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Momusayus u yenv: bakrepuanbHble KIETKM B XOAE OJBOJIONWH BBIPAOOTAIH
YHHMBEpCAJbHbIE  HACICICTBEHHBIC  CTpPAaTeTWH  aJanTallid, OCHOBAaHHBIE HA
CTPYKTYPHBIX, OMOXMMHYECKMX M TE€HETHYECKHX IIE€PECTPOMKaxX, MO3BOJISIOLINE
COXpaHUTh YacTh NOMYJSIIMKM M BBDKUTH B JIOOBIX HEOIArOMPHSITHBIX YCIOBHUSX.
BakrepuanbHble cTpaTeruu aganTalyu B IEPBYIO oUepeap HanpaBiaeHbl Ha 3amuTy JJHK
C TIOMOIIBI0 HYKIICOWI- acCONUUpoBaHHBIX OenkoB [1]. Tak, mpu mpubmmwkeHUn K
CTallMOHapHOHM (ha3e pocTta B OaKTEpUAX 3aIyCKACTCS MOJICKYJIAPHBIH MEXaHHU3M
BeIpaboTku (10 200 000 emunwmir) depperunomnomodbrnoro 6enka Dps (DNA-binding
protein of starved cells). bemox Dps y4actByer B konaencanuu JJHK, ymnotHss ee B
Ooee BBICOKOYTIOPAIOYEHHYIO «OMOKPHUCTAITNYECKYIO» WIH «hubpo-
HaHOKPHUCTAIUTMIECKYIO» CTPYKTYPY, MaKCHMaJIbHO 3aUIIAOITY IO oT
pa3pyLIUTENbHBIX Bo3AecTBUI. HecMOTps Ha BBICOKHI MHTEPEC CO CTOPOHBI HAYYHOT'O
coobmiecTBa K JaHHOM TeMe, 10 CHUX IOp HE IOJIY4YEHO TOYHOH MOJEKYJISIpHON
ctpykTypsl komruiekca JJHK-Dps. OnHako pemieHne 3Toro BOIpoca BaKHO, TaK Kak
MPOJILET CBET Ha MEXAHW3Mbl BbDKUBAHUS OaKTEepUi B CTPECCOBBIX YCIOBHSAX U
MO3BOJIUT NOJO0pATh HOBBIE CLIOCOOBI CTEPWIIN3ALMH B MHIIEBOI MPOMBILIUIEHHOCTH U
ME/IAIIHE.

Memoowr u ancopummsr: Jid  ONpeAENeHUs] CTPYKTYphl MAaKpOMOJIEKYJSPHBIX
KOMIUIEKCOB ¥ MOJIEKYJSIpHBIX MexaHu3MoB B3ammozeiicteus JHK ¢ Dps
WCTIOJIb30BaHbl METO/IbI POCBEUMBAIOIIEH AJIEKTPOHHON MUKPOCKOINH, JOTOIHEHHbIE
WHCTPYMEHTaMHU MOJIEKYJISIPHOTO MOJIETUPOBaHUSI.

