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Maremarn4deckasi MoaeJIb
penapanyvu AByHUTEBbIX
pa3pbiBoB JIHK B KieTkax
MJIEKOIIUTAKOINMX M YeJI0BeKa

OnHUM W3 aKTyaJIbHBIX HaIlpaBICHUH COBPEMEHHOH paauoOUOIIOrHH SIB-
JISETCS N3yYEHHE MOJICKYIAPHBIX MEXaHW3MOB BOCCTAHOBIICHUS TTOBPEKICHUH
JHK, Bo3HMKAIOIIMX B KJIETKE MOCJIE BO3ACHCTBUS MOHU3UPYIOIIEH paJualiii.
B mociemHue TOIBI HApSAAY C SKCICPUMEHTATBHBIME HCCICIOBAHUSIMU B 3TOM
HAaIpaBJIeHNH BCe OOJIBITYIO 3HAYUMOCTh IPUOOPETACT MPUMEHEHHE PAaCYETHBIX
METO/IOB, TIO3BOJISIONINX MOJIEIMPOBATH OT/CIbHBIE aCIIEKThI paOOThI CIIOKHBIX
6I/IO(I)I/I3I/I‘ICCKI/IX CHUCTEM BOCCTAHOBJICHUS )KUBBIX KIJICTOK.

K manbonee Tsoxensiv moBpexaeHusM JJHK otHocsTcs nByHUTEBBIE pas-
peIBHI (/IP), sBNsIompecss BO MHOTHX CITydasX MOJCKYIISPHBIM CyOCTpaTOM It
(hopMHpOBaHUS CTPYKTYPHBIX MYTaIlMil TCHOB, XPOMOCOMHBIX a0eppaItuii, HHH-
LUALIK 3JI0KaYeCTBEHHOW TpaHcdopmaliy 1 rudenu kieTok. Boccranonenne
TaKUX MOBPEXACHUHN B KJIETKaX MIIEKONUTAIOIINX U YeJIOBEKa OCYIIECTBIACTCS
JABYMSA OCHOBHBIMHU pEllapallMOHHBIMHU MEXaHU3MaMU — MIYTEM HETOMOJIOTUY-
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Mathematical Model of DNA
Double-Strand Break Repair in
Mammalian and Human Cells

Studying the molecular mechanisms of the repair of ionizing radiation-in-
duced DNA lesions in mammalian cells is one of the topical fields of modern
radiobiology. Along with experimental research, computational methods have
become increasingly important in recent years in this area. They allow modeling
specific aspects of the functioning of complicated biophysical systems of living
cell repair.

Double-strand breaks (DSBs) belong to the most severe types of DNA dam-
age. In many cases, they become a molecular substrate for the formation of the
structural mutations of genes, chromosome aberrations, and initiation of the ma-
lignant transformation of cells and their death. In mammalian and human cells,
lesions of this type are mainly repaired through the following mechanisms: non-
homologous end joining (NHEJ) and homologous recombination (HR). The spe-
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Horo BoccoenuneHus koHuoB (NHEJ) m romomorununoit
pexomounarmein (HR). Ocobennocteto NHEJ spnsiercs
BO3MOXKHOCTb €0 peald3allid B YCIOBHUSIX OTCYTCTBHUS B
KJIETKE JOCTYIHOH TOMOJIOTHYHOW IOCJIEA0BATEIbHOCTH
JHK. Ectb ocHoBanus nonarath, 4ro mnpouecc NHEJ mo-
JKET MPOTEKaTh BO BCeX (pa3ax KIETOYHOIO LUKJIA, Peaj-
3ysCh C OOJIBIIIEH YAaCTOTOM, YeM albTepHATHBHBINA CIIOCO0
BoccranoBienus myteM HR [1]. B cBsizu ¢ aTuM cunrtaercs,
yro NHEJ siBnsiercs maBHbIM criocobom penapanuu /[P B
KJIETKaX BBICIIUX SYKAPHOT.

