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Staph y lo coc cus aureus pro duces an ar se nal of vir u lence
fac tors that ma nip u late the im mune sys tem help ing the bac -
te ria avoid phagocytosis. In this study we are in ves ti gat ing
two of these eva sion mol e cules called the Staph y lo coc cal
superantigen-like pro tein 1 and 5 (SSL1 and SSL5). Both
SSLs in hibit vi tal host im mune pro cesses and con trib ute
to S. aureus im mune eva sion, e.g. by in hib it ing the Ma trix
metalloproteinase 9 (MMP9), thus lim it ing chemokine
potentiation and neutrophil mi gra tion. The aim of this
study was to iso late sin gle-chain vari able frag ment (scFvs)
an ti bod ies from syn thetic an ti body phage li brar ies, that can 
rec og nize SSL1 and SSL5, and that could block the in ter -
ac tion be tween the SSLs and their re spec tive hu man tar -
gets.

The scFv-an ti bod ies were se lected af ter three rounds of
pan ning against SSL1 and SSL5 and their bind ing ac tiv ity
to the SSL1 and SSL5 was stud ied us ing time-re solved flu -
o res cence-based immunoassay. We ob tained al to gether 27
unique clones dis play ing bind ing ac tiv ity to the SSL1 and

SSL5. The ca pa bil ity of the scFvs to in hibit the SSLs’ func -
tion was tested var i ous immunoassays in clud ing an MMP9
en zy matic ac tiv ity as say. We were able to show that ten
scFvs were able to in hibit the SSL1 or SSL5 in a con cen tra -
tion de pend ent man ner. Some an ti bod ies were able to re -
store the MMP9 ac tiv ity fully af ter in cu ba tion with scFv-
bound SSLs.

Fi nally, the struc ture of the best in hib it ing scFv was
mod eled and used to cre ate pu ta tive scFv-SSL-com plex
mod els by pro tein–pro tein dock ing. The com plex mod els
were sub jected to a 100-ns mo lec u lar dy nam ics sim u la tion
to as sess the pos si ble bind ing mode of the an ti body.

We have dem on strated that by uti liz ing phage dis play
we are able to iso late an ti bod ies that rec og nize and in hibit
vir u lence fac tors. The an ti bod ies found here could be a
ground for de vel op ing antivirulence fac tors against S.
aureus in fec tions to help re store the im mune sys tem’s ca -
pac ity and fur ther en able a more ef fi cient clear ance of the
bac te ria.

Fig 1. A pre dicted bind ing com plex of SSL1 with an in hib it ing scFv.
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Sac7d is a 7kDa pro tein be long ing to the class of the small
chro mo somal pro teins from archeon Sulfolobus acido -
caldarius. Sac7d was dis cov ered in 1974 in Yellowtone
Na tional Parks gey sers, and stud ied ex ten sively since then
for its re mark able sta bil ity at large pH and tem per a ture
ranges. Sac7d binds to DNA mi nor groove by rais ing its
melt ing tem per a ture, thus pro tect ing DNA from these ex -
treme con di tions.

In this study, we an a lyzed Sac7d-DNA com plex us ing
1µs mo lec u lar dy nam ics sim u la tions to de ter mine which

res i dues con trib uted most to DNA bind ing. The in ter ac tion
en ergy of the in ter face was de com posed us ing Mo lec u lar
Me chan ics Gen er al ized Born Sur face Area (MM/GBSA).
We de ter mined that more than 10 res i dues were crit i cal for
DNA rec og ni tion. The in di vid ual con tri bu tion of each res i -
due to the bind ing in ter face was in agree ment with pre vi -
ous doc u mented re sults. We pro vide a novel in-depth fo cus 
on the DNA energetics as a con se quence of its teth er ing to
Sac7d.
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A pleth ora of ex per i men tal and com pu ta tional tools are
used to im prove the un der stand ing of biomolecular struc -
ture-func tion re la tion ships. At the in ter sec tion of the o ret i -
cal and ex per i men tal ap proaches stand data anal y sis
stud ies that use a large pool of struc tures avail able within
struc tural da ta bases, such as the PDB, to show pat terns in
large en sem bles of macromolecular struc tures.

Here we plan to dem on strate how, us ing NtC’s for lo cal 
conformational de scrip tion of nu cleic ac ids, we can con -
struct prob a bil ity den sity maps for DNA frag ments. Maps
are con structed for rel e vant com bi na tions of DNA build ing 
blocks and se lected in ter act ing atom/group. These can be
fur ther ex am ined or superposed to elu ci date guid ing pat -
terns of in ter ac tion at biomolecular interfaces.

P4

PREDICTION OF DNA HYDRATION BASED ON DATA 
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Wa ter is a crit i cal fac tor in sta bi liz ing DNA struc ture and
me di at ing its in ter ac tions. In our study, we har ness crys tal -
lo graphic data to es tab lish av er age hydration pat terns
around biomolecules, in clud ing pro teins [1,2,3] and nu -
cleic ac ids [4,5,6]. Our re cent fo cus has been on ex plor ing
DNA hydration as a func tion of its con for ma tion and se -
quence.

To gain a more com pre hen sive un der stand ing, we em -
ployed a multi-step ap proach to de ter mine wa ter prob a bil -
ity den si ties around dinucleotide frag ments. Be gin ning
with DNA crys tal struc tures con tain ing wa ter mol e cules,

we con ducted an ex ten sive anal y sis of DNA dinucleotides
within an en sem ble of 2,727 non-re dun dant DNA chains,
en com pass ing 41,853 dinucleotides and the as so ci ated
316,265 first-shell wa ter mol e cules [6]. We clas si fied
dinucleotides based on their 16 se quences and the pre vi -
ously de fined struc tural classes, known as nu cle o tide con -
form ers (NtCs). From the DNA struc tures in the data set,
we ex tracted all dinucleotides with as so ci ated wa ter mol e -
cules. Sub se quently, all wa ters linked to dinucleotides of a
spe cific NtC/se quence com bi na tion were trans ferred to a
ref e r ence  dinucleotide. Fi nally, we  com puted  wa ter      



Ó Krystalografická spoleènost

Ma te ri als Struc ture, vol. 29,  no. 3  (2023)       209

prob a bil ity den sity dis tri bu tions through Fou rier av er ag -
ing, sep a rately for wa ters as so ci ated with the base and the
sugar-phos phate at oms. Peaks in the hydration den si ties
are re ferred to as Hydration Sites (HSs), and un veil the in -
tri cate in ter play be tween base and sugar-phos phate
hydration with re spect to the se quence and con for ma tion of 
DNA. The iden ti fied hy drated dinucleotide build ing blocks 
al lowed us to sub se quently cal cu late DNA hydration by
de ter min ing the prob a bil ity of wa ter den sity dis tri bu tions.

