doi 10.18699/bgrs2024-3.1-20

CTpyKkTypHbBI€ 0CHOBbI QYHKIMOHAJIBHBIX JAe(eKTOB
MHUTOXOHApPHAJBLHOM nupodocdaraspl PPA2 npu myranusx,
BBI3bIBAIOLIUX KAPAHONATOJIOI UM YeJT0BEKA

Pomuna E.B.**, Besnanas E.JO.}, Kypunosa C.A.% 2, Bopo6resa H.H.?

! Xumuueckuii paxynvmem, Mockoeckuii 2ocyoapcmeennuiii ynusepcumem um. M.B. Jlomonocoea,
Mockea, Poccus

2 HUU ®XE umenu A.H. Benosepckozo, MT'Y um. M.B. Jlomonocosa, Mockea, Poccus

* rodina@belozersky.msu.ru

KiuwueBble ciioBa: HeopraHudeckas nupodocdaraza; MUTOXOHAPHS; CTIPYKTypa; MyTalus;
KOH(OPMaIMOHHEIE ITePeCTPOUKI

Momusayuss u yenv. Heopranmdeckue mupodocharassr (PPa3bl) KaramusupyroT
ruaposn3 nupodocdara, obecrneunBas MPOTEKaHUE BAKHEWITMX OMOCHHTETUYECKUX
peaknuid. SnepHbIii TeHOM >KUBOTHBIX M JPOXKEHW KOAUPYET OBE pa3iH4yHbIE (OPMEI
mupodocdarazer: PPA1  (umromnasmarmueckas) u  PPA2 (MuTtoxoHApuanbHas).
Huromnasmatuueckue PPa3pl u MX TOMOJIOTM B MHUKPOOPraHM3Max — XOPOILIO
W3y4YeHHbIE (PEPMEHTHI, B TO BpeMsl KaK O CTPOCHUH, QYHKIUK U OMOJIOTHYECKON pOITn
MUTOXOHJIPUAIBHBIX TOMOJIOTOB H3BECTHO OYEeHb Mayio. VM3 HaHHBIX JUTEpaTypsl
u3BecTHO, 4T0 PPA2 npoxokeii S. cerevisiae HeoOxomumMa ist a3poOHOro Metabosm3Ma
U coxpaHeHus IemoctHocTH wmurtoxonapuansHoit JIHK [1]. PPA2 4yenoseka, mo-
BUAMMOMY, TAaKK€ MWIPaeT KPUTHUECKH BAXHYI pOIb B (DYHKIMOHUPOBAHUU
MUTOXOHIpUH. Tak, mpupoxHsle OuaienabHblE MyTalMd B T'eHE ppa’l NPUBOIAT K
MUTOXOHJIPUANBHBIM KapJHONAaTONIOTHIM, JJsl KOTOPBIX XapakKTepHbl Ac(eKThl B
AKCIIPECCHHU W/UiIH KaTamuTuaeckoit aktuBHOcTH PPA2 [2, 3]. [1pu 3TOM MyTHpOBaHHBIC
OCTaTKH HE UMEIOT OYEBHUIHOM CBS3M C PYHKIHMOHAIBHO BaKHBIMH JIEMEHTaMH OeliKa,
a CIIEKTP U TSDKECTh KIMHUYECKUX IMPOSBICHUH BapbUPYIOT Y Pa3IMYHBIX HNAlMEHTOB
0e3 KOppeJsilii ¢ KOHKPETHBIMU MYTalUsIMH. J{JIsi BBISCHEHHST MOJIEKYIISIPHBIX OCHOB
JaHHOTO 3a00JyieBaHUA HEO0X0AUMO OoJiee TIOTHOE IOHUMaHUE METab0INIEeCKON PoH
PPA2, ee perynsauuu B KIETKE, a TAKXKE BIUSHUS KOHKPETHBIX MYTALIMA HA CTPYKTYPY
u ¢pynkimo Gepmenra. [enpio HacTosIeH pabOTHI SBJISETCS XapakTepucTuka in Vitro
KaTanmuTudeckux cBoiicTB PPA2, momyuenue m anamus cTpyktypsl PPA2, a Taxke
XapaKTepUCTUKAa W3MEHEHWH CTpYKTypel W ¢yHKummun PPA2 mnpu myranwmsx,
COOTBETCTBYIOIIMX MATOr€HHBIM 3aMeHaM (hepMeHTa YeIoBeKa.

