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Momusayus u yenw: I uneprepMopuiIbHbIE OaKTEPUN U apXEH UHTEPECHBI [T HAYKH HE
TOJIBKO, KaK 4acTb OMOpazHOOOpa3us >KHBOM npuponabl. DepMeHTHI, CUHTE3UpyeMble
runeprepModuiIaMy, TaKXKe Ha3blBaeMble TEPMO3MMAaMH, TEPMOCTaOWIBHBI H
MaKCUMaJbHO aKTUBHBI IpH BBICOKMX Temmeparypax 50-80°C. Tepmo3umsl
KaTIN3UPYIOT T€ )K€ PEakUUH, YTO U MX ME30(QHIbHBIE aHAJIOTH. OTO IO3BOJISIET
OPUMEHITh HMX B Pa3IM4YHBIX SKCIEPUMEHTaX M Ja0OpaTOpHBIX METOAMKAX U
MPOMBIIIIJICHHBIX TIpolieccax, TpeOyIUX MONACPKAaHUS BBICOKHX TEMIIEpaTyp,
KOTOPBIC HE BBIICPKUBAIOT Me30(MUITbHBIC (PEPMEHTHI.

OHIOHYKJI€a3bl PECTPUKLINH (DEPMEHTHl BaKHBIE U1 MOJEKYJSIPHOH OWMOJIOTHH, U
TEpPMOCTaOMIIbHBIC HE SBISIOTCS MCKIroueHneM. Hampumep, B padote Bonanno et al.
2007 roma [1] mpemnoxxen meron FLAG 11 BBISBICHHS METUIMPOBAHHS KOHKPETHBIX
caiitoe CpG B mpomoTopax oHKOreHOB. FLAG (reHepamus ¢ryopeceHTHBIX
AMIUTUKOHOB) TIPEICTABIseT COOOI TEXHOJOTHI0 IeHEpalud T'OMOI'€HHOTO CHUTHAJa,
OCHOBAaHHYI0O Ha HCKJIIOUMTEIHHO TepMocTaObuibHOW sHIoHykIeaze PspGl. FLAG
obecrieyrBaeT reHepanurio CUrHajia B peanbHoM BpeMenn Bo Bpems [1LIP myrem PspGI-
OIOCPEIOBAHHOTO  pacUICIUICHMs]  TOramieHHblX  (ayopodopoB Ha  5'-KoHIe
nByxuenoyeunsix npoaykros [P [1].

[ToMUMO BO3MOXKHOT'O TPAKTHYECKOTO TPUMEHEHHS] TEPMOCTaOMIIbHBIE CHUCTEMBI
pectpukuuu-monudukanun (P-M) wuHTEpecHsI CBOeH »JBOJIOLMEH, COCTaBOM H
PacrpoCTPaHEHHOCTHIO B KOHTEKCTE 3aLIUTHBIX CUCTEM MPOKAPHOT.

Lens paboThl 3aKmiovaiack B HM3YYCHHH OBOJIONHMH, pOJICTBA, COCTaBa H
pacmpoctpaneHHOCTH cucteM P-M B 7 pomax rumeprepmoduiioB: Thermocrinis,
Sulfolobus, Pyrobaculum, Hyperthermus, Thermus, Thermotoga, Thermococcus.
Memoowvr u aneopummui: JlaHHBIE O cHCTEMax PECTPUKIUU-MOIU(PHKAINN ObLTH
HoJTydeHbl U3 OTKpbITOW 6a3bl AaHHbIX REBASE (oOHOBieHHe oT 6 urons 2023 r.).
BenxoBbie mocnen0BaTeIbHOCTH CUCTEM PECTPUKIMH-MOIN(PHUKALNY BEIOPAaHHBIX HAMU
CEMH POJIOB THIIEPTEPMO(UIIOB 00pabaThIBAIHCH IO OTACIBHOCTH B 3aBUCUMOCTH OT
truma Oenmka: R\N — sHIOHYKII€a3sl PECTPHKIMHA M HUKA3bl, S — CYObEIMHHUIBI S,
y3HAIOLIUE MOCIeN0BaTeNbHOCTh, M — MeTunrpacdepasbl C MOMOIIBIO MPOrPaMMEI
MEGA 11.

[MocienoBaTenbHOCTH AHATM3UPOBAIKNCH C TOMOIIBI0 TIOCTPOCHUSI MHOXKECTBEHHBIX
BBIDaBHUBAaHUN W (UIOTEHETHYECKUX JEpeBbEB. bBbUIM TOCTpOEHBI  TaOIUIBI
MPUHAICKHOCTH CUCTEM LITaMMaM M PaclpOCTPAaHEHHOCTH Pa3IUYHBIX TUIIOB CHCTEM
Cpeay KaXI0ro BUJa PUHAIISKAIINX 7 PoJaM OTOOpaHHBIX HAMH TUIEPTEPMOQHIIOB.
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Peszynomamer: Cpenu cucteM OBUTH PacIIpOCTPaHEHBI BCe 4 THIIA.