In this poster, we pres ent an over view of our find ings
and dis cuss the po ten tial ap pli ca tions of hy drated DNA
build ing blocks for pre dict ing DNA hydration. Our data
and pre dic tions are readily ac ces si ble for brows ing and vi -
su al iza tion at the website watlas.datmos.org/watna.
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The pri mary re pos i tory not only for pro tein struc tures, Pro -
tein Data Bank (PDB), al lows ac cess to nu mer ous struc -
tural data for biomacromolecules. How ever, due to the
large amount of de pos ited struc tures may lead to the pres -
ence of er rors in data. Early val i da tion ap proaches pri mar -
ily fo cused on the geo met ric prop er ties of stan dard
biomacromolecular res i dues, lead ing to the re lease of PDB
val i da tion re ports. Later, this re port ex tends to ligand val i -
da tion, but some val i da tion as pects are still not cov ered.

This study fo cuses on one of these over looked ar eas of
val i da tion. We ex am ined the con for ma tions of ba sic rings
found within small mol e cules in the PDB, in clud ing cyc lo -
pen tane, cyc lo hex ane and ben zene. In ac cu rate de ter mi na -
tion of ring con for ma tion within lig ands can sig nif i cantly
in flu ence the geo met ric prop er ties of a macromolecule or
mo lec u lar frag ments in the sur round ing area. Our anal y sis
ex tends to in ves ti gat ing the un der ly ing rea sons for se lect -
ing en er get i cally un fa vour able con for ma tions of rings.
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Fos ter ing bio med i cal re search and ther a peu tic ad vance -
ment heavily re lies on the de sign of pro tein-pro tein in ter ac -
tions (PPIs). How ever, ma chine learn ing meth ods for
pre dict ing the ef fects of mu ta tions on pro tein-pro tein bind -
ing af fin ity suf fer from sys tem atic is sues [1]. Most no ta bly, 
ex ist ing meth ods ex hibit poor gen er al iza tion be yond train -
ing data due to re li ance on small datasets of an no tated mu -
ta tions. Ad di tion ally, in silico scor ing of binder vari ants
with state-of-the-art tools is computationally ex pen sive be -
cause of the need to sim u late mu tant struc tures. As a re sult,
ex ist ing meth ods only en able the preselection of plau si ble
sin gle-point sub sti tu tions. How ever, fast and re li able meth -
ods that could com bine the pre se lected sub sti tu tions to
con struct multi-point mu tants with an en hanced bind ing af -
fin ity of a PPI are se ri ously lack ing. These is sues are par tic -
u larly ev i dent in our com pre hen sive case study of
ma chine- learn ing-guided en gi neer ing of the staphylo -
kinase pro tein for higher throm bo lytic ac tiv ity through the
en hance ment of its bind ing af fin ity to wards plasmin [1].

As the un re li abil ity of cur rent meth ods stems from their 
de pend ence on small an no tated data, in this pro ject, we
mine a vast amount of avail able un anno tat ed PPIs in crys -
tal lized struc tures. Namely, we ex tract and clus ter all pro -
tein-pro tein in ter ac tions from the en tire Pro tein Data Bank. 
To achieve large-scale clus ter ing, we de velop a fast al go -
rithm iDist for com par ing pairs of pro tein-pro tein in ter -
faces. The al go rithm ac cu rately ap prox i mates the well- 
es tab lished iAlign [2] method while be ing two or ders of
mag ni tude faster. Large-scale ap pli ca tion of iDist re veals
ma jor, pre vi ously un ad dressed is sues with avail able data -
sets [3] of pro tein-pro tein in ter ac tions such as their high re -
dun dancy and low qual ity of train-test splits. Our data
pro cess ing and anal y sis re sult in the con struc tion of PPIRef 
– a novel clus tered dataset of pro tein-pro tein in ter ac tions,
su pe rior in size and qual ity com pared to ex ist ing al ter na -
tives [1].

Fi nally, we use the curated data to de velop a novel
self-su per vised 3D equivariant deep learn ing model

Fig ure 1. Train ing and in fer ence of PPIformer. The black ar rows de pict the ar chi tec ture of PPIformer, and the red ar rows dem on -
strate the self-su per vised train ing pro ce dure for clas si fy ing masked amino ac ids. A sin gle train ing step starts with ran domly sam pling a
pro tein-pro tein in ter ac tion (in this ex am ple, the staphylokinase dimer A-B from PDB en try 1C78). Af ter con vert ing the in ter face into an 
ori ented point-cloud rep re sen ta tion, the fea tures de fin ing the side chains of ran domly se lected amino ac ids (e.g., 62 from chain B) are
masked (shown by the grey cir cle). The model sub se quently learns to clas sify the type of masked amino ac ids by ac quir ing an ap pro pri -

ate hid den rep re sen ta tion of the whole in ter face. The blue ar rows il lus trate the zero-shot trans fer of PPIformer to pre dict ing bind ing

DDG. In or der to pre dict the mutational ef fect of sub sti tut ing ty ro sine (Y) with alanine (A) at po si tion 62 in pro tein B, the cor re spond ing

amino acid is masked, and the prob a bil i ties are pre dicted with the trained model. Fi nally, the DDG is estimated based on the de rived
prob a bil i ties.
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PPIformer [1]. The model le ver ages vast un anno tat ed data
by learn ing to solve a proxy task of pre dict ing masked
amino ac ids in the struc tures from our new PPIRef dataset.
A more de tailed over view of our ap proach is pre sented in
Fig ure 1. We show that the pro posed learn ing scheme en -
ables PPIformer to cap ture the bio chem i cal prop er ties of
amino ac ids and pre dict the ex per i men tal ef fects of mu ta -
tions with out any su per vised train ing. This emer gent prop -
erty serves as a proof of con cept for the ap proach, of fer ing
con sid er able hope for over com ing the data scar city is sue
con strain ing ex ist ing meth ods for PPI de sign. Im por tantly,
amino-acid-level rep re sen ta tions of pro tein struc tures al -
low PPIformer to rap idly screen mil lions of pro tein vari -
ants with out re ly ing on costly mo lec u lar dy nam ics
sim u la tions of mu tant struc tures.

Cur rently, we are fo cus ing on un lock ing the full po ten -
tial of PPIformer. While it has dem on strated the abil ity to
score mutational ef fects with out any su per vi sion, we ex -
pect it to be come a pow er ful pro tein-de sign as sis tant as a
re sult of fur ther fine-tun ing on the task of pre dict ing bind -

ing DDG. Ad di tion ally, we are ex tend ing the method to
other tasks, such as pre dict ing bind ing en ergy or scor ing
dock ing poses. We ex pect the ex ten sive multi-modal train -
ing of PPIformer to cap ture in sights into com plex bio -
chem i cal phe nom ena such as epistasis or in duced-fit

mech a nisms. Fi nally, we will uti lize PPIformer in the next
rounds of our com pu ta tional staphylokinase de sign, which
will be fol lowed by thor ough ex per i men tal val i da tion. We
ex pect the val i dated method to be broadly ap pli ca ble in
many biomolecular sys tems, in clud ing the de sign of an ti -
bod ies and biopharmaceutics.

