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Momusayus u yens: BUOMOMHHECTICHINEH, CTIOCOOHOCTBIO H3Iy4aTh CBET B BHIMMOM
JMana3oHe CHeKTpa JUIMH BOJH, 00aJal0T MHOTOYMCIICHHBIE HAa3eMHBIE M MOPCKHE
JKUBBIC OpPraHM3Mbl. JTO SBJICHHE HaWOOJEe PAcCHpPOCTPAaHCHO B MOPCKOH cpexme. 3a
CBEUCHHE OTBEYAIOT CIICIMANIBHBIC ONKM, KaTaIM3WUpPYIOLIHe OKHCICHHE cyOcTpara
monudeprHa. M3BecTHO JBa OCHOBHBIX MX THMA: JrOIH(Epasbl, padoTaromue Kak
KJIacCCHYeCKUH (QepMeHT, u (OTONPOTEHHBI, 00pa3ylolne ¢ cyOCTpaTOM yCTOWYMBBIN
komiuiekc. CBeueHwe TIpeOHEBUKOB W THApPoMeny3 obecreumBaercs Ca?'-
perynmupyeMbIMi  (OTONPOTEHMHAMH, KOTOpblE B  OECKaJbIMEBBIX  YCIOBHUSIX
MPEICTaBISIIOT CO00i KOMITIEKC amoOesnka ¢ 2-THAPONEPOKCHLICICHTEPa3HHOM, a UX
CBCUCHHE WHHUIMHMPYETCS HWOHAMM Kaimblmsa. HecMoTps Ha cxoxue QyHKIUH u
HPOCTPAHCTBEHHBIE CTPYKTYPHI, (POTONPOTENHBI TPEOHEBUKOB M THIPOMEIY3 Pa3HITCS
10 psiZly CBOMCTB. PekoMOMHAHTHBIE POTONMPOTENHBI KTEHO(DOP U METy3 UMEIOT HU3KYIO
TOMOJIOTHIO aMUHOKHUCIIOTHBIX TIOCIIEIOBATENBHOCTEH 1 pa3Hble YCIOBUS 00pa30BaHUs
aKTUBHOTO (hoTompoTerHa in Vitro. Hanbonee n3ydeHHbIM (HOTONPOTEHHOM KTEHO(OP
Ha CETOHSIIHMN JeHb sABiIsIeTcs OepoBuH u3 Beroe abyssicola. HaubomsImii BEIXOM
aKTUBHOTO Oeika HaOJIoAaeTcsl MPH HMHKYOAIMM € MeJNeHTEPa3MHOM B IIEIOYHBIX
yenoBusx (PH 9.0) u npu Beicokoit kontentparmu cou (0.5 M NaCl) [1], torma kak
Ut (OTONPOTEMHOB THAPOMENY3 3TO TNPOUCXOAUT TIPH YCIOBHAX, ONHM3KHX K
¢usnonornyeckuM. doronpoTenHsl KTeHOPOP 001a7aI0T (OTOUYBCTBUTEIBHOCTHIO U
WHAKTUBUPYIOTCS MPH OOJIy4€HUHN CBETOM IIMPOKOTO AMana3oHa JUIMH BOJH [2], a ams
¢doTtonpoTenHOB THApOoMeny3 Takoro dhdekra He HabOiromaercs. Takke OepoBHH
SIBIISIETCSl TOBOJILHO TEPMOJIAOMIILHBIM OEJKOM W TepseT CBOIO aKTHBHOCThH YK€ IpH
37 °C, uro He xapakTepHO I OeynkoB Meny3. Takue 0coOeHHOCTH (DOTONPOTESHHOB
KTeHO(Op HAKJIAIBIBAIOT PsJ OrPAaHWYEHHH HAa WX HCIOJIB30BAaHUE B KauecTBE
MapKepHBIX MOJEKYJI NpH padoTe C JYKAPHOTHYECKHMMH KICTOYHBIMH JIMHUSMU.
[TockonbKy aMHUHOKHCIIOTHBIM COCTaB aKTUBHOTO IIGHTpa OepoBHWHA KapAWHAIBHO
OTIIMYAETCsl OT TAKOBOTO THAPOMENY3, a MPOCTPAHCTBEHHAS CTPYKTYpPa €ro KOMIUIeKca
C 2-TUAPONEPOKCHUIIETICHTEPAa3NHOM HE ONpejesieHa, TO LEeIbl0 TaHHOH paboThl ObLIO
npescKa3aTb aAMUHOKUCIOTHBIE 3aMEHBI B OEpOBUHE, KOTOPBhIE MOTYT PUBECTH K CABHTY
YCIIOBHH aKTUBAIMU B 00JIACTh (PH3HOIOTUIYECKUX 3HaUeHUH pH ¥ KOHIIEHTpAIUU COITH.
