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HPF1 peryaupyet noau(ADP-pu6o3un)upoBanue
PHK-cBsi3biBamoero 6ejaka FUS u Biusier Ha o0pa3oBaHue
noau(ADP-pu6o3a)-conepkamux KOMIapTMEHTOB
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Kmwouesbie ciosa: penapauust JTHK; nomu(ADP-puGosa)nmomumepasslt 1 u 2 (PARP1/2); daxrop
nonu(ADP-puGosun)uposanust ructoros 1 (HPF1)

Momusayuss u yenp: B Hactosmee Bpems MHorue PHK-cBs3piBaromue Oenku
paccMaTpUBAIOTC KaK YYaCTHUKU MOAJEPXKAHUS CTaOMIBHOCTH I'€HOMA, MOCKOJBKY
CIOCOOHBI HANPAMYIO y4acTBOBaTh B pernaparuu JJHK u MoryT nmokanmsoBatbscs BOIH3U
caitfroB nospexaenuit JJHK 3a cuer ux BzaumopetictBus ¢ nonu(ADP-pubo3oii) [1].
IMonmu(ADP-pu6o3a) (PAR)— 53T0 OTpHIIATENbHO 3apsHKEHHBIH  Pa3BETBICHHBIN
nonuMep, cocrosimuii u3 MoHomepoB ADP-pu6osel. Cunte3 PAR uz NAD*
Katanu3upyoT ¢Gepmentsl  nonu(ADP-pubo3a)nomumepazsr  (PARPS), kotopsie
aKTUBUPYIOTCS MPH B3auMojiericTBuu ¢ nopexaennoi JJHK [2]. AnepHbie hepMeHTHI
PARP1 u PARP2 xarammupyror aBTomomu(ADP-pubosmm)upoanne (aBro-PAR-
wnipoBaHue), a takke PAR-mnmpoBanume apyrux OenkoB-muieHei. HemaBHo Obut
oTkpeIT (akTtop PAR-mmmpoBanust rucronHoB 1, 6emok HPF1, xotopeiii cnocoben
00pa3oBBIBaTh BPEMEHHBI COBMECTHBIM akTUBHBIA meHTp ¢ PARP1(2), u3MmeHsATH
crienupuIHOCTh peaknnn PAR-unupoBaHus u peryimupoBars ypoBeHb cuaTe3a PAR. B
JaHHOW pabore ™Mbl uccnenoBanu BiusHue HPF1 nHa aktuBHOocTs PARPI1(2) 1
¢dopmupoBaHre KOMMapTMEHTOB ¢ yuactieM PAR-uimposannoit PARP1(2) u PHK-
ceaspiBaroniero Oemxka FUS  (FUS/TLS, Fused in Sarcoma). FUS-3zaBucumoe
o0Opa3oBaHre KOMIApTMEHTOB IPEJCTaBIseT OOJBIIOW WHTEpEC IS HMCCIICOBAHHMS,
nockoiibky FUS B3aumonericteyet ¢ PAR, a Takxke criocoOeH JIOKaJIn30BaThCs B caiiTax
noBpexaenus JJHK, u atoT mponecc 3aBucur ot aktuBHoctu PARPS u cuaTe3a PAR
[3]. Kpome Toro, panee METOI0M aTOMHO-CHIIOBOH MuKpockornu (ACM) Hamu OBLTO
nokazano, 4ro FUS wu PAR-wmpoBannbiii PARPl  00pa3yloT cloxHBIE
Ha/JIMOJICKYJISIPHBIE  CTPYKTYphl (KOMIApTMEHTHI), B KOTOPBIX KOHLEHTPUPYETCS
noBpexaeHnHas JJHK [4].