1. A. Bushuiev, Ma chine learn ing for the de sign of pro -
tein–pro tein in ter ac tions, Mas ter’s The sis, Czech Tech ni cal 
Uni ver sity in Prague, Fac ulty of In for ma tion Tech nol ogy,
2023.
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3. R. Townshend, R. Bedi, P. Suriana, R. Dror, End-to-end
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Ad vances in Neu ral In for ma tion Pro cess ing Sys tems,32,
Curran As so ci ates, Inc., 2019.
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Seg men ta tion plays a cru cial role in in ter pret ing bi o log i cal
im ag ing data. As au to mated seg men ta tion tools have ad -
vanced [1, 2], pub lic re pos i to ries for im ag ing data have ex -
panded their ca pa bil i ties to in clude shar ing and vi su al iz ing
segmentations [3, 4]. This evo lu tion has led to a grow ing
de mand for in ter ac tive web-based vi su al iza tion of 3D vol -
ume segmentations. To ad dress this chal lenge we have cre -
ated Mol* Vol umes and Segmentations (Mol*VS), which

en ables the in ter ac tive, web-based vi su al iza tion of cel lu lar
im ag ing data, com ple mented by macromolecular data and
bi o log i cal an no ta tions. Mol*VS seamlessly in te grates with 
Mol* Viewer [5], a plat form al ready adopted by sev eral
pub lic re pos i to ries. 

Mol*VS pro cesses vol u met ric and seg men ta tion data
and de liver them to the Mol* Viewer VS ex ten sion, al low -
ing the vi su al iza tion of large datasets with low la tency.

Fig ure 1. The four com po nents com pos ing Mol*VS and their functionalities
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These functionalities are al lowed by the pres ence of four
ma jor com po nents: a pre-pro ces sor, an in ter nal da ta base, a
server mod ule, and a cli ent mod ule (Fig. 1).

An ex am ple of the Mol*VS functionalities is shown in
Fig ure 2.

Mol*VS pro vides ac cess to all EMDB and EMPIAR en -
tries fea tur ing seg men ta tion datasets, sup port ing the vi su al -
iza tion of data gen er ated across a broad spec trum of
elec tron and light mi cros copy ex per i ments. Mol*VS is an
open-source so lu tion, freely ac ces si ble at
https://molstarvolseg.ncbr.muni.cz/.

1. Kievits A.J., Lane R., Carroll E.C., Hoogenboom J.P. How
in no va tions in meth od ol ogy of fer new pros pects for vol ume 
elec tron mi cros copy. J Microsc. 2022; 287:114–137.

2. Thomas R.M., John J.Radhakrishnan B. A re view on cell
de tec tion and seg men ta tion in mi cro scopic im ages. Pro -

ceed ings of IEEE In ter na tional Con fer ence on Cir cuit,
Power and Com put ing Tech nol o gies 2017 (ICCPCT
2017). 017; Kollam, IndiaInstitute of Elec tri cal and Elec -
tron ics En gi neers (IEEE).

3. Iudin A., Korir P.K., Salavert-Torres J., Kleywegt G.J.,
Patwardhan A. EMPIAR: a pub lic ar chive for raw elec tron 
mi cros copy im age data. Nat. Meth ods. 2016; 13:387–388.

4. Iudin A., Korir P.K., Somasundharam S., Weyand S.,
Cattavitello C., Fonseca N., Salih O., Kleywegt G.J.,
Patwardhan A. EMPIAR: the Elec tron Mi cros copy Pub lic
Im age Ar chive. Nu cleic Ac ids Res. 2023;
51:D1503–D1511.

5. Sehnal D., Bittrich S., Deshpande M., Svobodová R.,
Berka K., Bazgier V., Velankar S., Bur ley S.K., Koèa J.,
Rose A.S. Mol*Viewer: mod ern web app for 3D vi su al iza -
tion and anal y sis of large biomolecular struc tures. Nu cleic
Ac ids Res. 2021; 49:W431–W437.

Fig ure 2. An ex am ple of Mol*VS func tion al ity. A com par i son of dif fer ent seg men ta tion meth ods ap plied to a large Bacteriophage
dataset cor re lated with 3D Vol umes, Seg men ta tion, Fit ted Model and Model Annotation.

https://molstarvolseg.ncbr.muni.cz/
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In ter ac tion be tween pro teins and lipids plays a cru cial role
in nu mer ous cel lu lar pro cesses. Sim i lar to pro tein-pro tein
in ter ac tions, the in volved pep tide seg ments may be in trin -
si cally dis or dered re gions (IDRs) and their dy nam ics de -
creases upon lipid bind ing that may even in clude gain ing
sec ond ary struc tures. We had col lected pro teins with
lipid-in ter act ing IDRs based on ex per i men tal data and
named the in ter act ing seg ments mem brane mo lec u lar rec -
og ni tion fea tures (MemMoRFs;
 https://memmorf.hegelab.org) [1]. 

Now we aimed to use this dataset to es tab lish a pre dic -
tor to over come the te dious ex per i ments for iden ti fi ca tion
of mem brane in ter act ing IDRs. Since the avail able data set
is small for con ven tional ma chine learn ing meth ods [2], we 
em ployed pro tein lan guage mod els (pLMs), in clud ing T5
and Ankh. We used lo gis tic re gres sion to se lect im por tant
fea tures of pLM embeddings. The anal y sis of these fea ture
sub sets in di cates that MemMoRF prop er ties are en coded in 
more fea tures in Ankh than in T5 pLM embeddings. This
phe nom e non most likely con trib utes to better per for mance
of Ankh in gen eral when all fea tures are used in pre dic -
tions. How ever, we dem on strate that sub sets of fea tures
can de crease the noise, thus in crease the per for mance of

per res i due em bed ding-based neu ral net works for
MemMoRF pre dic tion. Our best per form ing model ex hib -
its AUC, MCC, and F1 of 0.885, 0.655, and 0.827, re spec -
tively. We used this model to pre dict MemMoRFs in the
hu man proteome, which pre dic tions and also the pre dic tor
are avail able pub licly at https://plmmorf.hegelab.org.

1. G. Csizmadia, G. Erdõs, H. Tordai, R. Padányi, S. Tosatto,
Z. Dosztányi, T. Hegedûs (2020). The MemMoRF da ta base 
for rec og niz ing dis or dered pro tein re gions in ter act ing with
cel lu lar mem branes. Nu cleic Ac ids Re search, 49,
D355–D360. https://doi.org/10.1093/nar/gkaa954.

2. S. Basu, T. Hegedûs, L. Kur gan (2023).
CoMemMoRFPred: se quence-based pre dic tion of
MemMoRFs by com bin ing pre dic tors of in trin sic dis or der,
MoRFs and dis or dered lipid-bind ing re gions. Jour nal of
Mo lec u lar Bi ol ogy.
https://doi.org/10.1016/j.jmb.2023.168272.
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Genomic sur veil lance has played a fun da men tal role in the
SARS-CoV-2 pan demic as it al lowed the early iden ti fi ca -
tion, char ac ter iza tion and mit i ga tion of dan ger ous vi ral
strains. It would be greatly fa cil i tated if ac cu rate pre dic tors
of the im pact of SARS-CoV-2 vari ants on vi rus fit ness
were avail able. How ever, most of the vari ant se ver ity pre -
dic tion mod els have lim ited pre dic tive power as they only
rely on SARS-CoV-2 se quence data, which pre vents them
from pro vid ing a mo lec u lar-level un der stand ing of vi ral
fit ness and evo lu tion. 