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Memoowvr u ancopummei: BeposTHOE TIONOXKEHHE aMHUHOKUCIOTHBIX OCTAaTKOB
OTHOCHUTEIILHO CyOCTpara B aKTUBHOM LIEHTPE ONPEACISUIM W3 CPaBHEHHSI MOJICIHU
MPOCTPAHCTBEHHOW CTPYKTYphl OCpOBHHA, TONYYECHHON C TMOMOIIBIO MPOTrPaMMBbI
AlphaFold [3], ¢ kpucTaIgeckoil cTpyKTypoil 00eliHa B CBA3aHHOM C CyOCTpaToM
cocrossHur. C TIOMOIIBI0 Hee B OEpOBHHE OBLI WACHTHU(DUIMPOBAH HAXOJSIIMNICS B
ruapohOOHOM OKPYKEHUHM KJIacTep MOJISIPHBIX OCTAaTKOB, BKIO4ast LysS90, koTopsrit
MOXET OOpa30BBIBATh CETh BOAOPOIHBIX CBs3ed ¢ OokoBoit 1embio ASN107 u
KapOOHWIBHBIM KHCJIOPOJOM OCHOBHOM Iienu. YuuTbhiBas, 4yTo LysS90 moyoxurenbHO
3apshKeH MU HeWTpaidbHOM PH wu Helitpanen mpu mienounsix PH, ObUIO clemaHo
MPEIOIOKEHNE, YTO €ro 3aMeHa Ha aM(paTHICCKUE aMHHOKHUCIIOTHI MOXKET MTPUBECTH
Kk u3MeHeHuro pH aktuBanuu amodoromnporenHa. [ MOATBEPIKIECHUS STOrO C
MTOMOIIIIO CalT-HANIPABIEHHOT'O MyTareHe3a ObIIO MOMYyYeHO 15 BapHaHTOB Pa3InYHBIX
KOMOWHAINH aMUHOKHUCIIOTHBIX 3aMEH C YYaCTHEM BBINICYKa3aHHBIX aMHHOKHCIIOTHBIX
octatkoB. Tonpko 8 u3 Hux, K90A, KOOM, N107S, K9OA/N107S, KO9OM/N107S,
K90A/W103F/N107S, K90M/W103F/N107S u K90M/W103F/N107V, moka3amu
CIOCOOHOCTh K 00pa30oBaHHMI0 (DOTONMPOTEMHOBOTO KOMILIeKca. JIJis KaXIoro ObLIU
orpezesIeHbl YCI0BUs akTUBaui oTHocuTe bHO pH 1 kontenTparmu NaCl. Bee 6enkn
MOJIy4eHbl B BBICOKOOUHUIICHHOM COCTOSIHUM TIOCJIe WMHKyOalMu amoOenka ¢
LIEJICHTEPa3HHOM M TIOCJICAYIONIMM OT/ICIICHUEM HECBS3aBIIUXCS KOMIIOHCHTOB C
MOMOIIBI0 HMOHOOOMEHHOW XxpoMartorpadgum, a uX OWONOMHUHECIICHTHBIE U
CHEKTpalTbHBIE CBOMCTBA MPOAHATU3UPOBAHBI.