Memoowt u ancopummor: I GyHKIMOHATBEHON XapakTeprucTuku PPA2 1 MyTaHTHBIX
BapHaHTOB N VItr0 wuccienoBaad CTalMOHAPHYK KHHETHKY ruapoinza MgPP;.
CBs3bIBaHME JIMTAHJOB U OLEHKY BJIMSHHUS MYyTalUMid Ha CTPYKTYPY PEKOMOMHAHTHBIX
OCJIKOB XapaKTePU30BAJIM CTAaHIAPTHHIM HAOOPOM OMOXMMHUYECKHMX M PaCUETHBIX
METOAOB, BKJIIOYAs TEpMO(DIYOPUMETPHIO, H30TEPMHUECKYIO KaJOPUMETPHIO H
MOJIEKYJISIpHBIA  HOKHMHT. CTpykTypHas xapakrtepuctuka PPA2 Bxkmowanma anHanus
MONlydeHHOW B  paMKax paloThl KpHUCTAUIMYECKOW CTpyKTypel PPA2  wm3
O. parapolymorpha (OpPPA2) u momenn crpykrypsl PPA2 uyemosexka (hPPA2).
IloBeneHne cTpyKTypbl B PAacTBOpe M BIUSHHE Ha HEe MyTallMid HCCIEAOBAIM C
MTOMOIIIBIO CUMYJISILINU MOJIEKYJISIPHON TUHAMUKH.
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Pesynomamur: B pabote ObuiM ompenenceHsl (QyHKIMOHAJIbHBIE mapameTpbl hPPA2:
KaTaluTHdeckue mnapamerpbl Vmax B Km, KOHCTaHTBI JWUCCOLMALUN KOMIUIEKCOB
GepmeHTOB ¢ KODaKTOpHBIME HOHaMu MQ?, KOHCTAHTBI HOHM3AIUH KATaJIUTHIECKH
BaXHBIX Tpynn ¢epMeHnTa u (epmeHT-cyOcTpaTHOTO KOMIUIeKca. Takxke B pabore
UCCIeoBaH MyTaHTHbIM BapuanT Met94Val, coorBercTByrOImMII NAaTOrEHHOMY
IPUPOAHOMY BapuaHTy. OTOT BAPHAHT BBI3BIBAET HHTEPEC, IOCKOJIBKY TPYIHO
MIPEACTaBUTh, KAKUM 00pa30M TOMOJIOTHYHAS 3aMeHa THAPOPOOHOTO OCTaTKa Ha TaKOU
)K€ THIPOPOOHBIM OCTAaTOK NPHUBOAMT K CTOJb CEPbe3HOW MHTOXOHAPHAILHOM
mucdyHkuu. Panee B nmTepaType OBUIO BBIABHHYTO NPEANOJIONKECHUE, YTO TaKas
3aMeHa MPUBOJIUT K JIeCTaOMIN3aInu 0eIKoBO# cTpyKTyphI [3], omHaKo B Harei pabore
MOKa3aHo, YTO JaHHAs MyTallus HE CHI)KAeT CTaOWIBHOCTh OeJKa, a U3MEHSET HIMEHHO
ero KataluTuyeckue cBoiicTBa. COTjacHO HallMM pPe3ysbTaTaM, B peKOMOMHAHTHOM
Oenke 3amena Met94Val 3HaunTenbHO CHIKAET Vimax U MPUBOJHT K YBEIHUYCHUIO PKa
KaTaJINTUYECKOI'0 OCHOBaHMs, HEOOXOAMMOIO /ISl aKTHBALMU MOJIEKYJIBl BOIBI IPU
oOpazoBaHuM artakyromiero Hykieodmuia. Taxke 3HAYUTENBHO CHUKAETCS CPOJCTBO
(depMeHTa K UHTHOUTOPY — PTOPUA-UOHY, UMHTUPYIOIIEMY aTaKyIOUHMHA HYKICO(DHII.
Awnanornunast 3ameHa B OpPPA2 (Metb2Val) xapakrepusyercsi TakuMu ke
(YHKIMOHAIBHBIMU TIOCIEACTBUSIMHE M JIOTIOJIHUTEIBHO MPUBOJHUT K CYIIECTBEHHOMY
CHIDKEHMIO CpojcTBa (epMmeHTa K Kodaktopy Mg m cyberpary MgPPi. Takum
o0pasoM, npuuHHON (PyHKIIMOHATIBHBIX aedexToB nmpu mytarmu Met94Val (Met52Val
B OpPPA?2), BeposTHO, sBNsieTCS HapymIeHue 00pa30oBaHUs aTaKyIoMIero HyKIeo(ua.
[Tpu 3TOM M3MEHEHUSI TTI00ATBHON CTPYKTYPHI O€JIKa B pe3yJibTaTe NIaHHOH MyTalluy He
MIPOUCXOIHUT.