To fill this gap, we de vel oped SpikePro [1, 2], a fast and 
ac cu rate struc ture-based model that pre dicts the fit ness of

SARS-CoV-2 vari ants from the se quence and struc ture of
the spike pro tein lo cated on the vi rus sur face. Vi ral fit ness
in di cates how ef fi ciently a vi rus pro duces in fec tious prog -
eny and is thus an in di ca tor of its dan ger ous ness. The
model is based on the com bined ef fect of the vari ants on the 
sta bil ity of the spike pro tein and on its bind ing af fin ity for
the an gio ten sin con vert ing en zyme 2 (ACE2) known to be
the en try point of the vi rus into the cells, and for a set of
neu tral iz ing an ti bod ies (nAbs). The pre dicted vari ant fit -
ness is based on a com bi na tion of three com po nents:

• Inter-hu man vi ral transmissibility, fi
S , com puted

from the change in fold ing free en ergy (DDGS) be -

https://memmorf.hegelab.org
https://plmmorf.hegelab.org
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tween the spike pro tein vari ant i and the wild-type

Wuhan strain. DDGS is es ti mated us ing our in-house
pro tein sta bil ity pre dic tor PoPMuSiC [3].

• Vi ral infectivity, fi
ACE 2 , com puted from the change in

bind ing free en ergy (DDGB) be tween the vari ant and
wild-type Wuhan com plex of the spike pro tein with
ACE2, which we es ti mate us ing our in-house pro tein 
bind ing af fin ity pre dic tor BeAtMuSiC [4].

• Vi ral im mune es cape, fi
nAb , com puted from the av er -

age change in DDGB be tween the vari ant and the
wild-type spike pro tein in com plex with a set of
nAbs.

We pre dict the global fit ness F i  of a vari ant as the prod -
uct of these three fit ness com po nents (see [1] for tech ni cal
de tails). We also pre dict the ba sic re pro duc tion rate (R0), a
com monly mon i tored in di ca tor for new emerg ing vari ants
that de scribes the av er age num ber of sec ond ary in fec tions
that each in fected per son causes in a na ive pop u la tion. The
de com po si tion of the vi ral fit ness into these three com po -
nents rep re sent ing vi ral transmissibility, infectivity and im -
mune es cape helps us ers un der stand which mo lec u lar
mech a nism is driv ing the over all fit ness evo lu tion of the
SARS-CoV-2 vari ants with re spect to the orig i nal Wuhan
lin eage.

We used SpikePro to pre dict and an a lyze SARS-CoV-2 
vari ants that had high cir cu la tion lev els world wide dur ing
the pan demic. The pre dicted transmissibility, infectivity,
im mune es cape and global fit ness of the ma jor cir cu lat ing
SARS-CoV-2 lin eages (Al pha, Delta and Omi cron) with
re spect to Wuhan are re ported in Tab. 1. We ob serve that
SpikePro cor rectly ranks the lin eages in terms of global fit -

ness: F(Wuhan) < F(Al pha) < F(Delta) < F(Omi cron).
More over, we cor rectly pre dict that Omi cron has a much
higher transmissibility but is less in fec tious than other lin -
eages, which is in agree ment with em pir i cal data [5]. Fur -
ther more, as shown in Tab. 1, the pre dicted R0 value for the
Delta and Omi cron vari ants, which were not used for pa -
ram e ter fit ting, agree very well with the ep i de mi o log i cal
data, with an er ror of the or der of 10%.

For the most re cently cir cu lat ing Omi cron subvariants
X.BB.1.5 and EG.5.1, SpikePro pre dicts R0 and global fit -
ness val ues that are sim i lar to the orig i nal Omi cron vari ant.
In par tic u lar, it pre dicts a de crease in transmissibility and
infectivity but a sig nif i cant in crease in im mune es cape, all

of which is in very good agree ment with ep i de mi o log i cal
and clin i cal data which show that these subvariants re sult
in milder clin i cal symp toms and have high im mune es cape
[6].

In our pa per [ref], we also pres ent the re sults of a ret ro -
spec tive study to show how the webserver could have pre -
dicted the ap pear ance of cer tain lin eages that im prove
fit ness, spread fast and es cape hu man im mune de fenses.
We cal cu lated the av er age R0, infectivity, transmissibility,
and abil ity to es cape from the im mune sys tem over all se -
quences in the GISAID da ta base, and found that the pre dic -
tions made by SpikePro agree re mark ably well with
ep i de mi o log i cal and ex per i men tal data. Note that this ret -
ro spec tive study does not in clude any pa ram e ter fit ting,
which greatly adds con fi dence in our tool.

We de vel oped a user-friendly webserver
(http://babylone.3bio.ulb.ac.be/SpikePro/) with which re -
search ers with out any bioinformatic back ground can eas ily 
run SpikePro. Us ing the vari ant spike pro tein se quence as
in put, the webserver pro vides the over all fit ness value of
the vari ant, its fit ness com po nents and its ba sic re pro duc -
tion rate R0. It also in te grates ex ter nal ex per i men tal and ep -
i de mi o log i cal data and pro vides a 3D vi su al iza tion of the
mu tated spike pro tein struc ture.

1. F. Pucci and M. Rooman, Vi ruses, 13, 935 (2021).

2. G. Cia, J. M. Kwasigroch, M. Rooman, F. Pucci,
Bioinformatics, 38, 4418 (2022).

3. Y. Dehouck, A. Grosfils, B. Folch, D. Gilis, P. Bogaerts,
M. Rooman, Bioinformatics, 25, 2537 (2009).

4. Y. Dehouck, J. M. Kwasigroch, M. Rooman, D. Gilis, Nu -
cleic Ac ids Re search, 41, W333 (2013).

5. K. P. Y. Hui, J. C. W. Ho, M. Cheung, K. Ng, R. H. H.
Ching, K. Lai, T. T. Kam, H. Gu, K.-Y. Sit, M. K. Y. Hsin, 
T. W. K. Au, L. L. M. Poon, M. Peiris, J. M. Nicholls, M.
C. W. Chan, Na ture, 603, 715 (2022).

6 R. Uraki, M. Ito, Y. Furusawa, S. Yamayoshi, K.
Iwatsuki-Horimoto, E. Adachi, M. Saito, M. Koga, T.
Tsutsumi, S. Yamamoto, A. Otani, M. Kiso, Y.
Sakai-Tagawa, H. Ueki, H. Yotsuyanagi, M. Imai, Y.
Kawaoka, The Lan cet In fec tious Dis eases, 23, 30 (2023).