B m3BecTHBIX paboTax 1Mo MaTeMaTu4ecKoMy MOJIEIIH-
poBaHMIO MOJIEKYIISIpHBIX MexaHu3MoB NHEJ naubosbiee
BHUMAaHME YAESeTCS ONMCAHUIO pernapanuy, UHIYLUpPO-
BaHHOM PEKOMOHM3UPYIOLIEH pajnanuei, iaBHbIM o0pa-
30M Y-KBaHTaMM U PEHTIT€HOBCKUM u3iaydeHueM. [Ipu stom
HaKOIUICH 3HAYUTENbHBIH 00bEM JKCIEPUMEHTAJIbHBIX

Puc. 1. O6mas cxema mexanuzma pernapauuu [IP JIHK myrem Heromonoruy-
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Fig. 1. A general scheme of the NHEJ repair of DNA DSBs
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JIAaHHBIX OTHOCHUTEJIBHO perapalyy AByHUTEBBIX Pa3pbIBOB
JIHK, BbI3BaHHBIX JI€HICTBHEM YCKOPEHHBIX TSIKENIBIX HO-
HOB, KOTOpbIe 00J1a/1al0T OoJiee BBHICOKOM MOBPEkKNAIOILEH
CIOCOOHOCTBIO. B CBsI3M € 3THM B 3aJla4M HACTOSIIIETO HC-
CJIeIOBaHMs BXOJMJIAa pa3padoTKa MareMaTH4ecKold Moje-
JM, crocOOHOH onucarh JUHAMHYECKHE XapaKTePUCTUKU
nponiecca NHEJ nocie Bo3aelcTBUS HOHU3UPYIOIUX U3-
Jy4eHHIl Pa3HOro KavyecTBa, TNie OCOOBI HMHTEpec mpen-
CTaBJISAIOT YyCKOPEHHBIE HOHBI C PA3IMNYHON IMHEHHOMU nepe-
naveit sHepruu (JII1D).

[IpemyioxkeHHass MOzeNb BKIIIOUAeT MaTeMaTH4ecKoe
onucanue MmexanusmMa NHEJ B pamkax crienyromux co-
BPEMEHHBIX MPEACTaBICHUN 0 ero peamusanuu [2, 3].
PaccmarpuBaemslii nporece penaparuu (puc. 1) ycioBHO
MOXHO pa3JeNuTb Ha TPU ITana, COOTBETCTBYIOIUE CH-
HanThdeckoi (ase, (azam 0OpabOTKM KOHIIOB M JIMTHPO-
BaHus. Ha mepBoM sTare B TeYeHHE HECKOJIBKUX
CEKyHJ]I TI0CJie BOBHUKHOBEHUsI I[P OeKOBBIN KOM-
wieke Ku70/80 npucoenunsiercss kK 00pa3oBaBIINM-
cs xoHuam JIHK u unnnuupyer NHEJ, BoBnexas B
MPOLIECC BOCCTAHOBIICHUS KaTAJIMTHUECKYIO CyObe-
quanny JIHK-3aBucumoii nporennkunaszbl (DNA-
PKcs). T'erepoqumep Ku n DNA-PKcs dopmupy-
ot JJHK-3aBucumyro mnporennkunazy (DNA-PK).
KiroueBbim sTannom NHE] siBnsiercst ayrodocdopu-

cial feature of NHEJ is that it can be realized in the
absence of an available DNA homologous sequence
in the cell. There are grounds to believe that NHEJ
can take place at all cell cycle phases with a higher
frequency than the alternative HR mechanism [1]. In
this connection, NHEJ is considered to be the main
way of DSB repair in higher eukaryote cells.

The published papers on the mathematical mod-
eling of the NHEJ molecular mechanisms focus on
the repair of damage induced by sparsely ionizing ra-
diation — mainly, y and X-rays. Significant amount
of experimental data has been acquired on the repair
of DNA DSBs induced by accelerated heavy ions,
which have higher damaging capability. For this rea-
son, the present study aimed at the development of a
mathematical model that would be able to describe
the dynamic characteristics of NHEJ after exposure
to ionizing radiations of different quality, among
which of special interest are accelerated ions with
different linear energy transfer (LET).