Memoowt u ancopummvr: ACM: B 00pasibl JA00aBIsSIM MYTPECHUH 1O KOHEYHOU
KOHIeHTpauu 5 MM u Marauid (5 MM) 1 HaHOCHUJTH Ha MTOBEPXHOCTh CBEXKECKOJIOTOM
CIIIOJIBI M MHKYyOupoBanu B TeueHHe | MuHyTHl. [loBEpXHOCTH CIIIOABI MPOMBIBAIH
0.02 % pacTBOpOM ypaHMIaIeTaTa ¢ MOCISAYIONICH TPOMBIBKOM BOJIOM M BBICYIIIMBAIN
Ha Bo3ayxe. ACM-uccrnefoBaHus TPOBOAWIM B TOJTYKOHTAKTHOM pEXHUME Ha
mukpockorie Nanoscope V Multimode 8 Ha Bo3myxe ¢ HCIONIBb30BaHUEM KaHTUIIUBEPA
Scanasyst-Air. Dnekrpodoperpamma PAR-WIHpoBaHHBIX OENKOB 10 JleMMIIH: aHAITH3
PAR-umupoBanusi O€IKOB  TMPOBOAWIN  METOAOM  JIEHATYPHUPYIOIIEIO  Tejb-
anekTpodopesa. ['enn BU3yanusupoBaiy ¢ momomnsio ckanepa Typhoon FLA 9500 nim
OKpamrBaHueM KoyutonHbeM Kymacen G250.
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Pezynomamui:  Baxnyro poiab B (QOPMHpPOBaHMM  KOMIOAPTMEHTOB  UrpaeT
B3aumogeiicteue FUS ¢ PAR [4], mostomy crpyktypa PAR, ee mimHa U ypoBEHb
CHHTE3a MOTYT OKa3bIBaTh CYIIECTBEHHOE BIHSIHIE Ha 3TOT npouecc. HPF1 perymupyet
aktuBHOCTh PARP1(2), oka3pIBas BIMsHIE HA YPOBEHb aBTOMOIN(UKAIIIH 3THX OEITKOB
u quHy cuntesupyemoid PAR. C momomipio OMOXUMHYECKHX METOAOB MBI MTOKa3ajH,
91O Cc yBenmmueHneM KoHneHTpaun HPF1 ymensimaercs pasmep cuaresunpyemoro PAR
B peakiuu aBToMomubukanmmm PARPI1(2). s amanm3a pasmepa M KOJIUYECTBA
KOMITapTMEHTOB, 00pasytomuxcs ¢ yuactuem FUS mocne PAR-unupoanus PARP1(2)
B OTCYTCTBHE WM B NPUCYTCTBHU pa3NW4HbIX KoHIeHTpauuii HPF1, Mber mpoBenn
CepHI0 JKCIIEPUMEHTOB C Hcmonb3oBaHneM ACM. Mbl 00HapyXWiH, 9TO BO BpeMs
apromomudukauua PARP1 u PARP2 B mpucyrctBun HPF1 pasmep PAR-
WIMpOBaHHOTO Oenka ymeHblnaerca. Kpome toro, FUS cmocoben o0pa3oBbIBaTh
koMmapTMeHTsl ¢ ydactueM PAR-mmupoBanHoro PARP2.). C momompio ACM Mbl
Takke HabIogany, 4ro yBenndeHune konnenTpanun HPF1 npuBogmno k ymMeHbIIeHIIO
pa3MepoB KOMIIAPTMEHTOB, oOpa3syrommxcs npu B3aumopeicteun FUS ¢ PAR-
unupoBaHabiM PARP1(2), HO pu 3TOM KOJIMYECTBO KOMIAPTMEHTOB OCTAaBalOCh Ha
npexHeM ypoBHe (puc. 1).
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Puc. 1. Busyanuzanust KoMnapTMeHToB, c(hopMHupoBaHHBIX ¢ yaactueM FUS mocne aBro-PAR-
wmpoBanus PARP1(2) B mpucyrcTBum pasnmyaoii konneHtpaunn HPF1 (BepxHue manemwn:
ACM-m300pakeHHsT KOMIIAPTMEHTOB). AHANU3 pa3MepoB KOMIAPTMEHTOB MeTogoM ACM
(amxHME TpaduKm)

Panee 6b110 Mokazano, uto FUS He Tonbpko cocoden B3aumoaelictBoBath ¢ PAR, HO u
SBJISIETCSl MUIIEHBIO B peakuun PAR-umposanus, katanusupyemoit PARPL. Cornacuo
JTUTEepaTypHBIM AaHHBIM, B nipucyTtcTBuu HPF1 cnenmdwuyanocts aevicreus PARP1(2)
M3MEHSETCS, © BMECTO aMUHOKHCIIOTHBIX OCTaTKOB aclapTraTa W TiyTamaTa, Kak 3TO
npoucxoaut B orcyrctBue HPF1, ocHOBHBIME caiiTamMu MOAM(UKAIIMHA CTaHOBSTCS
octatku cepuHa. [lostomy Bo3MmoxkHO, uto mpucyrctBue HPF1 moxker oka3biBaTh
BimsiHue Ha PAR-umupoBanne FUS 3a cuer aktuHocTH PARPL(2).

