduced, the repression of the CRISPR array promoter is
significantly weaker, with rather strong basal rate of pre-crRNA
generation (¢ ~ 10 1/min) (Pougach et al., 2010; Pul et al., 2010;
Westra et al., 2010; Djordjevic et al., 2012).

As indicated in the Introduction, we previously modeled the
transcript processing mechanism (Djordjevic et al., 2012), where
we took that k is increased abruptly, ie., as a step function
at t = 0. This neglects the transcription regulation of cas

and CRISPR array promoters. Such abrupt increase of k will
provide a baseline for our predictions, which will now take into
account that Cas6e (the enzyme which processes pre-crRNA
to crRNA) is synthesized gradually. While in the experiments
crRNA generation is activated by overexpressing Cas6e from a
plasmid (see e.g., Pougach et al,, 2010), it is likely that in the
native system the expression of CRISPR array is activated as well
(Pul et al., 2010). Consequently, we will also take into account a
gradual synthesis of the regulator [in our case, a C-protein (Tao
et al,, 1991; Bogdanova et al., 2008)], which can activate CRISPR
array transcription by increasing the basal rate ¢ to a higher
value.

To include transcription regulation of the cas promoter, i.e.,
the gradual synthesis of Cas6e and C transcriptional regulator,
we here propose the model system whose setup is schematically
shown in Figures 2, 3. This setup includes a CRISPR array
which is expressed from a promoter with basal transcription
activity ¢ (Figure 3). The second component is a vector (plasmid,
virus) which expresses cas genes and the control protein C
that are jointly transcribed from a promoter with transcription
activity ¢c,s. While Cas3 is not directly relevant for the problem
considered here (dynamics of crRNA generation), as it does
not take part in crRNA biogenesis, it is necessary for CRISPR
interference (Hille and Charpentier, 2016). We therefore include
it in the setup to allow expression of all cas genes, i.e. to have a
fully functional CRISPR-Cas system.

As detailed below, ¢c,s is regulated by C. To mimic the
qualitative features of transcription regulation in native CRISPR-
Cas system, we employ the transcription regulation found in
some R-M systems, as explained in the next subsection. The
system is activated when the vector enters a bacterial cell
lacking its own cas genes, which leads to a gradual synthesis
of Cas proteins (including Cas6e), therefore increasing the
processing rate k, which in turn leads to crRNA generation
(see Figure 2B—the full arrow) by pre-crRNA processing.
Gradual increase of pre-crRNA generation rate can be also
considered through this model, through activation of CRISPR
array promoter by gradually synthesized C.

Note that the setup above, where cas genes are introduced
in a cell on a vector, allows bypassing the unknown signaling
step in CRISPR-Cas induction. That is, the vector entering
the cell marks the start of the system activation (setting zero
time in the dynamics simulations), and mimics the signaling
which starts synthesis of the transcription activator. Therefore,
the key regulatory features which characterize the downstream
steps (CRISPR array transcription and transcript processing)
can be studied both in silico (which will be done here),
and also potentially experimentally. In terms of experimental
implementation, introducing cas genes in a cell on a virus also
allows synchronizing the cell population, which is an approach
previously implemented to visualize R-M protein kinetics (Mruk
and Blumenthal, 2008).

Putting CRISPR-Cas under Transcription Control of
an R-M System

As discussed above, cas promoter will be put under transcription
control exhibited by R-M systems. Below, the main elements
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necessary for modeling the system transcription regulation are
introduced.

R-M systems are often mobile, and can spread from one
bacterial host to the other (Mruk and Kobayashi, 2013).
When a plasmid carrying R-M system genes enters a naive
bacterial host, the host genome is initially unmethylated,
and can consequently be cut by the restriction enzyme.
It is, therefore, evident that expression of the restriction
enzyme and methyltransferase must be tightly regulated in
order to ensure that bacterial genome is protected by the
methyltransferase (“antidote”), before it is cut by the restriction
enzyme. This tight regulation is often achieved through a
dedicated control (C) proteins (Tao et al., 1991; Vijesurier et al.,
2000).

We here concentrate on the Ahdl R-M system, whose
transcription control by C protein has been well-studied
(Bogdanova et al., 2008). The activation of AhdI by C protein
is reminiscent of CRISPR-Cas activation, as strong cooperative
interactions are involved in both cases. In particular, C proteins
bound at promoter-proximal and promoter-distal operators
interact with high binding cooperativity, so that configuration
in which only one operator is occupied cannot be observed
in the absence of RNA polymerase (RNAP). At lower C
protein concentrations, RNAP can outcompete C protein bound
at promoter-proximal operator, leading to transcriptionally
active configuration (Bogdanova et al, 2009). Moreover,
another feature exhibited in AhdI transcription control, i.e.,
autoregulation by C protein, is also likely found in CRISPR-Cas
transcription regulation. That is, LeuO that activates CRISPR-
Cas expression (Westra et al., 2010) also regulates its own
transcription. In particular, similarly to transcription regulation
of cas genes, leuO is repressed by H-NS, while this repression is
abolished by LeuO (Chen et al.,, 2001). At high concentrations,
C protein is bound at both promoter-proximal and promoter-
distal position, leading to the promoter repression—see Figure 5
in (Bogdanova et al., 2009) and the scheme of the transcription
configurations shown in Figure5 (framed in the figure).
Negative autoregulation is also exhibited by LeuO, as it inhibits
transcription activation of its gene by BglJ-RcsB (Stratmann et al.,
2012). Therefore, putting cas genes under transcription control
found in Ahdl mimics the main qualitative features of CRISPR-
Cas transcription regulation, namely, gradual synthesis of Cas
proteins, cooperativity in transcription regulation, and putative
autoregulation.

Another advantage of this setup is that we previously
showed that biophysical modeling can be used to:(i) explain in
vitro measurements of the wild type and mutant R-M system
transcription control (Bogdanova et al., 2008), (ii) explain in
vivo measurements of the system dynamics (Morozova et al.,
2015), (iii) effectively perturb the main R-M system features
and relate these perturbations with the system dynamics (Rodic
etal, 2017). Consequently, transcription control of a well-studied
AhdI R-M system, whose transcription regulation can be reliably
modeled (Bogdanova et al., 2008), will serve as a proxy for the
transcription control of a much less understood CRISPR-Cas
system.

In silico Analysis of the Main System Features

The baseline for our predictions will be provided by a model
in which the increase of pre-crRNA to crRNA processing rate
k is infinitely abrupt—we will call this the baseline model.
Comparing the baseline model with predictions that take into
account the system transcription regulation (as schematically
shown in Figures 2, 3), allows analyzing how gradual synthesis
of Casé6e affects kinetics of crRNA generation.

While in the native CRISPR-Cas both cas genes and CRISPR
array promoters are repressed by global regulators, the repression
of cas genes was found to be much stronger (Pul et al,
2010; Westra et al., 2010)—consequently, when the system is
(experimentally) artificially induced, this is commonly done by
expressing only cas genes (Pougach et al., 2010; Semenova et al.,
2016; Musharova et al.,, 2017). However, in the native system,
it is likely that expression of both CRISPR array and cas genes
is activated when the appropriate induction signal(s) is received
(Pul et al, 2010). We will therefore investigate the system
dynamics when only cas genes are activated (i.e., only pre-crRNA
processing rate is gradually increased), and when cas genes and
CRISPR array promoter transcription are jointly (and gradually)
increased. Consequently, in both of the models introduced below
(constitutive and cooperative), we will consider two options.
First, when only transcription of cas genes is activated, while
transcription activity of CRISPR array remains constant. Second,
we will consider the case when the transcription activity of
CRISPR array is increased as well.

We further introduce two models of cas gene and CRISPR
array transcription regulation:

i The constitutive model (Figure4). In this model cas genes
are expressed from a constitutive promoter, so that they
are transcribed with the constant rate once the plasmid
enters a cell. In the case when we consider that the system
is activated by only increasing pre-crRNA processing rate,
the transcription activity ¢ is kept constant. When CRISPR
array transcription rate is increased as well, increasing ¢ is
exhibited in the simplest manner, by binding of a single C
protein activator. Note that, in accordance with its name,
no cooperativity is exhibited for transcription regulation
described by this model.

ii The cooperative model (Figure 5). In this model, C protein
regulates the transcription of cas genes, and its own
transcription, in the same manner as in AhdI R-M system. As
noted above, such transcription regulation is characterized by
strong cooperative interactions. CRISPR array transcription
rate is either kept constant, or in the case when it is increased,
we take that it is exhibited in the same way as for cas promoter
transcription (the dashed arrow in Figure 5).

Studying of the two models allows one to assess how the
cooperative transcription regulation (which also characterizes the
native CRISPR-Cas system) compares to the activation in which
no cooperativity is exhibited, and therefore allows us to assess the
role of this key system feature. Also, considering the two models
when ¢ is first kept constant, and then increased together with
k, allows assessing significance of CRISPR array transcription
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FIGURE 4 | Transcription regulation of cas and CRISPR array promoters in the
constitutive model. C and cas genes are transcribed from a constitutive
promoter of constant strength ¢cas. The CRISPR array promoter is either
considered constitutive, with constant transcription activity (¢), or is regulated
by C protein (indicated by the dashed arrow), where a scheme corresponding
to this regulation is framed. The scheme shows possible configurations of
CRISPR array promoter, where activation of CRISPR array transcription is
achieved in the simplest manner, through the binding of a single C protein
which acts as a transcription activator to the CRISPR array promoter.
Transcriptionally active configurations are denoted by arrows, with thicker
arrow indicating larger transcription activity.

control. To allow a direct comparison of models dynamics,
the overall strength of ¢y, is adjusted so that the same value
of maximal pre-crRNA processing rate is achieved. Similarly,
when the transcription rate of CRISPR array is increased, the
interaction parameters are adjusted so that the same equilibrium
increase of ¢ is achieved in both models (see Methods).

Modeling Results
Kinetics of Pre-crRNA and crRNA Production
We first consider the situation in which crRNA generation is
activated by expressing Cas proteins, such that the processing rate
k is gradually increased, while the CRISPR array transcription
activity remains constant. In this case, we compare the system
dynamics for: (i) baseline model, in which the processing rate k
is increased as a step function, which corresponds to the limit
of infinitely fast system induction, (ii) constitutive model (see
Figure 4), and (iii) cooperative model (see Figure 5).

In constitutive and cooperative models, the gradual synthesis
of Cas6e leads to gradual change of transcript processing rate k
(k* is a processing constant):

k (t) = [Cas6e] (t) - k* (1)
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FIGURE 5 | Transcription regulation of cas and CRISPR array promoters in the
cooperative model. The framed scheme shows promoter configurations,
where transcription regulation is exhibited in the same manner as for Ahdl
system, through cooperative interactions. Arrows in the scheme denote
transcriptionally active configurations, with thicker arrow indicating larger
promoter transcription activity. The full gray arrow indicates that cas promoter
is regulated as described by the scheme, with the same parameters as in Ahdl
R-M system (Pougach et al., 2010). The dashed arrow indicates that the same
transcription regulation is also exhibited for CRISPR array promoter, in the
case when its transcription activity ¢ is not assumed constant.

Figure 6 illustrates how the processing rate (k) changes with
time, when the baseline, constitutive, and cooperative models
of cas gene expression are assumed. For the constitutive
model (the dash-dotted curve), the processing rate uniformly
increases and reaches an equilibrium value, for all values of
keq considered in three panels of Figure 6. On the other hand,
for cooperative model (the dashed curve) and at higher values
of ke; (Figures 6B,C), we see a rapid increase of k at initial
times, followed by a fast return to the equilibrium value due to
repression at higher C protein concentrations.

In Figure 7, we address how different k dynamics (shown in
Figure 6), affects pre-crRNA and crRNA generation. Specifically,
¢ is held constant at its initial value (10 1/min), while k changes
according to the baseline, constitutive, or cooperative models
until reaching the same equilibrium value of 10A,e, 100A,r,
and 1,000y, (left, central, and right columns of Figure 7,
respectively). The model of abrupt Cas6e expression serves as
a baseline for assessing the dynamics in the other two models
(constitutive and cooperative), in which Cas6e is realistically
(gradually) expressed.

In Figures 7A-D, we see that cooperative model leads to
the steepest transition from ON to OFF state (in the case
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FIGURE 7 | Kinetics of pre-crRNA and crRNA generation. The columns correspond to keq values of 104pre (A,D), 100Xpre (B,E), and 1,0001pre (C,F), which are
reached through the baseline model (the gray solid curve), the constitutive model (the gray dash-dotted curve) or cooperative model (the black dashed curve). The
upper (A-C) and the lower (D-F) rows correspond, respectively, to pre-crRNA and crRNA kinetics. CRISPR array promoter transcription activity is kept constant

of pre-crRNA), and from OFF to ON state (in the case of
crRNA). Furthermore, we can distinguish between two different
regimes in Figure 7. At lower k.4 (left column in Figure 7), there
is a noticeably slower accumulation of crRNA at early times
in both cooperative and constitutive models compared to the

baseline model of infinitely abrupt processing rate (k) increase
(Figure 7D). On the other hand, at higher k¢4 (kg > 100 1/min,
the central and right columns in Figure 7), the dynamics of
crRNA accumulation for cooperative model becomes faster
compared to constitutive model dynamics at early times, and
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approaches the limit of infinitely abrupt k increase (see the
inserts in Figures 7E,F). The faster kinetics of crRNA increase in
cooperative model is due to the fast increase of k at early times in
this model (Figures 6B,C).

Effects of cas Genes Regulation

From Figure 7, we observe that transcripts reach their steady-
state levels quite late, i.e., >100 min post-induction. Such late
time is, however, not relevant for cell response to phage infection,
since infected E. coli lyse ~20 min post-infection, while shut-off
of essential cell functions happens earlier (Kruger and Schroeder,
1981). Therefore, in Figure 8 we estimate pre-crRNA and crRNA
levels for all three models at 20 min post-induction, as the
maximal value of pre-crRNA processing rate k. is changed from
very low to high values (>100A,, characteristic for artificial
Cas6e induction), while keeping the level of CRISPR array
transcription constant (¢ = 10 1/min).

The following features emerge from Figure 8:

i. A switch-like system behavior for both pre-crRNA and
crRNA curves in the cooperative model, while the constitutive
and baseline models yield much more gradual responses
to changes in ke;. For crRNA, the cooperative model leads
to a rapid transition from the OFF state (with essentially
no crRNA generated at 20min), to the ON state (with
high abundance of crRNA), and reciprocal situation for pre-
crRNA. Consequently, for small amounts of synthesized Cas6e
(i.e., small k4 values), which can be caused by leaks in cas
promoter activity, the system remains in OFF state. On the
other hand, once the system is activated when the processing
rate (directly related to the amount of Cas6e available) reaches
a certain threshold (k.; » 50), a large amount of crRNA is

generated at early times, which should allow protection from
foreign DNA invasion. The significance of this behavior is
considered in Discussion.

ii. An interesting cross-over behavior in the cooperative model,
where at low k., values crRNA amounts are low, while at
high k., values the synthesized crRNA amounts become
larger than in the constitutive model, and approach the
baseline model curve. Therefore, at high k-values (~100
1/min), which are encountered in experiments, (Pougach
et al., 2010; Djordjevic et al., 2012) the model of cooperative
cas gene expression leads to accumulation of protective crRNA
amounts close to those achievable in the limit of infinitely
abrupt k increase. Consequently, the high cooperativity in
transcription regulation, characteristic for native CRISPR-Cas
system regulation, leads to a highly efficient crRNA generation
at high transcript processing rates.

iii. Sufficient crRNA levels are generated to protect host cell
against bacteriophage infection, at early times post-induction,
even at relatively low values of pre-crRNA processing rate.
That is, keq somewhat larger than 11/min leads to ~10 crRNAs
which already corresponds to the amount that negatively
affects phage development (Pougach et al., 2010); moreover,
a small additional k., increase leads to a large increase in
generated crRNAs in the cooperative model, due to the rapid
transition from OFF to ON state.

iv. A saturation in generated crRNA amounts at early times post-
induction. That is, for k¢;~100 1/min the amount of generated
crRNAs at 20 min stops significantly increasing with further
increase in keq. This saturation can be relieved (leading to
increase in the amount of generated crRNA), if CRISPR array
transcription activity is increased, which is further analyzed
below.

Perturbing Pre-crRNA Degradation Rate

We next perturb the second key feature of CRISPR-Cas
regulation—fast non-specific degradation of pre-crRNA. The
consequence of pre-crRNA degradation rate A, decrease at
constant ¢ was next investigated for all three models. The

FIGURE 8 | Pre-crBNA and crRNA amounts early post-induction for different models of cas gene transcription regulation. The figure shows (A) pre-crRNA and (B)
crRNA amounts 20 min post-induction (i.e., 20 min after introduction of the vector expressing cas genes), as a function of the maximal (equilibrium) value of the
transcript processing rate k. CRISPR promoter transcription activity is kept constant (¢ = 10 1/min). The gray solid, the gray dash-dotted, and the black dashed
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decrease was followed at different ko values (i.e., at different
levels of Casé6e activity), where ¢ is held constant.

The effects of Ap decrease are similar for all three models,
so in Figure9 we show the results only for the cooperative
model. For all k4 values we see that abolishing the fast decay
of pre-crRNA (decreasing Apr), significantly decreases the time
delay of the onset of crRNA generation. This effect is most
pronounced at high k., values (Figure 9C). Also, perturbing
the degradation rate deforms crRNA dynamics curve with
respect to the standard Hill (sigmoidal) shape that is exhibited
at high Ap such as Ay = 1/50. Furthermore, analogously
to Figure 8, in Figure S1 (Supplementary Material), we show
how crRNA amount at 20 min after induction depends on pre-
crRNA degradation rate Apr. One can clearly observe that as
Apre decreases, the amount of generated crRNA early post-
induction significantly increases, consistently with the decrease
of the time delay of onset of crRNA generation observed in
Figure 9.

Relieving crRNA Production Saturation by Increasing
Pre-crRNA Generation

In addition to cas genes, CRISPR array promoter is also repressed
(though more weakly) by global transcription regulators (Pul
etal,, 2010; Westra et al., 2010). Consequently, crRNA generation
can be also augmented by increasing CRISPR array transcription
activity. Therefore, we next assess how joint increase of k
(achieved by activating cas gene transcription) and ¢ (achieved
by increasing CRISPR array transcription) affects generated
crRNA amount 20 min post-induction for all three regulatory
models.

As can be seen from Figure 10, increasing ¢ robustly relieves
crRNA saturation (see also discussion of Figure 8). Moreover,
one can see that a relatively modest, factor of two increase of ¢
(from 10 1/min to 20 1/min) can abolish the need of a significant,
order of magnitude, k increase to produce the same amount
or crRNA. As above, we observe a switch-like behavior for the
cooperative model (compare Figure 10C with Figures 10A,B),

with cooperative model curves exhibiting the steepest transition
from OFF to ON state for all ¢ values.

Regulation of CRISPR Array Transcription Activity

We next consider how different models of regulation of CRISPR
array transcription affect crRNA dynamics. For all three models,
the transcription activity ¢ is increased by an order of magnitude
(from ¢ = 10 1/min to ¢ = 100 1/min), for different k., values
(keq = Apres 10Apre, and 100A,,), see Figure S2 (Supplementary
Material). We obtain that the cooperative model leads to a
more controlled (attenuated) pre-crRNA dynamics, which is due
to the presence of repressing mechanism at high C protein
amounts (see Figure S3). For crRNA dynamics, we observe that
the cooperative model exhibits the steepest transition from OFF
to ON state. Moreover, this model leads to the largest delay
in crRNA generation. Consequently, in addition to pre-crRNA
degradation rate, the cooperative transcription regulation also
contributes to the delay between the activating signal and the
onset of crRNA generation.

We previously (Figure 9) perturbed pre-crRNA degradation
rate while keeping the transcription rate ¢ constant. Finally, we
now also decrease A, under the conditions when both cas genes
and CRISPR array transcription is activated according to all three
models (see Figure S4). The results are qualitatively similar to
Figure 9 (where ¢ is constant), i.e., decreasing A, diminishes
the switch-like system response and/or decreases the time-delay
in the onset of pre-crRNA generation.

DISCUSSION AND SUMMARY

One of the most prominent problems in understanding
CRISPR-Cas function is assessing dynamics of the system
activation, i.e., understanding the roles of the key features of
CRISPR-Cas regulation. Addressing this problem is complicated
by the fact that exact conditions for system activation
remain unclear. In fact, for Type I-E CRISPR-Cas system in
E. coli, even bacteriophage infection itself is not sufficient
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FIGURE 9 | The effect of perturbing pre-crRNA degradation rate on the dynamics of crBNA generation. The pre-crRBNA processing rate increases to its equilibrium
value through the cooperative model, while ¢ is held constant (at 10 1/min). Different curves correspond to different Apre values: 1 (solid black), 1/10 (dashed black),
1/50 (solid gray), and 1/100 1/min (dashed gray). (A-C), correspond to different keq values indicated at the top of each panel.
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to induce the system. We here proposed a synthetic setup
which allows inducing CRISPR-Cas with qualitative features
that correspond to native system regulation, while bypassing
currently unclear conditions under which the system is activated.
This setup involves putting cas genes and/or CRISPR array
under transcription control found in a well-studied R-M system,
which exhibits cooperative transcription regulation that is also
characteristic of CRISPR-Cas regulation (Bouffartigues et al.,
2007; Westra et al, 2010). A major advantage of the setup
is that it can be readily experimentally implemented, e.g.,
by introducing cas genes and the regulator (C protein) in
a cell on a virus. This would allow synchronizing the cell
population, and experimentally observing the system dynamics,
where such measurements could be directly compared with
the predictions provided here. Another advantage is that
major parameters in the setup have been inferred from
experimental data, as both CRISPR transcript processing, and
AhdI transcription regulation, have been experimentally well-
studied (Bogdanova et al., 2008; Pougach et al., 2010; Djordjevic
etal., 2012).

Consequently, this setup allows us to directly (i silico) address
how the system regulation contributes to its dynamical response.
In particular, previous experimental and computational work
point to cooperative regulation of cas gene and CRISPR array
transcription, and fast non-specific degradation of pre-crRNA,
as two main system regulatory features (Pougach et al., 2010;
Pul et al,, 2010; Westra et al., 2010; Djordjevic et al., 2012). We
therefore investigated two alternative regulatory architectures,
one with constitutive, and the other with cooperative cas
gene regulation. The dynamics corresponding to these two
architectures was then compared with the baseline model, in
which pre-crRNA processing rate is increased infinitely abruptly.
We assessed the dynamics in the case when only cas genes
are activated (i.e., only pre-crRNA processing rate is gradually
increased), and when cas genes and CRISPR array promoter
transcription is jointly increased. We focused on early system
dynamics (within the first 20 min post-induction), as this period
is most relevant for defending the cell against invading viruses.
Finally, we also perturbed the high pre-crRNA non-specific

degradation rate, under different system conditions described
above, and assessed what effect such perturbation has on system
dynamics.

The main result of the analysis is that the system regulation
leads to a clear switch-like behavior, characterized by an initial
delay of crRNA synthesis, followed by a steep transition from
OFF to ON state. Unexpectedly, it is not only the cooperative
transcription regulation, but also fast non-specific pre-crRNA
degradation, which leads to such dynamics. That is, decreasing
the high pre-crRNA degradation rate effectively abolishes the
delay in crRNA generation, and deforms the crRNA kinetics
from the standard sigmoidal (Hill) shape (Hill, 2013) typical
for switch-like system response (Figure 9). Interestingly, we also
found that, when pre-crRNA processing rate and CRISPR array
transcription rate are jointly (and gradually) increased, as likely
exhibited in the native system, the system is more robust to
perturbations in the degradation rate (Figure S4).

The cooperative transcription regulation leads to an
interesting cross-over behavior in the early system dynamics.
At low pre-crRNA processing rates, cooperative regulation
leads to much smaller crRNA amounts at early times compared
to constitutive expression. On the other hand, at higher
processing rates, there is a large increase in synthesized
crRNA amounts, which approach the limit of infinitely abrupt
system induction. Interestingly, when the system is artificially
activated by overexpressing cas genes, pre-crRNA processing
rates correspond to the regime of the highly enhanced crRNA
production (Djordjevic et al., 2012). While the parameters of the
native system induction are unclear, it is tempting to hypothesize
that they may also reach this cross-over, allowing the system to
generate crRNAs with the rate close to the limit of infinitely fast
induction at times when they are needed.

The rapid transition of the system from OFF to ON state is
straightforward to interpret in terms of its function in immune
response. When a potential signal indicating infection is received
by the cell, CRISPR-Cas has a very short time to generate
sufficient crRNA amounts to protect the cell, as bacteriophages
are typically highly efficient in shutting-down essential cell
functions. Thus, there is a question whether enough crRNA can
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be generated in a model which accounts for gradual synthesis
of proteins that process pre-crRNA and/or are responsible for
gradual CRISPR array activation. We robustly obtained that
enough crRNA can be generated at early times, even when the
system is activated by only increasing the pre-crRNA processing
rate. Moreover, a much smaller increase of the processing
rate is needed to achieve certain crRNA amount, if CRISPR
array transcription is activated as well. Therefore, these results
may explain the relatively inefficient repression of CRISPR
array promoter, since even a small increase of CRISPR array
transcription rate efficiently increases generated crRNA amounts.
In fact, the need to rapidly produce large amounts of crRNAs may
be a major constraint on system dynamics.

In distinction to the rapid transition of the system from “OFF”
to “ON” state, interpretation of the delay in crRNA generation,
which comes as a model prediction, is less straightforward. One
possibility is that such delay is related with primed adaptation
in CRISPR-Cas, which relies on a pre-existing (priming) spacer
that enables a biased uptake of new spacers—therefore serving
to minimize infection by phage escape mutants that would
otherwise evade the interference (Sternberg et al., 2016). In
particular, it has been found that priming is facilitated by slow
or delayed CRISPR interference, leading to a steady-state flux of
substrates from which new spacers can be acquired (Kunne et al.,
2016; Severinov et al., 2016; Musharova et al., 2017). Such delay in
CRISPR interference can clearly be achieved by a delay in crRNA
generation that is predicted in our work.

It has been proposed that Type I-E CRISPR-Cas in E. coli
may have functions other than immunity. For example, it was
found by bioinformatics analysis that the system is changing very
slowly, in distinction to rapid diversification of CRISPR arrays in
other species, indicating that the system is not taking an active
role in defense against immediate viral threats (Touchon et al.,
2011). In this respect, it may be useful to view the dynamical
properties inferred here in a more general terms, namely of a
capability of expressing a large number of molecules in a narrow
time interval, with a specific time-delay with respect to reception
of an external signal. It is clear that such highly efficient, and
temporally specific response, may be highly desirable for multiple
cellular functions. It would be very interesting to find out how
functions of E. coli Type I-E CRISPR-Cas, yet to be discovered
in the future, would fit within the dynamical properties inferred
here.

METHODS

We start from a previously introduced model of CRISPR
transcript processing by Cas proteins (Djordjevic et al., 2012).
In this model (see Figure2A), a short-living transcript [pre-
crRNA] is synthesized with a promoter transcription activity
¢, and further, either quickly degraded with a degradation rate
Apres or processed (cut) into shorter, long-living RNAs [crRNA]
with a processing rate k. Processed transcripts are degraded
with a rate A, rna. In the equations below, we assume that the
processing rate depends linearly on the substrate (pre-crRNA)
amount, since the amount of pre-crRNA is small [ <10 molecules
per cell (Pougach et al., 2010)], so that the corresponding kinetic

equations are:

d[pre — crRNA]
dt
d[crRNA]
dt

@ — (Apre + k) - [pre — crRNA] (2)

k- [pre — ctRNA] — ArrNa - [crRNA]
(3)

The equations above are further solved deterministically, as
both CRISPR array and cas genes are expressed from promoters
with strong basal transcription. Furthermore, the small pre-
crRNA amount is due to fast non-specific degradation, i.e., due
to the transcript processing step. With respect to this, note
that there is an access of enzyme (Cas6e) over substrate (pre-
crRNA) (Djordjevic et al,, 2012), so the equations describing the
transcript processing are linear. Therefore, their deterministic
solution accurately describes the mean of the stochastic
simulations.

