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Ocob0enHocTu BiaMsiHUS rpadeHa U okcuaa rpagena
Ha cTpeccoycToiiunBoCcTh KJeTok Escherichia coli, tmnamuxy
oakrepuaabHoii JIHK u JIHK-cBa3biBaromero 6eaka Dps
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KuroueBbie ciioBa: OakTepuanbHas >KU3HECIIOCOOHOCTh M CTPECCOYCTOMYIMBOCTD; crabmmmsanus JJHK
Oaktepuii; Oemox Dps; JIHK-OenkoBele KOMIUIEKCHI; MOJICKYJISIpHas JIWHAMHKA,
MO/JICTUPOBAaHNE OMOJIOTHYECKUX MOJICKYIT Ha rpadeHe

Momusayus u yenv. VccnenoBaTh BnusiHME TpadeHa W okcuia rpadeHa Ha
cTpeccoyctoiiunBocth Oaktepuii Escherichia coli (E. coli). BeisiBute paznuuus B
IMHAMUKE Te30KcupuoonykienHoBor kucnoTsl (JJHK) u crabunusupyromiero ee 6enka
Ha TOBepXHOCTH rpadena, okcuaa rpadena um B pactBope. [lomydeHHBIE DaHHBIC
NPEACTaBISIIOT ~ MPAKTHUECKU HWHTEepec s pa3padOTKH HOBBIX  CHOCOOOB
CTepWIIM3ALMA W JUIS HCCICHOBAHHUS CTPYKTYPbl OHMOJIOTMYECKHMX MOJIEKYJI M HUX
KOMIIJICKCOB Ha IOBEPXHOCTU Ipad)eHOBBIX MOAJOXKEK. Pe3ynpTaThl MccienoBaHUN
MOTYT OBITh HCIIOJIF30BaHbI IPU CO3JJAHUH OCHOBAHHBIX Ha OMOJIOTUYECKUX MOJIEKYJIaX
HaHOMAaTePHAJIOB C 3aJaHHBIMHU cBo¥cTBamu [ 1, 2].

Memoowvr u ancopummer: bakrepuu E.coli K12 BeipammBamu Ha cpenme LB B
MPUCYTCTBUM pa3HbIX KoHIeHTpauuii rpadena () u okcuma rpadena (I'O) mpu
temmepatype 28 °C. bakrepuanbHble TMOIYJAIWHA, T[OAyYEeHHbIE B OIBITHBIX U
KOHTpOJIbHBIX (0e3 nobaBok I' m I'O) ycnoBusix, mnoasepramu 30-MUHYTHOMY
BO3AEHCTBHIO TemrepaTypbl 55 °C u 1-2-MuHyTHOMY BO3aelcTBHIO Y D-U3iyueHus,
ompenenss KOJUYECTBO BBDKHBIIMX KJIETOK M OIECHUBAs CTPECCOYCTOWYHBOCTH
OMBITHBIX MOMYJISALUI 10 CPaBHEHHIO C KOHTPOJbHOM. MeromamMu MOJEKYJISPHOTO
MOJICJIMPOBAHMS MCCIICAOBaHbl IOJHOATOMHbBIE MOJAEIM CHCTeM TIpadeHa, okcuaa
rpadena, JJHK-ces3biBaromero Oenka Dps Gakrepuu E. coli u ygactkoB JJHK (25—
135 nap HYKJICOTH/IOB) B HECBA3aHHOM COCTOSHUM M TMCTOHOITOJOOHBIX KOMILIEKCAX.
PacueTsl MOJIEKYISIpHOM AMHAMMKH MPOBOJIMWINCH B MOJHOATOMHOM NPHOIMKEHUU B
MEPUOIMUECKUX STYeHKaX C MCIOJIb30BaHUEM MPOrPaMMHOTO KOoMIuTekca (Gromacs mpu
nmoctossHHON Temriepatype 28 °C  (moanepkuBaiach C IIOMOIIBIO TepMocTaTa
JlamxeBena) u gaBieHud | atM  (OJAEPKUBAJOCH € IIOMOIIBIO  Oapocrata
[Tappunenno—Pamana). Jns omnpenesneHUs: TEPMOAMHAMHYECKHX XapaKTEPHCTHK
ca3biBanus JJHK ¢ monexkynamu Oenka Dps mpuMeHeH MeETO TMOHWCKAa JMHEHHOMN
sHepruu B3aumozeiictus (LIE).