The proposed model includes a mathemati-
cal description of the NHEJ mechanism within the
framework of the following modern concepts of
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mupoBanne DNA-PK, kotopoe mpuBoauT K 00pa3oBaHUIO
«MocTa» Mexmay nByms konmamm JIP. ®aza oOpaboTku
KOHIIOB IIPOTEKAET C yyacTueM Hykieasbl Artemis n JJHK-
monumepas 4 u A. Ilpu sTom Artemis, He HaXOSIIUICS B
xommiekce ¢ DNA-PK, obmamaer 5'-3' 3x30HyKi1ea3HOH ak-
TUBHOCTBIO, OJHAKO MPH COCAUHCHHU C ayTO(hOCHOPHIIH-
poBanHoii DNA-PK nelictByer kak snnonykieasa. JJHK-
nomuMepasbl U W A, SIBISIOIIHECS UYiICHaMH CeMeiicTBa
JAHK-nonumepa3 X, BOBJIEUEHBI B IMPOLIECC 3aMOJHEHUS
oOpasyromuxcs yuactkos onqHonuteBoit JJHK. B mporecce
obpabotku kouroB JIP THK momomHuTenTsHO pUHUMAET
ydacTHe NMOJIMHYKJIeOTHAKMHA3a. Ha 3akimounTenbHOM JTa-
e nuraszHeiid kommieke XRCC4/LiglV coenmaser creru-
¢uueckn oopadoranusie koHusl JJHK.

Jist dopManuzannu MONEKYJISIPHBIX MEXaHU3MOB pe-
Tapanyy BHIOPaH IOJIX0/1, OCHOBaHHBIN Ha OMUCAaHUH (ep-
MEHTATUBHBIX B3aMMOJEHCTBHUI C MCIIONB30BAHUEM KHHE-
THYECKHUX YPaBHEHUH BU/A

%VH (X3 Xo) — Vi (X3, Xy),
rme X; (i = 1,...,n) — BHYTPUKIETOYHBIE KOHICHTPALIUH
PEryIATOPHBIX OENKOBBIX KOMILIEKCOB 72 BUIOB, X() — KOH-
LEHTPALS NHIYIUPYIOLIET0 CUTHAIA, MPEICTABISIOMIETO
coboii omnpenenennoe konmuectso JP JIHK, mumymmpo-
BaHHBIX M3Jly4eHueM; ¢t — Bpems; V;, u V,_ — ckopocTn

AT THE LABORATORIES OF JINR

MPUPOCTAa U COKPAILICHUS YPOBHS OCIKOBOrO KOMILICKCA
BUJA I, YYaCTBYIOLLEro B pernapauuu. B xoHeuHom Buzie
TIPEUTOKCHHAsT MOJIENb MPEACTaBIIeT cO00i cucTeMy u3
OJIMHHAMIATH HEIHMHEHHBIX OOBIKHOBCHHBIX auddepeH-
UATbHBIX YPaBHEHUH, peraeMbix MeToioM PyHre—KyTTht
yeTBepTOro nopsaxa. Ilapamerpsl Mmoaenu, onpeaesnsonme
CKOPOCTH IIepexoJa MEXIy OTIEJIbHBIMU COCTOSHUSIMHU
JIHK B KOMITJICKCE ¢ COOTBETCTBYIOIIUMH OCIKaMHU, Haii-
JIEHbI HA OCHOBAaHUW M3BECTHBIX K HACTOSIIEMY BpEMEHHU
SKCIIEPUMCHTANBHBIX JaHHBIX W IyTeM (PUTHPOBAHUS pac-
YETHBIX KPUBBIX K pe3yJbTaTaM MU3MEpPEHUH, XapaKTepusy-
IOIIMX KHHETUKY OTACIbHBIX TarnoB padotel NHEJ.