Va ri ants
Transmis si bi li ty

(log fi
S )

In fecti vi ty

(log fi
ACE)

Im mu ne
es ca pe

(log fi
nAb )

Glo bal fit ness

(log F ii)

R0

epi de mi o lo gi cal

R0 

pre dic ted

Wu han 0 0 0 0 2.2* 2.2*

Al pha 2.2 0.4 -0.2 2.3 6.1* 6.1*

Del ta 1.6 0.3 1.0 2.8 8.1 7.0

Omicron 5.8 0.2 1.0 7.0 15.6 14.1

Ta ble 1. Fit ness val ues and R0 val ues pre dicted by SpikePro, and ep i de mi o log i cal R0 val ues for the ma jor cir cu lat ing SARS-CoV-2 lin -
eages in the UK with re spect to the Wuhan lin eage. Ep i de mi o log i cal R0 val ues were cal cu lated by fit ting a sim ple ex po nen tial growth
model us ing GISAID data (see [2] for de tails). Val ues with an as ter isk (*) were used to fit the model’s pa ram e ters.
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EX TEN SION OF THE SUGRES COARSE-GRAINED 
MODEL OF POLY SAC CHA RIDES TO HEP A RIN
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The glycosaminoglycan hep a rin (HP) is an un branched pe -
ri odic polysaccharide com posed of neg a tively charged
disaccharide units and in volved in key bi o log i cal pro -
cesses, in clud ing anticoagulation, angiogenesis, and in -
flam ma tion. The con sid er able size and flex i bil ity of
nat u rally oc cur ring HP as well as the pre dom i nantly elec -
tro static na ture of its in ter ac tion with pro teins ren ders it a
par tic u larly dif fi cult tar get in all-atom mo lec u lar dy nam ics
(MD) sim u la tions of the mo lec u lar mech a nisms un der ly ing 
the bi o log i cally rel e vant multiscale pro cesses. There fore,
ap pli ca tion of coarse-grained ap proaches is po ten tially
prom is ing to model HP-con tain ing mo lec u lar sys tems. 

We have ex tended the coarse-grained SUGRES-1P
model (Fig. 1) of poly sac cha rides [1] to HP and mod i fied
the in ter ac tion en ergy func tion to ac count for a shift of the
in ter ac tion cen tres and to en able a di rect mod i fi ca tion of
the elec tro static en ergy term weight. The im ple mented pa -
ram e ters were pre vi ously ob tained us ing all-atom MD sim -
u la tions [1,2] with the GLYCAM06 force field [3]. With
this mod i fi ca tion, we were able to ap ply the SUGRES-1P
force field in mi cro sec ond-long MD sim u la tions of free HP 
oli go sac cha rides rang ing from de gree of poly mer iza tion 6
to 68. The mod elled HP chains ex hib ited re mark able sim i -
lar ity to ex per i men tally de ter mined HP mol e cules [4,5] in
terms of their global struc tural char ac ter is tics. A com pre -
hen sive anal y sis of the con stit u ent en ergy term weights and 
ion con cen tra tion, rep re sented by the Debye-Hückel pa -

ram e ter k, in di cates that long HP chains are char ac ter ized
by coiled con for ma tions gov erned pre dom i nantly by elec -
tro static in ter ac tions es tab lished be tween the charged res i -
dues. 

We in te grated the SUGRES-1P model into the
coarse-grained UNICORN model [6,7], en abling mi cro -
sec ond-scale MD sim u la tions of HP in ter ac tions with sin -
gle- and multi-do main pro teins. This achieve ment
rep re sents a sig nif i cant mile stone, as it is the first time a
“bot tom-up” phys ics-based ap proach has been used for
coarse-grained mod el ling of HP chains, while main tain ing
com pat i bil ity with other biomolecule classes within the
UNICORN modelling package.

1. E. Lubecka, A. Liwo, J. Chem. Phys., 147, (2017), 115101.

2. S. A. Samsonov, E. A. Lubecka. K. K. Bojarski, R.
Ganzynkowicz, A. Liwo, Biopol. 110, (2010), e23269.

3. K. N. Kirschner, A. B. Yongye. S. M. Tschampel, J. Gon -
za lez-Outeirino, C. R. Daniels. B. L. Foley, R. J. Woods, J. 
Comp. Chem. 29, (2008), 622-655.

4. S. Khan, J. Gor, B. Mulloy, S. J. Perkins, J. Mol. Biol. 395, 
(2010), 504-521.

5. G. Pav lov, S. Finet, K. Tatarenko, E. Korneeva, C. Ebel,
Eur. Biophys. 32, (2003), 437-449.

6. A. Danielsson, S. A. Samsonov, A. Liwo, A. K. Sieradzan,
J. Chem. The ory Comput. 19, (2023), 6023-6036.

7. A. Liwo, C. Czaplewski, A. K. Sieradzan, et al., Prog. Mol. 
Biol. Transl. Sci. 170, (2020), 73-122.
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Fig ure 1. The in ter ac tion sites are united sugar rings, rep re sented by trans par ent red el lip soids, lo cated
half-way be tween glycosidic ox y gen at oms (white spheres) which are not in ter ac tion sites but serve to de -
fine the ge om e try of the polysaccharide mol e cule. The vir tual bonds con nect ing the ox y gen at oms are
shown as thick black lines. The ge om e try of the polysaccharide chain is de fined by the vir tual bond an gles

qi and tor sional an gles gi.
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In the last few years, we have wit nessed ma jor de vel op -
ments in both pro tein struc ture pre dic tion, as ex em pli fied
by AlphaFold 3D mod els [1], and, most re cently, in lan -
guage-based mod els for the pre dic tion of ge netic vari ants,
in clud ing the re cently re leased AlphaMissense [2]. How -
ever, these pre dic tors do not pro vide in sights into the struc -
tural ba sis of the phenotypic ef fect. 

Three-di men sional pro tein struc tures al low us to per -
form an atom-based anal y sis of the con se quence of an
amino acid sub sti tu tion and mod els gen er ated with the
deep learn ing al go rithm, AlphaFold, pro vide a unique op -
por tu nity for atom-based anal y sis of hu man missense vari -
ants. Our group has de vel oped the Missense3D por tal to
pro vide struc ture-based in ter pre ta tion of missense vari ants
[3]. Here we pres ent the re sults ob tained with a new pipe -
line that we have de vel oped to au to mat i cally iden tify ac cu -
rately mod elled amino acid re gions that can be used for
vari ant char ac ter iza tion with our in-house Missense3D al -
go rithm. 

The rec om mended AlphaFold pLDDT thresh old for an

ac cu rately mod elled res i due is  ³ 70. When us ing this
thresh old for the query res i due, the ac cu racy of the
atom-based pre dic tions cal cu lated us ing Missense3D on
AlphaFold mod els was 0.66, MCC 0.36, TPR/FPR 5.1. We 
then com pared these re sults to those ob tained with lower
pLDDT scores, and af ter in tro duc tion of the PAE ma trix
score, on a bench mark dataset of 10,085 hu man pro teins
har bour ing 84,827 missense vari ants. 

We show that, when the model ac cu racy of the en vi ron -
ment sur round ing the query res i due (E-plDDT-5C) is con -

sid ered, an E-plDDT-5C ³ 60 pro vides sim i lar ac cu racy,
MCC and TPR/FPR to that ob tained us ing the plDDT

thresh old ³ 70 for the query res i due alone but in creases the
num ber of res i dues for which an atom-based anal y sis can
be per formed. 