Pesynomamur: MukpoOHoIOrudeckue HCCIeAOBaHMs MMOKa3aJld, YTO POCT OaKTepHid
E.coli K12 B mpucyrctBur I’ u T'O Bowsii Ha IKU3HECIIOCOOHOCTH W
CTPECCOYCTOWYMBOCTh BBIPOCIINX IOMYJSIUA. B ONBITHBIX MOMyNALNUSAX TIOCHE
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ctpeccoBbIx BozaeiicTBuit (55 °C, 30 Mun u Y®-obmyyenue, 1-2 MUH) KOIHYECTBO
BBDKUBILINX KIIETOK CHIDKAIOCH Ha 4—6 MOPSIKOB, TOTAa KaK B KOHTPOJIBbHOMW — Ha 1-3.
DddexT ObuT psiMO TTponIopIHoHaNieH konndecTBy I 1 I'O, mpucyTcTByIOImMuMX B cpene
BO BpeMs pocTa Oaktepuil. [Ipu onpeneneHHbIX CTPECCOBBIX PEeXKUMaX KJICTKH OIBITHBIX
MOMyJSIUKA MOTHOANH MOTHOCTBIO, TOT/Ia KaK B KOHTPOJIBHBIX MOMYJISILUSAX BEDKABAIN
Ha yposHe 10° kieTok/min.

MeTtonamMu MOJIEKYIIPHOTO MOJCINPOBAHNUS IPOBEAECHO CPAaBHUTEIBHOE HCCIIEI0BAHNIE
KOH(QOPMAIIMOHHON NOABIKHOCTH OWOJIOTHYECKHX MOJEKYN (eppUTHHONOZOOHOTO
JHK-cBs3piBatomiero 6enka Dps (DNA-binding protein from starved cells) E. coli u
yaactkoB JJHK pa3Holi amuHBI B pacTBOpe, a Takyke Ha MOBEPXHOCTH Tpad)eHa 1 OKCHIIA
rpadena. B MHOTOYMCIIEHHBIX HCCIEOBAaHHUSIX YCTAaHOBIEHO, 4To DpS sBisercs
OCHOBHBIM OenkoM, obecnieunBaomuM cradbwimzanuio JHK wu  BeDKHMBaeMocTh
OakTepHalIbHBIX KJIETOK B CTpeccoBbiX ycimoBusix [3]. Ou mpezacraBisier coOoi
TrOMOJOZIEKaMep C IIOJIOCThIO BHYTPH, 001anaeT (pyHKIMAMHU CEKBECTpPALUH JKeje3a B
KJIeTKe OakTepuii m oOecrevrBaeT BbDKHMBaHUE OaKTEPHAJBHBIX KIICTOK OJaromaps
cniocooHocTH cokpuctaumsanuu ¢ JJHK [3, 4], obecnieurBas 3amuTy GakTepruaibHOTO
TeHOMa B CTPECCOBBIX yCJIOBHUsX. KpoMme TOro, 3T0 mepcreKTHBHBINA OHMOMOIUMEp LIS
WCIIONIb30BaHMs B KauecTBe HaHoMarepHana [1, 2]. PacueTsl MONEKyISIpHON NTHHAMUKU
Ha 0.1-0.5 MKC TpaeKTOpHsIX MOKa3bIBAIOT, YTO TpadeHOBBIE MOAJIOKKH 000MX THUIIOB
CYIIECTBEHHBIM 00pa30oM BIHSIOT Ha MoaABmKHOCTH N-koH1eBbIX (JJHK-cBs3pIBatOIIX)
YYacTKOB ONIDKaWIIAX K TOBEPXHOCTH CyOBEeTUHHII Oenka, CBA3bIBasg WX Ha CBOCH
noBepxHocTH. CTpyKTypa Oelika B LIEJIOM 3HAUMTeNbHee CTa0uIbHEE Ha MOAJI0XKKE U3
HEOKHCJIEHHOTO TpadeHa, 4eM OKHCIEHHOr0, Ha KOTOPOW HA4YMHAET H3MEHSTHCS
YeTBEPTUYHAS CTPYKTypa Oeska. [IpoBeaeHHbIH aHaIU3 TJIaBHBIX KOMITOHEHT (puc. 1)
MOKa3bIBaCT, YTO aJCOPOMPOBAHHBIC HA IMOBEPXHOCTH HEOKUCICHHOro rpadena N-
KOHIIBI CY6'I:.€I[I/IHI/IH, PacCIlOJIOKCHHBIX BJAOJIb HOpPMaJIM K IMOBEPXHOCTHU IIOIJIOKKH,
WCTIBITHIBAIOT CHJIbHBIE (DIYKTyalMy, KOTOpBIE IIepelNaroTcs Bce CyObeauHuie B
[EJIOM, YTO TIPUBOAMT K CTPYKTYPHBIM IIEPECTPOMKAM BHYTPH MOJIEKYJIbI OelKa (TTOpbI
pacImpsIoTCs, CyObeANHUIIBI CMEIAIOTCS APYT OTHOCUTENBHO APYTa).
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Puc. 1. CiieBa — aHaIM3 CpeAHEKBAIPATHYHBIX (BIyKTyalnii aMUHOKHCIOTHBIX OCTAaTKOB IISTH