Tum |. DT GepMeHTH MPEACTaBISIIOT OO0 MHOTOCYOBbeIMHUYHBIE OCJIKH, KOTOpPBIE
(YHKIIMOHUPYIOT KaK €AMHBIN OEIKOBBIH KOMIUIEKC M OOBIYHO MMEIOT TUIHUYHBIA CO-
craB reroB M|S|R (M — Mrasa, S — cyobenunuiia, y3uaromias caiitr JTHK, R — DOP). IToce
y3HaBaHMs MUIICHU ()epPMEHTATHBHBIN KOMIUICKC nepemeniaetcs no moiuekyie JJHK 1o
MOMEHTa BCTPEUH ¢ KaKUM-TH00 mpensTcTBreM. Takum o0pazom, pa3pslB BHOCHTCS Ha
OOJIBITIOM TIPOU3BOJIEHOM PACCTOSHUH OT caiita pectpukiud. [ pacmerenns JJTHK
CP-M tuna | HeoOxoaum ruaponu3 AT®. DTo cBA3aHO ¢ TeM, YTO IS IEPEMEIICHUS
o mosekyne JIHK u ee pacmneranus mocne pacrnosHaBanus caiita CP-M TpeOyercs
SHEPTHsL.

Tum 1. Cucremsl pectpukituu tina |l 06sr9r0 MeroT coctas: R|M, RIM|M, RM (mox-
tun |G, ogun 6enok Brimouaer P u MTa3 karaauTudecKue TOMEHbI). DHAOHYKIICa3hbl
paspesatoT JJHK B cTporo onpeneneHHbIX MO3UNKAX BHYTPH WU OKOJIO CaliTa pECTPHK-
mu. Metunrpaacdepassl 00b19HO PYHKIHOHHPYIOT B (hOpMe MOHOMEpA.

P-M Tuna |l BrmrouaroT e cyobenunuin (Res u Mod), kotopbie 00beIUHSIOTCS B
rereporerpamep (Res2Mod2) ¢  oHmoHykiea3HOH W MeTHITpaHc(epasHou
aktuBHOCTSIMH. Cucrembl tuma |l umeror cocras R|M, ornmume ot tuma Il B
HEOOXOJUMOCTH JIBYX OJIU3KO PaCIOIOXKEHHBIX caliToB mis pacuiemienus JJHK OP u
MexaHusMe aerctus DP.

Tun V. Cucrema Tun IV umeer coctaB R win R|R, cocrosiume u3 omHOro wim aByx
TeHOB, KOAUPYIOIMUX OEITKH, KOTOPBIE PaCIISIUISIIOT TOJIbKO Mogudumuposannyio JTHK,
BKJIIOUast METHJIMPOBaHHbIC, TUAPOKCUMETUIIMPOBAHHBIC u TJTFOKO3HJI-
TUIPOKCHMETHUITHPOBAHHBIE

Onunounsie MTass! (B REBASE ornecens! k cucremam tuna Il ¢ cocraom M) takke
pacrpocTpaHeHa BO BceX BUIax [2].

Kpome mnepeyucieHHBIX CHUCTEM, BCTpEYaIUCh cHCTeMbl R-M ¢ HeTHMIUYHBIMH
coctaBamu M|S|S|R — 6 cuctem, M|S|S|S|R — 1, M|V — 5 (V — Hukasa, paciiernistonias
oy nernouky JTHK), M|R[V — 3, M|S — 5, M|M — 3, S — 3, S|R — 1. B nmanbueiimieit
paboTe MIaHUPYETCs Pa300paThCs, SIBJISIOTCS JIM 3TH CIIydau OIMIMOKaMU MPeCKa3aHus
WJIH K€ 3TO 0COOBIE CHCTEMBI.

bruta cocraBnena tabmmia, comepkamias 65 BumoB, 174 mrammoB u 578 cucrem.
[TocTpoeHbl CBOAHBIC TAOIUIIBI TIPECTABICHHOCTH 10 BUJIaM | pojaM. B nanbHeiiiem,
TUTAHUPYETCS TIOCMOTPETH MPEACTABICHHOCTh CPEIU THUIepTepMOPIIOB cucteM P-M
coriacHo kinaccudukanuun P-M mo karanmutudeckum aomeHam DP m Mras, kotopas
pa3paboTaHa B TEKYIIUX J1a00paTOPHBIX UCCIICIOBAHUSX.

Bwisoowvr: B pome Thermococcus caMbiMU pacripOCTPaHEHHBIMH SIBJSUTHCH CHCTEMBI
MEepBOro THUIA, B pojae Thermotoga cambIMH paclpOCTPAaHEHHBIMH ObLIH CHCTEMBI
coctaBa R|M, B pome Thermus camMbIME pacrpOCTpaHEHHBIME OBbLITH CHCTEMbBI COCTaBa
RIM u RM, Thermocrinis, Sulfolobus, Pyrobaculum cameiMu pacrnpocTpaHeHHBIME
ObLIH cHCTEMBI cocTaBa R|M.