In the previous study (Djordjevic et al., 2012), we considered
a model in which transcription regulation is neglected, so
that k and ¢ increase in an idealized manner, i.e., infinitely
abruptly. We now introduce models where the relevant enzymes
and transcription regulators are synthesized in a realistic (i.e.,
gradual) manner. Specifically, k in Equation now explicitly
depends on time, and is proportional to the enzyme (the
processing protein, Cas6e) concentration, i.e., k = [Cas6e] - k*,
where k* is processing constant. We here consider that this
processing rate k can change with time in the following ways:

1) Infinitely abruptly, from 0 to its equilibrium value, k.4 at t =
0, which we refer to as the baseline model.

2) Gradually, with [Cas6e](t), where Casé6e is expressed from a
constitutive promoter (promoter with constant transcription
activity), see Figure 4.

3) Also gradually with [Cas6e](t), where Cas6e is now expressed
from an AhdI-like regulated promoter (see Figure 5).

As noted above, we either keep the CRISPR array transcription
rate ¢ constant (which allows us investigating the dynamics in
response to changing only pre-crRNA processing rate), or allow
¢ to change:

1) Infinitely abruptly (the baseline model), so that at t+ = 0 it
increases from its starting value (10 1/min) to the equilibrium
value.

2) Gradually, through the simplest activation mechanism, where
a single C protein activates transcription from the CRISPR
array promoter (the dashed arrow in Figure 4).

3) Also gradually with C(t), where the same transcription
regulation as in Ahdl RM system is exhibited (the dashed
arrow in Figure 5).

In constructing Cas6e and CRISPR expression models, we refer to
our existing model of AhdI restriction-modification (RM) system
control (Bogdanova et al., 2008), which describes expression of
the control protein (C) and the restriction endonuclease (R)—
C and R are co-transcribed in AhdI RM system. We here use a
thermodynamical model of CR operon transcription regulation,
and a dynamical model of transcript and protein expression.

Frontiers in Microbiology | www.frontiersin.org

11

November 2017 | Volume 8 | Article 2139


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Rodic et al.

CRISPR-Cas Dynamics

For t = 0 we take the moment when plasmid carrying C
and cas genes enters the naive host. Thus, all initial conditions
are set to zero, except for [pre-crRNA]J(# 0) = @/ Apre
10 (1/ min)(Djordjevic et al., 2012), as extracted from the
Equation in equilibrium. Note that while C and cas genes enter
the cell on a plasmid, CRISPR array is expressed within the cell,
with the transcription rate ¢.

Constitutive Model of cas Gene and
CRISPR Array Expression

We assume that C and cas genes are co-transcribed from a
constitutive (unregulated) cas promoter (see above and Figure 4).
C and cas transcript and protein concentrations change with
time:

d[c — cas](t)

dr = QCas — MCas - [c — cas](t) (4)
% = k¢ - [c — cas](t) — Ac - C(¢) (5)
@ = kcasee - [¢ — cas](t) — Acasse - [Cas6e](t). (6)

Note that all the notation (including in the equation
above), is introduced in Table 1. The first terms on the

right-hand side represent transcript/protein synthesis by
transcription/translation, while the second terms represent
transcript/protein decay by degradation. The parameter values
are as in AhdI RM system model (with Cas6e now replacing R in
AhdI system), and are also provided in the table at the end of the
methods. Since C and Cas6e protein degradation rates are taken
to be the same, it follows:

[Cas6e](t) = Kasee

C(), (7)

C

So that the differential equation for Cas6e dynamics can be
omitted. We set the value of ¢c,; to one (see the next subsection)

so that the equilibrium processing rate is the same for the
constitutive and the cooperative models (see e.g., Figure 6),
which allows a direct comparison of the dynamics in these two
models. Consequently, we set k* so that k.; = [Cas6e] eq k*
10 (1/ min). Regarding CRISPR array transcription ¢, we keep it
constant, in the case when we consider the system activation by
overexpression of cas genes. In the case when we also consider
activation of CRISPR transcription, we introduce a simple model
of CRISPR expression regulation (the dashed arrow in Figure 4),
where CRISPR promoter, apart from being unoccupied, can
be found in the following three configurations, which are
represented by the reactions shown below: (i) RNAP alone bound
to the promoter (8), (ii) a C monomer alone bound to its binding
site (9), and (iii) RNAP recruited by a C monomer bound to its
binding site, acting as a transcription activator —note that these

TABLE 1 | Notations used in model equations.

Variables Description

YCas Transcription activity of cas promoter

7 Transcription activity of CRISPR promoter

[c-cas] Concentration of cas operon transcript

[pre-crRNA]  Concentration of unprocessed CRISPR array transcript

[crRNA] Concentration of processed CRISPR array transcript

C Concentration of control protein

[Cas6e] Concentration of processing protein

KINETIC MODEL CONSTANTS

K* CRISPR transcript processing constant 0.02

ko Translation constant for control protein 0.60

Kcasee Translation constant for processing protein 3.00

ACas Rate of cas transcript decay 0.20

Apre Rate of unprocessed CRISPR transcript decay 1.00

AcrRNA Rate of processed CRISPR transcript decay 0.01

rc Rate of control protein decay 0.033
ACas6e Rate of Cas6e processing protein decay 0.033
TRANSCRIPTION REGULATION MODELS CONSTANTS

a Proportionality constants 1.663

y 110

o 110

a Constants which absorb the relevant 1.60 x 107!
p equilibrium dissociation constants and RNA 9.25 x 107"
q polymerase concentration 141 x 10~°
d 1.00 x 107!
e Adjusted

f 2.00 x 102
a 1.00 x 10~1
I Adjusted

q 2.50 x 107°
Kp 6.50 x 102

The equilibrium dissociation constants of the above reactions are
given by:

Kia = [DNA] [RNAP] / [RNAP — DNA] (11)
Kya = [DNA][C]/[C — DNA] (12)
Ksa = [C — DNA][RNAP]/ [C — DNA — RNAP]. (13)

Using the Shea-Ackers based approach, i.e. assuming that the
transcription activity is proportional to the equilibrium promoter
occupancy by RNAP, we derive the expression for CRISPR
promoter transcriptional activity:

Zanap + Zc—RNAP

configurations correspond to the second, third and fourth line in =71 Tz ¥ Zc + Zo ruap (14)
the framed part of Figure 4, respectively. RNAP
DNA + RNAP <—— RNAP — DNA (8) where 'y is a proportionality constant, while
Kia configuration statistical weights correspond to: Zpy,p =
DNA 4+ C<—= C—DNA (9) [RNAP — DNA] / [DNA] — RNAP alone bound to the promoter,
Kas Zc = [C— DNA]/[DNA]-C monomer alone bound to its
C—DNA+RNAP<——= C—DNA—RNAP  (10)  yinding site, Zc_rnap = [C — DNA — RNAP] / [DNA] — RNAP
Ka g
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recruited to the promoter by a bound C monomer. We can
obtain ¢ dependence on C concentration:

d + def [C]
1 +d+e[C] + def [C]

(O =y (15)

If we introduce parameters expressed in terms of the equilibrium
binding constants and RNAP concentration:

d = [RNAP] /Kja (16)
e = 1/Kzx (17)
f = Kia/Kza. (18)
To estimate the parameters, we use a condition:
1
9(0) =10— (19)
min

which corresponds to the value in Djordjevic et al. (2012), and:

1
(p(ceq) =100—
min

(20)

Another (evident) condition is that the fraction, which appears
on the right-hand side of the Equation (15), has to be smaller
than 1. By adjusting the parameters to satisfy the conditions (19)
and (20), we obtain d < 1/9, which allows setting the values of
d and y. Further, we notice that e = 99/ ([Cl,, - (f — 100)) and,
having fixed the value of f, we can adjust e with respect to [Cleq.

The unprocessed [pre-crRNA] and processed [crRNA]
transcript amounts change with time according to the Equations
(2) and (3), where ¢ is given by .

Cooperative Model of cas and CRISPR

Expression

As opposed to the constitutive cas operon expression, we here
assume that the cas promoter is regulated by C as in the
wild type Ahdl RM system (Bogdanova et al., 2008), through
cooperative interactions (see Figure5). The following set of
reactions describes the transcriptional regulation of the cas
promoter by the C protein (note the promoter configurations
shown in Figure 5):

c+cC K<:>1 D (21)
DNA + RNAP K<:>2 RNAP — DNA (22)
D + DNA <T)—3 D — DNA (23)
D—DNA+DK<:>4T—DNA (24)
D — DNA + RNAP <T>—5 D — DNA — RNAP  (25)

where C and D stand for C protein monomers and dimers,
respectively.
The reactions (21)-(25) represent:

- (21) C monomers dimerization;
- (22) RNAP binding to the cas promoter forming RNAP-DNA
complex;

- (23) D binding to the distal binding site forming D-DNA
complex;

- (24) D recruitment to the proximal binding site forming T-
DNA complex;

- (25) RNAP recruitment to the cas promoter forming D-DNA-
RNAP complex.

In equilibrium the above reactions lead to the following equations
of the equilibrium dissociation constants:

_[cP
Ky = o] (26)
K, — [DNA][RNAP] 27)
[RNAP — DNA]
_ [DI[DNA]
K; = m (28)
__ [D][D — DNA]
M= T —onar )
Ks = [RNAP][D — DNA] (30)

[D — DNA — RNAP]

Taking into account the aforementioned Shea- Ackers assumption
we obtain:

o ZRNAP + ZD—RNAP
1+ Zrnap + Zp—rNap + Z71

PCas = (31)

« is a proportionality constant, Zgyap = [RNAP—DNA]/[DNA],
ZD*RNAP = [D — DNA — RNAP]/[DNA] and ZT = [T —
DNA]/[DNA] denote the statistical weights of only RNAP bound
to the promoter, RNAP recruited to the promoter by a C dimer
bound to the distal binding site, and a C tetramer repressing
transcription, respectively.

By using Equations (26)-(30), the Equation (31) can be
rewritten in terms of C monomer concentration (following the
notation in Bogdanova et al., 2008; Rodic et al., 2017):

a+ b[C]?
1+a+ b[C]*+c[C)*

@cas (C) = « (32)

which can be expressed, by using the redefined parameters, in the
following form:

a—i—ap[C]2
1+ a+ ap[C]* + p*q[C]*

@cas (C) = « (33)

We set « so that the equilibrium value of cas transcription activity
corresponds to one (adapted from Bogdanova et al., 2008).
Parameters g, p, and q depend on the equilibrium dissociation
constants and RNAP concentration and are given by:

a = [RNAP]/K, (34)
K3
p= K1K3Ks (35)
K,K?
q 1 __ Y375 (36)

T KKK KKy
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While their values are deduced from the already determined a, b,
and ¢, that correspond to the best fit to the AhdI experimentally
measured transcription activity vs. C (Bogdanova et al., 2008).

Regarding the dynamics, note that C and Cas6e transcript and
protein amounts change with time according to the Equations
(4)-(6), where @cg; is given by .

Similarly as for the constitutive model, we keep ¢ constant,
in the case when we consider inducing the system through
increasing pre-crRNA processing rate. When we also consider
regulation of CRISPR array transcription, we assume that
CRISPR promoter is regulated by C in the same way as cas
promoter. Thus, following the same procedure we obtain for the
CRISPR promoter transcription activity:

, a/ + a/p/[c]z

o (37)
1+a/+a/p/[C]2 +p/2q/[c]4

(p:

where constants ', @, p/, and ¢’ are determined by imposing the
same constraints on ¢ as above (-). Specifically, these constraints
lead to the condition 4’ < %, which allows setting parameters
@’ and o' Further, from Equation (20) we express p’ in terms of
q and get ¢ < 555 (deduced from the real roots criterion of
quadratic equation), based on which we set g’, and subsequently
obtain the relation for adjusting p” with respect to ke, (i.e., Ceq).
Again, the unprocessed [pre-crRNA] and processed [crRNA]
transcript amounts change with time according to the Equations
(2) and (3), where ¢ is replaced with (37).

Changing Pre-crRNA Processing Rate
From Equation (1) we have that

keq = [Cas6e].q - K*, (38)
where we adjust the equilibrium value of k in the constitutive
and the cooperative case by varying the concentration of Cas6e in

equilibrium. The equilibrium Cas6e concentration can be derived
from the steady-state conditions for Equations and :

kCasGe

[Cas6e],, =
: ACashCase

q @Cas(ceq)~ (39)

In the model of constitutive C and Cas6e expression, the
equilibrium concentration of Cas6e is adjusted through the
change of ¢cus (being constant with time). In the case of
cooperative C and Cas6e expression, [Cas6ele; is adjusted
through the change of o in Equation (33), i.e., through the change
of overall cas promoter strength, taking into account that [C],; is
proportional to [Cas6e].4 according to (7).

Joint Change of k and ¢

We here investigate how the joint change of k and ¢, which
corresponds to the joint increase of cas6e and CRISPR array gene
expression, affects the dynamics of [pre-crRNA] and [crRNA]
transcripts. We start from the baseline model of infinitely abrupt
increase of k and ¢. We then compare the baseline model to the
more realistic case of constitutive and the cooperative models.
We take ¢ change from the initial value of 10 1/min to 100
1/min in equilibrium, while k., takes on values Apre, 104 pre, and

1002 pre. Note that the change in k.4, implies joint change of ¢cqg
in Equation (4) and e in Equation (15) in the constitutive case;
in the cooperative case it implies joint change of o and p in
Equation (33) and p’ in Equation (37), which ensures the same
functional dependency (1), for different values of ke;.

Perturbing Pre-crRNA Degradation Rate
lpre

The pre-crRNA degradation rate Ay is perturbed (decreased) in
the following two cases:

i. With the transcription rate ¢ (10 1/min) held constant. The
equilibrium value of k is then adjusted by varying ¢c,s in the
constitutive, and « in the cooperative model.

When both ¢ and the processing rate k reach the equilibrium
value (100 1/min) gradually, with the effect of the change
assessed in all three models (baseline, constitutive and
cooperative). ke, reaches the value 100 1/min through the
change of ¢c,s in the constitutive, and « and p in the
cooperative model, while ¢ increases from ¢(0) = 10 1/min
to ¢ (Ceq) = 1,001/min through adjusting the parameters e
in the constitutive, and p’ in the cooperative model.

ii.

Note that changing A, affects the initial amount of pre-
crRNA (which is an initial condition for the differential
equations) according to the relation [pre — crRNA] e (t=0) =
@ (t=0)/Apre (see Equation 2), which follows from the
steady-state condition for pre-crRNA when the system is not
activated.
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Figure S1. Effect of joint change in keq and Apre
on the amount of crRNA reached at 20 min post-
induction. Number of crRNA molecules 20 min
post-induction is presented as a function of the
pre-crRNA degradation rate Ape. Solid black,
dashed black, solid grey and dashed grey curves
correspond to increasing values of the
equilibrium processing rate keq, as indicated in
the figure legend.

Figure S2. The change of CRISPR array
g transcription activity, for the baseline, constitutive,
S and cooperative models. CRISPR promoter activity
~ (p) reaches the equilibrium value of 100 1/min,
which is an order of magnitude larger than its initial
value (10 1/min). This increase is achieved by the
baseline (the grey solid line), the constitutive (the
grey dash-dotted line, see Fig. 4B) and the
cooperative model (the black dashed line, see Fig.
5). The model parameters are chosen so that the
dynamics of ¢ increase is independent of the
maximal keq increase, i.e., ¢ dependence on time is
the same for keq equaling Apre, 104pre and 1004,re (Se€
Methods).
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The soft-gluon approximation, which implies that radiated gluon carries away a small fraction of initial
parton’s energy, is a commonly used assumption in calculating radiative energy loss of high momentum partons
traversing quark-gluon plasma created at the Relativistic Heavy Ion Collider and the Large Hadron Collider.
While the soft-gluon approximation is convenient, different theoretical approaches have reported significant
radiative energy loss of high-p, partons, thereby questioning its validity. To address this issue, we relaxed the
soft-gluon approximation within Djordjevic—Gyulassy—Levai—Vitev (DGLV) formalism. The obtained analytical
expressions are quite distinct from the soft-gluon case. However, numerical results for the first order in opacity
fractional energy loss lead to small differences in predictions for the two cases. The difference in the predicted
number of radiated gluons is also small. Moreover, the effect on these two variables has an opposite sign,
which when combined results in almost overlapping suppression predictions. Therefore, our results imply that,
contrary to the commonly held doubts, the soft-gluon approximation in practice works surprisingly well in DGLV
formalism. Finally, we also discuss generalizing this relaxation in the dynamical QCD medium, which suggests

a more general applicability of the conclusions obtained here.

DOI: 10.1103/PhysRevC.99.024901

I. INTRODUCTION

One of the main assumptions in the radiative energy loss
calculations of energetic partons (referred to as jet) traversing
the quark-gluon plasma (QGP) medium is the soft-gluon
approximation, which assumes that the radiated gluon carries
away a small portion of initial jet energy, i.e., x = w/E < 1,
where E is the energy of initial jet and w is the radiated gluon
energy.

Such assumption was widely used in various energy
loss models: (i) the multiple soft-scattering-based
Amesto—-Salgado—Wiedemann (ASW) model [1-3]; (ii)
Baier—Dokshitzer—Mueller-Peigne—Schiff (BDMPS) [4,5],
and Baier-Dokshitzer—Mueller—Peigne—Schiff-Zakharov
(BDMPS-Z) [6,7]; (ii) the opacity-expansion-based
Gyulassy-Levai—Vitev (GLV) model [8,9], and (iv)
multigluon evolution-based Higher-Twist (HT) approach
[10,11], etc. These various energy loss models predict a
significant medium-induced radiative energy loss, questioning
the validity of the soft-gluon approximation. To address this
issue, a finite x (or large x limit) was introduced in some
of these models [12,13] or their extensions [14]. However,
introduction of finite x lead to different conclusions on the
importance of relaxing the soft-gluon approximation, which
was assessed from relatively small [14], but noticeable, to
moderately large [13] importance.

The soft-gluon approximation was also used in the de-
velopment of our dynamical energy loss formalism [15-17],
specifically in its radiative energy loss component. This for-
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malism was comprehensively tested against the angular av-
eraged nuclear modification factor R4 [18,19] data, where
we obtained robust agreement for a wide range of probes
[17,20], centralities [21], and beam energies [20,22], includ-
ing clear predictions for future experiments [23,24]. This
might strongly suggest that our energy loss formalism can
well explain the jet-medium interactions in QGP, making this
formalism suitable for the tomography of QCD medium.

However, the soft-gluon approximation obviously breaks
down for (i) intermediate momentum ranges (5 < p; <
10 GeV) where the experimental data are most abundant and
with the smallest error bars, and (ii) gluon energy loss, since
due to the color factor of 9/4 gluons lose significantly more
energy compared to quark jets, which therefore questions the
reliability of our formalism in such cases. Because of this,
and for precise predictions, it became necessary to relax the
soft-gluon approximation and consequently test its validity in
dynamical energy loss formalism.

This paper presents our first step toward this goal. Since the
dynamical energy loss is computationally very demanding, we
will, in this study, start with relaxing this approximation on its
simpler predecessor, i.e., Djordjevic—Gyulassy—Levai—Vitev
(DGLV) [25] formalism. Within this, we will concentrate on
gluon jets, since, because of their color factor, the soft-gluon
approximation has the largest impact for this type of parton.
For the gluon jets, we perform the radiative energy loss
calculation to the first order in the number of scattering centers
(opacity), where we consider that the radiation of one gluon is
induced by one collisional interaction with the medium.

Our calculation is done within the pQCD approach for
a finite size, optically thin QCD medium and since it is

©2019 American Physical Society
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technically demanding it will be divided into several steps:
(i) First, the calculation will be done in the simplest case
of massless gluons in the system of static scattering centers
[26] within GLV. (ii) Then it will be extended toward the
gluons with the effective mass [27], which presents expansion
of DGLV [25] toward larger loss of jet energy via radiated
gluon. (iii) Finally, we will discuss the impact of finite x on
the radiative energy loss, when dynamical medium [17] (i.e.,
a recoil with the medium constituents) is accounted for.

In that manner, we will assess the validity of the soft-gluon
assumption for gluon jets, and this will also provide insight
into whether a finite x has to be implemented in quark-
jet radiative energy loss calculations within our formalism.
Namely, if the relaxation of the soft-gluon approximation only
slightly modifies gluon-jet radiative energy loss, then even
smaller modification would be expected in the quark-jet case,
thus making this relaxation redundant. Otherwise, if the effect
of a finite x appears to be significant in gluon-jet case, then the
relaxation in the quark-jet case may also be required, which
would represent an important future task.

Second, as stated above, the relaxation of the soft-gluon
approximation is needed in order to extend the applicability
of our model [17] toward an intermediate momentum region.
Thus, the another benefit of this relaxation would be to extend
the p, range in which our predictions are valid.

The sections are organized as follows: In Sec. II, we
provide the theoretical framework. In Sec. III, we outline the
computation of the zeroth order in opacity gluon-jet radiative
energy loss in a static QCD medium, beyond the soft-gluon
approximation, in the cases of both massless and massive glu-
ons. For x < 1, the results from Refs. [9,25] are reproduced.

Section IV contains a concise description of relaxing the
soft-gluon approximation to calculate the first order in opacity
radiative energy loss for a massless gluon jet in a static QCD
medium. In the limit of very small x, the result from Ref. [9]
is recovered.

In Sec. V, we explain the computation of the first order
in opacity gluon-jet energy loss in static QCD medium, with
effective gluon mass [27] included, and beyond soft-gluon
approximation. This presents an extension of the calculations
from Ref. [25] toward finite x, so that results from Ref. [25]
can be recovered in the x < 1 limit. The detailed calculations
corresponding to Secs. III-V are presented in the Appendixes
C-l.

In Sec. VI, we outline the numerical estimates based on
our beyond soft-gluon calculations for gluon jet and the
comparison with our previous results from Ref. [25], i.e., the
results with soft-gluon approximation. In particular, we inves-
tigate the effect of finite x on gluon-jet fractional radiative
energy loss, number of radiated gluons, fractional differential
radiative energy loss (intensity spectrum), single-gluon radi-
ation spectrum, and gluon suppression [28]. Conclusions and
outlook are presented in Sec. VII.

II. THEORETICAL FRAMEWORK

In this work, we concentrate on relaxing the soft-gluon
approximation in calculating the first-order opacity radiative
energy loss of high p, eikonal gluon jets within (GLV) DGLV

[25] formalism. That is, we assume that a high p,; gluon jet
is produced inside a “thin” finite QGP medium at some initial
point (%o, zo, Xo) and that the medium is composed of static
scattering centers [26]. Therefore, we model the interactions
in QGP assuming a static (Debye) colored-screened Yukawa
potential, whose Fourier and color structure acquires the
following form ([9,25,26]):
V, = V(qn)elq"x"
= 278(4,)v(@n)e VT, (R) @ T, (), (1)
4o )
T
where x, denotes time-space coordinate of the nth scatter-
ing center, i is the Debye screening mass, oy = g2/47w is
the strong coupling constant, and 7, (R) and T, (n) de-
note the generators in the SU(N, = 3) color representation
of the gluon jet and target (scattering center), respectively.
For consistency with Refs. [9,25], we use the same notation
for four-dimensional (4D) vectors (e.g., momenta), which is
described in detail in Appendix A, and proceed throughout
using light-cone coordinates. The same appendix contains al-
gebraic manipulation and identities for the SU(N,) generators
and the Feynman rules used in these calculations.
The approximations that we assume throughout the paper
are stated in Appendix B.
The small transverse momentum transfer elastic cross sec-
tion for interaction between gluon jet and target parton in the
Gyulassy—Wang (GW) approach [8,26] is given by

dog _ C2(G)CH(T) |v(0, q1)I?
d*q dg (2m)?

where q; corresponds to transverse momentum of exchanged
gluon, C»(G) represents the Casimir operator in adjoint repre-
sentation (G) of gluons SU(N, = 3) with dimension dg = 8
and C,(T') denotes Casimir operator in target (7') representa-
tion.

Since this formalism assumes optically thin plasma, the
final results are expanded in powers of opacity, which are
defined as the mean numbers of collisions in the medium:
L/» = No, /AL [9], where L is the thickness of the QCD
medium, X is a mean free path, and N denotes the number of
scatterers (targets) in transverse area A | . Note that we restrict
our calculations to the first order in opacity, which is shown to
be the dominant term ([29,30]).

v((_in) =

; 3

III. ZEROTH-ORDER RADIATIVE ENERGY LOSS

To gradually introduce technically involving beyond soft-
gluon calculations, we first concentrate on massless gluons
traversing static QCD medium.

We start with the My Feynman diagram, which corresponds
to the source J that produces off-shell gluon with momentum
p + k, radiates on-shell gluon with momentum k without
interactions with QCD medium, and emerges with momentum
p. We will further refer to these two outgoing gluons as the
radiated (k) and the final (p) gluon. Note that in both this and
consecutive sections that involve interactions with one and
two scattering centers we consistently assume that the initial
jet propagates along the longitudinal z axis. The detailed

024901-2
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calculation of M for finite x in the massless case is presented
in Appendix C, with all assumptions listed in Appendix B.

We also assume that gluons are transversely polarized
particles, and although we work in covariant gauge, we can
choose any polarization vector for the external on-shell glu-
ons [14]. So, in accordance with Refs. [9,14,25], we choose
n* =10,2,0] (i.e.,e(k)- k=0, e(k)-n=0and e(p) - p =
0, €(p) - n = 0). Likewise, we assume that the source has also
the physical polarization as real gluons [14] (i.e., e(p + k) -
(p+k)=0, e(p+k)-n=0). Thus, for massless gluon’s
momenta, we have

p+k=I[ET E",0],
k2
k= I:XEJF,E,I(}, (4)

2
g+ P
p_[(l X)E 1(1_X)E+7pj|v

where Et = p'+k°+p, +k,, E-=p°+k° - p, — k.,
and due to 4-momentum conservation

p+k=0. 5)
The polarization vectors read

26i-k
€ k) = [O, — € ],

xE+7i

— 2€i 'p .
€(p)= |:O, ma €zi|7 (6)

Gi(p + k) = [07 Oa 6i]’
where i = 1,2, and we also make use of Eq. (5). So, the
amplitude that gluon jet, produced at x inside QCD medium,

radiates a gluon of color ¢ without final-state interactions and
reads

. -k
Mo = J,(p + k)el P05 (=25 )(1 — x + x%‘v(mw,.
%)

The radiation spectrum is obtained when Eq. (7) is substituted
in

d°p &3k
BNOBN, ~ Tr(| Mo ) (2ﬂ)3l;po G ®
where @ = kg, and where d> N reads
PNy = dolJ (p + P =B ©)
27)2E,

Here E; = E = po + ko and p; denotes energy and three-
dimensional (3D) momentum of the initial gluon jet, respec-
tively. Note that E retains the same expression for other
diagrams as well. The jet part can be decoupled by using the
equality

d*p Pk dpy dxd’k
Qr)32p° 2m)2w  27)2E; 27)2x(1 —x)’

which is obtained by substituting p,, k, — pzj , xE. Finally,
energy spectrum acquires the form

NS @y G(G) (L= x +x7)? an
dxdk? — 7w K2 1—x

which recovers the well-known Altarrelli-Parisi [31] result.

