JlnHenHbIN aNropnTmM B HETIMHEUHOU buornorun

nba benanos
dUNL buotexHonorum PAH

CemuHap, PKH BLUS
19.02.2026



JlnHenHbIN anNnropnTM B HEJNTMHEMHOU Duonoruu

[eHOTUN onpeaensieT eHoTmnN

[MpeobpasoBaHne dypbe nceBaobyneBbiX OYHKLMN
ApndpmeTrka B Mmpe reHoMoB

CTonbubl B BbipaBHMBAHUKN CKPbIBAlOT anuncTas
BeluncneHue anncrasa nepedbopom (+ cMmellHas wyTKa)
MwupoBble nccrnegosaHus anuctasa y SARS-CoV-2: npeaernbl BO3MOXHOIo
nucrtas BbICOkMx nopsakos y SARS-CoV-2

[vineprpad v Npoekuuns B NpOCTPaHCTBO rpados
TeKyLee coCTosiHMe uccrnegoBaHnm

Kyoa ganbwe?

Anbadong n nonapHble B3aMMogeNCTBUA aMUHOKUCIOT
ArnbgareHoM 1 nonapHble CBA3WN MeXay ToKeHaMu
Cnacunbo 3a BHUMaHue!



UccnenosaHusa anucta3sa B 2026

> Science. 2026 Feb 12;391(6786):eadx6931. doi: 10.1126/science.adx6931. Epub 2026 Feb 12.

Structural ontogeny of proteln-proteln interactions
Aerin Yang # 1, Hanlun Jiang # 2, Kevin M Jude * 1 3, Deniz Akpinaroglu 4 5,

Stephan Allenspach ¥ 2, Alex Jie Li 4 5, James Bowden 2, Carla Patricia Perez 8, Liu Liu 7,
Po-Ssu Huang 7, Tanja Kortemme 4 5 8, Jennifer Listgarten 2 4 9, K Christopher Garcia 1 3

Affiliations + expand
PMID: 41678610 PMCID: PMC12904254 DOI: 10.1126/science.adx6931

Abstract

Understanding how protein binding sites evolve interactions with other proteins could hold clues to
targeting "undruggable" surfaces. We used synthetic coevolution to engineer new interactions
between naive surfaces, simulating the de novo formation of protein complexes. We isolated seven
distinct structural families of protein Z-domain complexes and found that synthetic complexes
explore multiple shallow energy wells through ratchet-like docking modes, whereas complexes
formed by natural binding sites converged in a deep energy well with a relatively fixed geometry.
Epistasis analysis of a machine learning-estimated fitness landscape revealed "seed" contacts
between binding partners that anchored the earliest stages of encounter complex formation. Our
results suggest that "silent" surfaces have a shallower energy landscape than natural binding sites,
disfavoring tight binding, likely owing to evolutionary counterselection.

> Nat Commun. 2026 Feb 5. doi: 10.1038/s41467-026-69152-2. Online ahead of print.

Protein-protein interactions are a major source of

epistasis in genetic interaction networks

Xavier Castellanos-Girouard ' 2 3, Adrian W R Serohijos 4 %, Stephen W Michnick ¢ 7

Affiliations + expand
PMID: 41644525 DOI: 10.1038/s41467-026-69152-2

> Proc Natl Acad Sci U S A. 2026 Jan 20;123(3):2516291123. doi: 10.1073/pnas.2516291123.
Epub 2026 Jan 16.

Predicting epistasis across proteins by structural
logic

Michelle Tang 1, Gareth A Cromie ', Anowarul Kabir 2, Martin S Timour 1, Julee Ashmead ?,
Russell S Lo T, Nathaniel Corley 3, Frank DiMaio 3 4, Hiroki Morizono 5 &, Ljubica Caldovic 5 ©,
Nicholas Ah Mew 5 6, Andrea Gropman 7 8, Amarda Shehu 2, Aimée M Dudley !

Affiliations + expand
PMID: 41543897 PMCID: PMC12818424 (available on 2026-07-16)
DOI: 10.1073/pnas.2516291123

Abstract

Accurately predicting the phenotypic consequences of genetic variation is a major challenge for
precision medicine. The problem is by epistatic nonadditive effects

between genetic variants that produce unexpected phenotypes. Here, we explore an understudie
form of positive epistasis: intragenic comg in which pairs of loss-of-function variants
restore near wild-type protein function. Using mutational scanning in yeast, we identify thousand:
such interactions in a clinically important enzyme, human argininosuccinate lyase (ASL). Restora
of protein function is not due to the biochemical properties of the substituted amino acids, but ra
1o a structural feature of the protein, the active site assembly. We develop a machine learning

algorithm that uses protein language model embeddings to predict intragenic complementation i
ASL with 99.6% accuracy. Additionally, the model trained on ASL generalizes to a structurally rela
but sequence-divergent enzyme, fumarase, with accuracy over 90%. Our findings reveal a structul

> Cell. 2026 Feb 5:50092-8674(25)01490-4. doi: 10.1016/j.cell.2025.12.041. Online ahead of print.