Pesynomamer: [Ins 6 mytantoB 6epouna: K90A, K90M, K90OA/N107S, KOOM/N107S,
K90A/W103F/N107S u K90M/W103F/N107S, ObutM BBISIBACHBI CIBHI YCIOBHIA
aKTUBAIMK B 00JIacTh (hPU3HOJOTHYECKHUX 3HaYeHUH pH M CHYKEHHE 3aBHCUMOCTH OT
coni. OCHOBHOM MPOOJIEMON 0Ka3aJ0Ch 3HAYMTEIBHOS CHMKCHHE BBIXOJ1a aKTUBHOTO
OeJka mpu akTUBALUH IN VItro ¥ yJIeabHOW aKTUBHOCTH MyTaHTOB. HanOombImii BEIXOT
akTuBHOrO Oenka (~47 % ot olmero Oeika, MOJYYEHHOTO NMPH Xpomarorpaduu) B
ycrmoBusx aktusarmu npu pH 6.0 u 6e3 NaCl mokazan K9OM/W103F/N107S. TIpu sTom
€ro yjesibHas OMOJIIOMHHECIICHTHAs aKTUBHOCTh ObUTa TIOYTH B 3.5 pa3a HuXe, 4YeM y
K90A, u cocrtasuna 2.3 % OT akTHBHOCTH AWKOTO OepoBuHA. OIHAKO €€ BETUYMHA
npesblmania TakoByro 'y KO9OM B 7.7 pa3a W mNpakTHYECKHd COBIAAalia C STUM
mokazarenem st K9OM/N107S. Ho Bexo aktuBHOro 6eaxka K9OM/N107S 651t BCero
okos0 10 %. To ectp nobasnenue 3amensl N107S k KO9OM yBennuuBaeTr ynaenbHyIo
aKTHBHOCTH, a no0OaBiaenre WI103F moBbIaeT BBIXOJ aKTHMBHOrO O€JIKa, KaKk M OBLIO
npeznckazano. ClieyeT OTMETHTB, 4To Mo1o0HOoT0 3¢ dekra He Habmoaanock At K90A,
MOCKONIbKY BbIxoj akTuBHOTO Oenmka mms KOOA/N107S u KOOA/W103F/N107S 6win
0JIMHAaKOBBIM — 0K0J10 10 %, a y/enbpHas akTHBHOCTh TOJILKO CHUXKanachk. Bee 6 MyTaH-
TOB TMPOJEMOHCTPUPOBAIM CHIXKCHUE YYBCTBUTEIBHOCTH K OOJYUEHHIO CBETOM IO
CPaBHEHHIO C JIMKKM OCPOBUHOM, a TAK)KE€ HEKOTOPOE MOBBIIICHUE TEPMOCTAOMILHOCTH.
Ha cniektp OMOMrOMHUHECIICHIIMY B (POTONPOTEHHAX BIKSIOT aMHUHOKHCIOTHBIE OCTATKH,
OOKOBBIC PAJHMKAaIbl KOTOPHIX HAXOIATCS B HEMOCPEICTBEHHOW Oiu3ocTH oT 6-(p)-
TUAPOKCU(DESHUIBHON IPYIIbI IieieHTepa3uHa. CorjlacHO MOCIU MPOCTPAHCTBECHHON
cTpykTyphl OepoBuHa, Lys90 um Asnl07 3aHMMalOT Kak pa3 Takyl IO3HIIHUIO.
MakcuMyMbl CIIEKTPOB OMOJNIOMHUHECHECHIIMA BCeX 6 MYTaHTOB CIBHHYTHI B
¢duoneroByro obnacte. Eciu crektp ¢uyopecuennun Ca?*-paspsykeHHOro OepoBHHA
3aBHCHT OT pH 1 Moka3pIBacT HaIMYKE PA3HBIX HOHHBIX COCTOSIHUM IeJICHTepaMuia, TO
Yy BCEX HCCIICJIOBAHHBIX OEIIKOB 3TOT TI0Ka3aTeilb COOTBETCTBOBAI TOJBKO €ro
HEHTpaIbHOU PopMme.
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Buvisoowi: Takum  00pa3oM, 3KCICPUMCHTAIBHBIMU  JTaHHBIMUA  IOJTBEPIKICHA
MpeJICKa3aHHasl ¢ TIOMOIIBI0 METOJOB MOJICKYJIIPHOTO MOJACIUpOoBaHus poib Lys90 u
Asn107 B hopMupOBaHHH YCIOBHUIA aKTHBAIIMK OepOBHHA IN Vitr0 ¥ MOTy4YEeHbI MyTAHTBI
C ONTHMYMOM AaKTHUBallMd TpU (HU3HONIOTHYECKUX VYCIOBUSAX W C TMOBBIIICHHOMN
(hoTOCTaOUITBHOCTBIO.

Qunancuposanue. Viccnegopanue noanepxano rpantoM PHO «PanmonanbsHbIi nu3aiin
I[eJIeHTEePa3NH-3aBUCUMBIX OMOJIIOMHUHECIIEHTHBIX OENKOB C HOBBIMH CBOWCTBaMHU C
WCIOJIb30BaHUEM METOJIOB MyTareHe3a  MOJICKYJISIPHOTO MojenupoBanusy (Ne 22-14-
00125).
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Motivation and Aim: Bioluminescence, i.e. the ability to emit light in the visible
wavelength range, is characteristic of numerous marine and a few land organisms. This
feature is attributed to the specific proteins that catalyze the oxidation of the substrate
called luciferin. The two main types of such proteins are: luciferases, which act as
classical enzymes, and photoproteins, which form a stable complex with the substrate.