n3 12 cyowenununn 6enka Dps, agcopOupoBaHHOTO Ha MOBEPXHOCTh HEOKHUCIEHHOTO TpadeHa,

OTHOCHTEIILHO YEeThIpeX cOOCTBEHHBIX BeKTOpoB (Vecl-vec4). Cnpasa — cTpykTypa Oenka Dps,
mudpamMu 0603HaYEHBI IIATh CyObEMHULI, COOTBETCTBYIOIINE IpadHKy cieBa
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Uccnenopanacy nuHammka komruiekcoB Dps-/IHK Ha rpadeHOBBIX MOTOKKAX.
[TokazaHo, 4yTO MpH MPUOIHKEHUU KOMILIEKCA K MTOJI0KKE OJIMTOHYKIICOTHIBI (25 map
HYKJICOTHJIOB) OTPBIBAIOTCS OT OeJKa 1 aicopOupyroTes Ha rpadeHe u okcue rpadeHa.
I'mcrononmomoOusie kommiuekce: Dps ¢ JJHK (165 map HykneoTuaoB) Takke
MPETePIeBaOT CTPYKTypHBIe nepecTpoiiku: JIHK HaumnaeTr oTpwiBaThcs OT Oenka U
IpHUOIMKATECS K TpadeHOBOM MOMIIOKKe (puc. 2).

Puc. 2. Kommiekc 6enka Dps ¢ JIHK (165 nap HykineoTu0B) Ha okcuje rpad)eHa B TCUCHHE
BpPEMEHH TPAaeKTOpHUH (CJIeBa HalpaBo): HadaigbHoe nosnoxkenue, 100 uHe, 200 He, 300 He. Benok
Dps — po3oBbrii, N-KOHIIEBEIE aMHHOKUCIIOTHBIE OcTaTKH — cuHme, JJHK — opamkeBas crmpains,

okcun rpadeHa — rorydast moaIokKKa

Ob6pazopanue komruiekcoB JJHK-Dps Ha rpadeHOBBIX MOIT0XKKaX MPOUCXOINT, OTHAKO
TaKMe KOMIUIEKCHI OKAa3bIBalOTCSI MECHEE CTAOWMJIbHBI, YeM KOMILUIEKCHI B PacTBOpE.
CBoOomHass sHeprus cBs3piBanus JIHK Hmke B TOM ciywyae, eciid MoOJeKyja
OKa3bIBaeTCAd CBI3aHHOW C Tpad)eHOBOW MOMJIOKKOW M OEIKOM, HEXEITH TOJBKO C
OenKoM.