Symbiotic entrenchment through ecological Catch-
22

Thomas H Naragon ', Joani W Viliunas 2, Mina Yousefelahiyeh 2, Adrian Briickner 2,
Julian M Wagner 2, K Esther Okamoto 2, Hannah M Ryon 2, Danny Collinson 2, Sheila A Kitchen 2,
Reto S Wijker 3, Alex L Sessions 2, Joseph Parker 4

Affiliations + expand
PMID: 41650968 DOI: 10.1016/j.cell.2025.12.041

Abstract

Why symbiotic organisms evolve irreversible dependencies on hosts is an outstanding question. We
report a biological stealth device in a beetle that permits infiltration of ant societies. Via
transcriptional silencing, the beetle switches off biosynthesis of cuticular hydrocarbons (CHCs)-body
surface pheromones that function pleiotropically as a waxy desiccation barrier. Silencing transforms
the beetle into a chemical blank slate onto which ant CHCs are transferred via grooming behavior,
leading to perfect chemical mimicry and acceptance into the colony. Silencing is irreversible, however,
forcing the beetle into a chronic dependence on ants to both maintain mimicry and prevent
desiccation. We show that evolutionary reversion of the silencing mechanism would render the beetle
detectable to ants; conversely, reversion of the beetle's attraction to ants would render it desiccation
prone. Symbiotic entrenchment can thus arise from epistasis between symbiotic traits, locking
lineages into a Catch-22 that obstructs reversion to living freely.

Keywords: ants; behavior; bi
obligate symbiosis; rove beetles.

cell biology; ecology; ; irreversibility;

basis for this form of epistasis and provide a predictive framework that could extend to at least 4o u1

human proteins.

Keywords: epistasis; machine learning; variant effects.

> Proc Natl Acad Sci U S A. 2026 Feb 3;123(5):e2505183123. doi: 10.1073/pnas.2505183123.

Epub 2026 Jan 30.
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Evolutionary pathways in epistatic mechanical

Samar Alqatari !, Sidney R Nagel !

PMID: 41615748 PMCID: PMC12867688 (available on 2026-07-30)
DOI: 10.1073/pnas.2505183123



'eHOTUN onpeaensieT peHOTUN

deHoTnn - PyHKUKS f(x), reHoTUN - aprymeHT X.

Bes orpaHMyeHus o6LHOCTM CYMTaEM reHOM NocreaoBaTeNbHOCTLIO CMMBOSIOB
aByx0yKkBeHHOro andasuTa:

e Bce nokycbl umetloT no asa annend {A1,a1,A2,a2, e}
e Koaupyem 6ykebl {A,C,G,T,-} B undpsl {0,1}
e |I3yyaem nHonnaHeTHble reHombl {OanHWH, HynnanH}

z € {0,1}"



'eHOTUN onpeaensieT peHOTUN

deHoTnn - PyHKUKS f(x), reHoTUN - aprymeHT X.

bes orpaHnyeHns obLHOCTM cumnTaem cbeHoTUn Byneson PyHKUNEMN:

e MHoromepHbIn beHOTUN - HAbOpP BeLLECTBEHHbIX (DEHOTUMNOB
g(z) € R4
g(z) = (ha(z), hao(z), . . ., ha(z))
hl(.’l?) cR
e BellecTBeHHbIN heHOTUN - NMHenHas KoMbuHaumnsa dynesBbIX PEHOTMMNOB
h(z) = arfi(z) + azfo(z)+. . . +arfr(z)
Q; € R
fi S {07 1}



Mpeobpa3oBaHue Pypbe nceBaodyneBbIX PYyHKLUN

PaccmoTtpum Bynesy yHkumio doeHoTuna f(x), oHa MMeeT NoNnMHOMMarbHoe NpeacTaBrieHne:

u € Iy a={i: u; =1} ’&ZH% suppf = {z : f(z) # 0}
- — N
f(z) = Z F(u) l_[:zzZ = Z Fu)a =C + Z F(6;)x; + ZF((Sij)ZBiCBj + Z F(dijk)TiT Ty + ...