(10)

We now briefly concentrate on generating result in finite
temperature QCD medium, since in Ref. [27], it was shown
that gluons in finite-temperature QGP can be approximated as
a massive transverse plasmons with mass m, = u/ V2, where
w is the Debye mass. In this case, My amplitude becomes

Mo = J(p + k) P (2ig ) (1 — x + x?)
€ -k

Tqa, 12
T p—— (12
leading to
xd*N© o C»(G) K?
dxdk? T[R4+ m2(1 - x +x2)]2
1— 2\2
o Aox+x) (13)

1—x

IV. FIRST-ORDER RADIATIVE ENERGY
LOSS IN MASSLESS CASE

In accordance with Ref. [25], we compute the first order in
opacity radiative energy loss of a gluon jet for finite x starting
from the expression

1 2
PNOEPNy = (—Tr(IM ) + —Re Tr(My M)
dr dr

IPp Pk

X ,

2 )32p° 27)2w

where M, corresponds to the diagram without final-state inter-

actions with a QCD medium, introduced in previous section,

M, is the sum of all diagrams with one scattering center,

M, is the sum of all diagrams with two scattering centers in

the contact-limit case, while dr denotes the dimension of the

target color representation (for pure gluon medium dr = 8).

In obtaining the expression for differential energy loss, we

again incorporate (9) in Eq. (14).

The assumption that initial jet propagates along z axis takes

the following form in the two cases stated below:

(1) One interaction with QCD medium (M),
p+k_q1 =[E+_q1ZsE_+q1210]v (15)

where p + k — g, corresponds to the initial jet, while
k and p retain the same expressions as in Eq. (4),
with the distinction that now p # —Kk, since due to 4-
momentum conservation, the following relation holds:

q =p+Kk (16)

The rest of the notation is the same as in Eq. (4).
(2) Two interactions with QCD medium (M),

ptk—q—q
=[E+—l]1z—612z’E_+611z+612z, 0]’ (17)

(14)

where p + k — g — g corresponds to the initial jet
and ¢; = [giz, —qiz, q;] corresponds to exchanged glu-
ons, i = 1,2 with ¢ = 0, while p, k retain the same
expressions as in Eq. (4). Also, due to 4-momentum
conservation, the following relation between gluon
transverse momenta holds:

pt+k=qi+q, (18)
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which in the contact-limit case (when q; + q» = 0)
reduces top + k = 0.

Note that Eq. (16) has to be satisfied for M; diagrams
in order to claim that initial jet propagates along the z axis;
i.e., for M, diagrams p + k is different from 0. This is an
important distinction between the calculations presented in
our study and the calculations done within Soft-Collinear
Effective Theory (SCET) formalism (see, e.g., Ref. [14]),
where p + k = 0 was used in calculation of both M| and M,
diagrams, though the assumption that initial jet propagates
along the z axis was used in that study as well.

The transverse polarization vectors ¢€; (k) and ¢; (p) for both
M, and M, amplitudes are given by the same expression
as in the previous section (with an addition that in the M,

J

case p # —k, as discussed above), while € for initial jets
consistently has the same form as in Eq. (6), i.e., €;(p + k —
q1) =10, 0, €;] for My amplitudes and €;(p + k — g1 — q2) =
[0, 0, €;] for M, amplitudes.

The detailed calculation of the remaining 10 Feynman
diagrams, under the approximations stated in Appendix B,
contributing to the first order in opacity radiative energy
loss, is given in Appendixes D-H, whereas thorough deriva-
tion of the single-gluon radiation spectrum beyond the
soft-gluon approximation in the massless case is given in
Appendix I and reads as follows (energy loss expression
can be straightforwardly extracted by using dEW/dx =
a)ng(l)/dx R xEdNél)/dx):

2

AN Cy (G L (1 — x +2%)? / d’qy

dx T A x(1—x)

k —aq1)’

T(@F+ )’

X /dkz{ prrTE
[E ] + k= q)?

|:2_k'(k_ql)_ (k—ql)-(k—xq])}

k2 (k —xqp)?

K’ |k (k- xq) 1 1 19
+[4x<1+>5]2+k4[ C (k—xqp) i|+|:(k—xq1)2_k2:| ’

where we assumed a simple exponential distribution %e 2

of longitudinal distance between the gluon-jet production
site and target rescattering site, emerging as (M)2
in the denominators of the integrand. Beside facilitating
the calculations, this assumption is in accordance with
Refs. [8,25,29,32], which allows direct comparison of our
results with the corresponding (GLV) DGLV results. Specif-
ically, as the calculations from this paper present a general-
ization of the previous GLV (DGLV) toward finite x, in the
soft-gluon limit they should recover GLV (DGLV) results. To
this end, note that Eq. (19) reduces to the massless case of
Eq. (11) from Ref. [25] in the x — O limit, as expected.

Additionally, we tested the robustness of all results from
this paper, by taking into account the alternative (opposite)
assumption of uniform distribution of scattering centers (as
done in Refs. [15,16]). The same results with the respect to the
importance of soft-gluon approximation are obtained; i.e., the
conclusions presented in this paper are robust to the presumed
longitudinal distance distribution (formulas and data shown in
Appendix K).

It is straightforward to show that our result is symmetric
under the exchange of radiated (k) and final (p) gluon, as
expected beyond the soft-gluon approximation, and as a result
of the inability to distinguish between these two identical
gluons.

V. GLUON RADIATIVE ENERGY LOSS IN
FINITE-TEMPERATURE QCD MEDIUM

Next, we note that in ultrarelativistic heavy ion collisions,
a finite-temperature QCD medium is created that modifies
the gluon self-energies and can consequently significantly

(

influence the radiative energy loss results. It is therefore es-
sential to include finite-temperature effects in gluon radiative
energy loss calculations beyond soft-gluon approximation,
which is the main goal of this section. To address this issue,
we note that in Ref. [27], it was shown that gluons can be
approximated as massive transverse plasmons with effective
mass m, (for gluons with the hard momenta k 2 T') equal to
its asymptotic value. The assumption of initial jet propagating
along the z axis, for a massive case, leads to the following
form of momenta, in the three cases stated below:

(1) No interaction with QCD medium (Mj):
p+k=[ET, E",0],

K>+ m;
T’k ) (20)

p? + m?
_ + g
p= [(1 x)E a _X)E+,p],
where Eq. (5) holds.
(2) One interaction with QCD medium (M):
k and p retain the same expressions as in Eq. (20), with
addition that (as in the previous section) Eq. (16) holds
due to conservation of 4-momentum, while the initial
jet has the momentum of the same form as in Eq. (15).
(3) Two interactions with QCD medium (M,):
p, k have the same expressions as in Eq. (20). Also,
due to 4-momentum conservation, Eq. (18) holds and
in the contact-limit case reduces to p + k = 0, while
initial jet momentum retains the same form as in
Eq. (17).

k= |:xE+,
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The transverse polarization vectors remain the same as in
the massless case.

We retain all approximations from the previous section,
which are reviewed in Appendix B, and recalculate the same

dNS GGy LI —x+ 2 [dPq 1

11 diagrams from Appendixes C-H, also beyond the soft-
gluon approximation. The overview of all intermediate results
is contained in Appendix J. Thus, Eq. (19) in the massive case
acquires a more complex form, given by

|
dx T A f

x(1—x)

T (@ + 12)

5 (k —qi1)> + x k-q) k- (k-q) (k—q) (k-xq)
X dk Ax(1—x)E 12 2 k 2 - k2 B k 2
[HUZ0ET 4k — )2 + 2L k= a)* 4 x +x (k= xaq)”+x
. K+ % [ KR k-(k—xqo} [ k—xq) K ] o
[B0EP g2 1 2 LR+ 1 k—xa?+x] " L[&—xan?+xP @@+ 7]

where x = mf,(l —x 4+ x2). It can easily be verified that,
in the soft-gluon limit, we recover Eq. (11) from Ref. [25]
(note that for gluon jet M = my, so that the term M>x? from
Ref. [25] should be neglected) and that in the massless limit
Eq. (21) reduces to Eq. (19).

To our knowledge, this result presents the first introduction
of effective gluon mass beyond-soft-gluon-approximation ra-
diative energy loss. Additionally, we again verified that the
single-gluon radiation spectrum is symmetric to substitution
of p and k gluons, as necessary (see the previous section and
Appendix J). Furthermore, note that the analytical form of
Eq. (21) is quite different from the corresponding expression
with the soft-gluon approximation (Eq. (11) from Ref. [25]).
In the next section, we will evaluate the extent of numerical
differences to which these two different analytical expressions
lead.

In particular, we are interested in what is the effect of finite
x on gluon fractional radiative energy loss ( ) number
of radiated gluons (N (1Y), and the suppressmn (Raa). We

dN"
dx

we can further stralghtforwardly numerlcally evaluate
as well as the number of radiated gluons (N{").

accordingly note that dE—“ =w

~
~

AE)

VI. NUMERICAL RESULTS

We next assess how the relaxation of the soft-gluon ap-
proximation modifies gluon-jet energy loss to the first order
in opacity. We consequently compare the predictions based on
the results derived in this paper with the one obtained in the
soft-gluon limit from Ref. [25] (applied to gluons); the com-
parison is done for gluons with effective mass m, = u/ V2,
where u = \/4mway(1 +ns/6)T and ny = 3 is the number of
the effective light-quark flavors. For all figures, we use the fol-

lowing set of parameters, constant o & _ 0.3, L =51fm,
A=1 fm, and T =300 MeV, to mimic standard Large
Hadron Collider (LHC) conditions.

The comparison of the fractional radiative energy loss
AED for calculations beyond the soft-gluon approximation,
and with the soft-gluon approximation, as a function of ini-
tial jet transverse momentum (p,) is shown in Fig. 1(a);

(

note that in this paper we concentrate on midrapidity jets
in relativistic heavy-ion collisions, where gluons energy is
approximately equal to their transverse momentum, due to
negligible effective gluon mass compared to the transverse
momentum. More specifically, the curve corresponding to the
beyond soft-gluon approximation (bsg) case is obtained from
Eq. (21) multiplied by xE and integrated over x, while the
curve corresponding to soft-gluon approximation (sg) case is
obtained by numerically integrating Eq. (11) from Ref. [25].
These two curves almost overlap and even converge toward
one another at higher p,. Note that the upper limit of x
integration is equal to 1/2 instead of 1, in order to avoid
double counting. The upper limits of integration for |k| and
|qi|, determined kinematically, are 2x(1 — x)E and ~4ET,
respectively [25].

The comparison of the number of radiated gluons in bsg
and sg cases is presented in Fig. 1(c). These two curves also
nearly overlap, with a slight disagreement at higher p .

Quantitative assessment of relaxing the soft-gluon approx-
imation on these two variables can be observed in Figs. 1(b)
and 1(d). We see that finite values of x slightly increase
fractional radiative energy loss by maximum of ~3% up to
pL ~ 10 GeV compared to sg case. Afterward, the difference
between bsg and sg 2L— steeply decreases toward 0%. Ad-
ditionally, finite x also decreases number of radiated gluons
for a small amount (up to 5%) compared to the sg case for
very low transverse momenta. Further, the relative difference
reaches a peak of —2% also at p; ~ 10 GeV, and for higher
transverse momenta remains nearly constant somewhat below
—2%. Consequently, the overall conclusion from Fig. 1 is that
the effect on both variables is small and with opposite signs.

The effect of finite x value is further assessed on the

fractional differential radiative energy loss ( ! dE;) = ng )

change. These effects are shown as a functlon of x in Fig. 2,
for different values of initial jet transverse momentum p,;
bsg curves for %df—;” are obtained from Eq. (21) multiplied
by x, whereas sg curves correspond to Eq. (11) in Ref. [25].
From Fig. 2, we observe a small difference between bsg and
sg results for x < 0.3 (roughly up to 0.4), i.e., for smaller

x, as expected. We also recognize x ~ 0.3 as a crossover
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FIG. 1. The effect of relaxing the soft-gluon approximation on integrated variables to the first order in opacity of DGLV formalism,
as a function of p,. (a) Comparison of gluon’s fractional radiative energy loss without (solid curve) and with (dashed curve) soft-gluon
approximation. (b) The relative change of the radiative energy loss when the soft-gluon approximation is relaxed with respect to the soft-
gluon limit. (c) Comparison of number of radiated gluons without (solid curve) and with (dashed curve) the soft-gluon approximation. (d) A
percentage of radiated gluon number change when the soft-gluon approximation is relaxed.

value, below which fractional differential radiative energy loss
and single-gluon radiation spectrum are somewhat lower in
bsg compared to sg cases, and above which the opposite is
true. At a high value of x, i.e., 0.4 < x < 0.5, the differences
between our bsg fractional differential radiative energy loss
and previously obtained sg [25] ascend to notable values
(~50%) and increase with increasing p, .

To investigate the effect of relaxing the soft-gluon approxi-
mation on the single-gluon radiation spectrum in more detail,
the third column is added in Fig. 2, i.e., Figs. 2(c), 2(f),

(1)
and 2(i) (see also Fig. 3), showing relative change of dgvj .

This quantitative estimation (difference smaller than 10%
for x <0.4) is in agreement with the previous discussion.
In particular, at higher x values, there is a notably larger
spectra in the bsg compared to sg cases, and this difference
increases (up to 60% at p; = 50 GeV) with increasing p .

Nevertheless, for both variables (%df—;) nd &

cases lead to similar results for x < 0.4.

The effect of relaxing the soft-gluon approximation on
single-gluon radiation spectrum for different transverse mo-
mentum values of the initial gluon jet is further addressed in
Fig. 3. We observe that a notable (i.e., tenfold) increase of

N(l)
1) bsg and sg

dN

(O]
p.1 leads to a modest increase (less than 25%) of —%- in the

bsg compared to sg cases. Note that the same dependence is

(1) ) O]

. ldEho‘ﬁ 1dEy\ . 1dEV _ _dNg
obtained for (7 —*)/( Edx ) 1(§1nce Edr =X a0
that x cancels when taking the relative ratio). Therefore, we

conclude that the relaxation of the soft-gluon approximation

() |

has nearly the same effect on dl’j and %df—;) (across the

whole x region) independent of the p of the initial jet.
Although we showed that relaxing the soft-gluon ap-

proximation has small numerical impact on both integrated

(%m, Nésl), across the whole x region) and differential
(1)
(%dg—;”, %, up to x ~ 0.4) variables, the difference be-

tween bsg and sg cases can go up to 10% (and with different
signs), and moreover can be quite large for x > 0.4. This,
therefore, leads to the question of how the relaxation of the
soft-gluon approximation affects predictions for measured ob-
servables, such as the angular averaged nuclear modification
factor R [18,19]. Comparing Rax with and without soft-
gluon approximation allows us to assess the adequacy of this
approximation in obtaining reliable numerical predictions.

To that end, we next concentrate on generating the predic-
tions for bare gluon R 44, based only on radiative energy loss,
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FIG. 2. The effect of relaxing the soft-gluon approximation on differential variables to the first order in opacity of DGLV formalism, as a
function of x. The comparison of (i) fractional differential gluon radiative energy loss ((1/E) x (dE"/dx)) and (ii) single-gluon radiation
(spectrum) distribution in momentum fraction (d N, ;” /dx) between bsg (solid curve) and sg (dashed curve) case, for different values of initial
jet transverse momenta (5, 10, and 50 GeV, as indicated in panels) is shown in the first column ((a), (d), and (g)) and second column ((b), (e),
and (h)), respectively. The relative change of the single-gluon radiation spectrum with respect to the soft-gluon limit is shown in panels (c), (f),

and (i).

with and without soft-gluon approximation. R4, is defined

as the ratio of the quenched A 4+ A spectrum to the p + p

spectrum, scaled by the number of binary collisions Npy,:
dN, AA / d PL

—_—. (22)
Nbindep/dpJ_

Raa(pr) =
In order to obtain gluon quenched spectra, we use generic
pQCD convolution [33]:
Esd’o(g)  Eid’o(g)
dp}  dp}

where % denotes the initial gluon spectrum, which is
computed éccording to Refs. [34,35], while P(E; — Ey)

denotes radiative energy loss probability, which includes
multigluon [29] and path-length [33] fluctuations. In accor-
dance with Ref. [29], the multigluon fluctuations are intro-
duced under the assumption that the fluctuations of the gluon
number are uncorrelated and therefore presented via Poisson
distribution. Specifically, the energy loss probability takes into
account that the jet, during its propagation through QGP, can
independently radiate the number of gluons (for more details
on the implementation procedure, please see Ref. [29]).
Regarding the path-length fluctuations, we take into ac-
count that jets can be produced anywhere in the nuclei over-
lapping area, can go in any direction, and consequently can
travel different distances (and can lose different amounts of
energy) in QGP. The path length probability is calculated
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FIG. 3. The effect of relaxing the soft-gluon approximation on
dN{"/dx for different p, values. The relative change of the single-
gluon radiation spectrum with respect to soft-gluon case, calculated
to the first order in opacity of DGLV formalism, for different values
of initial p, (as indicated in the legend) is depicted as a function of
x. The curves fade as transverse momentum increases.

according to the procedure described in Ref. [19], where one
assumes the Glauber model [36] for the collision geometry,
with implementation of Woods-Saxon nuclear density [37].

Note that we omitted fragmentation and decay functions,
because we are considering the parton’s quenching, as we are
primarily interested in how the relaxation of the soft-gluon
approximation in energy loss affects R4 4. Thereupon, we will
also investigate how the initial gluon distribution influences
Rua.

Therefore, Fig. 4(a) compares R4, predictions with and
without soft-gluon approximation accounted for, while the
percentage change arising from relaxing the approximation
is given by Fig. 4(b) as a function of the final p,. We
observe that this relaxation barely modifies R4 4; in particular,
the relative change drops to somewhat less than —1% at
p1 ~ 10 GeV and further rises to the constant value of 2%,
with increasing p,. This very good agreement (with even

(@)
0.8+

0.6+

Raa

0.4+

smaller differences compared to previously studied variables)
between bsg and sg R4 raises questions of (i) why relaxing
the soft-gluon approximation has a negligible effect on R44
and (ii) why the large discrepancy observed in Figs. 2 and 3
for high x values does not lead to a larger difference in R4 4.

Regarding question (i) above, we argue that this pattern is
expected, as it is well known that in suppression calculations
both %“) and N g(l) nontrivially affect the R44. Namely, by
comparing Figs. 1(b) and 1(d) with Fig. 4(b), we observe that
relaxing the soft-gluon approximation has the opposite effects
on %“) and N{V, while their interplay is responsible for the
negligible effect on R A4 1.e., the effect on R4 4 is qualitatively
a superposition of the effects on %“) and N{".

To answer (ii) above, it is convenient to recall that suppres-
sion of gluon jet (see Eq. (23)) depends not only on the energy
loss probability but also on the initial gluon distribution. In
order to intuitively interpret the role of the initial gluon dis-
tribution, we refer to the descriptive Fig. 5, which represents
its dependence on initial transverse momentum. The concept
considered is the following: Some parent gluon with unknown
initial momentum traverses QGP, loses its energy by gluon
bremsstrahlung, and emerges with final momentum p;, =
30 GeV. This final gluon can descend from the parent gluon
with any p, higher than its own, but we restrict ourselves
to five different initial momenta, corresponding to different
fractional momentum loss x € {0.1,0.2,0.3, 0.4, 0.5}. For
instance, x = 0.5 corresponds to initial gluon momentum
of 30/(1 —0.5) GeV =60 GeV, i.e., to the parent gluon
that lost half of its momentum. Which of these five gluons
is the most likely to be the parent one, and how is this
probability correlated with x? From Fig. 5, we infer that,
due to the exponentially decreasing initial gluon momentum
distribution, the initial gluon corresponding to x = 0.1 has the
highest probability to be the parent one, and as x increases the
probability sharply decreases (i.e., for x = 0.4 it diminishes
for two orders of magnitude compared to the x = 0.1 case).
Thus, based on initial distribution, the main contribution to
the suppression predictions comes from the x < 0.4 region,
making this region the most relevant one for differentiating

|

|

|
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2% (b)
P
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FIG. 4. The effect of relaxing the soft-gluon approximation on gluon nuclear modification factor R44 vs p, . (a) The suppression of the
gluon jet beyond the soft-gluon approximation (solid curve) is compared to the soft-gluon R, (dashed curve) as a function of transverse
momentum. (b) Quantification of the effect and its expression in percentage.
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FIG. 5. The role of initial gluon distribution in constraining the
relevant x region. The solid black curve represents initial gluon
distribution as a function of p, at the LHC [34,35]. The dot-dashed
gray line marks the final gluon transverse momentum, while dotted
arrows link parent gluons that lost momentum fraction equal to x
with their corresponding initial transverse momenta. The arrows fade
as x increases, as indicated in the legend.

(1)
between bsg and sg Rs4. In this region, bsg and sg dNy

dx
. (89] o s .
(and equivalently % df—x) curves are very similar (according to

Figs. 2 and 3), which intuitively explains nearly overlapping
R4, in Fig. 4. Also, the relevant x region qualitatively re-
solves the issue of why the large inconsistency between these
curves at higher x does not affect R4 4.

Note, however, that we cannot simply reject the x > 0.4
region in the suppression calculations, since non-negligible

1
ds% : contribution to R4 4 (see Figs. 2(b), 2(e), and 2(h)) comes
from it. Therefore, for reliable suppression results, one has to
take into account the entire x region, while from the above
analysis, we claim that only the x < 0.4 region is relevant
for studying the importance of the soft-gluon approximation.
In order to support this in more rigorous way, we compared
suppressions obtained from bsg expression for the entire x <
0.5 region, with results obtained from the bsg expression
for x < 0.4 combined with the sg expression for x > 0.4.
As expected from the discussion presented in the previous
paragraph, these two approaches lead to almost the same
results (with negligible differences), confirming that the re-
gion above x = 0.4 is not relevant for the importance of the
soft-gluon approximation (data shown in Appendix L for two
scenarios).

Additionally, the effect of relaxing the soft-gluon approxi-

Ni,l) dED . . . " e
and + “~£— is practically insensitive to initial

mation on % 14&
transverse momentum (see Fig. 3), which is the reason why
finite x affects equivalently gluon R4, regardless of its trans-
verse momentum, as observed in Fig. 4.

Finally, we also recalculated our finite x results, when
running coupling o;(0?), as defined in Refs. [38], instead of
constant value «; = 0.3, is introduced in radiative energy loss
formula. The obtained predictions lead to the same conclu-
sions as obtained above (and are consequently omitted), which

supports the generality of the obtained results.

VII. CONCLUSIONS AND OUTLOOK

The main theoretical goal of this paper was to investi-
gate what effect relaxing the soft-gluon approximation has
on radiative energy loss, and consequently on suppression,
which depends only on initial distribution and energy loss of
high-momentum partons in QGP. In particular, we chose a
high p, gluon, as due to the color factor of 9/4 compared
to the quarks, this assumption affects gluons the most. To
this end, we analytically calculated all Feynman diagrams
contributing to the first order in opacity radiative energy
loss beyond the soft-gluon approximation, first within GLV
[9] (massless case) and later within DGLV [25] (massive
case) formalism, and numerically predicted the following:
fractional integrated and differential energy loss, number of
radiated gluons, single-gluon radiation spectrum, and gluon’s
suppression. Unexpectedly, we found that although the ana-
lytic results significantly differ from the corresponding soft-
gluon results, the numerical predictions are nearly indistin-
guishable, i.e., within a few percent. We then explained that
due to exponentially decreasing initial gluon distribution, only
the x < 0.4 region effectively contributes to the differences
between bsg and sg integrated variable predictions. We also
showed that negligible suppression change is due to an inter-
play between the finite x effects on (i) fractional energy loss
and (ii) number of radiated gluons that have opposite sign.
The presented comparisons were done under the assumption
of fixed strong coupling constant but were also tested with
running coupling, leading to the same conclusions. Since we
showed that gluon quenching in QCD medium composed
of static scattering centers is not affected by the soft-gluon
assumption, quark radiative energy loss is even less likely to
be notably altered, though this remains to be further tested.

This, to our knowledge, presents the first opportunity to
assess the effect of relaxing the soft-gluon approximation on
radiative energy loss within DGLV formalism. Some other
radiative energy loss formalisms, which also imply static
scatterers, generated their results on a finite x. However,
contrary to the conclusions derived for these formalisms,
where significant difference in the radiative energy loss was
obtained, we found that relaxing soft-gluon approximation
brings negligible change to the results. Consequently, this
implies that, within DGLV formalism, there is no need to
go beyond the soft-gluon approximation. Furthermore, we
also obtained that the conclusions regarding the importance
of the soft-gluon approximation are robust to the presumed
longitudinal distance distribution of the scattering centers.

Based on the results of this paper, we also expect that
the soft-gluon approximation can be reliably applied to the
dynamical energy loss formalism, as implicitly suggested by
the previous robust agreement [17,20-22] of our theoretical
predictions with a comprehensive set of experimental data. In
particular, the effective cross section v(q) (which corresponds
to interaction between the jet and exchanged gluon) [39] does
not depend on x, so introduction of finite x will not affect
this term. We also expect that the rest of the energy loss
expression (i.e., f(k, q, x), which corresponds to interaction
between the jet and radiated gluon [39]) will be modified in
a manner similar to the static case, since when x — 0, these
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two expressions coincide. However, relaxing the soft-gluon
approximation in the dynamical energy loss model is out of
the scope of this paper, and this claim still remains to be
rigorously tested in the future.
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APPENDIX A: NOTATIONS AND USEFUL FORMULAS

In this paper we used the following notation for vectors, in
consistency with both Refs. [9,25]:

(1) p denotes momentum 3D vector,

(2) p denotes transverse momentum 2D vector,

(3) p; denotes component of momentum vector along the
initial jet,

@ p=° p,,p)=1I[pt, p~,p] denotes momentum
4D vector in Minkowski and light-cone coordinates,
respectively, where p™ = p® + p. and p~ = p° — p°.

For simplicity, we here consider a QCD medium consisting
of static partons and model the interactions of the gluon jet
with the medium via static color-screened Yukawa potential,
whose Fourier and color structure acquires the following form
([9,26)):

V, = V(gy)e' ™

= 2”5(61,?)0@1)6_"&”';‘” T.,,(R)® T, (n), (AD)
@) 4o (A2)
viqn) = =5——>>»
1 q2 + u?

where x, denotes the space-time coordinate of the nth scat-
terer (target), T,,(R) and T, (n) denote generators in the
SU(N, = 3) color representation of jet and target, respec-
tively, i is Debye screening mass, and o, = g2 /47 is strong
coupling constant. In the following lines, we will briefly
display the identities and algebra that SU(N, = 3) generators

J

b,v

a,un P1

P3\

C,p

Since only physical transverse gluon states must be ac-
counted for, the transverse projector in the finite-temperature
case reduces to Eq. (57) from [31]

i JJ

5 o Kk
PV = Ze’(k)ef(k) =8 — —,

k2

(A12)
pol

P2 =g " (p1 — p3)” + 8" (p2 — p1)” + g (p3 — p2)").

meet:

Tr(T*(n)) = 0, (A3)

Te(T()T(j)) = 8;;6” Co)d;.
dg

(A4)

where d; = 8 is the dimension of the adjoint representation
(G). We assume that all target partons are in the same dr-
dimensional representation (7") with Casimir operator C»(T),
while the gluon jet is in the adjoint representation (G), with
Casimir operator C»(G).

In SU(N, = 3) color algebra, the following identities hold
as well,

[T, T"] = if*Te, (A5)

while in the adjoint representation, we have
(T")ac = if ™, (A6)
TY(G)T(G) = C2(G)I, (A7)

where I denotes identity matrix of dimension dg and the
SU(N, = 3) structure constants £ are completely antisym-
metric to indices permutations, which we frequently apply. In
the adjoint representation, the following equalities also stand:

C(G)=C(G) =N, =3, (A8)

Tr(TY(G)TY(G)) = dgC2(G). (A9)

And finally, in our computations we frequently make use of
the fact that trace is invariant under cyclic permutations and
that generators are Hermitian matrices.