Panee B pabote Obuta modydeHa kpucramummdeckas crpykrypa OpPPA2 B xomodopme
(xommekce ¢ Ko(akTopHbIMM HoHamu MQ?) ¢ paspemenuem 1.8 A. Anamus stoit
CTPYKTYPBI, a TaK)Ke MOJEIbHON cTpyKTypbl hPPA2 nokassiBaet, uto octatok Met52
(xak 1 aHasToruuHbIil emy Met94 8 hPPA2) pacnionosker B ruapodhoOHOM Kope OeIKOBOi
ro0yJbl M YYacTBYET B 3asSKOPHUBAHUW TENTHIHBIX TPYMI KATAIUTHYECKH BaXKHBIX
OCTaTKOB aKTMBHOTO LIEHTpa — JMranaoB Kodakropueix Mg?* m cyGerpara (ocratku
Glu97 u Tyr142 8 hPPA2). 3Bamena Met Ha Gosiee kopoTkuit Val MokeT yXyamarh CBSI31
MEXIY 3TUMH KaTQINTHYECKMMU OCTaTKaMH M TUAPO(OOHBIM KOPOM, TEM CaMbIM
NPUBONIS K HAPYUICHUIO TPE-OpTaHW3alliid aKTUBHOTO ILIEHTpa W, KaK CJIEJACTBHE, K
CHIDKEHHIO KaTaTUTHYECKOH 3¢ dekTuBHOCTH. CUMYIISIINS MOJICKYJISIPHOM AMHAMMKH,
BbinloNTHEeHHAs kKak Ha OpPPA2 u ero myranTHOM Bapuante Met52Val, tak u Ha Geske
gyenoBeka hPPA2 wu ero myrantHom Bapuante Met94Val, moareepxmaer 3TO
npenmnonoxenre. Kpome toro, oOHapy>keHO, 4TO B pe3yjbTaTe JaHHOH MyTaluu B
o0oux (epmeHTax CHIKaeTcsl oOIIas MOABMKHOCTb IMOJUIENITUIHON Lenu. AHalu3
MOJyYEeHHBIX B AMHAMUKE JaHHBIX MeToZoM PCA (aHann3a rinaBHBIX KOMIIOHEHT) TaKXKe
MOKAa3bIBAET, YTO XapakTep KOH(OPMAIMOHHBIX U3MEHEHUI U3MEHSETCS B pe3ylibTare
mytaimi. CorjaacHoO JaHHBIM JuTeparypbl [4], 3amMeHa METHOHHMHA Ha BAJMH 4YacToO
CHIDKAeT CTPYKTYPHYIO aJlanTa0elbHOCTh OENKOBOrO KOpa, KoTopas Tpedyercs uis
(YHKIMOHAIBHO BAXXKHBIX KOHPOPMAIIMOHHBIX U3MEHEHHIA; BEPOSITHO, B ciaydae PPA2
3TO MPHUBOIMT K 3aTPYTHEHUIO TEX TEPECTPOEK, KOTOPBIE HEOOXOAUMBI JIJISI TTOTyYSHHUS
W aKTHBALMM aTaKyIOIIEro HyKiIeoduia.

AHanu3 Ipyrux 0CTaTKOB, MyTaluu KOTOpbix B NPPA2 npuBOAST K KapIHOMAaTOIOTHSIM,
MTOKa3BIBAET, YTO KOHCEPBATHBHBIE M TIOIYKOHCEpBaTHBHBIE mo3uinu (Ser6l, Metl106,
Argl27, Prol67, Glul72, Pro228) coxpaHstoTcsi U B IUTOIIA3MATHYECKUX TOMOJIOTaX
PPAL. IlpennonoxurensHo, HX pojib B CTPYKType U (QyHKIMH Oelka He crenuduyna
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WMEHHO JJIsl MUTOXOHJpUANbHONH (opMBbl pepMeHTa, a WX 3aMEHBl UMEIOT CXOXKHE
NposiBIIEHHsT BO Bcex romoiornynbix PPasax, xak 310 HaOmomaetcs anst Met94.
Cumynanusi MOJIEKYJISIPHOM JUHAMHUKH I103BOJIIET IPEACKA3aTh, KAKOE BIUSHHUE 3TH
MYyTal{ MOTYT OKa3bIBaTh Ha CTPYKTYPY M CBOMCTBa OeJiKa.