BGRS/SB-2024 1955



[anee Oblia mpoBeieHa cepus HKCIIEPUMEHTOB Mo u3ydeHuro BiusHus HPF1 na PAR-
wimpoBanue FUS (WT) u ero dochomumernka (FUS 12E), comepikamiero 3amMeHbl
OCTaTKOB CEPHHA/TPEOHMHA HA TIYTAMHH, WIA MYTaHTHBIX (DOPM, COIEpIKaIINX
nenennto N-korneBoro (FUS ALCD) umu nByx C-xonneBbix (FUS ARGG1-2) momenoB
(puc. 2). beumo mokaszano, ytro B mpucyrctBud HPF1 npoucxoaut 3HaunTeIbHAS
crumynsiiust PAR-unuposanust FUS u ero myrantoB 3a cdyetr aktuBHocTH PARP1 1
PARP2. Baxno ormeruts, uto HPF1 okaspiBan Gonee CHIBHBIA CTUMYITHPYIOIIHMA
s¢dexkr Ha ypoBeHb PAR-mmmpoanms FUS Oenkom PARP2. Uzyuenune PAR-
unupoBanus FUS B mpucyrctBum HPF1  Baxkno, mnockomeky FUS sBisetcs
HEOTHEMJIEMBIM KOMITOHEHTOM PAR-comepkammx KOMITAPTMEHTOB W IIPHHHMACT
HETIOCPEACTBEHHOE yUacThe B UX YOPMUPOBAHUH.

PAR-unuposanue FUS u ero myrauros crumyanpyerca HPF1

OTtHowenne PAR-umupoBansoro
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Puc. 2. HPF1 3HaunTensHO yBenuumBaeT ypoBeHb PAR-mnmupoBanus 6enka FUS (WT) u ero
myTtanToB. PAR-unupoBanue 6enka FUS u ero myrantoB (12E, ALCD ARGG1-2) pepmenramu
PARP1 u PARP2 B mpucyrctBun HPF1 anamm3upoBanu C HCHOIB30BaHHEM PaJAHOAKTHBHO
meuennoro NAD* no yposHto Bkmodenus [*P]-meuennoit ADP

Buvisoowi: Takum obpazom, HPF1 okaspiBaeT mHrHOHMpyrolee AeicTBUe Ha YpPOBEHb
aBT0-PAR-unmnpoanns PARP1 u PARP2, Tem caMbIM OKka3bIBasi BIMSIHHE Ha pa3Mep
KOMIIapTMEHTOB, cozaepxkamux FUS, PAR-mimupoBaHHBI 0€lOK W MOBPEKACHHYIO
JHK. Onnako B mpucyrcrBun HPF1 npoucxonut 3HauntensHas crumynsauus PAR-
unupoBanusa camoro 6enka FUS u ero myranToB. [lonmydeHHbIe pe3yabTaThl YKa3bIBalOT
Ha BO3MOXHYyH poib HPF1 B perymsmuu ¢opmupoanus FUS-PAR-3aBucumbIx
KOMITapTMEHTOB B niponiecce penapanuu JJHK. 910 MoxeT nMeTh BaxkKHOE 3HAUCHUE JIST
pa3paboTK ¥ HWCIoNb30BaHUs HMHruouTopoB PARPI1(2) B mpoTHBOOIMyX0NeBOi
TEpaIuH.

Qunancuposanue: ViccnenoBanue noaaepsxkano rpaaroM PHO (Ne 20-14-00086).
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HPF1 regulates poly(ADP-ribosyl)ation of the RNA-binding
protein FUS and influences the formation
of poly(ADP-ribose)-containing compartments

Singatulina A.*, Sukhanova M., Lavrik O.
Institute of Chemical Biology and Fundamental Medicine SB RAS, Novosibirsk, Russia
* pastsing@yandex.ru

Key words: DNA repair; poly(ADP-ribose) polymerases 1 and 2 (PARP1/2); histone
poly(ADP-ribosyl)ation factor 1 (HPF1)

Motivation and Aim: Currently, many RNA-binding proteins are considered to be
involved in maintaining genome stability, since they are able to directly participate in
DNA repair and can be localized at the sites of DNA damage due to their ability to
interact with poly(ADP-ribose) [1]. Poly(ADP-ribose) (PAR) is a negatively charged
branched polymer consisting of ADP-ribose monomers. The synthesis of PAR from
NAD"* is catalyzed by the enzymes poly(ADP-ribose) polymerases (PARPs), which are
activated upon interaction with damaged DNA [2]. The nuclear enzymes PARP1 and
PARP2 can catalyze autopoly(ADP-ribosyl)ation (auto-PARylation), as well as
PARylation of other target proteins. Recently, the histone PARylation factor 1 (HPF1)
was discovered, it is capable to form a temporary joint active site with PARP1(2),
changing the specificity of the PARylation reaction and regulating the level of PAR
synthesis. In this work, we investigated the effect of HPF1 on the activity of PARP1(2)
and the formation of compartments involving PARylated PARP1(2) and the RNA-
binding protein FUS (FUS/TLS, Fused in Sarcoma). FUS-dependent formation of
compartments is of great interest for research, since FUS interacts with PAR and is also
able to localize at the sites of DNA damage, and this process depends on the activity of
PAR synthesis [3]. In addition, we previously showed using atomic force microscopy
(AFM) that FUS and PARylated PARP1 form complex supramolecular structures
(compartments) in which damaged DNA is concentrated [4].