ucky = uclFy i=1 i<j i<j<k

= |suppf]| Z @ signF(u) + (|suppf| — 1) Z @signF(u) + ...
w:| F(u)|=|supp | w| F(u)|=(|supp f|-1)

\_ J

KoapdoumumeHTsl Npy MOHOMAaX BbIMMCAAKTCA NO popmyne:

Fu) = Y f@)(-)=* = 3 (-1 f(z)e ™ dz

zcFy zesuppf R




ApudpmeTnka B MUpe reHoMoB

Bosbmem gBa reHoma, x n y BosbmeM TpeTuin reHom z, ¢ oeHoTunom f(z) = 1
deHotun f(x) = f(y) =1 PaccmoTpum “reHoM” v =z @ a
x =101001011...001001 f(v) =17

y =100001101...001011

Hangem otnmnumna x n y:
a =001000110...000010 - BekTOp MyTauUMn
a=xXORy=x+y(mod2) =xoy

xea=y



ApudpmeTnka B MUpe reHoMoB

Bo3bmem aBa reHoma, x n y Bo3bmem TpeTnn reHom z, ¢ peHoTunom f(z) = 1
®eHotun f(x) = f(y) =1 PaccmoTpuMm “reHoM” v:=z ® g
x =101001011...001001 f(v) =17
= 4 ™\
y =100001101...001011 Bugbl u popapl, reHeTuyecku 61M3Kue,
XapaKTepuUsywTcA CXOAHbIMM pAgaMu
HacneacTBEHHOW U3MEHUYMBOCTU C TaKow
. NpaBUIbHOCTbIO, 4YTO, 3HaA pan éopm B
Hanpgem otnnumsa x un y: npegenax ogHOro BuAa, MOXHO MpeasuaeTb
HaxoXAeHue napannesnbHbiXx ¢OpM Yy [OpYyrux
a =001000110...000010 - BekTOp MyTauUMn BUAOB M POAOB. YeM 65mKe reHeTUdecku
pacrosioXeHbl B 06uwen cucTteme poapl u
a=xXOR y=x+y (mod 2) =Xey NINHHEOHbI, TEeM MnoJsiHee CXOACTBO B pAfdax WUX
N3MEHYMBOCTMU.
xea=y
H.W. BaBunos (1922)
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ApudpmeTnka B MUpe reHoMoB

X®ye®z=v-reHom c heHotmnom f(v) =1

X;©X,®...9X =X, -TEHOM C eHoTunom f(x,) =1, p - HeueTHoe

[eHOMbI 06pa3yoT adddMHHOE NOANPOCTPAHCTBO B NPOCTPAHCTBE NocrnenoBaTenbHOCTEN

OTO NOANPOCTPAHCTBO MOXHO 3a4aTb ypaBHEHUSAMU (0Opa3yoLLUMM COOTHOLLIEHUSIMIA)

Kaxxgoe cooTHOLLEeHME coOoTBETCTBYET Habopy CTonbLOB B BblipaBHUBAHUM

human AGCTTGC GCAGCT
chimp. AGCTTGC GCAGCT
mouse AGTTTAC GTAGCT
rat AGCTTAC GTAGCT
dog AGCATAC GTGGCT
chicken CGGCITTAC GTGGCC

z. fish GGGCTTAC GTGGCC



Ctonbubl B BbipaBHUBaHUUN CKpPbIBaAKOT 3NMcTas

Human genome:

Conserved elements: - e i - -

8-way alignment: human AGC CAGCT
chimp. AGC CAGCT
mouse AGT TAGCT
rat AGC TAGCT
dog AGCAT TGGCT
chicken CGGCTT TGGCC
z. fish GGGCTT TGGCC
p.- fish GGGCTT TGGCC
secondary structure: o ULl voe ) D YD D)
N T‘
T‘ ‘G
Gc
i)
JTmmA
=i
GmC
AmT

https.//doi.org/10.1371/journal.pchi.0020033



Ctonbub!l B BbipaBHUBaHUUN CKpPbIBAKOT 3NMcTas

= R A A A Al O O

OOOOOOAA‘

N N S N I O S N . Y IS N R N R

Ob6wee ymncno nap:

n(n-1)/2

TITGGCAGCT
GCAGCT!
‘GTAGCT

GTAGCT
GTGGCT

GTGGCC!