We ap plied this new E-plDDT-5C ³ 60 thresh old to a
to tal of 8,965,659 res i dues cor re spond ing to 16,325 re -

viewed hu man UniProt se quences of lengths £ 2,700 amino 
ac ids. When us ing this thresh old, 6,169,173 hu man res i -
dues (68.8% of the proteome) are mod elled with suf fi cient
qual ity to al low an atom-based anal y sis of the query res i -
due and its sur round ing en vi ron ment. At the vari ant level,
con fi dent pre dic tions could be ob tained for 4,405,910
(65.9%) out of 6,700,719 unique missense vari ants mined
from the UniProt homo_sa pi ens_vari a tion.txt da ta base.

In con clu sion, AlphaFold 3D mod els of fer a unique op -
por tu nity to un der stand the con se quences of amino acid
sub sti tu tions on pro tein struc ture, thus com ple ment ing ex -
ist ing evo lu tion ary-based methods.

1. Jumper J, Ev ans R, Pritzel A, Green T, Figurnov M,
Ronneberger O, Tunyasuvunakool K, Bates R, Žídek A,
Potapenko A, et al.: Highly ac cu rate pro tein struc ture pre -
dic tion with AlphaFold. Na ture, 596, (2021), 583-589.

2. Cheng J, Novati G, Pan J, Bycroft C, Žemgulyt? A,
Applebaum T, Pritzel A, Wong LH, Zielinski M, Sargeant
T, et al.: Ac cu rate proteome-wide missense vari ant ef fect
pre dic tion with AlphaMissense. Sci ence (2023),7492.

3. Ittisoponpisan S, Is lam SA, Khanna T, Alhuzimi E, Da vid
A, Stern berg MJE: Can Pre dicted Pro tein 3D Struc tures
Pro vide Re li able In sights into whether Missense Vari ants
Are Dis ease As so ci ated? J. Mol. Biol., 431, (2019),
2197-2212.
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The Mem brane Pro tein Bioinformatics Re search Group
hosts and main tains sev eral widely used re sources re lated
to transmembrane pro tein struc tures.

In 2021, AlphaFold2 (AF2) opened new fron tiers for
al most all fields of struc tural bi ol ogy and pro vided 3D
struc tures for al most all known pro tein se quences. In the
Transmembrane AlphaFold da ta base (TmAlphaFold da ta -
base, https://tmalphafold.ttk.hu/) we use a sim ple ge om e -
try-based method to vi su al ize the like li est po si tion of the
mem brane plane us ing AF2 struc tures as a source. In ad di -
tion, we cal cu late sev eral pa ram e ters to eval u ate the lo ca -
tion of the pro tein into the mem brane. This also al lows the
TmAlphaFold da ta base to show whether the pre dicted 3D
struc ture is re al is tic or not.

We also over hauled sev eral other pop u lar re sources
and com bined them in the The UNI fied da ta base of Trans -
Membrane Pro teins (UniTmp, https://www.unitmp. org/).

UniTmp is a com pre hen sive and freely ac ces si ble re source
of transmembrane pro tein struc tural in for ma tion at dif fer -
ent lev els, from lo cal iza tion of pro tein seg ments, through
the to pol ogy of the pro tein to the mem brane-em bed ded 3D
struc ture. We not only an no tated tens of thou sands of new
struc tures and ex per i ments, but we also de vel oped a new
sys tem that can serve these re sources in par al lel. UniTmp is 
a uni fied plat form that merges TOPDB (To pol ogy Data
Bank of Transmembrane Pro teins), TOPDOM (da ta base of 
con ser va tively lo cated do mains and mo tifs in pro teins),
PDBTM (Pro tein Data Bank of Transmembrane Pro teins),
and HTP (Hu man Trans mem brane Proteome) da ta bases
and pro vides inter operability be tween them.

In the near future we plan to integrate more databases
and web servers into the framework of UniTmp, so
researchers will be able to find all membrane protein
related information at one place.
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Am y loid mo tifs are very short do mains (typ i cally around
25 amino ac ids) that fa cil i tate pro tein ag gre ga tion into a
poly meric fibrillary struc ture or the am y loid fold. Apart
from the in volve ment in patho log i cal amyloidoses, the am -
y loid fold is vi tal for many phys i o log i cal func tions in clud -
ing oligomerization and sig nal transduction. De spite
con sid er able se quen tial di ver sity and par tial sim i lar ity to
in trin si cally dis or dered re gions, known func tional am y loid 
mo tifs typ i cally as sume the beta-arch con for ma tion and ag -
gre gate into beta-so le noids through stack ing of the beta
strands. Iden ti fi ca tion of func tional amyloids in se quence
da ta bases is dif fi cult. Ex ist ing com pu ta tional tools for as -
sess ing pro pen sity to form amyloids typ i cally fo cus on the
amyloidogenic hotspots or short pep tides form ing am y loid
fi brils in vi tro. These tools are not cal i brated for
meaningful searches in en tire genomes as it is es ti mated
that most pro teins con tain amyloidogenic hotspots [1]. An

al ter na tive ap proach is to model par tic u lar fam i lies of
amyloidogenic se quences, which can be a vi a ble op tion for
al ready iden ti fied mo tifs (e.g. Pfam pro files
HET-s_218-289 and RHIM). How ever, as amyloidogenic
mo tifs are rel a tively short and quite di verse in ter nally, tra -
di tional tools based on k-mers or pro file Hid den Markov
Mod els do not of fer enough sta tis ti cal power for more gen -
er al ised ge nome-wide searches.

Sig nal ling am y loid mo tifs work in pairs (or trip lets),
where one mo tif trig gers the other to as sume the am y loid
fold in a prion-like man ner. To date, the most suc cess ful
searches re lied on iden ti fi ca tion of larger do mains as so ci -
ated with the am y loid mo tifs com bined with fil ter ing based
on genomic prox im ity and se quen tial sim i lar ity of po ten -
tially co op er at ing se quences. This led to iden ti fi ca tion of
around thou sand sig nal ling amyloids rep re sent ing more
than a dozen of fam i lies as so ci ated with the Nod-Like Re -
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cep tors (or NLR, in nate im mune sys tem pro teins) in fil a -
men tous fungi, bac te ria and archaea [2, 3]. These datasets
have been used to de velop ma chine learn ing mod els ca pa -
ble of ac count ing for non-lo cal de pend en cies re sult ing
from the spa tial fold. Our gen er al ised model of sev eral
fam i lies of sig nal ling am y loid mo tifs, based on the proba -
bil is tic con text-free gram mars                            
(git.e-science.pl/wdyrka/pcfg-cm), dem on strated good
spec i fic ity and sen si tiv ity en abling searches in col lec tions
of thou sands NLR-as so ci ated pro teins [1]. This fa cil i tated
dis cov er ing new mo tif fam i lies in sac fungi and made pos -
si ble ex plor ing the sig nal ling amyloidosome of fil a men -
tous basidiomycota [4]. Cur rently, we de velop deep
learn ing meth ods aimed at achiev ing higher spec i fic ity en -
abling ge nome-wide searches with out the need for
prefiltering (github.com/jakub-galazka/asmscan-lstm,
github.com/chrispysz/amylotool-console).