Kpucrannueckas crpykrypa OpPPA2 u mozaenbhas crpykrypa hPPA2 Takxke Obuin
WCTIOJIb30BaHbI Il KAPTUPOBAHUS IPyNIOCHenn(PUIHBIX AMUHOKUCIOTHBIX OCTAaTKOB U
aHaIu3a CTPYKTYPHBIX ACTCPMHUHAHT, OTIMYAIOIINX MUTOXOHIPHAIBHBIA (PEPMEHT OT
UTOIIa3MaTHIecKux romosoroB. CoriacHo 3ToMy aHanmu3y, crpyktypa PPA1 Gonee
KOMITaKTHa, B TO Bpems kak B PPA2 comepkaTcs AOMONHUTENBHBIE CTPYKTypHBIE
3JIEMEHTHI (B OCHOBHOM METJIH), KOTOPBIE, I0-BUANMOMY, YYaCTBYIOT B MOJICKYJISIPHOM
y3naBanuu PPA2 xnerounsimMu naptaepamu. ['pynnocnennpudnbie aMUHOKUCIOTHBIE
ocraTtku, oTnuyatomue PPA2 ot PPA1, pacnonoxxeHsl B OCHOBHOM Ha TOBEPXHOCTH
Oenka W KJIACTEPU3YIOTCSI B 00JacTh, KOTOpas MpeacKa3zaHa Kak auIoCTepPUYECKUI
LEHTP, YTO TAKXKE MOXET UMETh OTHOIIEHHE K (PyHKIMOHAIBHBIM paznnuusiM PPA2 u
PPAL.

Bvigoowvi: TlpoBeneHHBIN aHANIW3 TO3BONMI  BBISIBUTH  CTPYKTYpHBIE OCHOBBI
KaTaJIMTHYCCKOM  HECOCTOATEIBHOCTH  MyTaHTHOro  Bapuanta Met94Val B
MHUTOXOHIpUAIBHON THpodocdartaze uenoBeka PPA2. TlonydeHHbIe NaHHBIC TaKXKe
MO3BOJIAIOT TMpeJcKa3aTh GYHKIHMOHAIBHBIE Je(QEKThl U B pe3yibTaTe APYTUX 3aMEH,
COOTBETCTBYIOIIUX MATOrCHHBIM MyTaHTHBIM Bapuantam hPPA2.

Qunancuposanue: ViccnenoBanue noaaepsxkano rpaaroM PHO (Ne 23-24-00177).
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Motivation and Aim: Inorganic pyrophosphatase (PPase) catalyze hydrolysis of
inorganic pyrophosphate thereby supporting the key biosynthetic reactions. The nuclear
genome of animals and yeast codes for the two forms of pyrophosphatase: cytoplasmic
(PPA1) and mitochondrial (PPA2). Cytoplasmic pyrophosphatases and their homologs
from microorganisms are well studied enzymes, whereas the knowledge on the structure,
function, and metabolic role of mitochondrial homologs is scarce. PPA2 from yeast
S. cerevisiae is necessary for the aerobic metabolism and maintaining mitochondrial
DNA [1]. In human, PPA2 is thought to be critically important for the mitochondrial
function. Biallelic mutations in the gene ppa2 are responsible for the mitochondrial
cardio pathologies with impaired expression and/or catalytic activity of PPA2 [2, 3]. The
affected patients demonstrate a wide spectrum of clinical manifestations of varying
severity without correlation with particular mutations, while mutated residues have no
obvious connection to the functionally important protein elements. Identification of the
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molecular basis of this disease requires a detailed understanding of PPA2 metabolic role,
regulation, and the impact of particular mutations on the enzyme structure and function.
This work is aimed at the in vitro characterization of the catalytic properties of PPA2,
analysis of its structure, and the characterization of the effects of mutations responsible
for human cardio pathologies on the protein structure and function.