GTGGCC
GTGGCC

=

O6mee 4Ymcrno HabopoB.:

m

aoNHHHAEHA

=CF =

(%)



BbluncneHue anucrasa nepedopom

n

n -

Nmeetca 120 nokycoB (reHOB, HyKNeoTUaos, ...), n = 120. Obuwee kKonnyecTtBo KOMOGUHaLNNA, § : (k) = 2"
k=0

2120 > 1036 onepauun

10 GHz x 100 000 CPU = 10" onepauui B cekyHay
1036/ 10"° = 102" cekyHn Ha Bce kKoMBMHaLMK

102" /10 = 1000



BbluncneHue anucrasa nepedopom

n
n n
Nmeetca 120 nokycoB (reHoB, HyKneoTuaos, ...), n = 120. Obuiee KONM4ecTBo KOMBMHaLNI, Z (k) =2"

2120 > 1036 onepauun

10 GHz x 100 000 CPU = 10" onepauui B cekyHay
1036/ 10"° = 102" cekyHn Ha Bce kKoMBMHaLMK

102'/10 =1000

k=0

Cuctema

[Mpon3BoaUTENBHOCTb

Bpems Ha Bce koMOGUHaLum

10 GHz x 100 000 CPU
Cynepkomnbtotep Frontier

Y Tsaurus Ha Bcex npoueccopax 3eMnu

10"° (1 netadpnonc)

1.2 x 10" (1.2 ak3acpnonc)

~10?2 (10 seTTadnonc)

Y MonHbIN nepebop HenpakTUYeH Jaxe AN CKpoMHoro n = 120
74 Hy>xeH HoBbIN anropuTM, 06XoaaLLmMin KOMBUHATOPHbIA B3PbIB

~42 TpunnuoHa net*
~35 munnnapgos net*

~4.2 MunnMoHa net

*BospacTt BceneHHon: 1.4 x 10" net



MVIpOBbIe nccerieaqoBaHuA annMcTa3sa. npeageibl BOSMOXHOIo

[TapHble B3anmoaencTems

\E/pist_asisEat the SARS-CoV-2 Receptor-Binding Domain Interface and the Propitiously Boring Implications for
accine Escape
Rochman ND,pFaure G, Wolf YI, Freddolino PL, Zhang F, Koonin EV. mBio. 2022;13(2):e0013522.

Global anaB(sis_ of more than 50,000 SARS-CoV-2 genomes reveals epistasis between ei19]ht viralgen S
Zeng H-L, Dichio V, Rodriguez Horta E, Thorell K, Aurell E. Proc Natl Acad Sci USA. 2020;117(50):31519-31526.

ERpist_atic models predict mutable sites in SARS-CoV-2 proteins and epitopes
odriguez-Rivas J, Croce G, Muscat M, Weigt M. Proc Natl Acad Sci USA. 2022;119:e2113118119.

Real-time identification of epistatic interactions in SARS-CoV-2 from large genome collections
Innocenti G, Obara M, Costa B, et al. Genome Biol. 2024;25:228.

Temporal epistasis inference from more than 3,500,000 SARS-CoV-2 genomic sequences
Zeng H-L, Liu Y, Dichio V, Aurell E. Physical Review E 106(4), p.044409

I%ﬁ_istasis lowers the genetic barrier to SARS-CoV-2 neutralizing antibody escape
itte L, Baharani VA, Schmidt F, et al. Nat Commun. 2023;14:302.

Host heterogeneity and e%istasis explain punctuated evolution of SARS-CoV-2
Nielsen BF, Li Y, Snheppen K, et al. PLoS Comput Biol. 2023;19(2):e1010896.

Coordinated evolution at amino acid sites of SARS-CoV-2 spike
Neverov AD, Fedonin G, Popova A, Bykova D, Bazykin G Elife, 2023; p.e82516.

B3anmoaencrTema BbICOKMX NOPSAKOB

Compensatory epistasis maintains ACE2 affinity in SARS-CoV-2 Omicron BA.1
Moulana A, et'al. Nat Commun. 2022;13:7011.

The landscape of antibody binding affinity in SARS-CoV-2 Omicron BA.1 evolution
Moulana A, et al. eLife 2023;12:83442.


https://pubmed.ncbi.nlm.nih.gov/35289643/?utm_source=chatgpt.com
https://genomebiology.biomedcentral.com/articles/10.1186/s13059-024-03355-y
https://journals.plos.org/ploscompbiol/article?id=10.1371%2Fjournal.pcbi.1010896&utm_source=chatgpt.com
https://www.nature.com/articles/s41467-022-34506-z?utm_source=chatgpt.com
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JnucTa3s BbICOKMUX nopsaakoB y SARS-CoV-2

Distribution of Interaction Orders in SARS-CoV-2 Epistasis
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Frequency in Epistatic Sets