Pesynomamer: Kpucrammugeckue in Vitro kommiekcsr Dps-JIHK Obutd momydeHsr
CMelIMBaHUeM oO4uIieHHoro Oeika Dps (3.4 Mr/mi) ¢ JMHEHHBIM JBYIENOYEYHBIM
¢parmentom JTHK (0.25 ur/mxi) pBluescript 11 SK(+) miuno# 2961 nap ocHOBaHMiA
HEMOCPE/JICTBEHHO Ha TOKPBITYI0 yriepoaoM wmeanyio cetky TOM (SPI) c
nocneayonM HememneHHpIM nobaBnennemM OATA (0.14 mM). Takum oOpazom,
KpUCTaIBl ()OPMHUPOBAINCH HemocpeAcTBeHHO Ha cerke IIOM. Caumku I[1OM
CoJIepKall MHOXECTBO KPUCTAIIOB JIMHEHHOTO pasmepa ot 50 go 500 M (puc. 1).
Tomorpammbl ObUIM TIOJIYYEHBI C MCIOJIB30BaHUEM MPOrpaMMHOro odecreueHus Jeol
qutst tomorpaduu (Jeol, Snonust). Yron HakiioHa roHnoMeTpa Konebiercst ot —60 1o +60
(c mocTosaHbIM marom 1 rpagyc). Cepust n300pakeHNi ObLTa BEIPOBHEHA C MTOMOIIIBIO
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nporpammHoro obecrnedenuss Digital Micrograph (Gatan, CIIIA), a 3arem
BOCCTAaHOBJICHA C TIOMOIIBIO anmroputMa oOpatHoi mpoeknun B IMODA4.11.
Tomorpadust conepkana TNEpUOAWYECKHE OOJIACTH IJIEKTPOHHOH IIIOTHOCTH, C
TIPOCTPAHCTBEHHOH TPyMIIOH P1 1 MOCTOSHHBIMU dIeMeHTapHOM sueiiku a = 84.1 A, b
=77.0A,c=45.0A, a=90.00°, B =90.00° vy =113.30°. Benok Dps B 101eKkaMepHOii
yeTBepTHUHON GopMe (chepuueckas Gopma npubausutensHo 90 A B nuametpe) [2] He
MOJKET Pa3MECTUTHCS B JTaHHOU 3eMeHTapHOi suelike. Cama 3JeKTpOHHAsI TUIOTHOCTh
BHYTPHU DJIEMEHTApHOU SUEHKH uMena (GopMy MUPaMUABI ¢ TIOJIOCThIO BHYTPH B BHUIIE
YCEYEHHOr0 KOHYCa, 4TO MO BHAY COBIajaja ¢ 4acThi0 JOACKaMepHOU (opmbl Oenka
Dps B oOnacté CONPHUKOCHOBEHMS TpeX MOHOMEpPOB Dps, oOpasyromux Tak
HazpBaemyto Dps mopy. s moaTBep AeHHs CYIIECTBOBaHHA OelKa B TPUMEPHOM
YETBEPTUYIHOM CTPYKTYpE, METOAAMHU MOJIEKYJISIPHOI'O MOJACIIMPOBAHHUS B IPOIPAMMHOM
nakere Gromacs 5.1 [3] B monmHoatromMHOM cuiioBoM moiie AMBER 0wt mpoBeaeH
pacuer Tpex MOHOMepoB Oeika Dps B BOAHOM pacTBOpe B TedeHHE 1 MUKPOCEKYH/HI.
ITo pe3ynbTaTaM pacueToB Oblila BEIYKCIICHA TOTEHIIMAILHAS SHEPTUsl B3AaUMOICHCTBHUS
MoHOMepoB (—185.98 k/[x/Monb). Jlanee oTpedakCHPOBAHHBIM TPUMEP U MOJICKYJIBI
JHK 6b111 pa3MerieHsl B 3J1eKTPOHHYIO INIOTHOCTH KPUCTAJIa C IIOMOLIBIO IPOrPaMMBI
UCSF Chimera [4] (puc. 2).

Buigoowi: B Hamem skcniepriMeHTe ObUIa BIIEpBBIE OOHApYKeHa CTPYKTypa 6enka Dps B
YETBEPTUYHON (opMe, OTIUYHOH OT JOAEKAMEPHOW, BHYTPH KPHUCTAIUIMYECKUX
o0pa3oBaHuii 0O4eHb MasIOro pazmepa. IlogoOHbIe CTPYKTYphI Takke ObLIIM OOHAPYKEHBI
HaAMH B TOKOSIIUXCSA KIeTOYHBIX obpasmax E. coli [5], roe pasmep mepuomnveckoit
PELIETKH BHYTPUKIIETOUYHBIX KPUCTAIJIOB OBLT MEHBIIIE, YeM JHUaMeTp aojaekamepa Dps.
[lo-Bunumomy, Oenoxk DpS B kimeTkax, 3alUILEHHBIX OT BHEIIHUX CTPECCOBBIX
BO3/ICHCTBHI TaK)KE HAXOAUTCS B TPUMEPHOH YETBEPTUYHOM CTPYKTYpe.

Qunancuposanue. VccnenoBanue NpoBeAEHO MpH (UHAHCOBOH MOJJEPKKE TpaHTa
PH® Ne 23-24-00250.