Pemenne ypaBHEHMIl NpPEUIOKEHHOM Maremaruye-
CKOM MOJIENTU MO3BOJISIET MOJYUUTh PE3YNbTaThl, OTpaXaro-
I[1¢ M3MCHCHUE YPOBHS OCHOBHBIX OCITKOBBIX KOMIUICKCOB,
yuactBytoniux B NHEJ, u omnucars KMHETHKY JaHHOTO
Buza penapauuu. [Ipu 3ToM B KauecTBe «MapKepa» pemna-
pauuu, NpoTeKaroel myTeM HETOMOJIOTUYHOTO BOCCOEM-
HCHHSI KOHIIOB, B MOJIC/IM IPUHHUMACTCS YPOBEHb (POKYCOB
y-H2AX, xomoxanu3oBanHbIX ¢ hoxycamu DNA-PKcs, ato
COOTBETCTBYET TPAAULIMOHHBIM SKCIEPUMEHTAJIbHBIM Me-
tofam uneHtudukamuu Boccranosinenus JP JTHK myrtem
NHEJ.

Ha puc.2 npuBeneHsl pe3ynbraTbl pacueToB, ONHCHI-
BAaIOIIIME KMHETUKY JBYX Ba)KHBIX TAlOB perapaldoOHHOro

its realization [2, 3]. For convenience, the considered re-
pair process (Fig. 1) can be divided into three stages: the
synaptic phase and the phases of processing the ends and
ligation. At the first stage, during several seconds after
DSB formation, the Ku70/80 protein complex binds with
the DNA ends that emerged and initiates NHEJ, involving
the catalytic subunit of the DNA-dependent protein kinase
(DNA-PKcs) in the repair process. The heterodimer Ku and
DNA-PKcs form a DNA-dependent protein kinase (DNA-
PK). The key stage of NHEJ is DNA-PK autophosphory-
lation, which produces a “bridge” between the two DSB
ends. The end processing phase progresses with the par-
ticipation of the nuclease Artemis and DNA polymerases u
and A. Artemis, which is not in a complex with DNA-PK,
has 53" exonuclease activity; but when combined with
autophosphorylated DNA-PK, it acts like an endonuclease.
DNA polymerases ¢ and A, which belong to the X family of
DNA polymerases, are involved in the process of filling the
formed single-strand DNA sections. Also, polynucleotide
kinase participates in processing the DNA DSB ends. At the
final stage, the XRCC4/LiglV ligase complex connects the
specifically processed DNA ends.
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To formalize the molecular mechanisms of repair, an
approach has been chosen that is based on the description
of enzymatic interactions using kinetic equations of the fol-
lowing type:

Ly (X Xp) = Vi (X Xo),

where X; (i = 1,...,n) are the intracellular concentrations
of regulatory protein complexes of n types; X, is the con-
centration of the inducing signal, which is some number of
radiation-induced DNA DSBs; ¢ is time; and V., and V._
are, respectively, the rates of the increase and decrease in
the level of the ith protein complex participating in repair.
Finally, the proposed model is a system of 11 non-linear
ordinary differential equations that are solved by the fourth-
order Runge—Kutta method. The model parameters deter-
mining the transition rates between separate DNA states
in a complex with the corresponding proteins were found
based on the known experimental data and by fitting the
calculated curves to the measurement results characterizing
the kinetics of the specific NHEJ stages.

Solving the equations of the proposed model allows
one to obtain the results reflecting changes in the levels of
the main protein complexes participating in NHEJ and to
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Tporiecca, MpOTEKaIoIEro B KyJIbType (pudpob1acToB KOXU
gyenoBeka HSF42 nocne Bo3aeiicTBUS HOHU3UPYIOIIUX U3-
my4enuit ¢ pasHoit JIII3. Puc. 2, a orpakaer JuHaMUKY BO-
BiedeHust Gpochopunuposannon JJHK-3aBucumoit mpore-
WHKHHA3BI B TIPOIIECC BOCCTAHOBIICHUS TOBPEXKICHNUH, HH-
JYLMPOBaHHBIX Y-KBAHTAMU M YCKOPEHHBIMU MOHAMH Ke-
ne3a (1 ['3B/aykinoH) B ogrHaKOBOM n03e, paBHoi 1 I'p. Ha
puc. 2,6 npenCTaBIeHbl Pe3yJIbTaThl PACUETOB, ONUCHIBAIO-
e KMHEeTHKY MHAYKIH (GokycoB y-H2AX, koiokanuso-
BaHHBIX ¢ DNA-PKcs, 11 pa3HbIX BUIOB HOHU3HPYIOLIHX
u3nyueHnd B mmpokom auanazone JIIID (0,2-236 xaB/
MKM). IIpuBeneHHBIE Ha PHUCYHKaX SKCIEPUMEHTAJIbHBIC
JJAaHHBIE CBUJIETEIBCTBYIOT O KOPPEKTHOM BOCIPOM3BEIE-
HUHM B MOJIETM OCHOBHBIX 3aKOHOMEPHOCTEH peasn3alnni
NHEIJ B ¢pubpobnacrax KoXu 4eloBeKa IpH JICHCTBUH pa-
quaryy. CoBIajIeHHE PacCYMTAaHHBIX BPEMEH, Ha KOTOPBIX
HaOJIIOAIOTCsl MAKCUMaJIbHbIE 1 MUHUMAJIbHbIE 3HAYCHUS
0EJIKOBBIX KOMIUIEKCOB, C SKCIIEPUMEHTAILHBIMH 3HAUSHHU-