In some cases even rel a tively small high-qual ity align -
ments of sev eral doz ens of se quences pro vide enough in -
for ma tion to pre dict struc tural mod els of am y loid
struc tures made of sev eral cop ies of a mo tif. For ex am ple,
us ing AlphaFold 2, we ob tained a plau si ble model of
HET-s re lated mo tif [2, 4] (Fig. 1). How ever, the main is -
sue with ap ply ing the gen eral pro tein struc ture pre dic tion
pro to cols to amyloidogenic pep tides is the method in dif fer -
ence to sin gle point mu ta tions af fect ing the for mal charges, 
even though the fea ture was shown ex per i men tally to al ter
the ag gre ga tion pro pen sity of amyloids [5, 6]. De spite this
lim i ta tion, AlphaFold-style pre dic tions of a po ten tial fold
of the mo tif can be a use ful step pre ced ing the more
fine-tuned in ves ti ga tion with other meth ods, such as
molecular dynamics [6].

The short length of typ i cal amyloidogenic pep tides
means that they can be syn the sised rel a tively eas ily, al -
though the pro cess has its pe cu liar i ties due to high ag gre ga -

tion [1, 4-6]. The use of syn thetic pep tides en ables quite
rapid ex per i men tal ver i fi ca tion of the mod el ling in vi tro.
For ex am ple, in fra red spec tros copy can be used to es tab lish 
the struc tural con tent and ri gid ity re flect ing the ag gre ga -
tion stage. of ten in con junc tion with an im ag ing method
such as atomic force mi cros copy. In ad di tion the ki net ics of 
ag gre ga tion is typ i cally eval u ated through the Thioflavin T 
as say [4]. As prop er ties of func tional amyloids are of ten
very sen si tive to even slight changes in en vi ron men tal con -
di tions such as tem per a ture, pH or pres ence of cer tain ions,
we pos tu late the in vi tro val i da tion of the ag gre ga tion pro -
cess to be per formed over the grid of con di tions. 

The ul ti mate goal is pre dict ing and mod el ling their
heterotypic in ter ac tions, such as cross-seed ing and het -
ero-ag gre ga tion, with the hope of de ci pher ing po ten tial
trig gers of amyloidosis [8]. How ever, as of now, data on
cross-in ter ac tions of patho log i cal amyloids are too scarce
and sparse for train ing ro bust ma chine learn ing mod els.
One pos si bil ity is to re treat to wards thread ing-based meth -
ods [9]. At the same time, the grow ing num ber of evo lu -
tion ary cou pled pairs of sig nal ling am y loid mo tifs opens
per spec tives also for the ma chine learn ing ap proaches. So
far, the iden ti fi ca tion of NLR-re lated in ter act ing pairs re -
lied on genomic prox im ity and se quen tial sim i lar ity of can -
di date mo tifs. How ever, in some cases at least one of these
con di tions could be un met [4], which ne ces si tates a di rect
pre dic tion of the in ter ac tion. Ex per i men tal ev i dence for the 
pres ence of so-called gate-keeper res i dues of the ag gre ga -
tion pro cess [5, 10] sug gest that such pre dic tion is a vi a ble
op tion at least for func tional amyloids. It can be ex pected
that con certed use of mod el ling and ex per i men tal meth ods
could pave a way for de cod ing in ter ac tion net works of sig -
nal ling amyloids within and be tween genomes, better un -
der stand ing their in ter ac tions with other pro teins (e.g.
beta-so le noid tan dem re peats), and even en able their use
for biocomputing.

1. W. Dyrka, M. G¹sior-G³ogowska, M. Szefczyk, N. Szulc,
BMC Bioinformatics, 22, (2021), 222.

2. A. Daskalov, W. Dyrka, S. Saupe, Sci Rep, 5, (2015),
12494.

3. W. Dyrka, V. Coustou, A. Daskalov, A. Lends, et al., J
Mol Biol, 432, (2020), 6005.

4.  J.W. Wojciechowski, E. Tekoglu, M. G¹sior-G³ogowska, V.
Coustou, et al., PLoS Comput Biol, 18, (2022), e1010787.

5. N. Szulc, M. G¹sior-G³ogowska, J.W. Wojciechowski, M.
Szefczyk, et al., Int J Mol Sci, 22, (2021), 5127.

6. N. Szulc, M.E. G¹sior-G³ogowska, P. ¯y³ka, M. Szefczyk, et
al., ssrn.com/abstract=4521809.

7. J. Jumper, R. Ev ans, A. Pritzel, T. Green, et al., Na ture, 596,
(2021), 583.

8. R.P. Friedland, M.R. Chap man, PLoS Pathog, 13, (2017),
e1006654.

9. J.W. Wojciechowski, W. Szczurek, N. Szulc, M. Szefczyk, 
et al., bioRxiv, 2022.07.07.499150.

10. A. Daskalov, D. Mar ti nez, V. Coustou, N. El Mammeri, et
al., Proc Natl Acad Sci USA, 118, (2020), e2014085118.
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Fig ure 1. Model of HRAM4 homooligomer based on a cus tom
MSA with 111 se quences cre ated us ing the tem plate-free
ColabFold ad vanced note book [7]. Res i dues col ored ac cord ing
to lDDT.

https://git.e-science.pl/wdyrka/pcfg-cm
https://github.com/jakub-galazka/asmscan-lstm
https://github.com/chrispysz/amylotool-console
https://ssrn.com/abstract=4521809
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A rep er toire of sce nar ios in struc tural bi ol ogy re quires ac -
cess to mul ti ple snap shots of a pro tein. From study ing pro -
tein dy nam ics to un veil ing cryp tic bind ing sites, from
as sess ing the ef fec tive ness of ligand bind ing site pre dic tion 
soft ware to build ing datasets for train ing such ma chine
learn ing pre dic tors, a sin gle pro tein struc ture is rarely suf fi -
cient to cap ture or ex plain the vari abil ity of a pro tein.

The avail abil ity of both bound (holo) and un bound
(apo) forms of a pro tein struc ture is es sen tial for mak ing
mean ing ful com par i sons and draw ing ro bust con clu sions.
The few ex ist ing re sources that pro vide ac cess to such data
are lim ited ei ther in terms of pro tein cov er age or in the
num ber of struc ture pairs pro vided, which does not al ways
re flect the conformational vari ance rep re sented by the
struc tures de pos ited in the Pro tein Data Bank (PDB).