Since our extensive calculations are done in pQCD at finite
temperature and include only gluon interactions, below we
list the necessary Feynman rules in covariant gauge that we
employ:

(1) massless gluon propagator in Feynman gauge; note
that all diagrams in this paper are plotted by using [40]
the following:

ap R T TN 10
S990909999999999 ~ p2+ie

(2) three-gluon vertex:

(Al1)

(

where i, j = 1,2, 3 correspond to spacial components of the
4-vector.

APPENDIX B: ASSUMPTIONS
Throughout the paper, we assume that initial gluon jet

propagates along the z axis, i.e., has transverse momentum
equal to zero, while the radiated gluon carries away a finite
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rate x of initial gluon longitudinal momentum and energy, and
the final gluon emerges with momentum p. Therefore, instead
of assuming soft-gluon approximation (x < 1), as was done
in Refs. [9,25], we allow x to acquire finite nonzero values,
thus relaxing the soft-gluon approximation.

Since we are calculating radiative energy loss within the
(GLV) DGLV formalism apart from abandoning the soft-
gluon approximation, the following assumptions remain:

(1) The soft-rescattering approximation. Consistent with
Refs. [9,25], we assume that parton’s energies and lon-
gitudinal momenta are high compare to its transverse
momenta, which prevents the radiated and the final
gluon from digressing much from the initial longitu-
dinal direction (the eikonal approximation),

ET"~(1—-x)E" ~xE" > |pl, |kl lq:|. (B

(2) The first-order approximation. The gluon-jet radiative
energy loss is calculated up to the first order in opacity
expansion, as argued in Refs. [9,29,30].

(3) Scattering centers’ distribution and ensemble aver-
age. We consider that all scattering centers x; are
distributed with the same transversely homogeneous
density:

- N _
p(X) = —p(2), (B2)
AL

where [dzp(z) =1 and also that impact parameter

(i.e., relative transverse coordinate) b = x; — X, alters

within a large transverse area A; compared to the

interaction area % Therefore, the ensemble average

over the scattering center locations reduces to an im-

pact parameter average:

2
(...) = db e B3)
AL

which in our case is mainly used in the following form:

g by _ 2T
(e TRy = —=8%(a + 4).
L

(B4)

We also assume that the energy of initial hard probe is large
compared to the potential screening scale:

ET,(1=x)ET,xE" > u. (BS)

Next, we assume that the distance between the source J
and the scattering centers is large relative to the interaction
length,

1
Zi —20 > —, (B6)
7
then, that source current varies slowly with momentum,
J(p+k—q)=J(p+k), B7)

and that the source current can be written explicitly in terms
of polarization vector,

Jrp+k—q)=J.(p+k—q)e"(p+k—q)

~ J.(p+k)e"(p+k—q). (BB)

In the following sections, first we assume that gluons
are massless (GLV) in order to make the comprehensive
derivations more straightforward and easier to follow, but later
we recalculate all the results with gluon mass [27] included
(DGLV) (Appendix J).

It is worth noting that all diagrams are calculated by taking
into account that each gluon can be in either of the two
helicity states and that final results are obtained by sum-
ming over helicities of final gluons p and k and averaging
over helicity of the initial gluon. Note, however, that we
obtained that the calculated (|Mo|?), (|M,|*), and (M) M)
(for variables definition, see the following appendixes) co-
incide with the corresponding quantities, when helicity (i.e.,
polarization) is considered unchanged during the process of
gluon bremsstrahlung (which was the usual assumption in
soft-gluon calculations [9,25]). We will explicitly demonstrate
the equality of the results in these two approaches in the case
of {(|My|?) (see Appendix C), while in the consecutive sections
(Appendixes D to J), for simplicity and easier comparison
with previous studies, we assume that polarization does not
change during the process, though we again note that the same
results are obtained when helicity is explicitly accounted for
in the calculation.

APPENDIX C: GLUON JET M,

First, we calculate gluon-jet radiation amplitude to emit a
gluon, carrying a finite fraction x of initial jet energy, with
momentum, polarization and color (k, €(k), ¢) and without
interactions with the medium M,.

We assume that initial gluon (p + k) propagates along the
z axis. By using M, amplitude as an example, we will im-
plement the aforementioned assumptions in order to acquire
momentum and polarization expressions. Thus, the initial
gluon 4-momentum reads

p+k="+k° p.+k.,0),
p+k=I[EY E,0], (C1

where E* = p'+k°+p.+k. and E~=p°+k°—p. —k..

Assuming massless (real) gluons for simplicity, the mo-
mentum vectors of the radiated (k) and the final (p) gluons
acquire the following form:

k>=0=k= xE+,k—2,k, (C2)
xE+

p2

2 _ _ _ +
p —0:>p—|:(1 x)E A mET

; p}- (C3)

We also assume that gluons are transversely polarized parti-
cles. Although we work in covariant gauge, we can choose
any polarization vector for the external on-shell gluons, so in
accordance with [9,14,25] we choose n* = [0, 2, 0], as stated
above:

k)’ = —1,
e(p)’ =—1, (CH

ek) k=0, ek)-n=0,

€(p)-p=0, e(p)-n=0,
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while we assume that the source has also the physical polar-
izations as the real gluons [14]:

e(p+k)-(p+k)=0
e(p+k)-n=0, (C5)
e(p+k)?=—

Using Egs. (C2) to (C5), we can now obtain the following
expressions for the gluon polarizations:

2¢; - k
23 _ ! .
€; (k)_l:o’—XEJ" 7€1j|»
2¢; - p
Hipy=10, ———— ¢ |, C6
€ (p) [ (1—x)E+€:| (C6)

e'(p+k) = 10,0, €1,

where i = 1, 2 counts for polarization vectors. Note that €;
and €, from Eq. (C6) are orthonormal [41]. Also, the 4-
momentum is conserved, which leads to the relation

p+k=0 (C7)

J

My = €;;(p)es ;(k)gs f“U1g" (2p + k) + 8" (—p — 2k)" + g (—p + k)*]

M cp
k7
p+k
Zo) ——> Z

/"I
i d.o
ap >

p

FIG. 6. Zeroth-order diagram that includes no interaction with
the QCD medium and contributes to gluon radiation amplitude to the
first order in opacity L/A. The dashed circle represents the source
J, which at longitudinal coordinate z, produces an off-shell gluon
jet, propagating along the z axis. z denotes longitudinal coordinate
at which the gluon is radiated. Latin indices denote color charges,
while Greek indices denote components of 4-vectors. k denotes 4-
momentum of the radiated gluon carrying the color ¢, and p denotes
4-momentum of the final gluon jet carrying the color d.

that we implement in Eqgs. (C3) and (C6) in order to en-
sure that everything is expressed in terms of k. Also, E* ~
2E, E- = where E = p® +k° is the energy of
initial jet.

Using the notation from Fig. 6, we obtain

__k
x(1-x)E*>

_i(saa’gul/.’

e k i(p+k)xo 1 k
Lkl tic (p + ke € (p+k)

[ei(p) - €;(O]le(p + k) - (—p + )]}

{( € -€)ejk)- 2p)]+ (—€; - €)ei(p) - (=2k)]

) acd
= J.(p+ k)e“”*"”‘“gs#{[ez (p) - €(p +K)lle; (k) - (2p + k)]
+ [e;(k) - e(p + Ollei(p) - (=p — 2k)] +
; . (T)da
_ (o
= Ja(p + k)e (lga)( 4 k)Z

+ (—€; -€)le(p+k)- (—p+ )},

(C8)

where i, j,/ = 1, 2 now count for helicities, and where we used polarizations given by Eq. (C6). Then, the averaged value of

| My|? reads
2

(IMo*)
ijl=1

€;
(e

1
=5 D Jalp + R THIGg) J(p + Ky TN (=i

(TC) a(T )a €; k
)# X1 x)z[ ,,<2 - )

k 1 € -k
x) 81]( 26[ k):ll: ,](2 i )—811<2m) —8,»]»(—261 k)]

. . €-k ¢ —i X0 /A : €-k c
=y [Ja(p +h)e! PN (=2igy)(1 = x + x?) = (T w} [J;(p + e P Qig )1 — x 1) S (T )ad}

Cr(G)d
=|J(p+k>|2(4gs)% +a)?Y (e k)?
=|J(p +k>|2(4g3)%2)d0(1 —x+x?),

where we used Egs. (C1)—(C3) and (C6). Note that € in the
third and fourth lines of Eq. (C9) (and in the further text)
denotes either of the two vectors €, and €,, and the summation
is done over these two orthonormal polarizations (helicity
states), where Y (e - k)*> = k%. Additionally, from the third
line of this equation, it is evident that the summation over
helicities of the final and radiated gluons, and averaging over
helicity of the initial gluon, are equivalent to summation over

(€9

(

two helicity states of MoM;, when My is expressed in the
following simplified form:

. -k
Mo = Jo(p + k)e' 0% (—2g)(1 — x + xz)‘—2 e
= Jo(p + k)e' PO (=2ig )(1 — x + x ) (T‘>da,
(C10)
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) My

al,O

k,c (c) Mi 0,1

/5

q1,01

q1,01

FIG. 7. Three diagrams, corresponding to interaction with one static scattering center, that contribute to gluon-jet radiation amplitude to the
first order in opacity L/X. z; denotes longitudinal coordinate of the interactions with one scattering center. Crossed circle represents scatterer
that exchanges 3D momentum q; with the jet. Note that all three diagrams assume equivalently ordered Latin and Greek indices as indicated

in panel (a). Remaining labeling is the same as in Fig. 6.

which is widely accepted notation used in Refs. [9,25] and
which is considered unchanged polarization in the process.
After multiplying Eq. (C10) by the complex conjugate value,
the summation over two helicity states gives

C2(G)dg

% (1—x+x?)%,

(IMol*) =1J (p+k)I*(4g7) (C11)
which is equivalent to Eq. (C9). Thus, as already explained
in the last paragraph of Appendix B, in order to make the
calculations easier to follow, throughout this paper we adopt
this condensed form (such as Eq. (C10)) of expressing the
amplitudes, while summation is done in the end (see Eqs. (I3),
15), J11), and (J12)).
Next we substitute Eq. (C11) in

d’p d3k
(27)2p° 27)20

NP’ N, ~Tr (|Mol*) (C12)

Note that, contrary to the soft-gluon approximation [25],
where

3=

da’p

&N, ~dg|J P —
g ~dglJ(p + k)l a2

(C13)

now p, denoting the momentum of the final gluon jet, is not
approximately equal to the momentum of the initial gluon jet
(i.e., the radiated gluon can carry away a substantial amount
of the initial jet energy and longitudinal momentum). Thus,
instead of Eq. (C13), throughout this paper we use the general
one,

d*p,

d&*N; =dg|J P —
7 =dg|J(p + k)l @ 2E,

(C14)

where E; = E and p; denotes energy and 3D momentum of
the initial gluon jet, respectively. Knowing that the substitu-
tion of variables (p., k;, — p!, xE) gives

d*p Pk Py dxd’*k 1)
m)32p° 2n) 2w Q2u)32E; 2n)32x(1—x)°

and by substituting Egs. (C11), (C14), and (C15) in Eq. (C12),
for radiation spectrum we now obtain
oy C2(G) (1 — x + x?)?

*d*NO
=% , C16
dxdk? 7 Kk? l—x (C16)

which recovers the well-known Altarelli-Parisi result [31] and
for x <« 1 reduces to the massless soft-gluon limit of Eq. (9)
from Ref. [25].

APPENDIX D: DIAGRAMS M, 14, M09, My,

In this section, we provide detailed calculations of Feyn-
man amplitudes, corresponding to gluon-jet interaction with
one scattering center, which are depicted in Fig. 7. Again for
consistency, we assume that initial jet (p + k — g) propagates
along the z axis. Throughout this section, momentum and
polarization vector for initial gluon read as

p+k_¢11 = [Ej+ —4117 E™ +6]lz’ 0]7
€(p+k—q1)=10,0,¢],

(DI)
(D2)

where ¢ = [q1;, —q1, qi], with ¢) = 0, denotes the momen-
tum of exchanged gluon, while p, k, and corresponding po-
larization vectors retain the same expression as in Egs. (C2),
(C3), and (C6), with the distinction that the following rela-
tion between gluon transverse momenta, due to 4-momentum
conservation, holds:

q =p+k. (D3)

1. Computation of M, ; o diagram

We chose to start with thorough derivation of the expres-
sion for M | o amplitude, simply because it has no counterpart
regarding the symmetry under (p <> k,x <> (1 —x),c < d)
substitutions, and it provides all necessary steps for calcu-
lating the remaining two amplitudes from this chapter, apart
from having one less singularity compared to the amplitudes
M, 00 and Mo ;. Thus, using the notation from Fig. 7(a),
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we write
d'q: - (=)0 &
M — * *(k Sbcd vo (o k)? V(—p —2k) PO k)’ vV
1,1,0 /(Zn)4eg(p)ep( )8s [T 2p + k) + 8™ (—p )+ 8" (=p+ )]—(p+k)2+i6
x fUNNE0(p+k —2g1)" + g (=2p = 2k + 1) + 8"0(p + k + q1)" 1T, V(gDe

(=1)8aa 8w
k- q1)* +ie

iJu(p+k—q)e (p+k — gp)e!PHan

(1—x)e-k—xe-p

) _ d? ;
~ Ja(p + k)ez(p+k)x0fbcdfalabTal(_i)(l —x +x2)/ (2 q)lze—qu.(xl—xo)(zgx)
T

x(1—x)
d 2y —iq1z(z1—20)
B+ / q1; v(q1; Q1)€ . (D4)
2 [(p+k—qi) +iell(p +k)* +iel
where we used the equation
1 — x)k — xp]?
(p+ k2 = L= DK=2PE (DS)
x(1—x)
and assumed that J varies slowly with momentum ¢, i.e., Eq. (B7). The longitudinal momentum transfer integral
dqiz v(qiz, qp)e MG
Li(p,k,qi, 21 — = - D6
1(p, k. q1, 21 — 20) / aw (ptk—a)ltic (D6)

has to be performed in the lower half-plane of the complex plane, since z; > zo. In order to determine the pole arising from
potential, we rewrite Eq. (A2) in a more appropriate form:
Aoy

v(q,) = . . , (D7)
(an + l:u'ru_)(qnz - anJ_)
where 2| = pu? + @2, with n denoting the corresponding scattering center.
Aside from the pole originating from Eq. (D7) (g1, = —iu1.), there is also a singularity emerging from the gluon propagator:
S p’ S x (k-—q)
= — _ —je = ——— —[€, D8
DN=ET T U—0Er T T2 1-x 20 ! (D8)

where w = ko ~ £
the closed contour in the complex plain)

(the negative sign is due to the clockwise orientation of

S P’ i Py
Res(g)) ~ —v| — - , it e
@) ( XEt  (1—-x)E+ q')
k2 X (k — ql)Z i K24 (k 2
— _ R L b 7 (k—q) ](Z]*Zo)_ D9
v( 20 1—x 2w A E+¢ D9)
The pole originating from the potential (g, = —ixt;1 ) does not contribute to the longitudinal integral, since the residue around
that pole is exponentially suppressed due to Eq. (B6), i.e., u(z; — z0) > 1 (and pt ~ p11),
. 4o L (i—20)
Res(—ip11) ~ e itlam0) 5 (), (D10)

( 2ip )ET(—ip 1)
where we assumed that E* >> u and the soft-rescattering approximation.
This makes only ¢; singularity relevant for calculating longitudinal integral. Therefore, I, coincides with Eq. (D9), i.e.,
k2 p2

i i U L 1(z1—20)
Li(p,.k,qi,z21 —20) ® —v| — — , — ' EF Tt
: e 2 ( xXE (1I—-x)E QI) E+

I p* g, i x
~ —(0, ql)Fel[xﬁ"'(lq)ﬁ](Zl ) _ —v(0, ql)Fez[kz'*‘m(k—m)2](Z1—zo)’ (D11)

where we used eikonal approximation (i.e., for a finite x, % <« 1and E+)2 <« 1). Finally, M, ; o amplitude reads

(a X)

U(O qQ )efl(h bl( 2ig )5 [(1—x)k — xp] l[k++ x)F+](Zl —20)

_ i(p+k)xo_ » _ 2\ pbed rpajab
M 10 = Ju(p+k)e (=) =x+x7) f7€ f2T, 2 )2 [(1 — 1)k — xpP2

; d? (k- i x
= Jo(p + k)’ PO (i) A—x+x> )T T )gu T, % q)lzv(o q))e P (—2ig )—e(k( x:‘)‘;)ez—w[k2+g(k—q.>2]<zl—zo)’
- 1

(D12)
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where we denoted b; = x; — X¢. In this subsection, we constantly make use of Eq. (D3) in the following form,
=k —q)’ (D13)

and also manipulate with SU(N, = 3) structure constants by using Egs. (A5) and (A6). Note from Fig. 7(a) that, as expected,
M 1 o is symmetric under the substitutions (p <> k, x <> (1 — x), ¢ <> d), where the symmetry can be straightforwardly verified
by implementing these substitutions in the first two lines of Eq. (D12).

2. Computation of M,y and M, diagrams

Applying the same procedure as in the previous subsection, we proceed with calculating M o o. Note that the order of the
color and Dirac indices denoting vertices is the same for all three diagrams in Fig. 7 and are therefore omitted in Figs. 7(b) and
T(c):

(—1)3ppr guv
(p—q1)? +ie

(—1)0aa' 8w
(p+k—q1)*+ie

d* .
Moo = / %G;“(P)f"d“‘ (g0 —2q1)° + 8" (=2p +q)° + &°°(p + q1)"1T4, V (g1 )e ™

x g fUIg" Qp +k —2q))" + 8" (—p — 2k +q1)" + 8" (—=p +k + g€} (k)
X ido(p+k—qne’ (p +k — gp)e! P

. d? . -k
~ Ja(p 4 k)el(p+k))mfbda]faCbTal(_l-)(l —x+ xz)E+ / ﬁeflql'bl (zg?)e_lz’ (D14)
T X

where

dqi. v(qi;, ql)g*iqlz(znfzo) 1
21 (p+k—q1)+ie (p—q)+ie

In order to calculate the previous integral, due to z; > zo we again have to close the contour below the real axis. As in the
2

M, 1 0 amplitude, again only the poles originating from the propagators contribute to the integral: (—xll‘,f—z+ — U};CW —i€) and

L(p,k,qi,21 —20) = / (D15)

(= (1 x) E+ —i€), while (—i ) is exponentially suppressed (due to u(z; — zg) >> 1). Therefore, we obtain

I . P S W
L(p. k,qi, 21 — 20) *——v(0, (11)[&”(*'5*“*”5+ Yoo pfamger @ Z")]

ix
E+k2

El+k2”(0 ql)[e2w K 2 (k=aq1)*) (21 —20) _ eﬁﬁ[(k—ql)z—kzl(m—zo):l’ (D16)
leading to

. k
0(0, qp)e P 2ig ) S5

. d2
Mo = Ja(p + k)e' PHR (—i)(1 — x4 22) P40 i, f 1 12

(2n)?

.o k2 (p*—
« {ez[xkﬁ+“ )W](zl =) _ i = le Zo)}

4 d? . €
= Ja(p + k) PHI(=i)(1 — x + )T T)4a Ty / EAL 0, que ™ 2ig) S
(27) K
% {eZIw[k +5 k=q)M@—20) _ o= 7 - (k—q)P) - ZO)} (D17)

By applying a similar procedure for M| ;, we obtain

. &
Ml,O,l = Ja(p +k)el(P+k)xo(_i)(1 —x +x2)fbca1 fadeal / a q)2v(0 q1)€71q1 -by (2lg )
% { Z[VF++ X)F+](Zl 20) ez(k ")(21 zo)}
e (k
= 1R T Ty [ 00, e aig
1
x {ei[kuﬁaﬁql) 1ei—z0) _ eﬁ[kh(qul)z](zl—m}_ (DI8)

Notice from Figs. 7(b) and 7(c) that M| o and M, oo are symmetric under the following substitutions: (p <> k, x < (1 —
x), ¢ <> d); it can be straightforwardly verified that Eqs. (D17) and (D18) are symmetric under these substitutions.
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Fe'€ et o

iy
g

a1,0 GQ,O

FIG. 8. (a) Feynman diagram M, , o and its contribution to the first order in opacity gluon-jet radiative energy loss: (b) contact-limit M3 , ;.
z;, where i = 1, 2, denotes longitudinal coordinate of the interactions with the consecutive scattering centers (or in the contact limit z; = z;).
Crossed circles represent scatterers that exchange 3D momentum g, with the jet, which in the contact-limit case merge into one gridded ellipse.
Note that all the following figures assume equivalently ordered Latin and Greek indices as in this figure. Remaining labeling is the same as in
Figs. 6 and 7.

APPENDIX E: DIAGRAM M, ,

Next, we concentrate on the diagrams containing two interactions with the static scattering centers, since they also contribute
to the gluon radiative energy loss to the first order in opacity, when multiplied by M. There are seven such diagrams that
we gather into four groups, each of which contains two (or one) diagrams symmetric under (p <> k,x < (1 —x),c < d)
substitutions.

For consistency, the initial gluon jet (with momentum p + k — g; — ¢») propagates along the z axis, i.e.,

prk—qi—q=1E" —qi. — g2, E” + g1z + 2, 0], (E1)
€(p+k—q1—q2)=10,0,¢], (E2)
where ¢; = [qi;, —qiz, Qi], i = 1,2 with ql.o = 0 denote momenta of exchanged gluons, while p, k, and corresponding polariza-

tions retain the same expressions as in Egs. (C2), (C3), and (C6), with the distinction that, due to 4-momentum conservation, the
following relation between gluon transverse momenta holds:

pt+tk=q+q. (E3)

Again, from seven diagrams, we chose one model diagram M, ; o, based on the same reason as in Appendix D, for thorough
derivation of the final amplitude expression. From Fig. 8, where the gluon jet after two consecutive interactions with scattering
centers radiates a gluon with momentum k, we observe that there are two limiting cases that we consider.

Using the notation from Fig. 8, we write

_iaee’géé’
(p+k)2+ie
—18pp §uv
(p+k—q2)2+ie
x fPUep+k—2g1 — q2)" + 8" (=2p — 2k + g1 +292)° + "°(p + k + g1 — @) 1T, V (g1)e' ™
« _iaaa’guu’
(p+k—q1—q)?+ie

d4Q1 d46]2 dy & £
ex(p)es(l)gs f<g 2p + k) + g (—p — 2k)" + 87 (—p + k)]

M =
220 QrY Qr)t°

X free0(p 4k —2q2)F 4 " (=2p — 2k + q2)° + & 0(p 4+ k + ¢2)" 1T, V (q2)e' "

iJy(p+k—qi—q)e" (p+k—q —qp)ePHha—a%
d*q d*q» €-((1-—x)k —xp)
ZINEA ’)/ @2 28T =k — xpP

x e b ity (py / dqi: dqy:  v(qi, q)V(qa;, qo)e 170720 ,
2 2 [(p+k—qi— @) +iell(p+k—q)*+i€]

~ l.]a(p + k)ei(p+k)xOf€Cdfb€azfabmTaz Ta](l —x+ XZ)(—Z)/

(E4)

where b; = x; — X¢, i = 1, 2, denote transverse impact parameters. We used Eq. (D5) and assumed that J varies slowly with
momentum ¢;, i.e., J(p +k —q; — q2) = J(p + k).

Regarding the longitudinal ¢, integral, we introduce a new variable, g, = qi, + ¢», throughout this and the following sections
involving Feynman amplitudes which include interactions with two scattering centers. Therefore, we rewrite the exponent in the
following manner: e~ '91:(1—20)g=ia2:(22=%0) — p=ia:(21=20)p~192:(22=21) By rewriting ¢, longitudinal integral in terms of ¢., i.e.,
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changing the variables, we obtain

% U(qz — 42z, ql)g_in(Zl—Zo)
2 (p+k—qi—q)? +ie’

L(p. k. qi, Q2,21 —20) = / (BE5)

Again, due to z; > z, the contour must be closed in the lower half-plane of complex ¢, plane, so an additional minus sign
arises from the negative orientation of the contour and also we neglect the pole at g, = —ipu;1 + g2, since it is exponentially
suppressed due to Eq. (B6). Thus, only one pole, originating from the gluon propagator, contributes to the first longitudinal
integral:

Kk P’ . K x (k-—q-@)
- —ie= —
xEt (1—x)E* 20 1 —x 2w

where we used throughout Appendixes F-H the relation between transverse momenta Eq. (E3). The residue at Eq. (E6) then
gives

qg=- i€, (E6)

- K> k—q; —q)? A x 2
B(po ket o, 21— 20) ~ —v( oo — o = ETIZR ) L pwestenelio )
20 1—x 2w E+

Next we need to solve the remaining ¢,, longitudinal momentum transfer integral:

dap: Vg, @)e ™70 (K x K- —q)f
2t (p+k—qu)?+ie . )

L(p. ko Qs o, 72— 21) = / (ES)

20 1 —x 2w

Luckily, we are interested only in two limiting cases:

(1) the limit of well-separated scattering centers z, — z; > 1/u, where poles originating from Yukawa potentials are
exponentially suppressed,
(2) the contact limit z; = z,, where these poles contribute to the final results.

In the case of two distinct scatterers (z; # z») and in the limit of well-separated scattering centers there is only one pole that
contributes to the residue (the singularities originating from Yukawa potential once again are exponentially suppressed):

K2 2 2 k2 k — _ 2 2
__r 4 K x kmacer @ (E9)
xE+ (1 —x)Et E*t 20 1 —x 2w E+

Ga; = —
Since zp > z;, again we close the contour below the real ¢,, axis and thus obtain
i i X 2 =
L(p. k. g1, G2, 22 — 21) & —0(0, q)v(0, qp)—— e K+ kot—ar —xaile—z), (E10)
P,k 41,9 q q T

In the special case of contact limit, i.e., when z; = z,, instead of Eq. (E8), we need to calculate the following ¢, integral:

I5(p. k. q1. 42, 0) = / dz‘f T +”,fq_2“q?;) — v(—qk - ; - e . L ql). (E11)
Now, the contributions from Yukawa singularities (g2, = —iu11, g2, = —ilto1) are not negligible and need to be included
together with Eq. (E9). By choosing the same integration contour, we obtain
E(pok 1 2. 0) ~ _—i[v(o, a0, g - (i - i)} — (0. g0 @), (EI2)
E* A I TN TR 2E*

which is exactly % of the strength of Eq. (E10). Note that in previous calculations we applied soft-rescattering approximation
and also assumed E™ > p; 1, i =1, 2.
Finally, the contact limit of this amplitude reads

c : i X0 fec ea, raba . d2q1 . d2q2 —i .
M5, 0= —iJo(p+ k) PH% pecd phee pabarq, T, (1 — x +x2)(—l)/ (27)? (_’)/ (271)2')(0’ q)(0, gy)e @ FEh

% 1(2,-&)‘ A = 0k = XP] ik ez
2 [(1—x)k — xpP

. d? d? .
= —Ju(p + R PHITTETN ), T, T, (1 — x + x7)(—i) f S f LL 0, q (0, gp)e @b
(27)? (2n)?

€[k —x(q + qZ)]ei[k“rﬁ(k*qlfqz)z](m*ZO)’
[k — x(q; + q2)I?

X %(Zigs) (E13)
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q1,a1 q2,a2 q1,a1 q2,a2

q1,a01 q2,a2

FIG. 9. Feynman diagrams M, 3 and M, in well-separated ((a) and (c)) and in contact-limit case (z; = z»), which contributes to the
first order in opacity of gluon-jet radiative energy loss: Mj , ; and M5 ;, , ((b) and (d)). Remaining labeling is the same as in Fig. 8.

where we applied Eq. (E3) and manipulated with SU(N, = 3) structure constants by using Egs. (AS) and (A6). Also, we assumed
that x; = X, since diagrams with two different centers will not contribute to the final result due to Egs. (A3) and (A4).