JnucTa3s BbICOKMUX nopsaakoB y SARS-CoV-2

Top 25 Epistatic Hub Positions
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JnucTa3s BbICOKMUX nopsaakoB y SARS-CoV-2

ORFla ORFla
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'vneprpad v npoekumsa B npocTtpaHCcTBO rpados
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JnucTtas BbICOKMX nopsakoB y SARS-CoV-2

3-UTR
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TeKywiee cocTosiHue uccriegoBaHun

o 3aBepluaetcsa paborta Hag nporpammou (bbicTpagd, napannensHas,

KOHCTaHTHasa Nno namMaTu nMmnremMmeHtaumsa Ha Rust)
Cnegywowpe waru:

o dunoreHetnyeckasa obycrioBrIeHHOCTb

o WHTepnpetaumsa pesynsraTtoB Ha YPOBHE BHYTPU- N MEXMONEKYNAPHbIX
B3auMoaenNCTBUN BUPYCHbIX N YyenoBedeckux doaktopos (PHK-PHK, PHK-
benok, benok-benok, AHK-6enok)

o KoHTeKcT anngemmnonornyeckoro n MHPEKLUMOHHOIo npoLecca



Kypna aanbwe?

Mcnonb3oBaHme No NpSIMOMY Ha3HaYeHMUIo:
e SARS-CoV-2 n gpyrne kopoHasupycsl, rpunn, HIV, HCV, aHTepoBupycsbl, AeHre, 3uka, 3anagHbli HAS
e [louck otopaneHHbIX romosnoros, o6o6weHne PFAM
o OnpegeneHne OyHKUNOHANbHO-CBA3AHHbIX FTEHOB Y BUPYCOB 1 NPOKapuoT

PoacteeHHble 3a4aym B MmaTeMaTtuke:

e JlMHenHble Kogbl C eQUHUYHBIM KO4OBbIM PACCTOSAHMEM
AnHamuka nonynaumn Ha rpadpax Kanu, Teopmna kBasmBnaos, aNUAEMUOSNOIS
MeTpuyeckasa reomeTpus, pacctosaHna Xaycgopda m 'pomoBa-Xaycgopda
He makcumarnbHble KoadpdpnumeHTbl dypbe

ApanTtauma anroputma:
e [eHom yenoBseka
o 3apaun CatBoost, fp-growth, TabPFN, GNN, ...
e WN306paxeHna n CNN

Vicnonb3oBaHme pe3ynsraTos:
e [lporHos asosntouuu BMpycoB
e [eHepaTuBHbIE MOgENM ANS BMONOrMYecKnx nocnegoBaTenbHOCTEN U TabNUYHbBIX (BEKTOPHBIX) AAHHbIX

o Anbdadong, anbdareHoM, MEXaHNU3M BHUMaAHUS B TpaHcdopMepax



Anbdachona n nonapHblie B3aMmMoaeucTBMA aMMHOKNCOT
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https://www.nature.com/articles/s41586-024-07487-w



OrpaHunyeHns 6enKoBbIX A3bIKOBbIX MOAeren

nature machine intelligence

Article https://doi.org/10.1038/542256-025-01176-7

Aflawinusing pretrained proteinlanguage
modelsin protein-proteininteraction
inference models

Received: 29 April 2025 Joseph Szymborski®*? & Amin Emad @234

Accepted: 18 December 2025

Published online: 13 February 2026 With the growing pervasiveness of pretrained protein language models
(pLMs), pLM-based methods are increasingly being put forward for the
protein-protein interaction (PPI) inference task. Here we identify and
confirm that existing pretrained pLMs are a source of data leakage for

the downstream PPl task. We characterize the extent of the data leakage
problem by training and comparing small and efficient pLMs on a dataset
that controls for data leakage (strict) with one that does not (non-strict).
Although data leakage from pretrained pLMs cause a measurable inflation
of testing scores, we find that this does not necessarily extend to other,
non-paired biological tasks such as protein keyword annotation. Further,
we find no connection between the context lengths of pLMs and the
performance of pLM-based PPlinference methods on proteins with
sequence lengths that surpass it. Furthermore, we show that pLM-based
and non-pLM-based models fail to generalize in tasks such as prediction
of the human-SARS-CoV-2 PPIs or the efiect of point mutations on binding
affinities. This study demonstrates the importance of extending existing
protocols for the evaluation of pLM-based models applied to paired
biological datasets and identifies areas of weakness of current pLM models.

® Check for updates




AnbdareHomMm U nonapHble CBA3N MeXAy TOKeHaMu

Input: 1Mb DNA sequence
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Cnacumbo 3a BHuUMaHue!
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