siMH [4] AaeT OCHOBaHUE MOJIAraTh, YTO MOAEIb KOPPEKTHO
BOCIIPOU3BOUT CPABHUTEIBHO KOPOTKHUIl MEpHO] MHIYK-
K OKYCOB, KOTOPBIH B e CIIydacB JOCTATOUHO CIIOXK-
HO U3MEPHTH B IKCIICPUMEHTE.

Crnenn¢uxka penaparun /P JIHK npu nefictBun no-
HU3UPYIOIUX M3ITy4YeHUH Pa3HOTO KauyecTBa YYTEHA B MO-
JEeIH IyTeM BapHalMy IapaMeTpoB, XapaKTEPHU3YHOLIUX
CKOpOCTh CBsi3bIBaHUS reTepoauMepa Ku70/80 ¢ moBpex-
JICHHEM, U BBEJCHUS BEIMYUH, OTPAKAIOUINX ypoBeHb [IP,
HE TIO/IBEPraloIIuXcs pernapanuu ¢ MOMOIIbI0 MeXaHU3Ma
NHEJ. Takoil noaxon COOTBETCTBYET COBPEMEHHBIM MpE-
CTaBJICHUSIM O 3aBHCHUMOCTH OMPEIEICHHBIX CKOPOCTHBIX
xapaktepuctuk NHEJ ot Buga usnydenus. Ilpu stom c
Y4ETOM pPEe3yJIbTaTOB COBPEMEHHBIX 3KCIEPUMEHTAIBHBIX
WCCIIeIOBaHM [5] mosraraeTcs, 94To JaHHas 3aBUCUMOCTH
peanusyercst depe3 crenu(uKy MHAYIHPYEMBIX HMOBPEXK-
JICHHI.

Puc. 2. smenenne ypoHs ¢pokycoB DNA-PKcs (a) u poxycos y-H2AX, xonokanuzoBanubix ¢ DNA-PKcs (6) B kynasType ¢pubpobdiacToB
koxu yenoBeka HSF42 npu neficTBUM HOHM3MPYIOMNX U3ITyYeHUH C pa3HBIMU (U3NYECKUMU XapakTepucTukamu B go3ze 1 I'p. JIIID ga-
ctuil (K9B/MKM): Log=02;5 Lo =145 Lg; =44; Lp.q o = 150; L. 3 = 236. Kpubble — pe3ysbTaTsl pacdeTa, TOYKH — SKCIEPUMEHTAILHBIE