Note from Fig. 8 that M, is symmetric under the substitutions (p <> k, x <> (1 — x), ¢ <> d), which can be straightfor-
wardly verified by implementing these substitutions in the first two lines of Eq. (E13).

APPENDIX F: DIAGRAMS M, 3 and M, o

Next, we consider the M, 3 diagram, where the radiated gluon suffers two consecutive interactions with the QCD medium
(Figs. 9(a) and 9(b)).

Note that the order of the color and Dirac indices denoting vertices is the same for all the remaining diagrams containing two
interactions with the scatterers as in Fig. 8, and therefore omitted onward.

M3 = / L1 L2 0 g — 227+ g5~ 2K 4 @ + P+ @2 TV (gt B
e Q) Qu)*+ P a (k —q2)? +ie
_i8bh’gvv’

x frg0k — 2q1 — q2)f + &" (—2k + q1 +2¢2)° + &5k + g1 — q2)" 1T, V (q1)e' ™

(k—q1 —q2)* + i€
x € (P)gs [ Y Ig" (p+ 2k — 2q1 — 2g2)° + " (=2p —k+qi + @) + &7 (p —k+qi + )"

« _isaa’gﬂﬂ’
(p+k—q1—q)*+ie

iJo(p+k—q — qz)e“/(p +k —q — qp)e!PHhmam—av

. 1- 2
~il,(p+ k)et(p+k)XOfecaz fbeal fadeaz T, w(_,)f
X

d2q1 d2q2 . .
_q 2ig, . —iqi-by ,—iqa-by
1— (271)2( l)/(Zn)z( ‘g)e-pe ¢

/ dqi: dqo: ET kT u(qiz, 41)v(qag, go)e 1m0l @m0 ED)
2r 2w [(p+k—q1—q)* +iellk — q1 — q2)* +i€ll(k — q2)* +ie]
Next, again by changing the variables g1, — ¢, = q1; + ¢2,, we define the following integral:
- dq; v(q: — g2z Qi )e_iqZ(Zl_ZU)

I,k,,,z—ZZ/— : —. F2

2P Kl @21 =200 = S 1 T g — )2+ ellk — g1 — 42 + €] 2

Again, as explained in the previous section, we close the contour in lower half-plane, and since u(z; — z9) > 1 the pole at ¢, =
—il11 + g2 is again exponentially suppressed. Therefore, the remaining g, singularities originating from gluon propagators are
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the following:

_ S P’ . K x k-—q-@)’ .
= — — —ile=——— — i€,
D= T EY T A—x)Er 20 1—x 2w
k> p K k—q—q)
= TE T T T e )
After performing the integration, i.e., summing the residues at these two poles, I, now reads as
L(p,k,qu, G2, 21 — 20) ~ v(—q2;, q1) id —x) {ei[khrﬁ(k*ql*qz)z](afzo) _ ei[sz(kfmf(lz)zl(mfzo)}. (F4)
R TUUET (R —q1 — q)?
The remaining integral over g, is
dqa; v(qae, qp)e =7
L(p. k. g1, Q2,22 —21) = —V(—¢2;, q1), F5
3(pyk, Qi 92, 22 — 21) / o h—qi) tic (=422, q1) (F5)
and since we are interested only in the contact-limit case (i.e., z; = z»), we need to calculate
- dqa; v(qaz, @)v(—q2z. q1)
Li(p. k. q1,q,0) = n F6
3(p. k.41, q2,0) [ (k)P +ic (F6)
which gives
: i
L(p. k. q1. q2. 0) ~ —v(0. q1)v(0. @) 7. (F7)

which can readily be shown to represent exactly % of the strength of the well-separated limit Eq. (F5), as for M5 ; ¢ amplitude.
The contact limit of this amplitude reduces to

c . i X0 reca ea; ra . d2q1 . d2q2 —i .
M5 o5 = ida(p + k)e!PHO pecea ghear padbr /(1 — x +x2)(—z)/ 27)2 (—l)/ (ZT)ZU((), q)(0, gp)e @HeP

(
« Lig SR [ _ ]
2 P
i . d? d2 A
= J,(p + k)e! PO T®), T, T, T, (1 _x+x2)(—i)/ (112(_1.)/_%21)(0, )0 (0, q)e— @b
Q) Q27)
L. € (k—q —q) I X (kg —ab )21(z1 — 2 (K — (2 —
X —(Zlgs)—{ezw[ i k=@ =@ 1@ =20 _ 55K —(k=a1-q2)’ 1z m)]. (F$)
2 (k —q1 — q2)?

Proceeding in the same manner, for Mf,o,o amplitude (Figs. 9(c) and 9(d)), we obtain

c ; i c . d2q1 . d2q2 —i .
M5 oo = i Jo(p + k)e'PHimo pedar ghear pach (1 — x + x?)(—i) / Gy / Wwo, q1)v(0, gy e (@Ha) b

2 2 _k2
% l(Zigs)e .zk [ei[x%ﬂle](z]—zo) _ ei%(m—m)}
2 k

d? , d? ;
7;1)12 (=) / ﬁ”(o’ q)v(0, qp)e @t b

:Ja(p+k)ei(p+k)xo(Ta2TalTc)daTazTal(l _x+x2)(_l)/ (2

% %(Zigs)ek.zk {eﬁ[szrﬁ(k*m*(Iz)z](zlfm) _ eﬁ,T‘X[(k*(h*(h)z*kz](zl*zo)}_ (F9)

From Fig. 9, we infer that M5 3 and M oo are symmetric under the following substitutions: (p <> k, x <> (1 —x), ¢ <> d),
which can be straightforwardly verified by implementing these substitutions in Egs. (F8) and (F9).

APPENDIX G: DIAGRAMS M2,0,1 and Mz,()’z

Here we consider the case when both initial gluon jet and radiated gluon interact with one scattering center. We provide only
the contact-limit case diagrams M5 , | and M; ,, , (Fig. 10), since, in the end, only they are used in calculating radiative energy
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(@) Me (b)

q1,a1 q2,02

FIG. 10. Topologically indistinct Feynman diagrams: (a) M; , | and (b) M3, , in contact limit (z; = z3), which contribute to the first order
in opacity of gluon-jet radiative energy loss. Remaining labeling is the same as in Fig. 8.

loss to the first order in opacity:

d*q, a* ;
Mo, = / (27:1)14 (2:)24 (P (p = 2q2)° + & (=2 + 42)° + 87 (p + ©2)° 1T, V (g2)e' P

_—i(See/g ' ae'b’ v ’ ’ / "

x (p—gq )2Sj_i€gff b[gM (p + 2k —2q: —612)5 +gu‘§ (—2p —k+q1 +2¢)" +g§ (p—k+q —q)"
— 492
, —i8pp &y
x €(k) fP g7k — 201)° + " (=2k +q1)° + 87Kk + 1) 1T,V (g)el B
(k—q1)* +ie

> —iSaa/gMM/

(p+k—q—q)*+ie

iJa’(p + k — q1 — qz)gl’”/(p + k — q1 — qz)ei(ll+k—ql—qz)1m
d*qy
2m)?

X e*iqz-bz(EﬂZ/ dqi; dga, V(12 qV(Gaz, q)e 1120 g2 20) . (G1)
2 2 [(p+k—qi —q)* +ielllk —gi)? +iell(p — q2)* + i€]

(2ig)e - (k —qp) e '™

. d?
~ —idy(p+ k)et(p+k)xofeda2faebfbcm TazTal(l — x4+ xz)(—i)/ i(—l)/
(27 )?

Again, by changing the variables g, — g, = g1, + ¢2;, we define the following integral:

d — , —iq:(z1—20) 1
&U(Qz q2z, q1)e —— S— (G2)
2w (p+k—q1—q)* +ie (k—q)* +ie

Iz(ps k’ q, (_in 1 — ZO) = /

Since z; > z9, we must close the contour in lower half-plane, and since p(z; — zo) > 1 again we neglect the pole at g, =
—ip11 + q2;. Therefore, the remaining g, singularities originating from gluon propagators are

S x (k—qi—@) K (k—q)
g1 = —— — —i€, fp=—7—+———+qp —ie. G3
0 20 1 —x 2w ' P 2w 2w P ! (G3)
Summing the residues gives
; L . iei%(m—zo) k2 x (k—q— (]2)2
2(p. k. Q1. Q2. 21 = 20) NE+k+[qzz el | o Gy wr U\ "9 5 T TS o -1
2 2 .
x eiﬁ%(zlﬁo) — k—q)” k_’ aQ P CEEN (G4)
2w 2w
The remaining ¢,, integral is
L(p. k.41, Q2. 22 — 20, 22 — 21) = /dqQZ : Hidac, G2)
T ’ 27 g+ UGS 4 LRl (p— o) e
. 2 2
T PNy (U SN S L Sl Uk 2
20 1—x 2w
2 2
i) g a0, (K= @)T K a)l. (G5)
2w 2w
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Ipv Is Ic Ip

—a —a —a —a
A\ A\ Py °

FIG. 11. Illustration of calculating Cauchy principal value (/py) in the case when singularity (—a) on the real (horizontal) axis arises.

k=q)’ _ _x (k-qi—q) _
2w 1—x 2w -

where the singularity on g, real axis, g, = — —a (a > 0), has to be avoided by taking Cauchy

principal value of I3 according to the Fig. 11, i.e.,
I3EIPV:IB—IC—ID, (G6)

where Ip = —2mi Zi Res(/3(g;)), with i counting thf; poles in the lower half-plane. Additionally, /o = 0, and it is straightfor-
ward to show that after the substitution g,, = —a + re'?, where r — 0, also Ip = 0. Therefore, the principal value of I5 reduces
to Ig,ie., —2mwi ) ; Res(13(g;)).
L. . 2 —qi—q»)? .
In the well-separated case, Eq. (G5), poles originating from Yukawa potentials (¢, = —;‘—w -1 % — iy and gr, =
—iuy) ) are again exponentially suppressed (e~Hi+(2=201) — (0, j = 1,2) and therefore can be neglected, so only the pole from
the propagator survives g, = [(k q‘) — &= qz‘w %) ] — ie. However, since we are interested only in the contact-limit case

(i.e., z1 = z2), instead of Eq. (GS) we need to calculate the principal value of the following integral:

quZ 1
2 g2: +(k Q1) + x (k =9

2w

L(p, k,q1,q2,21 —20) = f

ei[szrﬁ(k*‘h*QZ)Z](Zlfzo) k2 x (k—q — (]2)2
X q2z - > q1 v(qZZs (12)

(p—q2)* + i€ 20 1-x 2w
emitni—0)pm g lk—a)* K@) /(K —q;)2 K2
- - A I2) 5 G7
— P 1 ic U( o o (11>v(612~ Q@) (G7)

which again reduces to the sum of residua, with —a effectively not being a pole (Fig. 11). Particularly, for the second term in the
bracket of Eq. (G7), only the propagator pole survives, while for the first term in the bracket all three poles have to be accounted,

(k—qy)?

although residues at poles from potentials sum to the order of O (m

remaining residue.
Finally, in the contact-limit case, we obtain

), and thus can be neglected compared to the

. : [ da [ dq i@t
Mé‘,(),] ~ _l-]a(p +k)el(p+k))mfeda2faebfbcal TazTal(l —x +X2)(—l)/ 1 (—l)/ (27)221)(0’ ql)v(o’ qz)e i(q1+q2)b

2n)?

X Qig)S - (k — q21){ 5+ ) _ il - S Zo)}
(k—qp)

: . &> d&? :
= Jo(p + k)& PO (T[T T))y T,y Ty, (1 — x 4 x7)(—i) / A iy / Gy q)zzv(o, q)V(0, qp)e @ Heh
T

(2m)?

« (g o (k- ‘:;){ LR (-0 —20) s - S gy zw} (G8)

Notice that, in contrast to the previous three amplitudes that also included two scattering centers, in Eq. (G8) no factor % appears
when comparing to a well-separated limit.
Proceeding in the same manner, for M , , we obtain

L0, g0, gp)e i@+

1‘42 02 ~il, (p + k)ez(PJrk)Jmfecazfabefbdm Taz Ta] (1—x+ x2)(_l)/

2m)

€ - — I S S _ ir k2 L_(p*tw S
x Qigy) (P — QU [ ¥+ 2l _ i+ e -G zo)]

P—q)?

024901-21



BLAGOIJEVIC, DJORDJEVIC, AND DJORDJEVIC PHYSICAL REVIEW C 99, 024901 (2019)

(a) $1.0 ke (b)

q1,01 q2,02 q1,01 q2,02

FIG. 12. Feynman diagrams: (a) M5, , and (b) M3, in contact limit (z; = z;), which have negligible contribution to the first order in
opacity gluon-jet radiative energy loss. Remaining labeling is the same as in Fig. 8.

. ) d? d? .
= Ja(p + k)el(P‘H()XU(Tal[T‘, T‘lZ])daTazTal(l —x + x2)(_l)/ q (_l)/ (2 q)22v(0’ ql)v(o’ qz)e—l(Q1+qz)~b|
T

(2 )?
% (2i )5 (k—q2) ei[kz-k—ﬁ(k—ql—fh)z](m—Zo)
(k — q)?

_ezlw[kz (k qz) + 15 (k—qi—q2)*1(z1— Zo)} (G9)

Similarly to M3 , ; amplitude, no factor of % appears in the above expression. From well-separated analogon of Fig. 10, we could
infer that M, 01 and M; ¢, are symmetric under the following substitutions, (p <> k, x <> (1 — x), ¢ <> d), which can readily
be verified by implementing these substitutions in the first two lines of either Egs. (G8) or (G9) and by using structure constant
asymmetry. Note that in Eq. (G9) we applied Eq. (E3). Also, since in contact-limit case these two diagrams are topologically
indistinct, we need to either omit one of them in order to avoid over counting, or to include both, but multiply each by a factor %
(we will do the latter).

APPENDIX H: DIAGRAMS M, 1 o and M, 1

The contact-limit case of the remaining two diagrams is presented in Fig. 12. These diagrams correspond to the case when
one interaction with the scattering center located at X; occurs before and the other interaction at the same place occurs after the
gluon has been radiated.

In order to avoid redundant derivations (i.e., repetition of the above calculations), we briefly outline our derivation of Feynman
amplitudes for only the contact-limit case.

In the light of time-ordered perturbation theory from Refs. [8,42], these two diagrams are identically equal to zero, since

frj‘ dt... = 0, but for the consistency we will provide a brief verification of this argument:
a* q1 d* q2 d _ifsee’g$§’
M — e az EO 2 o 4 Eo 2p+ 0+ o0 + £ Ta,V igaxy
2,10 @) any €, (p)f (P —2¢2)°" +8°(=2p+q) + 8" (p+q2)] (g2)e )i +ic
_iébb’gvv’

x er(l)gs f7 1" 2p +k —292)° + 8" (—p — 2k + @) + 8" (—p + k + ¢2)"]

(p+k—q2)*+ie
x fUUg0p+k —2q1 — q2)" + " (=2p — 2k +q1 +2¢2)° + 8" + k + g1 — @) 1T, V (g1)e'

—18aa0'
(p +k—q—q)?+

i (p k= 1= ) (p k= qu = el IR

2
it e pre oo, g, XDy [ [ Gig) e e aqp et

(2 )?
X e*t'llz-bz(EJr)2 / e s q2)eilq2z<zzjm) / dﬁ v(q: — g2z, ql)eiiqZ(ZﬁZO)
m [(p+k—q)+ielllp—q)* +iel) 2 (p+k—q1 —q2)* +ie
~ J,(p + k)et(PJrk)XOfedazbeEfabal TazTal(l X+ XZ)(_Z)/ o )2 (_ )/ ) ige-(k—xqp)e —iqi-b;
x e b (g f dqx; V(gaz, o) P 1 _k_2 ox k-q @) 922, 4
[(p+k—q) +iell(p—q)? +iclkt '\ 20 1—=x 2w 20 Al
X eﬂ[kz"_ﬁ(k_ch_q2)2](11_10)‘ (H1)
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.. . . 2 —ai—a»)? 2
In the contact-limit case, there are four g,, poles of the above integral in the lower half-plane: —;‘—w - l"Tx(qu‘—qu) + % -

x rk—qi) _ k—qi—q)’

ie, |

] —ie, —ipyy and —ip,,, which give

> l—x 2w 2w
c . i X apea . dqu . d2q2 —i .
M5, o =ida(p+ k) PHOO(TET T )y T, Ty (1 — x + xz)(—z)f (2n)2<—z)f Gy 0 0O @2)e (@+a)b
2 2 2
x (igo) BT XAD o oo Pl 2o AL T RILRaL T ) (k — xq1) , (H2)
(k — xq;)? HiLi21 x(1 = x)E*(n1r + pa1)

where the residues at first two poles (i.e., originating from the gluon propagators) cancel each other exactly, leading to the result
Eq. (H2) that is suppressed by a factor of O (%) compared to the all previous amplitudes (note that x is finite), as
in the case of soft-gluon approximation [9,25].

The same conclusion applies to the Mj; | ; amplitude, which can be straightforwardly verified by repeating the analogous
procedure as for M; , , and by the fact that these two amplitudes are symmetric (see Fig. 12) to the exchange (p < k, x <
(1 —=x),c<d).

APPENDIX I: CALCULATION OF RADIATIVE ENERGY LOSS

In this section, we provide a concise outline of calculating the first order in opacity radiative energy loss. We start with the
equation

d’p d’k
Qr)2p° 2n)2w’
where M, is sum of all diagrams with one scattering center from Appendix D, M, is sum of all diagrams with two scattering

centers in the contact limit from Appendixes E-G, and M} is obtained from Appendix C.
The final results from Appendix D yield

My =Mi10+ Moo+ Mo

EPNYBN, = lT M,|? iRT MM 11
p =\z (| 1|>+dTer<zo> Imn

d oo
(2:)12 v(0, q))e "1 2ig,)

— Ju(p + RPN x 4 )T, (<) /

X {(M[Tc’ Ta]]da _ M(TCTM )da + ek._zk(TLll Tc)da>€2’;”(k2+]i‘(kql)2)(mZn)

(k—qp) (k —xqp)?
_ ‘('k(k :1 ‘;;) [T€, T e 201G —20) _ fk'zk(Tal Tc)dae;wIXX[(k—QI)Z—kZ](m—Zo)}’ (12)
— 41
leading to
1 2
—= Tr(|M,[7)
dr

1 d? Cx(T - (k — :
:ZN|J(p+k>|2(4g3)Z(1 _x+x2)2/ﬁ|v(o, anl’ Z(G ){[e(k(_xﬁi)] Tr((T)(T“)?)

e.(k—ql)_e-k_e-(k—xq1):|€-(k—fh)_ e-ke-(k—(h)zCOS(kz—(k—(h)Z(Zl_Z0)>

+2"‘[2<k—ql>2 K k-xq)? | k-q) K (k—q) x(1—x)E

(k — .k
€ k=x0) o reqageay| €K
(k —xq;)? Kk?

— . . - : - — 2
_2a|:e~(k Q) lek le-(k qu)i|e (k ql)ZCOS( &-9) (Z1—Zo)>

-k
+ z[% Te[(T)2(T)?] —

k-—q)? 2Kk 2 &-xq)? | k—q)? x(1—x)E+
6.(k_q1)_€'k cy2 ary2 E'(k—qu) caypeay €k k2 —
+ |: &—q) 2 Te[(T)(T )]+—(k—xq1)2 Te(TTT°T )] 1 2 cos (x(l —x)E+(Z1 Z0)>},

a3)

where the number of scattering centers N comes from summation over scattering centers Eqs. (B2) and (B3), then o =
Tr((T)*(T4)? — TT“TT"), and we also used the definition of the commutator, the fact that trace is invariant under the
cyclic permutations, Eq. (A4) (withi = j and d; = dr), and the relation E™ ~ 2E. We verified that this result is also symmetric
under the substitutions (p <> k, x <> (1 — x), ¢ <> d) when written in terms of structure constants.
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Next, we summarize contact limits of all diagrams that contain two scattering centers from Appendixes E-G and then take
their ensemble average according to Eqs. (B2) to (B4) in order to obtain M5:

C C C 1 C C
My =M,,0+ Mo+ Mo+ §(M2,0,1 + Ms,,)

1 . 1
= —NJ,(p+ k)P (2ig ) — (1 —x +xH)T,T,
2 A

dq 0, k EISCO([[TC, T2), Ty + [T2T4, T¥0) — [T, T], T lgq — (T“T T
x = |v(0, q)P? e (t LT g +{ s Taa) = [T, T*), T aa — ( )da

(2 )?
e-(k—qp) T (11 —z0) i K2 <]k a? (z1—20) e a Qe s
(k — q))? [e - ]((T [T, T Vya + (T[T, TNya) ¢ - (14)

Then, by multiplying the previous expression by M, we obtain

Cz(T)

2 1
EReTr(MzMg):ZN|](p+k)|2(4g52)Al( —x+x )/ > [v(0, qp)?

2n)?

€ k)’ K 2o — Tr((TEA(T )
X <F>{WCOS<W(Z1—ZO))— a — Tr((T)"( ))}

e-ke (k—qp) 'S k* —(k—q;)?
o G (o (e )~ (St e o))} o

which can easily be verified to be symmetric to the exchange (p < k, x < (1 — x), ¢ <> d), when written in terms of structure
constants. By summing the expressions Egs. (I3) and (I5), we obtain

1 2 2 *
— Tr(|M,|°) + —ReTr(M,Mj)
dr dr

C
= Ndg|J (p + k)’ (4¢7) 2T )c2<c)_(1 x+x2>22f [v(0, qn)I?

d
X K> ek e (k—xq)le-k e-k—xq)]* [e-k\*
* { _C°S<x<1—x>E+(Z‘_Z°)>}[ K (k—xq) ] K [(k—quﬁ} _(F>

k —q)? e-k—q)) €k e (k—xq)le-k—q)
+{1_C°S<x(1—x)E+(“_Z°)>H2 k—q)? K (k—xq1>2] k—q, )2 ) ae)

which in the soft-gluon approximation coincides with massless limit of Eq. (82) from [25] and where we used the following
equalities that are valid in adjoint representation: Tr(T°T“ T°T%) = %C%(G)dc =a = % Tr((T€)*(T*)?), which follow from
Egs. (A4) to (A9) and the commutator definition.

Since we are considering optically thin QCD plasma, it would be convenient to expand energy loss in powers of opacity,
which is defined by the mean number of collisions in QCD medium [9],

(2m )2

L No,
== (I7)
A Al

where the small transverse momentum transfer elastic cross section between the jet and the target partons is taken from GW
model (Eq. (6) from Ref. [9]), which in our case reads
dog _ C2(G)CH(T) [v(0, q1)I
d*q; dc (2m)?

as)

Combining Egs. (I7) and (I8), we obtain

L N G(G)Cx(T) (4mar,)?

= 19
A Al 4JTdG ,LL2 ( )

Next we incorporate Eq. (I9) in Eq. (I6), substitute obtained expression in Eq. (I1), keeping in mind that p is the 3D momentum
of a final jet, and that we need to apply Egs. (C14) and (C15).
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Thus, in the case of simple exponential distribution %e‘2¥ of the scattering centers (as in Ref. [25]), the single-gluon

radiation spectrum in the first order in opacity becomes
ng(l)_Cz(G)asE(l—x—I-xz)z /d2q1 w? /@ e (k—q) e-k+e-(k—xq1)_2e-(k—q1)
dx w7 x» x(1—x) T (qHsz T k—q)? [ kK (k — xq;)? (k —q;)?

k_ 2 2 2(z1 29 k k . k_
X /dzl{l—cos (ﬁ(zl—m)ﬂze—ﬂ)%_sz |:e e ( x(h)i|

k2 (k — xqq)?
K2 2 e e-k—xq)]* [e-k\* 2 _a-w
X /dZ]{l — COS <)C(1——(Z1 _ZO)>}Z€ L + {|:(k_—qu);i| - (F) /leze L s

x)E+
110)
3 7(D) 3 a7(D)
and the differential radiative energy loss % = 0 ;V; ~ xEY ;’; acquires the form

dEV  Cy(G)ay EE(I—x+x2)2 / d*q W / d’k (e (k—qn)

dx T A 1—x T (g + Mz)z T (k — q;)?

(k—qp)? 2 -9 €-k[e-k e (k—xqp)
(z1 — 20) e I+ 2| e & _xq P

X /dm{l—cos <—x(1—x)E+ 7
k? 2 | [[e-k—xq)] (e k)’ 2 i
{1 — oS (—(Z1 _ZO))}Ze 4 {[—(k—qu); ] — <F) /dmze 2 .

|:e-k €-(k—xqp) _26’(k—QI):|
k2 (k — xq))? (k—q;)?

111
So we finally obtain
AN Cy(Ghay L (1 —x +x7) / dq 12
dx T A ox(l—x) b4 (q%+,u2)2
X/dkz{ (k—q) [2_k.<k—q1>_(k—qo.(k—qu)}
[BO0E)? L (k — g, ) K> (k — xq))?
Kk’ k-(k—x 1 1
+[M]2+k4[ - (k(—qu()l;)}Jr[(k—qu)2 _E]] a2
which is symmetric to the exchange of p and k gluons, and
dEM _ Cr(G)ox £E(1 —x F+x2)? / dzq] ,u2
dx T A 1—x T (@@ + Mz)z
dek2< k—q) [z_k-<k—q1)_(k—m)-(k—qu)]
[£UZ0E]? 4 (k — g ) k> (k — xq))?
k> k-(k—x 1 1
" [MT_X)E]Z + k4 [1 B (k(— x‘h()lzl)] + |:(k —xq)? Fi| }’ 113)

which in soft-gluon approximation reduces to massless limit of Eq. (84) from Ref. [25].

APPENDIX J: DIAGRAMS AND RADIATIVE ENERGY LOSS IN FINITE T QCD MEDIUM
Next we recalculate the results from Appendixes C—H when the gluon mass m, = % is included, i.e., the gluon propagator

has the following form [27]:
Gluon propagator with mass m, in Feynman gauge:

O e = an
9999999999999999 ~ pr—mk+ie

024901-25



BLAGOIJEVIC, DJORDJEVIC, AND DJORDJEVIC PHYSICAL REVIEW C 99, 024901 (2019)

where P,,, given by Eq. (12) from Ref. [27] (specifically P,, = —(gu» — pup.,nz+nunuylzgzp;25;§;np)—nvpu

Eq. (A12)), represents the transverse projector. Note that since the transverse projectors act directly or indirectly on transverse
polarization vectors, one may immediately replace P,, with —g,, in gluon propagators, in order to facilitate the calculations.
This observation is obvious for off-shell gluon propagator, whereas the derivation for the remaining internal gluon lines is
straightforward.

Consistently throughout this section, the initial jet propagates along the z axis, 4-momentum is conserved, and minus
light cone coordinates of p and k momenta acquire an additional term +m§, in the numerator compared to massless case
(Appendixes C-H), due to relations k> = p*> = m?, while the polarizations remain the same.

We provide only the final expressions for all 11 Feynman diagrams beyond the soft-gluon approximation, when the gluon
mass is included, since its derivation is similar to the case of massless gluons and in order to avoid unnecessary repetition
(Appendixes C-H).

Thus, for M, we obtain

(p )), which reduces to

€-k
k2+m§,(1 —x 4+ x?)