Methods and Algorithms: In vitro functional characterization of PPA2 and its mutant
variants included steady-state kinetics of MgPP; hydrolysis. Ligand binding and the
effects of mutations on the recombinant proteins structure was studied by a standard set
of biochemical and computational methods including Thermofluor, ITC, molecular
docking etc. Structural characterization of PPA2 included the analysis of a crystal
structure of O. parapolymorpha PPA2 (OpPPA2) obtained earlier in this work, and of
the modelled structure of human PPA2 (hPPA2). The solution dynamics of these
structures and the effects of mutations was studied by the molecular dynamic simulation.
Results: In this work we determined functional parameters of hPPA2: catalytic
parameters Vmax and Km, dissociation constants of the enzyme complexes with cofactor
Mg?*, ionization constants of the catalytically important ionizable groups of the enzyme
and enzyme-substrate complex. Mutant variant Met94Val corresponding to a pathogenic
natural variant has also been characterized. This variant was of especial interest: this is
unclear how exactly a homologous substitution of a non-polar residue with another non-
polar residue can cause a severe mitochondrial disfunction. It has earlier been suggested
[3] that this mutation destabilizes protein structure; however, we found in the present
work that this mutation affects catalytic properties of PPase without global changes in
its structure or stability. We demonstrate here that the mutation Met94Val in
recombinant enzyme significantly decreased Vmax and increased pK. of catalytic base
required for the activation of a water molecule to become an attacking nucleophile.
Another effect of mutation is a drastically decreased affinity for the fluoride ion
inhibiting PPases by mimicking the attacking nucleophile. Analogous mutation in
OpPPA2 (Met52Val) is characterized by similar functional defects; in addition, affinity
for the cofactor Mg?* and substrate MgPP; is drastically decreased in this variant.
Therefore, the impaired formation of the attacking nucleophile is presumably the leading
cause of a functional incompetence of Met94Val (Met52Val in OpPPA2), while there is
no evidence of this mutation causing global structural changes.

Within this work we have earlier obtained a crystal structure of OpPPAZ2 in a holoform
(i. e. complexed with two cofactor Mg?* ions) at 1.8 A resolution. Analysis of this
structure as well as of a model structure of hPPA2 demonstrates that Met94 in hPPA2
(similarly to Met52 in OpPPAZ2) is located in the protein core inside a beta-barrel and
participated in anchoring peptide groups of catalytically important residues of the active
site (GIlu97 and Tyr142 in hPPA2) which coordinate cofactor Mg?* and substrate.
Substitution of Met with shorter VVal may disrupt the connections between these catalytic
residues and the protein core, thereby distorting the pre-organized active site architecture
and as a consequence decreasing catalytic efficiency. Molecular dynamic simulation
performed on four proteins (wild-type hPPA2 and Met94Val, wild-type OpPPA2 and
Met52Val) confirmed this supposition. We additionally found that this mutation in both
proteins caused the decrease in the global flexibility of a polypeptide chain. Analysis of
molecular dynamics data by PCA (principal Component Analysis) showed that mutation
changes the mode of conformational dynamics of a protein in solution. According to the
modern views in protein structure, substitution of methionine with valine or other
branched-chain aliphatic residues decrease the structural adaptability of protein core
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required for the functionally important conformational rearrangements [4]. We suppose
that in the case of PPA2 such a mutation may impair the rearrangements required for the
formation and activation of an attacking nucleophile.

Analysis of other residues related to the pathogenic mutations in hPPA2 demonstrates
that residues same or similar in both hPPA2 and OpPPA2 (Ser61, Met106, Argl27,
Prol67, Glul72, Pro228) are also conserved in cytoplasmic homologs, PPAL.
Presumably, their role in PPase structure and function is not specific for mitochondrial
form PPA2, but rather their mutations would similarly affect all homologous PPases, as
we observe for Met94 mutation. Molecular dynamic simulation allows an insight into
these effects on the protein structure and function.

Crystal structure of OpPPA2 and a model structure of hPPA2 have also been used in this
work for the mapping of group-specific amino acid residues and the analysis of the
structural determinants that distinguish mitochondrial enzyme from cytoplasmic
homologs. This analysis shows that PPA1-type structure is more compact while PPA2-
type structures have additional structural elements (mostly loops) which, presumably,
are involved in molecular recognition of PPA2 by cell partners. Most of group-specific
amino acid residues distinct in PPA2-type and PPAl-type PPases are located at the
protein surface and are clustered at a region predicted to be an allosteric site. This can
also be related to a functional distinction between PPA2 and PPAL proteins.
Conclusion: The combined analysis performed in the work allows an insight into the
structural basis of the catalytic incompetence of a mutant variant Met94Val in human
mitochondrial pyrophosphatase hPPA2. The data obtained in the work allow the
prediction of functional defects caused by another pathogenic mutant variants of hPPA2.
Funding: The study is supported by the Russian Science Foundation (No. 23-24-00177).
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