Puc. 1. II9M canmok kpuctamingeckoro komiuiekca JJHK-Dps
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Puc. 2. ®unanpHOE pacnonokeHne Tpumepos 6enka Dps u monexyn JJHK B kapty

9JIEKTPOHHOH IUIOTHOCTH, TOJYYEHHYIO U3 TOMOTrpaduu
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Motivation and Aim: Evolutionary bacterial cells evolution have developed universal
hereditary adaptation strategies based on structural, biochemical, and genetic
rearrangements that allow them to conserve a part of the population and survive in any
unfavorable conditions. Bacterial adaptation strategies are primarily aimed at protecting
DNA with the help of nucleoid-associated proteins [1]. Thus, as bacteria approach the
stationary phase of growth, a molecular mechanism of production (up to 200,000 units)
of the ferretin-like protein Dps (DNA-binding protein of starved cells) is triggered. The
Dps protein participates in the condensation of DNA, compacting it into a more highly
ordered “biocrystalline” or “fibro-nanocrystalline” structure that maximizes protection
from damaging effects. Despite the high interest of the scientific community in this topic,
the exact molecular structure of the DNA-Dps complex has not yet been obtained.
However, the solution of this issue is important, as it will shed light on the mechanisms
of bacterial survival under stress conditions and allow to select new methods of
sterilization in the food industry and medicine.

Methods and Algorithms: Transmission electron microscopy techniques supplemented
with molecular modeling tools were used to determine the structure of macromolecular
complexes and molecular mechanisms of interaction between DNA and Dps.

Results: Crystalline in vitro Dps-DNA complexes were obtained by mixing purified Dps
protein (3.4 mg/mL) with a linear double-stranded DNA fragment (0.25 ng/uL) of
pBluescript 11 SK(+) with a length of 2961 base pairs directly onto a carbon-coated
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copper TEM grid (SPI) followed by immediate addition of EDTA (0.14 mM). Thus,
crystals were formed non-intermediately on the PEM grid. TEM images contained many
crystals with linear sizes ranging from 50 to 500 nm (Fig. 1). Tomograms were obtained
using Jeol tomography software (Jeol, Japan). The goniometer tilt angle ranged from —
60 to +60 (with a constant step of 1 degree). The image series were aligned using Digital
Micrograph software (Gatan, USA) and then reconstructed using the back-projection
algorithm in IMODA4.11. The tomography contained periodic regions of electron density,
with space group P1 and unit cell constants equal toa=84.1 A,b=77.0 A, c=45.0 A,
a=90.00°, =90.00°,y=113.30°. The Dps protein in the dodecameric quaternary form
(spherical shape approximately 90 A in diameter) [2] cannot be fit into this unit cell. The
very electron density inside the unit cell had the shape of a pyramid with a cavity inside
in the form of a truncated cone, which coincides with the part of the dodecameric form
of the Dps protein in the region of contact of three Dps monomers forming the so-called
Dps pore. To confirm the existence of the protein in the trimeric quaternary structure,
three monomers of the Dps protein in aqueous solution for 1 microsecond were
calculated by molecular modeling methods in the Gromacs 5.1 software package [3] in
the all-atom AMBER force field. The potential energy of monomer interaction —
185.98 kJ/mol) was obtained based on the results of the calculated trajectories. Further,
the trimer structure after energy relaxation process and DNA molecules were placed in
the electron density of the crystal using the UCSF Chimera program [4] (Fig. 2).

Fig. 1. TEM image of the crystalline complex of DNA-Dps
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Fig. 2. Final arrangement of Dps protein trimers and DNA molecules in the electron density map
obtained from SEM tomography

Conclusion: In our experiment, the structure of Dps protein in the quaternary form
different from the dodecamer inside crystalline formations of very small size was
detected for the first time. We also found similar structures in resting cell samples of
E. coli [5], where the size of the periodic lattice of intracellular crystals was smaller than
the diameter of the Dps dodecamer. Apparently, the Dps protein in cells protected from
external stress effects is also in a trimeric quaternary structure.

Funding: The study was financially supported by RSF grant #23-24-00250.
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