Mo = J(p + k) P (—2ig )(1 — x + x?) (T)da- (J2)

The expression for M| | o now reads
2

. . d-q
Mo =Ja(p+ k)ez(P+k)xo(—i)(1 - X +x2)(T‘T‘“)daTal / (2 )ZU(O (I1)e_llh -by
X (—2ig.) €-(k—xq) SR (k=g e“%f)](mfzo)’ (J3)

(k —xqi)* +mz(1 —x +x?)

which differs from Eq. (D12) in the term x = mz( 1 — x + x?), which now appears in the denominator and in exponent,
accompanying the squared transverse momentum. Further on, we will use the shorthand notation x.
Similarly, for M o0 and M, o, we obtain, respectively,

. d? )
Mioo = Jo(p + k)P0 (i) (1 — x + x2)(T“T)y, T, / (27";2v<o, qp)e 0

% (2ig,)——K {ei[k%f;(qul>2+,5—X1<zl—m>_e—ilg[ k-

1(z1—20) J4
k? + } 4

. d? )
Mio1 = Jo(p + K)e' P (=i)(1 = x + 3T, T" Naa T, / 2 q;z-v<0, e
T

e k—a) [ perr
(k—q1)*+ x

Proceeding in a similar manner, we obtain the following expressions for contact-limit diagrams which include interactions
with two scattering centers:

(k—qi)’+

X (2ig,) El@—20) _ 5K 7(k7q1)2](zrzo)}. Js)

‘ ) d?
M2C,2,0 — —Ja(p + k)ez([’+k)xo(TcTaz T® )daTuz Tal(l —x +x2)(—1)/ (2]:1)12

€ [k—x(qi +q)l o I+ 5 (k=@ P 5 11 —20)
[k — x(qi + q2)1* + x ’

(—i) ﬂ I (0 )—i(ql+qz)-b|
—1 (271)21) ,q1)v(U, q2)e

X %(21'83) J6)

> ‘ ‘ [ la (& N
M5 o5 = Ju(p + k)l PHON[[T T T, T, T (1 = x + x2)(—i) f ﬁ(—z) / ﬁv(o, 4)v(0, ga)e @b

l(Zigs)(l: k—q ;2‘&) o R+ 5 (k—ai =)+ 25 1@ —20) _ 5 (K2 (k—Q1—Q2)2](Zl—Zo)]7 a7
—q1—Qq2 X

: , : d?
M5 o0 = Ja(p + k) PTO(TETNT) T, Ty (1 — x + x2)(—i)/ kY

d? )
Q) (_i)/ ﬁ”@» q1)V(0, qp)e @D

(Zzgs {ez';v I+ 5 (k= —@)?+ 251G —20) _ o5 ﬁ[(k—m—m)z—kz](m—m)}’ J8)

, ; : . d? . d? i .
Mé,o,l — Ja(p+k)€l(p+k)x0(Ta2[TL, Tal])daTazTal(l —x +x2)(_l)/ ﬁ(_l)/ ﬁv(o7 ql)v(O, (]2)e i(q1+q2)-b;

X Qig,) e -k—qp) {ei[k%ﬁ(k—ql—qz)2+ﬁ](m—za>

' k= (g g — Zo)} J9)
(k—q1)*+x

e
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M202 = J, (p+k)ez(p+k)xo(Ta1[Tc T“Z])daTazTal(l x+x )( l)/ @) U(O q1)v(0, q2)e” i(q1+q2)-b;
(2 s)(l: -(k ;z(ﬁ) (ez%u[kuf*x(k—ql_q2)2+ﬁ](z1—m) _ ez'w[kz <k Q2) + 5 k—qi—q2)*)(z1— zo)) (J10)
—q X

The amplitudes M; ; ; and M5, | are omitted as they are suppressed compared to the remaining amplitudes.
After adding Eqs J3)to 5) we obtain

1
— Tr(|My )
ar 1 d? C(T) (k )y 1P
_ 20402\ 1+ 1 242 qi L C(T €-(K—xq; N2 (ar 2
= DN+ P (40) (1 = x +x) /(2n)2|v<0,q1>| » ([(k_qu)2+x] Te((T)X(T)?)
+2a[2 e-k—q) ek e (k—xq) ] e k-q) ek e (k-q)
k-—q)?+x K+x &-xq)+x]J&k-—q)r+x K +x&-—q)+x

k2 —(k—q) k c\2ary2 €-(k—xq) cpay pea €k
y 2cos<w(zl—m)>+ {k2+ (TP T = G o T T T )}k2+x
—2a|: e-k-q) 1 ek 1 e (k—xq) ] €-(k—qp) ZCOS(W(Z —z))
k—q)?+x 2K+x 2&-xq)?+x ] k—q)P+yx x(I—xEr

€ k-q) €k ex2opany2y, € (K=xqp) crmarmeman| €K K2+ x B ))
+ {a(k—q1)2+x e Tr((T)(T*) )+—(k—xq1)2+x Te(TT“T°T )}k2+x2<:os (x(l—x)E+ (zi—z20) ) ).
ain

Likewise, after adding Eqgs. (J6) to (J10), we obtain
Cz (T)

00, q1)I?

3 w 20002\ L /
dTReTr<M2MO>_ZN|J(p+k)| (4gS)AL( —x +x%) o )2

€k ? k2 + x c\2 a2
X <<m) {20[008 <m(11 —Zo)> — 20 — Tr((T)“(T") )}

ek e (k—qp) k? + x k? — (k—q))’
ak2+x(k—q1)2+x{Cos<x—(l—x)E+(Zl_ZO)>_COS<—x(1—x)E+ (z1—zo))}>, J12)

leading to

1 2
— Tr(|M,|*) + ——Re Tr(M, M)
dr dr

= Ndg|J(p + k)’ (4¢7) 2( )CZ<G)—<1 x+x2>22f(2 )2|v(0 q)l’
| ( k2+x )> ek e (k—xq) } € -k N |:e-(k—xq1) T_( € -k )2
* {_005 YA =BT T }[k“rx k—xq 2 +x [+ 5 |Lk—xq 7 +x 12+ 1
_ k-—a)’+x, e-k-q) ek e (k—xq) ] e~(k—q1)>
+{1 C°S<x(1—x)E+ @ ZO))”:z(k—ql)z+x Kty k-xq)l+x]&—ql+x) I13)

In the soft-gluon approximation, the previous expression coincides with Eq. (82) from Ref. [25] (note that in contrast to the
cited paper, we here consider the gluon jet, so that M no longer denotes heavy quark mass, but instead M = m, and therefore
the term M>x? is also negligible).

If we further apply the same procedure as in Appendix I, and again assume the simple exponential distribution %e‘zzlzzo of
the scattering centers, we obtain

dN;" _c2<G)as£<1—x+x2>2/d2q1 >

dx w1 x(1—x) T (q%+ﬂz)2
x/dk2 k—q1)*+ x [2 k—q)? _k'(k—(h)_(k—m)'(k—ﬂh)}
[BU0EP e — g2+ xP L k- +x K4 (k= xq.)? + x

2 2 -(k — - i ’
K2 + x [ k k- (k qu)} {[ (k—xq) Kk }) J14)

[BODET gy [ KR40 (k—xq)? + X (k—xq?+x*  (K2+x)?
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which is symmetric to the exchange of p and k gluons, and which for m, — 0 coincides with Eq. (I12). Also,

dEV  Cy(G)ay LE(l —x 4+ x?)? / d*q, w?

dx T A 1—x b (q%_|_“2)2
» /dk2 (k—q1)* +x [2 k-a) k- -(k-q) (k—(h)~(k—qu)}
[BO0E L fk—q)2 4+ 2L k=@ +x kK +x (k — xq)* + X

K2+ x [kz _k.(k—xq1)]+{ k—xq) K } (15)
[BO0EP g2 2[R+ x k—xq?+x ] [[k—xa)?+x2 &2+ )

which, in the soft-gluon approximation, reduces to Eq. (84) from Ref. [25], and which for m, — 0 coincides with our massless
beyond soft-gluon approximation expression, Eq. (I13).

Further, we display the beyond soft-gluon approximation expressions needed for numerical evaluation of the corresponding
variables. So, the number of radiated gluons to the first order in opacity for gluons with effective mass m, and for finite x reads

v _ GG L / (1 —x+x%)? /cﬂql 12
L x(1—x) T (q%+/1,2)2
« /dk2 k—q1)*+ x |:2 (k—qp) _k'(k—(h)_(k—Q1)'(k—XQ1)i|
[BU0EP 4k —q2 + 2P L K—a?+x K +x (k —xqr* + X

K4 [kz k.(k—qu)] { (k —xqi)’ k* }) (116)

+ — —
[£OZ0E]? L2 4 g2 LK+ X (k—xq)* + X [(k —xq)*+xP* (k4 x)?

Similarly, the fractional radiative energy loss is given by

AE®D CZ(G)aSLfid (1—x+x2)2/d2q1 u?
= — X
0

E b4 A 1—x b4 (q%+,u2)2
Ik (k—qi)” +x , k—a)  k-k—gq) (k—q)-(k—xq)
) A(1-0E7? —ai)? 2Tk —qp)? K2 T Tk —xq 2
[HRE) [k — g2 4 xPL (kK—a)” + X +x (k —xqi)> + x

K>+ x [ Kk? k-(k—xq) } { (k — xq;)? K2 }
+ - + — ) 717
[£OZ0ET? L2 4 g2 LR+ X (k—xq)* + X [(k—xqi)? + x> (K> + x)? o

APPENDIX K: UNIFORM DISTRIBUTION OF STATIC SCATTERING CENTERS

In this section, we assess how the choice of distribution of longitudinal distance between the gluon-jet production site and
target rescattering site affects our results and conclusions. To this end, we here concentrate on the limit opposite to the exponential
one (which mimics a rapidly evolving medium, and which was used throughout this paper)—the uniform distribution, as was
done in Refs. [15,16]. Thus, similar to the procedure in Appendix I, after incorporating Eq. (I19) in Eq. (I6), substituting the
obtained expression in Eq. (I1) (also keeping in mind that p is 3D momentum of a final jet, and that we need to apply Egs. (C14)
and (C15)), we obtain the following expression for single-gluon radiation spectrum in the limit of uniformly distributed static
scattering centers for massless gluons:

AN GGty L (1 = x +x7)? fd2q1 s

dx T A x(1—x) V4 (q%_i_Mz)Z
; (k—q,)*

« [ e LGl | [2_k~(k—q1)_(k—ql)-(k—xq,)}
(k—qy)? _ 2 2 _ 2
2x(lil)]c)EL k —qp) k (k —xqp)

. k2
T l_sm(zx(l—x)EL) i[l_k-(k—qu)]_l_[ 1 —ii| K
L [l k—xq? T Lk—xq? K]S
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which is also symmetric to the exchange of radiated and final gluons, while the differential radiative energy loss for massless
gluons in the case of the uniform distribution acquires the form

dEM  Cy(G)a LE(l —x +x?)? / d’q; u?

dx T A (I—x) T (g} +u?)’
sin (29 )| k-k—q) (k-—q) k—xq)
8 fdk2 b= <k—(ql>2)L (k —q) [2_ R k) ]
2x(1-x)E
+{1_m(2xgﬁ}i[l_k.(k—qu)}+[ ! _L] , (K2)
s [l T k—xq? | [k—xa? TR
dny"

Note that the L dependence in the case of uniform distribution of and df—;“ (given by Egs. (K1) and (K2)) is quite distinct
from the one in the case of exponential distribution (given by Egs. (I12) and (I13)).

In the same manner as in Appendix J, the single-gluon radiation spectrum and differential radiative energy loss for gluon-jet
embedded in a finite-temperature QCD medium, i.e., for gluon with effective mass m, [27], in the case of uniformly distributed
scattering centers read as follows:

dNg" _Cz(G>as£(1—x+x2)2/d2q1 W

dx T A x(1—x) T (q%—i—uz)z
i (K—a*+
X /de I_SIH(ZX(?LX)EXL) 1 2 (k—q1)2 _k(k_ql)_(k_ql)(k—qu)
Goatiay | k—q)* +x [ k—q)?+x  k?+x (k —xq1)* + x
2x(1—-x)E
. K2+
n 1_81n(2x(1—))c()EL) 1 |: S k-(k—xq])] { k—xq) K } 3
sl [ x kR +x (k—xa) +x [(k —xq)*+ x> (k> +x)?
and
dEV Cz(G)OlsLE(l—x-i-xz)z/dz(Il W
dx T X (1 =2x) T (q%ﬂﬂ)z
o (k—q)’+
« [ e | o GRta ) L[, k-a® _kek-a) (k—q)-(k-xq)
—(;C_((ll',)igl‘ k—qi)?+x| K—q)?+x kZ + x (k —xq)% + x
. K2+
" 1_Sln(2x(17))c()EL) 1 [ K k~(k—xq1)} { k-xq) K } Kd)
ki |[KR+xlR+x k—xaq?+x ] [Ik—xq)?+xP &+ x)?

2x(1—x)E

Note that Eq. (K3) is also symmetric to the exchange of radiated and final gluons, and in massless case reproduces Eq. (K1),
whereas Eq. (K4) for m, — 0 coincides with our massless beyond soft-gluon approximation expression, Eq. (K2). Again, by
comparing analytical expressions given by Eqgs. (K3) and (K4) with Eqgs. (J14) and (J15), we observe significantly different L
dependences in these two opposite cases of longitudinal distance distribution.

Finally, the number of radiated gluons and fractional radiative energy loss to the first order in opacity and beyond the soft-
gluon approximation for gluons with effective mass m, in the limit of uniform longitudinal distance distribution, respectively,
read

N(l)_C2(G)Ols£v/édx(1—x+x2)2/d2q1 w?
& A x(1 —x) T (q%_,_uzf
o ((k—q))+
« [ e | sinGatsaet) L[, ke kek-a)  (k—a) k—xq)
G |G-+ xl k-a?+x K4y (k —xqi)? + x
. K2
+ 1_Sm(2x<1f§>EL) 1 [k2 B k-(k—qu)] { k-xq) K } KS)
i [K+xlk+x  &K-xq)?+x] [[k-—xq)+xP & +x)?

2x(1—x)E
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FIG. 13. The counterpart of Fig. 1, when uniform longitudinal distance distribution is considered. The effect of relaxing the soft-gluon
approximation on integrated variables to the first order in opacity of DGLV formalism, as a function of p,. (a) Comparison of gluon’s
fractional radiative energy loss in the bsg (solid curve) case with the sg (dashed curve) case. (b) The percentage change of the radiative energy
loss when the soft-gluon approximation is relaxed with respect to the sg case. (c) Comparison of number of radiated gluons in bsg (solid curve)
with sg (dashed curve) case. (d) The relative change of radiated gluon number when the soft-gluon approximation is relaxed with respect to
the sg case.

and
AE®M CZ(G)aSL/Qd (1—x+x2)2/d2q1 u?
= - X
E T AJy (1—x) T (q%—i—uz)z
o ((k—q )+
x/dk2 1—Sm(2x<‘1h‘*)’§L) ! k—q) k-k—q) k-—q) k—xq)
Gowrixy  [G—a?+xL &—q?+x K2+ x &k —xq)’ + x
. k2 +
+ CsinGrael) |1 [ K k-(k—qu)} { k-xq)® K } e
oL [RHx ke +x k—xq)?+x [(k —xqi)* + x> (k> + x)?

(

Note that Eq. (K6) in the soft-gluon limit reduces to tion to the considered distribution. Therefore, in this section
Eq. (2.13) from Ref. [16] (or equivalently, to static case of = we also use the uniform distribution case and display the effect
Eq. (1) from Ref. [15]) for gluons, where likewise the uniform of finite x on the numerical predictions for the same variables
distribution was used. as in Sec. VL.

The above obtained notably different expressions for uni- By comparing Figs. 13—15 with the corresponding figures
form (compared to the exponential) distribution of static from Sec. VI (i.e., Figs. 1, 2, and 4), we infer that the results
scattering centers require assessing the sensitivity of our  obtained in this section are quite similar to the ones obtained
conclusions on the importance of the soft-gluon approxima- with exponential distribution in Sec. VI. From this, it follows
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FIG. 14. The counterpart of Fig. 2, when uniform longitudinal distance distribution is considered. The effect of relaxing the soft-gluon
approximation on differential variables to the first order in opacity of DGLV formalism, as a function of x. The comparison of (1/E) x
(dE" /dx) and dN{" /dx between the bsg (solid curve) case and the sg (dashed curve) case, for different values of initial jet p, (5, 10, and
50 GeV, as indicated in panels) is shown in the first ((a), (d), and (g)) and second ((b), (e), and (h)) columns, respectively. The quantification
of the effect on the single-gluon radiation spectrum and its expression in percentage is shown in panels (c), (f) and (i).

that our conclusions with respect to the importance of the soft-
gluon approximation, presented in Secs. III to VII, are robust
to the presumed longitudinal distance distribution. Note that
curves forming in this section are less smooth compared to
the one from Sec. VI, due to oscillating sine functions in the
corresponding analytical expressions (Egs. (K3) to (K6)).

APPENDIX L: RELEVANT REGION FOR THE
IMPORTANCE OF THE SOFT-GLUON APPROXIMATION

Based on the reasoning outlined in Sec. VI (see Fig. 5 and
the corresponding intuitive explanation), we marked x < 0.4
as the relevant region for the importance of the soft-gluon
approximation; in this section, we study this issue in more

detail. We first note that claiming that a certain region is
not relevant for relaxing the soft-gluon approximation does
not mean that this whole region can be rejected, but that the
beyond soft-gluon expression does not have to be applied in
that region.

Therefore, for reliable suppression predictions, one has to
take into account the entire x region, while in the following
lines we address the necessity of relaxing the soft-gluon
approximation in a certain region.

To address this goal, we first note that Figs. 2 and 3 high-
light both more “conservative” x =~ 0.4 and x ~ 0.3 values
as the upper limit of the relevant region. Thus, in the text,
we want to address which of the following two points is
better to define as a border point of the relevant region for
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FIG. 15. The counterpart of Fig. 4, when uniform longitudinal distance distribution is considered. The effect of relaxing the soft-gluon
approximation on gluon R4, as a function of final p, . (a) Comparison of gluon-jet R4 between the bsg (solid curve) case and the sg (dashed
curve) case. (b) The quantification of the effect and its expression in percentage.

differentiating between bsg and sg Rs predictions. Thus, obtained from the bsg expression for x < 0.4 combined with
in Fig. 16 we compare suppressions obtained from the bsg  the sg expression for x > 0.4 (Figs. 16(a) and 16(b)) and then
expression for the entire x < 0.5 region, first with (i) results with (ii) results obtained from the bsg expression for x < 0.3
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FIG. 16. The two scenarios of relevant x regions for the importance of the soft-gluon approximation. The effect of relaxing the soft-gluon
approximation on R4 4 as a function of p, . The suppression of gluon jet beyond the soft-gluon approximation (solid curve) is compared to the
combined R 44 (dot-dashed curve), obtained from (i) bsg expression for x < 0.4 combined with sg expression for x > 0.4 in panel (a) ((ii) bsg
expression for x < 0.3 combined with sg expression for x > 0.3 in panel (c)). The quantification of the effect and its expression in percentage
for these two scenarios are presented in panels (b) and (d), respectively.
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combined with the sg expression for x > 0.3 (Figs. 16(c) and
16(d)).

From Fig. 16, we observe that both x = 0.3 and x = 0.4
can be defined as a border point for the importance of the
soft-gluon approximation. However, based on the fact that
the difference between bsg and combined R4, for case (i) is

smaller than for case (ii), and that taking into account that

(1)
the 0.3 < x < 0.4 region balances negative and positive dg;

contributions of relaxing the soft-gluon approximation (see,
e.g., Fig. 3), itis safer to claim that more “conservative” region
x < 0.4 (i) is the relevant one.
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Abstract

We overview our recently developed DREENA-C and DREENA-B frameworks, where DREENA (Dynamical Radiative
and Elastic ENergy loss Approach) is a computational implementation of the dynamical energy loss formalism; C stands
for constant temperature and B for the medium evolution modeled by Bjorken expansion. At constant temperature our
predictions overestimate v,, in contrast to other models, but consistent with simple analytical estimates. With Bjorken
expansion, we obtain good agreement with both R44 and v, measurements. We find that introducing medium evolution
has a larger effect on v, predictions, but for precision predictions it has to be taken into account in R4 predictions as
well. We also propose a new observable, which we call path length sensitive suppression ratio, for which we argue
that the path length dependence can be assessed in a straightforward manner. We also argue that Pb + Pb vs. Xe + Xe
collisions make a good system to assess the path length dependence. As an outlook, we expect that introduction of more
complex medium evolution (beyond Bjorken expansion) in the dynamical energy loss formalism can provide a basis for
a state of the art QGP tomography tool — e.g. to jointly constrain the medium properties from the point of both high-p,
and low-p, data.

Keywords: relativistic heavy ion collisions, quark-gluon plasma, energy loss, hard probes, heavy flavor

1. Introduction

Energy loss of high-p, particles traversing QCD medium is considered to be an excellent probe of
QGP properties [1, 2, 3]. The theoretical predictions can be generated and compared with a wide range
of experimental data, coming from different experiments, collision systems, collision energies, centralities,
observables. This comprehensive comparison of theoretical predictions and high p, data, can then be used
together with low p, theory and data to study the properties of created QCD medium [4, 5, 6, 7], that is,
for precision QGP tomography. However, to implement this idea, it is crucial to have a reliable high p,
parton energy loss model. With this goal in mind, during the past several years, we developed the dynamical
energy loss formalism [8]. Contrary to the widely used approximation of static scattering centers, this model

https://doi.org/10.1016/j.nuclphysa.2018.10.020
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takes into account that QGP consists of dynamical (moving) partons, and that the created medium has finite
size. The calculations are based on the finite temperature field theory, and generalized HTL approach. The
formalism takes into account both radiative and collisional energy losses, is applicable to both light and
heavy flavor, and has been recently generalized to the case of finite magnetic mass and running coupling [9].
Most recently, we also relaxed the soft-gluon approximation within the model [15]. Finally, the formalism is
integrated in an up-to-date numerical procedure [9], which contains parton production [10], fragmentation
functions [11], path-length [12, 13] and multi-gluon fluctuations [14].

The model up-to-now explained a wide range of Rss data [9, 16, 17, 18], with the same numerical
procedure, the same parameter set, and with no fitting parameters, including explaining puzzling data and
generating predictions for future experiments. This then strongly suggests that the model provides a realistic
description of high p, parton-medium interactions. However, the model did not take into account the
medium evolution, so we used it to provide predictions only for those observables that are considered to be
weakly sensitive to QGP evolution.

Therefore, our goal, which will be addressed in this proceedings, is to develop a framework which will
allow systematic comparison of experimental data and theoretical predictions, obtained by the same formal-
ism and the same parameter set. In particular, we want to develop a framework, which can systematically
generate predictions for different observables (both R44 and v,), different collision systems (Pb + Pb and
Xe+Xe), different probes (light and heavy), different collision energies and different centralities [19, 20, 21].
Within this, our major goal is to introduce medium evolution in the dynamical energy loss formalism [20],
where we start with 1+1D Bjorken expansion [22], and where our developments in this direction, will also
be outlined in this proceedings. Finally, we also want to address an important question of how to differen-
tiate between different energy loss models; in particular, what is the appropriate observable, and what are
appropriate systems, to assess energy loss path-length dependence [21]. Note that only the main results are
presented here; for a more detailed version, see [19, 20, 21], and references therein.

2. Results and discussion

As a first step towards the goals specified above, we developed DREENA-C framework [19], which is
a fully optimized computational suppression procedure based on our dynamical energy loss formalism in
constant temperature finite size QCD medium. Within this framework we, for the first time, generated joint
Ra4 and v, predictions based on our dynamical energy loss formalism. We generated predictions for both
light and heavy flavor probes, and different centrality regions in Pb + Pb collisions at the LHC (see [19] for
more details). We obtained that, despite the fact that DREENA-C does not contain medium evolution (to
which v, is largely sensitive), it leads to qualitatively good agreement with this data, though quantitatively,
the predictions are visibly above the experimental data.

The theoretical models up-to-now, faced difficulties in jointly explaining Ra4 and v, data, i.e. lead to
underprediction of v,, unless new phenomena are introduced, which is known as v, puzzle [23]. Having this
in mind, the overestimation of v,, obtained by DREENA-C, seems surprising. However, by using a simple
scaling arguments, where fractional energy loss is proportional to 7% and L’ , and where, within our model

a, b are close to 1, we straightforwardly obtain that in constant 7 medium, Rqs ~ 1 — (T L and v, = @,

2
while in evolving medium R4 retains the same expressions and v, =~ w (see [19] for more details,
¢ is a proportionality factor that depends on initial jet p, ). So, it is our expectation that, within our model,
the medium evolution will not significantly affect R44, while it will notably lower the v, predictions.

To check the reliability of these simple estimates, we developed DREENA-B framework [20], which is
our most recent development within dynamical energy loss formalism. Here B stands for 1+1D Bjorken
expansion [22], i.e. the medium evolution is introduced in dynamical energy loss formalism in a simple
analytic way. We provided first joint R44 and v, predictions with dynamical energy loss formalism in
expanding QCD medium, which are presented in Fig. 1 (for charged hadrons), and we observe very good
agreement with both R44 and v, data. We equivalently obtained the same good agreement for D mesons,
and predicted non-zero v, for high p, B mesons.

In Fig. 2, we further present predictions for Xe + Xe data [21], where we note that these predictions were
generated before the data became available. In this figure (see also Fig. 1), we compare DREENA-C and
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p.(GeV p,(GeV p.(GeV) p.(GeV) p,(GeV) p.(GeV)

Fig. 1. Joint R44 and v, predictions for charged hadrons in 5.02 TeV Pb + Pb collisions. Upper panels: Predictions for R4
vs. p, are compared with ALICE [24] (red circles) and CMS [25] (blue squares) charged hadron experimental data in 5.02 TeV
Pb + Pb collisions. Lower panels: Predictions for v, vs. p, are compared with ALICE [26] (red circles) and CMS [27] (blue squares)
experimental data in 5.02 TeV Pb + Pb collisions. Full and dashed curves correspond, respectively, to the predictions obtained with
DREENA-B and DREENA-C frameworks. In each panel, the upper (lower) boundary of each gray band corresponds to uy/ug = 0.6
(upm/ue = 0.4). Columns 1-6 correspond, respectively, to 0 — 5%, 5 — 10%, 10 — 20%,..., 40 — 50% centrality regions. The figure is
adapted from [19, 20] and the parameter set is specified there.

DREENA-B frameworks, to assess the importance of including medium evolution on R4 and v, observ-
ables. We see that introduction of expanding medium affects both R44 and v, data. That is, it systematically
somewhat increase R4, while significantly decreasing v,; this observation is in agreement with our estimate
provided above. Consequently, we see that this effect has large influence on v, predictions, confirming pre-
vious arguments that v, observable is quite sensitive to medium evolution. On the other hand, this effect is
rather small on R44, consistent with the notion that R44 is not very sensitive to medium evolution [28, 29].
However, our observation from Figs. 1 and 2 is that medium evolution effect on R44, though not large,
should still not be neglected in precise R44 calculations, especially for high p, and higher centralities.

Xe+Xe

/ K f ) - .

20-30% 40-50%

K e 11
& & 07 & .l

p.(GeV) p.(GeV)

Fig. 2. Joint R44 and v, predictions for charged hadrons
in 5.44 TeV Xe + Xe collisions. Predictions for R4y vs. p.
and vy vs. p, are shown on upper and lower panels, respec-
tively. Columns 1-3, respectively, correspond to 5 — 10%,
20 — 30% and 40 — 50% centrality regions. Full and dashed
curves correspond, respectively, to the predictions obtained
with DREENA-B and DREENA-C frameworks. The figure is
adapted from [20] and the parameter set is specified there.

Fig. 3. Path-length sensitive suppression ratio (R’L“P by for
light and heavy probes. Predictions for Rfep b ovs. py s
shown for charged hadrons (full), D mesons (dashed) and B
mesons (dot-dashed). First and second column, respectively,
correspond to 30 — 40% and 50 — 60% centrality regions.
um/pue = 0.4. The figure is adapted from [21] and the pa-
rameter set is specified there.