HerunuuHele CHCTEMBI BCTPEYAIMCh dallle BCEro y MITaMMOB BHaa Thermus
thermophilus u mrraMMoB ¢ HeoTpeaeIEHHBIM BUIOM Y poja Thermococcus.
Qunancuposanue: Vccnenoanue nojiepxano rpanrom PH® Ne 21-14-00135.
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Motivation and Aim: Hyperthermophilic bacteria and archaea are of interest to science
not only as part of the biodiversity of living nature. Enzymes synthesized by
hyperthermophiles, also called thermozymes, are thermostable and are most active at
high temperatures of 50-80 °C. Thermozymes catalyze the same reactions as their
mesophilic counterparts. This allows them to be used in a variety of experiments and
laboratory technigues and industrial processes that require maintaining high
temperatures that mesophilic enzymes cannot withstand.

Restriction endonucleases are important enzymes in molecular biology, and heat-stable
enzymes are no exception. For example, Bonanno et al. In 2007, the FLAG method was
proposed to detect methylation of specific CpG sites in oncogene promoters. FLAG
(Fluorescent Amplicon Generation) is a homogeneous signal generation technology
based on the exclusively thermostable endonuclease PspGIl. FLAG enables real-time
signal generation during PCR by PspGIl-mediated cleavage of quenched fluorophores at
the 5' end of double-stranded PCR products [1].

In addition to their possible practical applications, thermostable restriction-modification
(RM) systems are interesting for their evolution, composition, and prevalence in the
context of prokaryotic defense systems.

The purpose of the work was to study the evolution, relationship, composition and
prevalence of R-M systems in 7 genera of hyperthermophiles: Thermocrinis, Sulfolobus,
Pyrobaculum, Hyperthermus, Thermus, Thermotoga, Thermococcus.

Methods and Algorithms: Data on restriction modification systems were obtained from
the open database REBASE (updated June 6, 2023). Protein sequences of restriction-
modification systems of the seven genera of hyperthermophiles selected by us were
processed separately depending on the type of protein: R\N — restriction endonucleases
and nickases, S — subunits S that recognize the sequence, M — methyltransferases using
the MEGA 11 program.

Sequences were analyzed using multiple alignments and phylogenetic trees. Tables were
constructed of the affiliation of systems to strains and the prevalence of various types of
systems among each species belonging to the 7 genera of hyperthermophiles we selected.
Results: All 4 types were common among systems.

Type |. These enzymes are multi-subunit proteins that function as a single protein
complex and usually have a typical M|S|R gene composition (M — Mtase, S — DNA site
recognition subunit, R — ER). After recognizing the target, the enzymatic complex moves
along the DNA molecule until it encounters some obstacle. Thus, the break is introduced
at a large random distance from the restriction site. DNA cleavage by CP-M type |
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requires ATP hydrolysis. This is due to the fact that energy is required to move along
the DNA molecule and unwind it after recognition of the CP-M site.

Type Il. Type Il restriction systems typically have the following composition: R|M,
RIM|M, RM (sub-type 11G, one protein includes ER and MTase catalytic domains).
Endonucleases cut DNA at strictly defined positions within or near the restriction site.
Methyltransferases typically function in monomer form.

Type 111 PMs include two subunits (Res and Mod), which combine into a heterotetramer
(Res2Mod?2) with endonuclease and methyltransferase activities. Type 111 systems have
an R|M composition, differing from type Il in the need for two closely located sites for
ER DNA cleavage and the mechanism of action of ER.

Type IV. The Type IV system has an R or R|R composition, consisting of one or two
genes encoding proteins that cleave only modified DNA, including methylated,
hydroxymethylated and glucosyl-hydroxymethylated

Single MTases (referred to as type Il systems with M composition in REBASE) are also
common in all species [2].

In addition to the listed systems, there were systems of the R-M system with atypical
compositions: M|S|S|R — 6 systems, M|S|S|S|R — 1, M|V — 5 (V — nickase, cleaving one
DNA chain), M|R|V — 3, M|S - 5, M|M - 3, S — 3, S|R — 1. Future work is planned to
determine whether these cases are prediction errors or whether they are special systems.
A table was compiled containing 65 species, 174 strains and 578 systems. Summary
tables of representation by species and genera were constructed. In the future, it is
planned to look at the representation of R-M systems among hyperthermophiles
according to the R-M classification according to the catalytic domains ER and Mt3,
which was developed in ongoing laboratory studies.

Conclusion: In the genus Thermococcus the most common systems were the first type,
in the genus Thermotoga the most common systems were the composition R|M, in the
genus Thermus the most common systems were the composition R[M and RM,
Thermocrinis, Sulfolobus, Pyrobaculum the most common systems were the
composition R| M.

Atypical systems were most often found in strains of the species Thermus thermophilus
and strains of uncertain species in the genus Thermococcus.

Funding: The study is supported by RSF grant No. 21-14-00135.
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