JaHHBbIE [4]
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Fig.2. Changes in the level of DNA-PKcs (@) and y-H2AX foci co-localized with DNA-PKecs () in a culture of human skin fibroblasts
HSF42 after exposure to ionizing radiations with different physical characteristics at 1 Gy. Particle LET, keV/um: L, = 0.2; Lo = 14;
Lg;=44; Lpoy o= 150; L 3 = 236. The curves are the calculated results; the dots are experimental data [4]

describe the kinetics of this type of repair. As an NHEJ re-
pair marker, the level of the y-H2AX foci, which are co-lo-
calized with the DNA-PKcs foci, is taken in the model. This
choice corresponds to the traditional experimental methods
of the identification of the NHEJ repair of DNA DSBs.
Figure 2 shows the calculated kinetics of two impor-
tant stages of repair in a culture of human skin fibroblasts
HSF42 after exposure to ionizing radiations with different
LET. Figure 2, a illustrates the dynamics of the involvement
of a phosphorylated DNA-dependent protein kinase in the
repair of damage induced by y rays and accelerated iron
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ions (1 GeV/nucleon) at the same dose of 1 Gy. Figure 2,5
shows the calculated kinetics of the induction of y-H2AX
foci co-localized with DNA-PKcs for different ionizing ra-
diations in the LET range of 0.2-236 keV/um. The experi-
mental data in these graphs indicate that the model repro-
duces correctly the main NHEJ regularities in human skin
fibroblasts under exposure to radiation. The agreement be-
tween the calculated times at which the maximal and mini-
mal concentrations of protein complexes are observed and
the corresponding experimental values [4] suggest that the
model correctly reproduces a relatively short period of the
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[IpenyioxkeHHass MaremMaTuueckas MOAemb, OT-
pakatromiast oouue npuHuUIel perapanuu JIP JJTHK
no mexanu3My NHEJ, npeanonaraer nanpHeiiiee
pa3BUTHE, CBSI3aHHOE C Y4E€TOM BTOPOrO OCHOBHO-
ro Croco0a BOCCTAHOBIICHHSI TAKUX MOBPEXKICHUN
IyTeM TOMOJIOTHYHOH pexkomOunaiyu. [Ipu stom
MPEACTaBISIETCS BO3MOXHBIM ITOCTPOEHHE MOjIe-
JIH, OTparkaroliel OaaHe MEXIy JIByMs perapary-
OHHBIMU CHUCTEMaMH, BHOCSAIIMMHU HEOAMHAKOBBIN
BKJIaJ B penapanuio [P y kjeTok, HaXoaduxcs Ha
Pa3HBIX CTAAMAX KJIETOUHOTO IUKJIA.

Cunucok nurteparypsl / References

1. Asaithamby A., Chen D.J. // Mutat. Res. 2011.
V.711. P.87-89.

2. Lieber M.R. // Ann. Rev. Biochem. 2010. V.79.
P.181-211.

3. Hefferin M. L., Tomkinson A.E. /| DNA Repair.
2005. V.4. P.639-648.

4. Asaithamby A., Uematsu N., Chatterjee A.,
Story M.D., Burma S., Chen D.J. // Rad. Res. 2008.
V. 169. P.437-446.

5. Reynolds P, Anderson J.A., Harper J.V,
Hill M. A., Botchway S.W., Parker A.W., O’Neill P. //
Nucl. Acids Res. 2012. V.40. P.10821-10831.




	AT THE LABORATORIES OF JINR
	V.N.Pervushin, A.E.Pavlov. Principles of Quantum Universe
	N.M.Plakida. Spin-Fluctuation Mechanism ofHigh-Temperature Superconductivity in Cuprates
	G.D.Alexeev, L.N.Glonti, V.D.Kekelidze, V.L.Malyshev, A.A.Piskun, Yu.K.Potrebenikov, V.K.Rodionov, V.A.Samsonov, V.V.Tokmenin, S.N.Shkarovskiy. The Round Straw Drift ChamberOperating in Vacuum
	I.A.Bobrikov, A.M.Balagurov. Real-Time Neutron DiffractionStudy of Li-Ion Batteries
	O.V.Belov, M.S.Lyashko, I.L.Avvakumova. Mathematical Model of DNADouble-Strand Break Repair inMammalian and Human Cells
	MEETINGS OF THE JINR PACS
	TO THE CENTENARY OF THE BIRTH
	JINR DIRECTORATE’S INFORMATION
	JUBILEES
	PRIZES
	SCIENTIFIC COOPERATION
	CONFERENCES. MEETINGS
	SCHOOLS. SEMINARS
	NEW PUBLICATIONS