Finally, as the last topic of this proceedings, we address a question on how to differentiate between
different energy loss models. With regard to this, note that path length dependence provides an excellent
signature differentiating between different energy loss models, and consequently also between the underly-
ing energy loss mechanisms. For example, some energy loss models have linear, some have quadratic, and
our dynamical energy loss has the path-length dependence between linear and quadratic, which is due to
both collisional and radiative energy loss mechanisms included in the model. To address this question, we
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first have to answer what is an appropriate system for such a study. We argue that comparison of suppres-
sions in Pb + Pb and Xe + Xe is an excellent way to study the path length dependence: From the suppression
calculation perspective, almost all properties of these two systems are the same. That is, we show [21] that
these two systems have very similar initial momentum distributions, average temperature for each centrality
region and path length distributions (up to rescaling factor A'/3). That is, the main property differentiating
the two systems is its size, i.e. rescaling factor A'/3, which therefore makes comparison of suppressions in
Pb + Pb and Xe + Xe collisions an excellent way to study the path length dependence.

The second question is what is appropriate observable? With regards to that, the ratio of the two Raa
seems a natural choice, as has been proposed before. However, in this way the path length dependence
cannot be naturally extracted, as shown in [21]. For example, this ratio approaches one for high p, and high
centralities, suggesting no path length dependence, while the dynamical energy loss has strong path length
dependence. Also, the ratio has strong centrality dependence. That is, from this ratio, no useful information
can be deduced. The reason for this is that this ratio includes a complicated relationship (see [21] for more
details) which depends on the initial jet energy and centrality; so extracting the path-length dependence from
this observable would not be possible.

However, based on the derivation presented in [21], we propose to use the ratio of 1-R44 instead. From

. . . . - b/3 . .
this estimate, we see that this ratio R’L("P b = %ﬁ;g ~ (%) has a simple dependence on only the size of
the medium (A'/? ratio) and the path length dependence (exponent b). In Fig. 3 we plot this ratio, where we
see that the path length dependence can be extracted from this ratio in a simple way, and moreover there is
only a weak centrality dependence. Therefore, 1-R44 ratio seems as a natural observable, which we propose

to call path-length sensitive suppression ratio.
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Abstract. Jet suppression is considered to be an excellent probe of QCD matter created
in ultra-relativistic heavy ion collisions. Our theoretical predictions of jet suppression, based
on our recently developed dynamical energy loss formalism, show a robust agreement with
various experimental data for different probes, experiments (RHIC and LHC) and centrality
regions. Our dynamical energy loss formalism includes the following key ingredients: dynamical
scattering centers, collisional energy loss, finite magnetic mass and running coupling. Although
all these ingredients are theoretically justified, it is currently unclear how they individually
contribute to accurate suppression predictions. Natural question rises: is there one effect which
is crucial for the agreement, or is the agreement a joint effect of several smaller improvements.
To answer this question, we study how the above mentioned key effects affect the suppression
calculations. Our results show that each energy loss effect is important and that a robust
agreement between theoretical predictions and experimental data is a cumulative effect of all
improvements.

1. Introduction

Suppression of high transverse momentum observables [1] is considered to be an excellent probe
for mapping the properties of QCD matter created in ultra-relativistic heavy ion collisions at
RHIC and LHC. Therefore comparison of available suppression experimental data with the
theoretical predictions [2—4] tests different theoretical models and provides the insight into
underlying QGP physics. For generating these predictions, we developed dynamical energy
loss formalism which includes the following energy loss effects: i) dynamical scattering centers,
i1) QCD medium of a finite size [5,6], iii) both radiative [5,6] and collisional [7] energy losses,
iv) finite magnetic mass effects [8] and v) running coupling [9]. We further incorporated this
energy loss formalism into a numerical procedure [9] in order to obtain suppression predictions.
In the numerical procedure, accurate energy loss calculations are considered to be crucial for
obtaining reliable suppression predictions.

We have shown that the suppression predictions obtained from this dynamical energy loss
formalism are in a very good agreement with the available experimental data for both RHIC
and LHC experiments, light and heavy flavor probes and different centrality ranges [9-11].

We here address the importance of different energy loss effects in the suppression calculations
for D mesons (as a clear energy loss probe) in central 200 GeV Au+Au collisions at RHIC,
because fragmentation function does not modify bare charm quark suppression [10,12]. Our
approach is to systematically include different energy loss effects. In particular, we first
investigate the importance of including collisional energy loss and thus necessity of abolishing
static in favor of dynamical approximation. Next we address the importance of including finite
magnetic mass in the suppression calculations and finally the running coupling.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd 1
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2. Theoretical and computational formalism

In this section, we give a brief description of our dynamical energy loss formalism [9] with
regression on how each effect, when added, altered energy loss expression, while in Section 4 we
take the reverse approach - the historical approach, starting from a static approximation and
moving to systematically include all the effects.

In order to obtain quenched spectra we use generic pQCD convolution given by Eq.(1)
from [9]. The initial charm quark spectrum is computed according to [13] and energy loss
probability includes both radiative and collisional energy losses in a finite size dynamical QCD
medium, multi-gluon [14] and path length [15,16] fluctuations. In our calculations we do not
use the fragmentation function of charm quark into D meson, as explained in Section 1.

The radiative energy loss in a finite size dynamical QCD medium is given by Eq.(2.12)
from [5], while the finite magnetic mass and running coupling are introduced according to [8]
and [9], respectively. For the finite magnetic mass case we use the following range of magnetic
to electric mass ratio: 0.4 < up/pup < 0.6, according to non-perturbative approaches [17-21],
otherwise, s = 0 is used. Also when the running coupling is not included, in our calculations
we use ag = - = 0.3 and Debye mass ug = gT, (g = 2). Collisional energy loss is calculated in
accordance with Eq.(14) from [7]. Transition from the static [22] to the dynamical approximation
in terms of radiative energy loss is explained in [6].

In our calculations for the charm quark mass we use M, = 1.2 GeV, for 0-5% central 200
GeV Au+Au collisions we assume an average medium temperature of T=225 MeV [10] and for
the number of effective light quark flavors we use ny = 2.5.

3. Comparison with experimental data

As we mentioned in Section 1, our dynamical energy loss formalism [9] leads to a very good
agreement with suppression experimental data for diverse probes at both RHIC [10] and LHC [9]
and for different centrality regions [11]. The suppression is expressed by the nuclear modification
factor R4 4 [4], which quantifies the QCD medium effects on the yield of high-py particles. Fig. 1,
which shows comparison of the D meson R4 predictions with corresponding R44 measured
at the LHC and comparison of the single electron R4 predictions with non-photonic single
electron R4 4 measured at RHIC, reflects the above mentioned agreement.

WE= | I | 0—| } } J
0 20 40 60 0 5 10 15
p.(GeV/c) p.(GeV/c)
Figure 1. Theory vs. experimental data for D meson and single electron

suppressions as a function of transverse momentum. Left panel shows comparison
of D meson Rs4 predictions with experimentally measured R44 (triangle) in most central
2.76 TeV Pb+Pb collisions at the LHC. Right panel shows comparison of single electron R4
predictions with non-photonic single electron R44 (circle) measured in most central 200 GeV
Au+Au collisions at RHIC. Left (right) panel is adapted from [9] ( [10]).
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4. Results and discussion

We start from the static approximation [22,23] and use a constant value of the strong coupling
constant and of Debye mass (as mentioned above), and no finite magnetic mass effects (p3,=0);
note that these values are used in Figs. 2 and 3, while the importance of finite magnetic mass
is considered in Fig. 3. Previously, the static approximation was widely used, which assumed
that collisional energy loss can be neglected compared to radiative. Left panel of Fig. 2 shows
that static approximation has to be abolished, because collisional energy loss suppression is
comparable or even larger than static radiative one. Therefore, central panel of Fig. 2 addresses
the significance of including dynamical effects by comparing static with dynamical radiative
energy loss Ra4. We observe a significant suppression increase in the dynamical approximation,
so we conclude that dynamical effects are important. Right panel of Fig. 2 investigates whether
collisional energy loss is still relevant in dynamical approximation, by comparing radiative with
collisional contribution to Ra4 in the dynamical QCD medium. We conclude that even in
dynamical approximation, both radiative and collisional contributions are important, so we
further include both radiative and collisional (total) energy losses in dynamical QCD medium.

08{ 084 084
0.6.1>-+-.. Static Rad 0.6+ Static Rad o6l

. § I e - B | e R Bl gm0 SO i
041 .- Col L 0O44=uzRad

Dynamical Rad
02+ 0.2+ 0.2 -_____IC_Jt_al_____—
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Figure 2. Static vs. dynamical approximation. D meson suppression predictions are
shown as a function of transverse momentum. Left panel shows comparison of static radiative
(dotted curve) with dynamical collisional (dot-dashed curve) contribution to Rg4. Central
panel shows comparison of static radiative (dotted curve) with dynamical radiative (dashed
curve) contribution to Ra4. Right panel shows radiative (dashed curve), collisional (dot-dashed
curve) and radiative + collisional (solid curve) contribution to R44 in dynamical QCD medium.
Debye mass is ug = g1, coupling constant is ag = 0.3 and no finite magnetic mass effects are
included (upr = 0). Adapted from [24].

Next we consider how inclusion of finite magnetic mass in radiative energy loss calculations [8]
affects the R 44 predictions, as indicated in Section 2. By comparing R4 with and without finite
magnetic mass (Fig. 3), we observe significant suppression decrease due to finite magnetic mass
effects. Hence, we conclude that finite magnetic mass effects are important.

Also, the importance of taking into account running coupling [9] is considered in Fig.7
from [24], where we observe suppression increase due to running coupling only at lower jet
energies. Consequently running coupling is also important.

5. Conclusions

Since dynamical energy loss formalism led to a robust agreement with the suppression data
for different experiments, probes and centrality ranges [9-11], we wanted to determine whether
the agreement was a consequence of one dominant effect or a joint effect of several smaller
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Raa. D meson suppression predictions are
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improvements introduced to energy loss calculations. In order to examine the importance of
each effect we followed first a historical approach starting from the static approximation and
gradually introduced different energy loss effects in D meson suppression calculations (as a clear
energy loss probe) until reaching dynamical energy loss formalism [9]. The conclusion is that
each energy loss effect is important and that a robust agreement is a cumulative effect of all
these improvements. Therefore, in order to obtain reliable suppression predictions we need to
accurately account for all the relevant energy loss ingredients.
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Abstract. High momentum hadrons’ suppression is considered to be excellent probe of QCD
matter created in ultra-relativistic heavy ion collisions. Here we apply our recently developed
dynamical energy loss formalism, which includes the following effects: dynamical scattering
centers, QCD medium of a finite size, both radiative and collisional energy losses, running
coupling and finite magnetic mass, and which we further incorporate into numerical procedure,
to generate angular averaged Raa predictions and to compare them with experimental Raa
data, by using no free parameters. A robust agreement of our predictions and experimentally
measured Raa for different energies, probes and all available centrality regions, raised the
question whether this agreement is consequence of a single effect or of a superposition of all
these effects. We obtained that, although the inclusion of dynamical scattering center has the
largest relative importance, all the other effects are also important, since they lead to fine
improvements of the agreement. Therefore, the robust agreement is a cumulative effect of all
these features, with dynamical effect being crucial for accurate R4 predictions.

1. Introduction

High momentum light and heavy flavor suppression [1] is considered to be excellent tool for
studying QCD matter created in ultra-relativistic heavy ion collisions at RHIC and LHC. An
abundance of suppression data, that has become available at RICH and LHC since recently,
and its comparison with theoretical R4 predictions [2-4], allows testing our understanding of
QGP matter. In order to generate these predictions, we recently developed dynamical energy
loss formalism, which we further integrated into numerical procedure as described in [5]. This
formalism includes the following energy loss effects: i) dynamical scattering centers, i) QCD
medium of a finite size [6,7], 7ii) both radiative [6,7] and collisional [8] energy losses, iv) running
coupling [5] and v) finite magnetic mass [9]. Also, note that, accurate energy loss calculation is
considered to be the main ingredient responsible for obtaining reliable R 44 predictions.

In our previous papers [5, 10, 11], we demonstrated a robust agreement between our R4
predictions, obtained as explained in previous paragraph, and Rs4 data for both RHIC and
LHC experiments, diverse set of probes and all available centrality ranges.

Here we address the relative importance of different energy loss effects in obtaining accurate
angular averaged R4 predictions for D mesons (as the clearest energy loss probe), for which it
was previously shown that fragmentation function does not alter bare charm quark R44 [10,12].
High momentum D meson R44 data, obtained recently at LHC [13], serve as a baseline for
testing the models. We concentrate on central 200 GeV Au+Au collisions at RHIC and 2.76
TeV Pb+Pb collisions at LHC. Our approach is to systematically include the effects in energy
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loss calculations [14], i.e. we first compare the relative importance of radiative and collisional
contribution to R4 predictions, next we address the importance of including the dynamical
scattering centers, then the running coupling and finally the finite magnetic mass. Note that
only the main results are presented here; for the full account on the results, please see [14].

2. Theoretical and computational formalism
In this section, we concisely describe computational formalism, our dynamical energy loss
formalism [5] and how each effect, when introduced, changed energy loss expressions.

For obtaining quenched spectra we apply generic pQCD convolution given by Eq.(2) from [14]
([15]). The initial charm quark spectrum is calculated in accordance with [16], while energy loss
probability includes both radiative and collisional energy losses in a finite size dynamical QCD
medium, multi-gluon [17] and path length fluctuations [15, 18].

The expression for radiative energy loss in a finite size dynamical QCD medium is given by
Eq.(2.12) from [6], while the transition from static to dynamical scattering centers is explained
in [7]. The collisional energy loss is calculated according to Eq.(14) from [8]. The running
coupling is introduced in accordance with [5], while for constant coupling we use ag = 0.3
(s = 0.25) in RHIC (LHC) case. Debye screening mass is up = ¢7T' (¢ = 2). The finite
magnetic mass is introduced as in [9], and its range (0.4 < ppr/pp < 0.6) is set according to
many non-perturbative approaches [19-23], otherwise uy; = 0 is used.

We model the medium by assuming an effective temperature of 221 MeV at RHIC [24] and
304 MeV at LHC [25]. No medium evolution is accounted. The validity of this assumption is
discussed in [14]. For charm quark mass we use M, = 1.2 GeV, and for the number of effective
light quark flavors we use ny = 2.5 (ny = 3) in RHIC (LHC) case.

3. Results and discussion
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Figure 1. Necessity of abolishing static approximation. D meson R4 predictions, as
a function of transverse momentum, are shown for only static radiative (dotted curve) and for
only dynamical collisional (dot-dashed curve) contribution in a finite size QCD medium. Left
(right) panel corresponds to RHIC (LHC) case. Right panel also displays D meson R44 data
in 0 — 7.5% central 2.76 TeV Pb+Pb collisions at LHC (red triangles) [13]. Debye mass is
pe = g1, coupling constant is ag = 0.3 (g = 0.25) for RHIC (LHC) and finite magnetic mass
is not included (ppr = 0). Adapted from [14].

In this section we apply historically-driven approach, starting from static approximation [26,
27] and gradually adding energy loss effects. We display only the main results of our study carried
out in [14]. Finite size QCD medium is assumed throughout the paper. The constant coupling
and constant Debye mass (as mentioned above), and no finite magnetic mass are considered in
Fig. 1 and Fig. 2. Static approximation, which assumes that the medium is composed of static
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scattering centers, was firstly commonly used. It entails also, that collisional energy loss can be
neglected compared to radiative one. However, Fig. 1 clearly shows that static approximation
has to be abolished in favor of dynamical scatering centers’ approximation, since collisional R 44
is comparable with radiative one. Further, we compute these both energy losses within the
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Figure 2. Dynamical approximation as the main effect. D meson R44 predictions, as
a function of transverse momentum, are shown for radiative (dashed curve), collisional (dot-
dashed curve) and radiative + collisional (solid curve) energy losses in a finite size dynamical
QCD medium. Left (right) panel corresponds to RHIC (LHC) case. Right panel also displays
D meson R44 data in 0 — 7.5% central 2.76 TeV Pb+Pb collisions at LHC (red triangles) [13].
Debye mass is up = g7, coupling constant is ag = 0.3 (ag = 0.25) for RHIC (LHC) and finite
magnetic mass is not included (s = 0). Adapted from [14].

same dynamical framework (Fig. 2) and we draw three conclusions: 1) dynamical radiative R4
alone is not sufficient to explain qualitatively nor quantitatively the LHC experimental data; 2)
radiative and collisional R44 are still both important; 3) the total R44 is in rough agreement
with experimental data. Therefore, the inclusion of dynamical scattering centers is the main
effect responsible for obtaining accurate R 44 predictions. Finally, we address the importance of
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Figure 3. Our dynamical energy loss formalism. D meson R4 4 predictions, as a function
of transverse momentum, are shown for the constant coupling ag = 0.3 (ag = 0.25) for RHIC
(LHC) (light gray band) and for the running coupling (dark gray band). In both cases radiative
+ collisional contributions in a finite size dynamical QCD medium are accounted. Upper (lower)
boundary of each band corresponds to ppy/pr = 0.6 (uap/pe = 0.4). Left (right) panel
corresponds to RHIC (LHC) case. Right panel also displays D meson R44 data in 0 — 7.5%
central 2.76 TeV Pb+Pb collisions at LHC (red triangles) [13]. Adapted from [14].

including the running coupling (leads to a significant R44 decrease at lower jet momenta) and
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finite magnetic mass (leads to a significant R4 4 increase) [14]. From Fig. 3 we see that these two
effects (although taken alone worsens the agreement [14]) taken together lead to quantitatively
and qualitatively better agreement with the LHC R44 data, compared to the case when these
effects are omitted. This illustrates possible synergy in including these two effects.

4. Conclusions

A robust agreement of angular averaged R4 predictions, based on our dynamical energy loss
formalism, with Ra4 data, for different energies, probes and centrality ranges, initiated the
question: whether this agreement is a consequence of a one dominant energy loss effect or a joint
effect of several smaller improvements [14]. With the LHC suppression data serving as a baseline,
we here showed that (for the clearest energy loss probe: D meson R44), inclusion of dynamical
scattering centers has the largest relative importance in obtaining accurate R44 predictions.
Furthermore, we found that all other considered effects are also important and responsible for
the finer agreement with the data. So the good agreement is a result of a superposition of all
these effects. Therefore, detailed study of partons’ energy loss, as well as, inclusion of all relevant
medium effects is necessary to correctly model the jet-medium interactions.
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Summary. Bacterial immune systems protect bacterial cells from foreign DNA, such as viruses and plasmids. They
also critically affect bacterial pathogenicity by reducing the flow of genes between bacteria. Two such major systems
are restriction-modification and the recently discovered CRISPR/Cas systems. Here we review our work on under-
standing gene expression regulation in these systems, which takes a systems biology approach, combining modeling,
bioinformatics and data analysis from quantitative experiments. Specifically, we address the following: (i) modeling
gene expression regulation during restriction-modification system establishment in a naive bacterial host, (ii) mod-
eling the dynamics of CRISPR/Cas activation, in particular, how the features characterizing system transcription
regulation and transcript processing affect the dynamics, (iii) predictions of transcription start sites for alternative ¢
factors that have been poorly studied up-to-now, but are important as CRISPR/Cas likely responds to bacterial cell
envelope stress, (iv) our preliminary results on predictions of different CRISPR/Cas components, in particular, small
RNAs associated with the systems, which likely have a key role in their regulation.
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systems.

Introduction

Bacteria are continuously exposed to foreign nucleic
acids, such as phage DNA, plasmids or other mobile genet-
ic elements. In order to protect genome integrity, cells are
equipped with immune systems that target invasive extra-
chromosomal elements for degradation (Shabbir et al. 2016),
whereby the immune response reduces the rate of horizontal
gene transfer (HGT), thus also affecting related aspects of
cell functioning (e.g. virulence) (Vasu and Nagaraja 2013;
Hatoum-Aslan and Marraffini 2014). Analogous to eukary-
otic modes of defense, bacterial immune systems can be rec-
ognized as innate or adaptive, where restriction-modification
and CRISPR/Cas (Clustered Regularly Interspaced Short Pal-
indromic Repeats/ CRISPR-associated proteins), respectively,
are two major representatives of such systems (Goldberg and
Marraffini 2015).

Restriction-modification (RM) systems are considered
innate since they target invasive elements without prior im-

munization with fragments of foreign genetic material. Two
major components of RM systems are the enzymes restriction
endonuclease (R) and methyltransferase (M) (Fig. 1A), which
are frequently encoded on mobile genomic loci (e.g. plasmids),
so that these systems easily propagate through bacterial popu-
lations (Fig. 1B) (Heitman 1993; Kobayashi et al. 1999). Once
an RM system enters the cell, tight regulation of its expression
becomes essential for ensuring safe and efficient establishment
in the naive bacterial host. Precisely, R that represents the ef-
fector component of a RM system, cuts short specific DNA
sequences, irrespective of their location, so that self-targeting
can easily arise. To evade autoimmunity, R has to be expressed
with a delay with respect to M, as methylation of the genomic
sites recognized by R protects them from cleavage (Fig. 1A)
(Wilson 1991).

Unlike RM systems, CRISPR/Cas provides adaptive com-
ponent to bacterial immunity, which arises as a consequence
of its dynamical structure (Barrangou et al. 2007; van der Oost
et al. 2009). A major system component is the CRISPR array,

*Corresponding author, e-mail: dmarko@bio.bg.ac.rs
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host genome

v

Fig. 1. RM system functioning (A) and establishment (B)
in a host bacterial cell. A. Restriction-endonuclease (shown
as a yellow rectangle) cuts the DNA at R-specific recognition
sites (shown in yellow); Methyltransferase (shown as a green
rectangle) methylates R-recognition sites on the host genome,
thus protecting these sites (shown in green) from cleavage.
B. RM systems are usually found on mobile genetic elements
(e.g. plasmids), which enables them to efficiently propagate
throughout bacterial populations. RM system, entering the
bacterial cell (red rectangle), is shown.

which is characterized by a series of tandem repeats sepa-
rated with unique spacer sequences (Fig. 2) (Al-Attar et al.
2011). The spacers are derived from previously encountered
foreign genetic material, so that small interfering RNAs
(crRNAs), which are generated upon array expression, tar-
get invasive elements based on complementarity; this makes
the basic mechanism that confers resistance against foreign
DNA/RNA (Bolotin et al. 2005). In addition to CRISPR
array, the system also includes Cas proteins with mainly
nucleolytic activity, which act as effectors during array im-
munization with new spacers, crRNA processing/expression
and target degradation. CRISPR/Cas components typically
remain silent under standard physiological conditions (Pul
etal. 2010), whereby sudden activation leads to the produc-
tion of large crRNA amounts, thus enabling efficient target
eradication.

Despite the fact that RM and CRISPR/Cas systems
markedly differ mechanistically, they likely embody the same
design principles as a consequence of the general characteris-

D DD 4:0:0:4:

casABCDE casl cas2

Fig. 2. A typical organization of CRISPR/Cas locus in E. coli.
CRISPR array is schematically presented with successive blue
diamonds (direct repeats) and yellow rectangles (spacers); the
upstream cas genes, characteristic of Type | CRISPR/Cas systems,
are indicated with rightwards-oriented pentagons. Intergenic
regions that contain promoters transcribing cas genes (IGLB),
and CRISPR array (L) are also shown.

tics that shape the immune response. Namely, the induction
of the CRISPR/Cas system probably faces similar dynamical
constraints as the establishment of an RM system in a naive
bacterial host, as both require a rapid transition of the “toxic”
(auto-immunogenic) molecule — R or crRNA - from “OFF”
to “ON” state (Djordjevic 2013) to enable efficient target
eradication. In addition to rapid transition, the expression
of “toxic” immune molecules is also characterized by an ini-
tial delay, so that crRNAs in CRISPR/Cas are not expressed
before the virus genome enters the cell, and M (the antidote)
in RM systems has enough time to act.

Common design principles that impose similar dynam-
ical constraints on RM and CRISPR/Cas activity are linked
to the equivalent regulatory expression patterns in these
systems. To understand the underlying transcription regu-
lation, it is necessary to map transcription start sites (TSS)
associated with different components of RM and CRISPR/
Cas systems. This, however, is non-trivial since: (i) promoter
elements of house-keeping o factors are highly degenerate,
so that a search usually results in a large fraction of false
positives (Djordjevic 2014); (ii) information on the speci-
ficity of alternative o factors (related to stress response) is
largely missing, which is relevant since CRISPR/Cas is likely
induced by cell-envelope stress (Ratner et al. 2015),which, in
turn, is connected to Group IV (ECF) o factors (Raivio and
Silhavy 2001; Ratner et al. 2015).

In addition, an important aspect of CRISPR/Cas
regulation are small RNAs associated with CRISPR/Cas
(tracrRNAs) encoded outside the array, which have an es-
sential role in CRISPR-transcript processing (Deltcheva et al.
2011), and possibly other system functions. Consequently, in
this review we briefly present our work on:

1. modeling gene expression regulation during RM sys-
tem establishment in a naive bacterial host;

2. modeling dynamics of CRISPR/Cas activation, in
particular how key features that characterize systems
transcription regulation and transcript processing af-
fect its dynamics;

3. predictions of bacterial TSS, particularly those related
to alternative o factors, which are poorly studied to
date, but highly relevant as CRISPR/Cas likely re-
sponds to bacterial cell-envelope stress;

4. our preliminary results on predictions of different
CRISPR/Cas components, in particular small RNAs
associated with the system, which likely have a key
role in its regulation.

Modeling in vivo expression of restriction-modifica-
tion systems

Certain dynamical constraints imposed by their im-
mune function have been proposed for RM systems in gen-
eral. However, RM system dynamics have been observed in
live cells in only two cases, as such experimental measure-
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ments are complicated by a requirement for synchronous
populations of cells transformed with RM system genes
(Mruk and Blumenthal 2008; Morozova et al. 2016). In an
earlier attempt, Mruk and Blumenthal synchronously intro-
duced the Pvull system genes placed on an M13 phage into
naive cells by phage infection (Mruk and Blumenthal 2008).
Our collaborators, on the other hand, conducted the first
single-cell measurements of RM system dynamics for the
Esp1396I system: they fused sequences encoding fluorescent
proteins to the R and M genes and monitored the dynamics
of the appearance of fluorescent signals in individual cells,
transformed with a plasmid carrying the modified Esp13961
system (Morozova et al. 2016). To check if the regulatory
features found in this particular system allow establishing
observed dynamics, and if they can provide the proposed
dynamical constraints, we constructed a quantitative model
of the Esp13961 system regulation, which we will briefly out-
line below.