Bwisoowvr: Obnapyxeno, uto poct 6akrepuii E. coli 8 mpucyrcrsuu I u 'O npuBoauT K
PE3KOMY CHIDKCHHIO HX CTPECCOYCTOMUMBOCTH K TeMIlepaTypHOMY U Y @ BO3EHUCTBHIO,
YTO MOKET OBITh MCIIOJIB30BAHO IS Pa3pa0dOTKH HOBBIX CIIOCOOOB CTepHiM3anuu. B
pe3yabTaTe MPOBEACHHBIX MOJIEKYIIPHO-TUHAMUYECKUX PACUETOB BBISBICHO BIIMSHUE
NoJUIOKeEK rpadeHa U okcuaa rpadeHa Ha JUHAMHUKY U CTPYKTypy komriuiekco JJHK-
crabummsupyroiero 6enxa Dps E. coli ¢ JTHK. TToka3zaHo, 4To HEOKHMCISHHBIN TrpadeH
MOJKET MPUBECTU K U3MEHEHHUIO YeTBEPTUYHOM cTpyKTyphl Oenka. JJHK B koMiutekcax
CTPEMHTCS CBA3AThCSI OJHOBPEMEHHO M C OEJIKOM, M C MOJJIOKKOM, YTO MPUBOIUT K
CTPYKTYpPHBIM TIEPECTPOHKaM MK pa3pyieHnio komruiekcos Dps-JIHK.
Qunancuposanue.  PacueTbl  TPOBOAWINCH  HAa  BBICOKONPOM3BOIUTENHHOU
BeraucuTensHOM cucteme MBC-10I1 B MexXBeJOMCTBEHHOM CYIEPKOMITBIOTEPHOM
uentpe Poccuiickoit akagemun Hayk (MCL] PAH). PaGora BhImoiHeHa B pamkax
rocynapcrBeHHoro 3agaHus MunoOpHaykn Poccunm (Tema FFZE-2022-0011,
Ne 122040400089-6, 122040800164-6).

Peculiarities of the influence of graphene and graphene oxide
on the stress resistance of Escherichia coli cells, the dynamics
of bacterial DNA and the DNA-binding protein Dps
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Motivation and Aim: To study the effect of graphene and graphene oxide on the stress
resistance of Escherichia coli (E. coli) bacteria. Identify differences in the dynamics of
deoxyribonucleic acid (DNA) and the protein that stabilizes it on the surface of graphene,
graphene oxide and in solution. The data obtained are of practical interest for the
development of new sterilization methods and for researchers of the structure of
biological molecules and their complexes on the surface of graphene substrates. The
research results can be used to create nanomaterials based on biological molecules with
specified properties [1, 2].

Methods and Algorithms: E. coli K12 bacteria were grown in LB medium in the presence
of different concentrations of graphene (G) and graphene oxide (GO) at a temperature
of 28 °C. Bacterial populations obtained under experimental and control (without G and
GO additives) conditions were subjected to 30 min exposure to a temperature of 55 °C
and 1-2 min exposure to UV radiation, determining the number of surviving cells and
assessing the stress resistance of the experimental populations compared to the control.
Using molecular modeling methods, all-atom models of graphene, graphene oxide, the
DNA-binding protein Dps of the bacterium E. coli and DNA oligonucleotides (25—
135 base pairs) in an unbound state and in histone-like complexes were studied.
Molecular dynamics simulations were carried out in the all-atom approximation in
periodic boxes using Gromacs at a constant temperature of 28 °C (maintained using a
Langevin thermostat) and a pressure of 1 atm (maintained using a Parrinello-Raman
barostat). To determine the thermodynamic characteristics of DNA binding to Dps
protein molecules, the linear interaction energy (LIE) method was used.