Methods and Algorithms: AFM: putrescine was added to the samples to a final
concentration of 5 mM and magnesium (5 mM) and applied to the surface of freshly
cleaved mica and incubated for 1 minute. The mica surface was washed with a 0.02 %
solution of uranyl acetate, followed by washing with water and dried in air. AFM studies
were carried out in semi-contact mode on a Nanoscope V Multimode 8 microscope in
air using a Scanasyst-Air cantilever. Electropherogram of PARylated proteins according
to Laemmli: analysis of PARylated proteins was carried out by denaturing gel
electrophoresis. Gels were visualized using a Typhoon FLA 9500 scanner or colloidal
Coomassie G250 staining.

Results: The interaction of FUS with PAR plays an important role in the formation of
compartments [4], therefore the structure of PAR, its length and level of synthesis can
have a significant impact on this process. HPF1 regulates the activity of PARP1(2),
influencing the level of auto-modification of these proteins and the length of synthesized
PAR. Using biochemical methods, we showed that the size of PAR synthesized in the
PARP1(2) automodification reaction was decreased with increasing of HPF1
concentration. To analyze the size and number of compartments formed by FUS after
PARylation of PARP1(2) in the presence of various concentrations of HPF1, we

BGRS/SB-2024 1957



performed a series of experiments using AFM. We found that the size of the PARylated
protein was decreased during automodification of PARP1 and PARP2 in the presence of
HPF1. In addition, FUS is able to form compartments involving PARylated PARP2.
Using AFM, we also observed that an increase in the concentration of HPF1 led to a
decrease in the size of compartments formed during the interaction of FUS with
PARylated PARP1(2), but the number of compartments remained at the same level

(Fig. 1).
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Fig. 1. Visualization of compartments formed with the participation of FUS after auto-
PARylation of PARP1(2) in the presence of different concentrations of HPF1 (top panels: AFM
images of compartments). Analysis of compartment sizes by AFM (lower graphs)

It was previously shown that FUS is not only able to interact with PAR, but it is also a
target in the PARylation reaction catalyzed by PARP1. According to the literature, in
the presence of HPF1, the specificity of PARP1(2) action changes, and instead of the
amino acid residues of aspartate and glutamate, as happens in the absence of HPFL1,
serine residues become the main modification sites. It is therefore possible that the
presence of HPF1 may influence FUS PARylation through PARP1(2) activity.

Next, a series of experiments was carried out to study the effect of HPF1 on PARYylation
of FUS (WT) and its phosphomimetic (FUS 12E), containing replacements of
serine/threonine residues with glutamine, or mutant forms containing a deletion of the
N-terminal (FUS ALCD) or two C-terminal (FUS ARGG1-2) domains (Fig. 2). It has
been shown that in the presence of HPF1 there is a significant stimulation of PARylation
of FUS and its mutants due to the activity of PARP1 and PARP2. Importantly, HPF1
had a stronger stimulatory effect on the level of FUS PARylation by PARP2. Studying
FUS PARYylation in the presence of HPF1 is important because FUS is an integral
component of PAR-containing compartments and is directly involved in their formation.
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PARylation of FUS and its mutants is stimulated by HPF1
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Fig. 2. HPFL1 significantly increases the level of PARylation of the FUS protein (WT) and its
mutants. PARylation of the FUS protein and its mutants (12E, ALCD ARGG1-2) by the enzymes
PARP1 and PARP?2 in the presence of HPF1 was analyzed using [*?P]-labelled NAD* based on
the level of incorporation of [3?P]-ADP-ribose

Conclusion: Thus, HPF1 has an inhibitory effect on the level of auto-PARylation of
PARP1 and PARP2, thereby influencing the size of compartments containing FUS,
PARylated protein and damaged DNA. However, there is a significant stimulation of
PARylation of FUS and its mutant forms in the presence of HPF1. The results indicate
a possible role of HPF1 in regulating the formation of FUS-PAR-dependent
compartments during DNA repair. This may have important implications for the
development and using of PARP1(2) inhibitors in anticancer therapy.

Funding: The study is supported by a grant from the Russian Science Foundation
(No. 20-14-00086).
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