Among type II RM systems, whose main characteristic
is that R and M are encoded by separate genes, a large group
contains a third gene encoding a control (C) protein, which
is typically transcribed as a part of the operon with the R
gene; the example for such a gene arrangement is the RM
system Esp1396I represented in Fig. 3A. C proteins regulate
transcription by binding in the form of dimers to their bind-
ing sites, partially overlapping with a promoter (Nagornykh
et al. 2008). The transcription of Esp1396] system genes was
thermodynamically modeled by considering all allowed con-
figurations of the system promoters and determining their
statistical weights (Figs. 3B and 3C). The most frequently
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Fig. 3. Modeling transcription regulation in the Esp1396l
RM system. A. Esp1396] gene organization scheme. The
convergently oriented genes encoding R and M in the Esp1396I
system are represented by the red and the green arrows,
respectively, while the blue arrow represents the C gene,
partially overlapping with the R gene. The dark blue boxes
denoted by O, O, and O,, represent operator sequences in the
CR and the M promoter, which bind C dimers. B and C. The
allowed configurations of RNAP (grey rectangle) and C protein
(blue circle) molecules on the CR and the M promoter are
illustrated, respectively, in B and C, where the transcriptionally
active configurations contain an arrow. The corresponding
statistical weights (2) of the configurations, indicated on their
right, depend on constant RNAP concentration and protein-
protein and protein-DNA interaction energies (absorbed into
parameters g, b, ¢, fand g) and variable C protein concentration.
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observed regulation mechanism of the weak C and R operon
(CR) promoter (also found in the Esp1396I system, Fig. 3B)
involves highly cooperative binding of two C dimers to the
left and the right operator sequences (O, and O, in Fig. 3A),
where a C dimer bound to the high affinity left binding site
can recruit either RNA polymerase (RNAP) to the promoter
(thus activating transcription; é%le corresponding configura-
tion has a statistical weight Z D—rN4p)> or a second C dimer
to the low affinity right binding site (establishinLgRa tetramer
that represses transcription; configuration ZT ) (Bogda-
nova et al. 2008; Nagornykh et al. 2008). In the Esp1396I
RM system, transcription of the M gene is also under the
control of the C protein (Fig. 3C), whose binding to a single
binding site (for a dimer; O,, in Fig. 3A) partially overlap-
ping with the strong M promoter, excludes RNAP binding
to the promoter and represses transcription of the M gene
(configuration YA D ) (Bogdanova et al. 2009). For both the
CR and the M promoter, configurations correscfon%ing to
basal transcription (configurations V4 RNAP RNAP IN
Fig. 3, respectively) and empty promoters (statistical weight
1) were also assumed (Bogdanova et al. 2009). According
to the classical Shea-Ackers assumption, which states that
promoter transcription activity is proportional to the equilib-
rium probability of RNAP binding (Shea and Ackers 1985),
the transcription activities of the CR(¢CR )and the M pro-
moters((DM )are proportional to the probability of estab-
lishing their transcriptionally active configurations (for the
statistical weights, see Fig. 3 caption):

a+b[CT f
M 1+f+g[C]2 - (LD

e v avo[CT +e[C

Transcripts (with concentration m, where i = R, M, C
denotes corresponding system components) synthesized
from these promoters are degraded with a rate 4", while
proteins (p) are generated by transcript translation with a
rate k. and are further degraded with a rate AL, as described
by the following dynamical model equations:

7=¢i_ﬂ’i m e, 7=ki.mi_lip'pi : (1.2)

It should be noted that the decay terms (4) in equations
include not only degradation of the transcripts and the
proteins, but also their dilution due to cell division, which
occurred with two very different rates during the first (0-
160 min) and second time intervals (after 160 min) of the
experiment. Consequently, the cell population dynamics
are in part taken into account in the model through the
decay terms. However, there are likely significant additional
population dynamics effects that should, in principle, be
included in the model, e.g. those related to possible changes
in the cell metabolism and different plasmid and cell division
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rates. Namely, our model describing the inherent RM system
regulation and assuming constant parameters throughout
the experiment (apart from different J in the two time
intervals) can successfully explain the main proposed
qualitative features of system dynamics (Fig. 4), i.e. a large
accumulation of M early upon plasmid entry into a naive
cell and a delay in the expression of R with respect to M,
necessary for complete host genome protection. However,
our model cannot completely quantitatively reproduce the
system dynamics, i.e. there is a quantitative disagreement
between the experimental data and the model predictions
for M dynamics in the second time interval (after 160 min),
likely arising from the additional population effects that we
discussed above.

Design principles behind RM systems

The features of RM systems can be explained in terms
of a few simple dynamical constraints that ensure safe and
efficient RM system establishment. To this end, we proposed
that all RM systems should exhibit the same simple dynami-
cal properties: firstly, in every RM system there should be a
significant expression of M prior to R, to avoid autoimmu-
nity (Rodic et al. 2017). Once the host genome is protected
(i.e. methylated), R should be rapidly generated, to “immu-
nize” the host cell against virus infection, as fast as possible.
Additionally, fluctuations of the toxic molecule R should be
minimized, so as to evade that, due to large fluctuations, the
toxic molecule amount is not matched by the antidote (M).
Consequently, the following three dynamical properties are
relevant to characterize RM system dynamics: (i) the time
delay of R expression with respect to M; (ii) the transition
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velocity of the system from “OFF” to “ON” state; (iii) the
stability of R steady state levels.

To quantify these dynamical properties, we referred to
the predicted system dynamics and the stability of R steady-
state levels in the wild type (wt) AhdI system (Fig. 5). Ac-
cordingly, we introduced the following dynamical property
observables (Rodic et al. 2017): (i) the ratio of the shaded
areas in the perturbed and in the wt system for the first 10
min post-system entry as a measure of the time delay (Fig.
5A); (ii) the maximal slope of the sigmoidal R expression
curve as a measure of the transition velocity from “OFF”
(low R value) to “ON” (high R value) state (Fig. 5A); (iii) a
measure of the stability of R steady-state levels (Fig. 5B) as
derived in Bogdanova et al. (2008) - note that greater steady-
state stability leads to smaller R fluctuations.

We here employed the biophysical model of wt AhdI
transcription regulation that we previously developed and
which was verified by the in vitro experimental measure-
ments of the AhdI transcription activity dependence on
C protein concentration (Bogdanova et al. 2008), and also
the dynamical model of transcript and protein expression,
which was also verified by in vivo measurements (see above
and Morozova et al. (2016)). The described methodology,
which involves a combination of thermodynamic and kinetic
modeling, has been successfully applied to various systems
in molecular biology (Munro et al. 2016). While there are
few studies concerned with modeling some aspects of RM
systems expression regulation (Williams et al. 2013), to our
knowledge our work is the first to employ this modeling ap-
proach to systematically understand the relation between
RM system regulation and its dynamics.

In order to explain the (three) AhdI features, we per-

M.Esp1396l

=== model
® experimental data

300 400
time (minutes)

0 100 200 500 600 700

Fig. 4. Predicted Esp13961 RM system expression dynamics vs. experimental data. The change of Rand M protein amounts in time is
presented, respectively, in A and B. Circles correspond to the experimentally measured concentrations of protein fusions, while full lines
correspond to the best fit of the model (described by the system of equations 1.1 and 1.2) to the data, obtained by varying parameters
in biologically reasonable ranges. Time is set to zero at the point of the first available measurement. Adapted from Morozova et al. (2016).
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Fig. 5. Quantifying RM system dynamical properties A. R and M expression dynamics for Ahdl RM system (Bogdanova et al.
2008). The shaded area presents a measure of a time delay between M (the dashed curve) and R (the solid curve) expression. The
maximal slope of the sigmoidal R expression curve (dash-dotted line) is taken as a measure of the transition velocity from OFF to ON
state. B. Stability of the steady-state level. The steady-state (C,,) is obtained at the intersection of the CR promoter transcription
activity (the solid curve) and the dash-dotted line, whose slope depends on the transcript and the protein decay rates and the protein
translation rate (see Supplements in (Bogdanova et al. 2008) and (Rodic et al. 2017)). Larger difference in the slopes of the dash-dotted
line and the solid curve at their intersection point leads to a more stable steady state. Adapted from Rodic et al. (2017).

turbed them in silico, one by one, to observe how this af-
fects the dynamical property observables (Rodic et al. 2017).
Firstly, we gradually increased the (initially low) C transcript
translation initiation rate k. towards the value characteristic
of R and M transcripts. In Fig. 6A we observe a reduction
in the delay between R and M expression, and a decreasing
of the R steady-state level as the main effect of this pertur-
bation. This finding can be intuitively explained by the fact
that in increasing the translation initiation rate, C is gener-
ated faster, which hastens the formation of the activating
and repressing complexes on the CR promoter. The effect
on the other two observables is negligible. Consequently,
this perturbation has a significantly adverse effect on one of
the three dynamical properties (the delay between R and M
expression), decreasing the ability of the system to protect
the host genome from the cleavage.

Next, we gradually lowered the C subunit dissociation
constant of dimerization K, from the very high value charac-
teristic to the AhdI system, which corresponds to mostly C
monomers in the solution, to low values, which correspond
to predominantly C dimers in the solution, as shown in Fig.
6B (Bogdanova et al. 2008; Rodic et al. 2017). The three main
effects of this perturbation are significant decreases in the
time delay, in the transition velocity and in the steady-state
levels of R. The stability of R steady-state levels is not sig-
nificantly affected. Consequently, this perturbation has a sig-
nificantly adverse effect on two dynamical properties, greatly
reducing the ability of the system to protect the host genome
from cleavage, and increasing the time window needed for
the system to become protected from foreign DNA infection.

Finally, we gradually decreased only the extremely high
cooperativity (0 in C dimers binding to the CR promoter,
which is shown in Fig. 6C (Rodic et al. 2017). We observe
that this perturbation affects only the late R dynamics (see

116  Biologia Serbica 39(1)

the left panel of Fig. 6C), since only efficiency in forming the
repressor complex, whose probability is proportional to C*,
is affected, which becomes important only later on, when
enough C is generated. Namely, this perturbation signifi-
cantly decreases the stability of the steady state (see the right
panel of Fig. 6C), thus having a significantly adverse effect
on one dynamical property but not affecting the others. Also,
contrary to the previous two perturbations, it significantly
increases the steady-state levels of R, so that exhibiting dif-
ferent perturbations allows a balancing of the amount of the
toxic molecule R in the cell.

To summarize, all three AhdI control features, in gener-
al, have the same effect on the dynamical properties, i.e. per-
turbing them makes at least one dynamical property much
less optimal, while not notably affecting the other properties.
This, together with the fact that decreasing the binding coop-
erativity w has the opposite effect on the R steady-state levels
from the other two perturbations (which facilitates control-
ling the toxic molecule R level) can explain the unusually
large binding cooperativity in AhdI (Semenova et al. 2005;
Bogdanova et al. 2009).

Dynamics of CRISPR/Cas system expression

Despite being intensively used in biotechnology for de-
veloping powerful genetic tools, the adaptive prokaryotic
immune system CRISPR/Cas still appears to be underex-
plored when it comes to understanding the mechanism of its
natural induction in a cell. In fact, the dynamics of CRISPR/
Cas expression upon foreign DNA invasion have not been
observed experimentally in vivo. What crucially hinders
observing these dynamics is that CRISPR/Cas of Type I-E,
which is the model system for CRISPR/Cas induction and
regulation (most extensively studied in E. coli), is silent under
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Fig. 6. Perturbing Ahdl control features. A. Increasing C transcript translation initiation rate k. The effect of gradual k_increase
(from wt putative 3/5 1/min towards 3 1/min, which corresponds to the R and M (Bogdanova et al. 2008) is assessed on the protein
expression dynamics, with R (solid) curves fading as k_increases. The dashed curve corresponds to M expression, which is not affected
by any of the three perturbations. B. Decreasing dissociation constant of C dimerization K,. The effect of gradual K, decrease from the
high value, corresponding to only monomers in the solution, to the low value, corresponding to only dimers in the solution, is assessed
on the protein expression dynamics, with R (solid) curves fading as K, decreases. The relative protein amounts are derived from in vitro
wt transcription activity measurements (Bogdanova et al. 2008). x denotes the ratio of K, decrease. C. Decreasing cooperativity w of C
dimers binding to CR promoter in Ahdl. The effect of gradual decrease of extremely high w, inherent to the wt Ahdl system (Bogdanova
et al. 2008), to w corresponding to no binding cooperativity is assessed on the protein expression dynamics (the left figure), with R
(solid) curves fading as w decreases. The stability of R steady-state levels (the right figure). Adapted from Rodic et al. (2017).
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normal growth conditions, even in the presence of bacte-
riophage infection, and the induction mechanism is only
partially known (Westra et al. 2010). However, the dynamical
properties of CRISPR/Cas induction can be understood by
examining how the system regulatory features contribute to
the expression dynamics, which can be efficiently performed
using quantitative modeling.

Our group previously dynamically modeled pre-
crRNA processing into crRNAs upon CasE (processing)
protein overexpression (Djordjevic et al. 2012). The pro-
posed model (schematically represented in Fig. 7) takes into
account that pre-crRNA is synthesized by transcription of
the CRISPR array and then either nonspecifically degraded
by an unidentified endonuclease or processed by CasE into
crRNAs, which are further relatively slowly degraded. The
model predicts that the system feature crucial for enabling
the experimentally measured, very large (~2 orders of mag-
nitude) amplification of crRNAs from a small decrease in
pre-crRNA concentration upon CasE overexpression, is the
rapid, nonspecific degradation of pre-crRNA. Therefore, the
unidentified endonuclease is probably an essential compo-
nent for achieving the fast system transition from “OFF” to
“ON” state.

However, CasE proteins, which process pre-crRNA
and which determine how the processing rate (k in the Fig.
7) depends on time, are gradually synthesized when the in-
duction signal is received. Therefore, to model CRISPR/Cas
system induction, in addition to the transcript processing,
transcription regulation of the cas promoter also has to be
incorporated in the model. As the mechanism of transcrip-
tion induction is not known, to address this problem, we
noted clear qualitative similarities in transcription regula-
tion of CRISPR/Cas and RM systems. In particular, while
the cas promoter is repressed by very cooperative binding
of global regulators (such as H-NS proteins), which can be
displaced from the promoter by some transcription activa-

[pre-crRNA]

pre-ctRNA
generation

pre-ctRNA

tors (such as LeuO) (Westra et al. 2010), in the RM systems
described above RNAP itself acts as an activator, displacing
the recruited C dimer from the repressor position (see Fig.
3B) (Bogdanova et al. 2008, 2009). Therefore, our main idea
is to consider a synthetic gene circuit where transcript pro-
cessing, which is exhibited in the CRISPR/Cas system (Fig.
7), is put under the transcription control of an RM system
that was previously studied in detail. Specifically, we assume
that cas (including casE) genes are transcribed together with
a gene encoding the C protein from a promoter regulated
by the cooperative binding of C dimers, as described above
(Fig. 3B). In this way, transcription control of a well-studied
RM system serves as a proxy for the transcription control
of a much less understood CRISPR/Cas system and can be
thermodynamically modeled as described above.

In our future work, we plan to compare the behavior
of the model described above with that of a setup in which
cas genes are constitutively expressed, which we will use to
explore: (i) how the cooperative cas promoter regulation (see
above) is related to the expected sharp switch-like behavior
of the system; (ii) how the dynamics of crRNA generation in
the cooperative model compares to the limit of infinitely fast
(abrupt) system induction (Djordjevic et al. 2012), and (iii)
how the fast nonspecific degradation of pre-crRNA (which
is the main feature of CRISPR transcript processing) affects
the system dynamics.

Predicting CRISPR/Cas system components

As previously mentioned, CRISPR/Cas systems are
the focus of current intensive research; however, efforts are
predominantly invested into the development of promising
biotechnology applications that revolutionize the concepts
of programmable genome editing and gene expression regu-
lation (Singh et al. 2017). Consequently, insights into the

degradation

Fig. 7. The model scheme of pre-crRNA processing in CRISPR/Cas system. Notation used: ¢ — CRISPR promoter transcription

activity, )\p,e - rate of (nonspecific) pre-crRNA degradation, k — rate of pre-crRNA processing to crRNAs by CasE, A

rate of crRNA

CrRNA

degradation; square brackets denote concentrations of appropriate RNAs. Adapted from Djordjevic et al. (2012).
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mechanisms that control the functioning of native CRISPR/
Cas systems remain insufficiently explored. On the other
hand, understanding native CRISPR/Cas function is crucial
for the advancement of applied CRISPR/Cas research, which
depends equally on the diversity of engineered CRISPR-
based constructs and the capacity to control these constructs
with sufficient precision.

An attractive avenue to improve the knowledge about
native CRISPR/Cas systems, which could also lead to more
powerful biotech applications, is investigating small CRIS-
PR-associated RNAs. These RNA molecules (tracrRNAs),
encoded outside the CRISPR array, are increasingly recog-
nized as carriers of important regulatory and effector roles
in the system. Namely, tracrRNAs are indispensable in Type
IT CRISPR/Cas systems for processing CRISPR array tran-
scripts into mature crRNAs and subsequent targeting of the
invasive genetic elements for degradation (in a complex with
crRNA and Cas9 nuclease) (Deltcheva et al. 2011). At the
same time, the underlying mechanism of action of this effec-
tor complex forms the basis for the Cas9:sgRNA paradigm
that is extensively exploited for current CRISPR-based bio-
technology applications (Hille and Charpentier 2016).

Despite their central role in CRISPR/Cas immunity and
immense potential for translational research, small CRISPR-
associated RNAs are largely unexplored, since their experi-
mental discovery is complicated by (under standard condi-
tions) a silent CRISPR/Cas system and still limited RNA-seq
data in bacteria. An efficient alternative for the systematic
identification and analysis of these small RNAs across dif-
ferent bacterial genomes is a bioinformatics-based approach,
where the availability of sequenced genomic loci that encode
CRISPR/Cas systems is the only prerequisite for computa-
tional analysis.

In general, small non-coding RNAs in bacteria are char-
acterized by variable length, a low level of conservation and
often indistinguishable secondary structure and nucleotide
composition, so that ab initio detection, which is based on
mining transcription signals (TSS and terminators) associ-
ated with small RNA expression units represents the most
reliable search procedure (Sridhar and Gunasekaran 2013).
However, a major shortfall of such an approach is that TSSs
are often predicted with poor accuracy in bacterial genomes
(Djordjevic 2014); for example, a standard supervised (in-
formation-theory based) search of the housekeeping (RpoD)
promoter elements is associated with high rates of false posi-
tives.

Namely, due to considerable degeneracy of RpoD pro-
moter elements, accurately aligning the -35 element to the
-10 element is highly non-trivial, which was evidenced by
our finding that the available -35 element alignments show
a significant discrepancy with the biochemical data on 07°-
DNA interactions (Djordjevic 2011). In line with this, many
implementations of the information-theory method use
only the -10 element as the predictor of promoter specificity,

which negatively affects the search accuracy. To address this
problem, we performed systematic de novo MLSA (Multiple
Local Sequence Alignment) alignment of RpoD promoter
elements in E. coli, based on a Gibbs search (for more details
on methods see Djordjevic 2011), which provided improved
-35 element characterization, along with the identification of
the -15 element, a previously unrecognized determinant of
RpoD specificity (Djordjevic 2011). As illustrated in Fig. 8,
employing this new alignment for a weight matrix-based TSS
search resulted in false-positive reduction by 50% (Nikolic
et al. 2017), which clearly advocates the implementation of
the new alignment within small CRISPR-associated RNA
search procedure.

/ __new vs. old aliqnment \

1 -
old alignment
new alignment
® 08 -
=
®
L=
2 osf
@
0
S
s 04}
[ =
2
8
& 02
00 1000 2000 3000 4000 5000
\ fraction of false positives

Fig. 8. DET (Detection Error Tradeoff) curve for the old
and the new alignment of E. coli RpoD promoters. Fraction
of false negatives is shown on the y-axis, and the fraction of
false positives on the x-axis. DET-curve for the old alignment is
colored red, and for the new alignment in blue. Adapted from
Nikolic et al. (2017).

Compared to TSS, a terminator search is characterized
by substantially higher accuracy, so that adaptation of the
standard algorithm for Rho-independent terminator pre-
diction in bacteria (Ermolaeva et al. 2000) can be used to
detect small CRISPR-associated RNAs. Actually, for both
TSSs and terminators, the search parameters can be trained
against experimentally determined tracrRNAs across Type
II CRISPR/Cas systems, where distinguishing true predic-
tions (small RNAs) can be further aided by querying the
predicted expression units for complementarity to the array
direct repeats. Finally, secondary evidence for these ab initio
predictions can be obtained through conservation analysis
across related bacterial strains and mining available RNA-seq
data. This, altogether, will be the core approach in our future
research, which will focus on the systematic identification of
small associated RNAs across diverse (Type II) CRISPR/Cas
systems, with the goal of acquiring deeper insight into the
functioning of native CRISPR/Cas systems.

The proposed procedure for small CRISPR-associated
RNA detection is based on predicting housekeeping (RpoD)
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promoter elements; however, CRISPR/Cas induction is also
(likely) related to the activity of alternative (ECF) o factors,
that takeover bacterial transcription in response to cell-en-
velope stress (Ratner et al. 2015). However, ECF promoter
prediction is far more challenging, as the binding specificity
in this highly versatile group of alternative o factors (Staron
et al. 2009) was largely unknown. Consequently, to address
this problem we firstly systematically explored protein and
DNA interaction motifs that are involved in transcription
initiation by alternative G factors, as described in the next
section.

Transcription by ECF o factors

Distinct from housekeeping (RpoD) o factors that glob-
ally control bacterial transcription under standard growth
conditions, alternative o factors transcribe more specialized
regulons in response to signals related with stress, metabolic
changes or development. Among these, ECF o factors are the
most abundant and diverse, yet the underlying mechanisms
of ECF transcription initiation are largely unexplored (Hel-
mann 2002). Signaling cascades that activate ECF-specific
transcriptional response are mainly triggered at the level of
the cell membrane (Brooks and Buchanan 2008), which, on
the other hand, is related to the invasion of foreign genetic
elements into the bacterial cell. Consequently, equivalent
signaling cascades are likely connected with CRISPR/Cas
and ECF induction, so the analysis of ECF transcriptional
mechanisms might further elucidate the regulatory mecha-
nisms behind CRISPR/Cas activity.

Structurally, ECF o factors are the simplest in the en-
tire 0’ family, and, at the same time, characterized by the
most versatile protein sequences (including DNA-binding
domains). Accordingly, promoter specificity in this group is
also highly diverse, as evidenced by the very limited capacity
for ECF promoter cross-recognition (Rhodius et al. 2013).
Clearly, inferring specificity for unexplored group members
through comparative analysis against a number of experi-
mentally characterized representatives is not applicable in
the ECF o group. However, it is this approach that underlies
the current paradigm on ECF functioning, which assumes
interaction with rigid promoters characterized by obligatory
and well-conserved -35 and -10 elements (Staron et al. 2009;
Feklistov et al. 2014).

The paradigm on ECF functioning is completely oppo-
site to the mix-and-match mechanism of promoter recogni-
tion, which was well established in the housekeeping (RpoD)
0’ group (Hook-Barnard and Hinton 2007). Namely, the
mix-and-match paradigm allows a flexible promoter element
structure as long as the threshold transcription activity is ac-
complished through mutual complementation of promoter
element interaction energies with the o factor. The most ex-
treme, and altogether best known example of this mecha-
nism is -35 element absence in RpoD promoters, which is
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accommodated through o factor interactions with a strong
-10 element extension (also recognized as dsDNA).

Contrary to current considerations, we identified this
ultimate example of promoter element complementation in
ECF promoter sequences, recognized by the outlier group
members (phage 7-11 and phiEco32 o factors), during our
systematic computational analysis of ECF promoter specific-
ity, where we employed an extensive comparison of protein
and DNA sequences through pairwise and multiple, global
and local alignments (Fig. 9), for details see Methods in
(Guzina and Djordjevic 2016). The presence of the classi-
cal mix-and-match trademark in phage ECF promoters is
the first example of promoter recognition flexibility in the
group, which we further corroborated by identifying a (pu-
tatively interacting) conserved protein motif, immediately
C-terminal from the domain o, boundary, through multiple
global alignment of ECF protein sequences (Guzina and
Djordjevic 2016).
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Fig. 9. Alignment of phage 7-11 and phiEco32 ECF promoters.
Sequence-logo for 7-11 ECF promoters, with the presence of
both -35 elements and long -10 element extensions is shown in
the lower part of the figure; the logo for phiEco32 ECF promoters,
where the presence of -10 element extension is followed by the
absence of the -35 element, is shown in the upper part of the
figure. Adapted from Guzina and Djordjevic (2016).

The coexistence of the conserved protein-DNA motifs
was inferred in the bacterial ECF02 subgroup (containing
experimentally well-characterized o® from E. coli) through
multiple global and local alignments (Guzina and Djord-
jevic 2016). Interestingly, this novel o-promoter interaction,
whose partial conservation was also found in 6" of B. subtilis
(another canonical ECF member belonging to the ECF01
subgroup), appears further away from the domain 0,/-10 ele-
ment boundary (Guzina and Djordjevic 2016). At the same
time, protein-DNA interactions in the spacer with inversed
polarity (i.e. closer to the domain ¢,/-35 element boundary)
are present in the ECF32 subgroup, which indicates that ECF
o factors display even greater flexibility during promoter rec-
ognition compared to the RpoD group. In fact, the observed
flexibility in ECF promoter recognition aligns very well with
the common biophysical mechanism of transcription initia-
tion in the o”° family, which is characterized by two major
steps — closed and open complex formation (Djordjevic and
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Bundschuh 2008). In the first step, 07 factors interact with
dsDNA promoter elements, while the second step depends
on 0’ interactions with ssDNA elements. The interplay be-
tween these different energetic contributions determines the
transcriptional output on the promoter, whose kinetic pro-
file, in the framework of the mix-and-match mechanism, is
indicated by the mutual complementation of the promoter
elements, affecting the (most) relevant initiation step(s) for
a given o factor group.

In line with this, a biophysics-based correlation analysis
we performed on a larger number of (E. coli) o* promot-
ers (for more details on the analysis see ref. Guzina and
Djordjevic 2017) revealed strong complementation between
dsDNA elements, indicating that an efficient bacterial re-
sponse to stress-related stimuli essentially depends on a high
dsDNA-binding affinity of ECF o factors for their promoters
(Guzina and Djordjevic 2017). Correlations found between
newly discovered spacer and canonical 6 (-35 and -10) ele-
ments further corroborate the observed kinetic profile of
ECF transcription initiation, which could, in turn, provide
an alternative regulatory avenue for shaping the dynamics of
CRISPR/Cas induction, where rapid expression of effector
components (crRNA and Cas) appears as the main underly-
ing signature. In our future research, we will use this detailed
analysis of ECF o factor specificity to develop methods for
the accurate detection of TSS associated with these o factors,
which will, in turn, allow more accurate prediction of im-
portant CRISPR/Cas components, and consequently a better
insight into the native system function.

Conclusion

Here we have reviewed our research on the modeling
and bioinformatics of CRISPR/Cas and RM systems. We
argue that the results presented to date show that combin-
ing experiments with modeling and bioinformatics is an
optimal approach to understand the function of these excit-
ing systems. Moreover, such an approach provides a better
understanding of the common principles in design of these
seemingly mechanistically quite different systems — under-
standing the principles that unify different biological systems
is a major goal of systems biology. We believe that our cur-
rent results provide a good starting point for understand-
ing the regulation of diverse CRISPR/Cas and RM systems,
including newly discovered CRISPR/Cas types. Regarding
CRISPR/Cas, this can lead to new and improved biotechnol-
ogy applications for a system that has already revolutionized
the biotechnology field.
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Ha ocHoBy unaHa 161 3akoHa 0 onwTem ynpasHom noctynky («Cnyx6enun Jlucr
CPJ» 6poj 33/97 n 31/01), w unaHa 120 Cratyta YHuBep3uteta y Beorpagy - ®usuukor
dakynteta, no 3axresy BOJAHE B/IATOJEBUT, aunnomupaHor ¢u3nuapa, wusgaje ce
cnepehe

YBEPEHWE

BOJAHA B/IATOJEBUT, aunnomupaHm dusnuap, gaHa 27. Aeuembpa 2018. rogune,
0AbpaHmMna je LOKTOPCKY AUCepTaLMjy Nog Ha3MBOM

"THEORETICAL PREDICTIONS OF HIGHLY ENERGETIC PARTICLES ENERGY LOSS IN QUARK
GLUON PLASMA" (Teopujcka npegguharba rybutaka €Hepruje BUCOKO eHeprujcKMx Yectuua

Y KBapK rNyoHCKOj nnasmu)

npes Komucujom YHusepsutera y Beorpagy - ®usumukor dakyntera, u TUme McnyHuna cee
ycnose 3a npomouujy y JOKTOPA HAYKA — ®U3NYKE HAVKE.

YBepere ce u3/jaje Ha IMYHM 3aXTeB, a C/YXKM Pagy peryucakba Npasa us pagHor
OAHOCa 1 BaXK 10 NPOMOLYje, OAHOCHO A06Mjakba AOKTOPCKE AUNIOMe.

YBepere je ocnoboheHo nnahama Takce.

KAH ®U3INYKOT GAKYNTETA

BaH benua