Results: Microbiological studies showed that the growth of E. coli K12 bacteria in the
presence of G and GO influenced the viability and stress resistance of the grown
populations. In the experimental populations, after stress exposure (55 °C, 30 min and
UV irradiation, 1-2 min), the number of surviving cells decreased by 4 to 6 orders of
magnitude, while in the control population by 1 to 3. The effect was directly proportional
to the amount of G and GO present in the medium during bacterial growth. Under certain
stress conditions, the cells of the experimental populations died completely, while in the
control populations they survived at a level of 108 cells/ml.

Using molecular modeling methods, a comparative study of the conformational mobility
of biological molecules of the ferritin-like DNA-binding protein Dps (DNA-binding
protein from starved cells) of E. coli and DNA sections of different lengths in solution,
as well as on the surface of graphene and graphene oxide, was carried out. Numerous
studies have established that Dps is the main protein that ensures DNA stabilization and
the survival of bacterial cells under stressful conditions [3]. It is a homododecamer with
a cavity inside and has the functions of sequestering iron in the bacterial cell and ensures
the survival of bacterial cells due to the ability to co-crystallize with DNA [3, 4],
providing protection of the bacterial genome under stressful conditions. In addition, it is
a promising biopolymer for use as a nanomaterial [1, 2]. Molecular dynamics
simulations on 0.1-0.5 us trajectories show that graphene substrates of both types
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significantly affect the mobility of the N-terminal (DNA-binding) regions of the protein
subunits closest to the surface, binding them to their surface. The protein structure as a
whole is much more stable on a substrate made of unoxidized graphene than on an
oxidized one, on which the quaternary structure of the protein begins to change. The
analysis of the principal components (Fig. 1) shows that the N-termini of subunits
adsorbed on the surface of unoxidized graphene, located along the normal to the surface
of the substrate, experience strong fluctuations, which are transmitted to the entire
subunit as a whole, which leads to structural rearrangements inside the protein molecule
(pores expand, subunits move relative to each other).
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Fig. 1. On the left is an analysis of the root mean square fluctuations of amino acid residues of
five of the 12 subunits of the Dps protein adsorbed on the surface of unoxidized graphene,
relative to four eigenvectors (vecl-vecd4). On the right is the structure of the Dps protein, with
numbers indicating the five subunits that correspond to the graphs on the left

The dynamics of Dps-DNA complexes on graphene substrates was studied. It was shown
that when the complex approaches the substrate, oligonucleotides (25 nucleotide pairs)
are detached from the protein and adsorbed on graphene and graphene oxide. Histone-
like complexes of Dps with DNA (165 base pairs) also undergo structural
rearrangements: DNA begins to detach from the protein and approaches the graphene
substrate (Fig. 2).

Fig. 2. Dps protein complex with DNA (165 nucleotide pairs) on graphene oxide during the
trajectory time (from left to right): initial position, 100 ns, 200 ns, 300 ns. Dps protein — pink,
N-terminal amino acid residues — blue, DNA — orange helix, graphene oxide — blue substrate
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The formation of DNA-Dps complexes on graphene substrates occurs, but such
complexes turn out to be less stable than complexes in solution. The free energy of DNA
binding turns out to be lower if it is bound to both the graphene substrate and the protein,
rather than only to the protein.

Conclusion: It was found that the growth of E. coli bacteria in the presence of G and GO
leads to a sharp decrease in their stress resistance to temperature and UV exposure, which
can be used to develop new sterilization methods. As a result of molecular dynamics
simulations, the influence of G and GO substrates on the dynamics and structure of
complexes of the DNA-stabilizing protein Dps of E. coli with DNA was revealed. It has
been shown that G can lead to changes in the quaternary structure of the protein. DNA
in complexes tends to contact both the protein and the substrate (G or GO)
simultaneously, which leads to structural rearrangements or destruction of Dps-DNA
complexes.

Funding: This study was carried out as part of a state task of the Ministry of Education
and Science of Russia on the topic FFZE-2022-0011 (registration numbers
122040400089-6 and 122040800164-6). The computations were performed on MVS-
10P at the Joint Supercomputer Center of the Russian Academy of Sciences.
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