The luminescence of ctenophores and hydromedusae is initiated by calcium ions and is
provided by Ca?*-regulated photoproteins, which under calcium-free conditions are a
complex of apoprotein with 2-hydroperoxycoelenterazine. Despite similar functions and
spatial structures, the photoproteins of ctenophores and hydromedusae differ in a number
of properties. The recombinant photoproteins of ctenophores and jellyfish have low
amino acid sequence identity and different conditions for the formation of an active
photoprotein in vitro. The now most-studied ctenophore photoprotein is berovin from
Beroe abyssicola. Its highest yield is observed when it is incubated with coelenterazine
under alkaline conditions (pH 9.0) and at high salt concentration (0.5 M NaCl) [1], while,
e.g., for the hydromedusan photoproteins this occurs under conditions close to
physiological ones. Ctenophore photoproteins are photosensitive and can be inactivated
by irradiation with light of a wide range of wavelengths [2], whereas this effect is not
observed in hydromedusan photoproteins. Berovin is also quite thermolabile and loses
its activity already at 37 °C, which is not typical for jellyfish proteins. Such features of
ctenophore photoproteins somewhat restrict their applicability as the marker molecules
in eukaryotic cell lines. Since the amino acid composition of berovin active center is
utterly different from that of hydromedusae, and the spatial structure of its complex with
2-hydroperoxycoelenterazine has not yet been determined, the goal of this work was to
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predict the amino acid substitutions in berovin that can lead to a shift in activation
conditions to the physiological pH values and salt concentration.

Methods and Algorithms: The probable position of amino acid residues relative to the
substrate in the active site was determined by superimposing the model of the spatial
structure of berovin, obtained by using the AlphaFold [3], onto the crystal structure of
obelin in the substrate-bound conformation state. Using it, a cluster of polar residues,
located in a hydrophobic environment, was identified in berovin, including Lys90, which
can form a hydrogen network bonds with a side chain of Asn107 and the carbonyl
oxygen of the main chain. Given that Lys90 is positively charged at neutral pH and is
neutral at alkaline pH, it was hypothesized that its replacement with aliphatic amino
acids could lead to a change in the pH of apophotoprotein activation. To confirm this,
the 15 variants of various combinations of amino acid substitutions involving the above
amino acid residues were obtained using site-directed mutagenesis. Only the 8 ones,
K90A, KO90M, N107S, K90A/N107S, K90M/N107S, K90A/W103F/N107S,
K90M/W103F/N107S, K90M/W103F/N107V, showed the ability to form a
photoprotein complex. For each of them, activation conditions were determined
regarding pH and NaCl concentration. All proteins were obtained in a highly purified
state after incubation of the apoprotein with coelenterazine and subsequent separation of
the unbound components by using ion exchange chromatography; their bioluminescent
and spectral properties were analyzed.

Results: For the 6 berovin mutants: K90A, K90M, K90A/N107S, K90M/N107S,
K90A/W103F/N107S, and K9OM/W103F/N107S a shift in activation conditions to the
physiological pH values and a decrease in salt dependence were found. The main
problem turned out to be a significant decrease in the yield of active protein upon
activation in vitro and in the specific activity of the mutants. The highest yield of active
protein (~47 % of its total amount obtained by chromatography) under activation
conditions at pH 6.0 and without NaCl was shown for the K90M/W103F/N107S.
Moreover, its specific bioluminescent activity was almost 3.5 times lower than that of
K90A and amounted to 2.3 % of the activity of the wild berovin. However, its value
exceeded that of K9OM 7.7 times and practically coincided with the one of
K90M/N107S. However the yield of the active K9OM/N107S protein was only about
10 %. That is, adding the N107S to K90M increases the specific activity, and adding
W103F increases the yield of the active protein, as was predicted. It should be noted that
a similar effect was not observed for K90A, since the yield of the active protein for
K90A/N107S and K9OA/W103F/N107S was the same — about 10 %, and the specific
activity only decreased. All the 6 mutants showed a decrease in sensitivity to light
irradiation compared to the wild berovin, as well as a slight increase in thermostability.
The bioluminescence spectra of photoproteins are influenced by amino acid residues
whose side radicals are closed to the 6-(p)-hydroxyphenyl group of coelenterazine.
According to the model of the spatial structure of berovin, Lys90 and Asnl107 occupy
exactly this position. The maxima of the bioluminescence spectra of the mutants were
shifted to the violet region. Whereas the fluorescence spectrum of Ca?*-discharged
berovin depends on pH and shows the presence of different ionic states of
coelenteramide, this indicator corresponded only to its neutral form in all the proteins
studied.

Conclusion: Thus, the role of Lys90 and Asn107 in the formation of conditions for the
activation of berovin in vitro was experimentally predicted by molecular modeling
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methods and the mutants with optimal activation under physiological conditions and
with increased photostability were obtained.

Funding: The study was supported by RSF “Rational design of coelenterazine-dependent
bioluminescent proteins with novel properties using mutagenesis and molecular
modeling” (No. 22-14-00125).
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