Here, we use a pre vi ously de signed ap pli ca tion (AHoJ,
Apo-Holo Jux ta po si tion) to per form an ex ten sive search
for apo-holo pairs for each in di vid ual pro tein-ligand in ter -
ac tion across the PDB (ex clud ing in ter ac tions with pep -
tides and nu cleic ac ids). We as sem ble the re sults of
~500,000 small mol e cule in ter ac tions into a da ta base that
can be used to train and eval u ate pre dic tors, dis cover po -
ten tially druggable pro teins, and re veal as so ci a tions that
can con firm ex ist ing hy poth e ses or ex pose pro tein- and
ligand-spe cific re la tion ships like or der-to-dis or der tran si -
tions that were pre vi ously ob scured by in ter mit tent or par -
tial data, or discover specific binding properties of
individual ligands.
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SwissSideChain [1] is the only da ta base spe cif i cally de -
voted to non-nat u ral sidechains and dis plays gen eral prop -
er ties (phys i cal, struc tural and mo lec u lar data) for 210
amino ac ids in both L- and D-con fig u ra tion. Ad di tion ally,
the pro vided mod el ing tools per mit the straight for ward in -
ser tion of these un nat u ral res i dues into pro teins in silico.
How ever, it is not di rectly ob vi ous what are the spe cific
prop er ties that make these un nat u ral amino ac ids use ful or
how to pre pare pro teins made of un nat u ral build ing blocks. 
Among the avail able meth ods, ge netic code ex pan sion
(GCE) en ables the ri bo some-me di ated in tro duc tion of a
large num ber of non-ca non i cal amino ac ids (ncAA) into
polypeptides at vir tu ally any tar get po si tions. GCE is based 
on codon re as sign ment via or thogo nal pairs com posed of
an en gi neered aminoacyl-tRNA synthetase (aaRS) and its
cog nate tRNA. Thus, we hereby pres ent our ini tial ef forts

to up date SwissSideChain with new ge net i cally en coded
ncAA in or der to make the re source more prac ti cally use -
ful. By in clud ing key data, po ten tial ap pli ca tions, and se -
quence in for ma tion on aaRS/tRNA, we ex pect to guide
re search ers in ob tain ing tai lor-made pro teins-of-in ter est
car ry ing ncAA.

1. Da vid Gfeller, Olivier Michielin, Vin cent Zoete,
SwissSidechain: a mo lec u lar and struc tural da ta base of
non-nat u ral sidechains, Nu cleic Ac ids Re search, Vol ume
41, Is sue D1, 1 Jan u ary 2013, Pages D327–D332,
https://doi.org/10.1093/nar/gks991.

This re search was funded by the Czech Acad emy of Sci -
ences, grant RVO 86652036.
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Valinomycin is well known com pound im por tant for high
se lec tiv ity of the trans port of K+ ions through lipophilic
mem branes. This study in di cates pos si ble for ma tion of
valinomycin tun nels through the mem branes un der spe cific 
con di tions. Orig i nally, the crys tal struc tures of valino -
mycin were stud ied on crys tals grown from strictly de hy -
drated so lu tions. This is prob a bly the rea son of low
dif frac tion qual ity of crys tals and un usu ally high R fac tors
(R > 17 %). Eight struc tures in pe riod 1975–1980 were not
ac cepted into the CSD and thus their co or di nates are lost.
Wa ter is un doubt edly im por tant to sat isfy the hy dro philic 
in ner part of the valinomycin sur face. Thus, we de cided to
un cover the role of wa ter in the valinomycin struc ture and
func tion.

Quan tum che mi cal cal cu lati ons

The quan tum chem i cal cal cu la tions (QCC) were car ried
out us ing the den sity func tional the ory (DFT) with the
B3LYP func tional and the 6-31G(d) ba sis set em ploy ing
the Gaussi an 03 pro gram pack age. Re li able in di ca tor of the 
trapped wa ter ion iza tion is the dis tance be tween the wa ter
oxygens (neu tral 3.2 C, ion ized 2.4 C) (Fig ure 1).

Ex pe ri men tal

We pre pared crys tals and ex per i men tally de ter mined struc -
tures of: 

1. Valinomycin complexed with two un charged mol e -
cules wa ter (R=3.9 %),
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Fig ure 1. Su per po si tion of valinomycin struc tures: 
1. valinomycin complexed with two neu tral wa ters (dif frac tion ex per i ment)  yel low car bons and wa ters
2. valinomycin complexed with two neu tral wa ters (cal cu lated)  green car bons and wa ters,
3. valinomycin complexed with hydronium [H5O2]

+ (cal cu lated)   blue car bons and wa ters,
4. valinomycin complexed with [H6O2]

2+ (cal cu lated) ma genta car bons and wa ters.



2. Valinomycin dimers en cap su lat ing  >12 wa ter mol e -
cules. The dimers are stacked in crys tal to form in fi nite hy -
dro philic tun nels (higher R=7.9 % cor re sponds to mo bil ity
of wa ters in the in ner tun nel). 

Self-or ga ni za tion of valinomycin to form hy dro philic
tunnels in hy dro pho bic mem branes

The crys tal struc ture is formed by large spher i cal
valinomycin dimers en cap su lat ing 12-15 wa ter mol e cules
(blue spheres in Fig. 2) and form ing a disks with ex ter nal
di am e ter ~16 C and the height about 20 C (on the left side
of Fig. 2). The disks are stacked in the crys tal to form the
in fi nite wa ter filled tun nels (on the right side of Fig. 2), sta -
bi lized by hexa gons of chlo rine ions en cap su lated in hy -
dro pho bic pock ets. In te rior of the tun nel is hy dro philic and
the ex ter nal sur face of the tun nel is hy dro pho bic.

Conclu si on

The quan tum chem i cal cal cu la tions and the ex per i ments
con firmed that the pos i tive charge of wa ter mol e cules has
small ef fect on the valinomycin con for ma tion. The only re -
li able in di ca tor of wa ter ion iza tion is the dis tance be tween
wa ter oxygens.

The main driv ing force for sta bi li za tion of the
valinomycin tun nel are hexa gons of chaotropic an ions
trapped in the hy dro pho bic pock ets of ex ter nal hy dro pho -
bic groups of the neigh bor valinomycin mol e cules. The ex -
per i men tally con firmed struc ture in di cates pos si bil ity of
for ma tion of self-as sem bled hy dro philic tun nels through
the hy dro pho bic bi-lay ers un der spe cial con di tions (e.g.
pres ence of small chaotropic an ions).

The work was sup ported by the Czech Acad emy of Sci ence
pro ject no. 86652036.
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Fig ure 2. Two valinomycin dimers can form a wa ter tun nel through the  lipid bi-layer mem brane. This con fig u ra tion in mem brane may
be sta bi lized by chlo rine ions sim i larly as the tun nels ob served in the crys tal struc ture.
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Sin gle amino acid sub sti tu tions can im pact pro tein fold ing,
dy nam ics, and func tion, of ten lead ing to se vere patho log i -
cal con se quences. Dis tin guish ing be tween be nign and
patho genic sub sti tu tions is cru cial for guid ing re search and
ther a peu tic in ter ven tions. Un for tu nately, the ex per i men tal
in ves ti ga tion of these vari ants re mains lim ited due to re -
source con straints. In re sponse to this chal lenge, Alpha -
Missense [1] has emerged as a prom is ing tool for
pre dict ing the patho ge nic ity of sin gle nu cle o tide poly mor -
phism (SNP) vari ants, sur pass ing other ex ist ing pre dic tors.

Since transmembrane pro teins are chal leng ing for both
ex per i men tal and com pu ta tional ap proaches, we eval u ated
the per for mance of AlphaMissense on transmembrane pro -
teins, uti liz ing ClinVar data for val i da tion (pos i tive:
missense vari ants likely patho genic and patho genic; neg a -
tive: likely be nign and be nign; re viewed: with at least one
star). To en sure the re li abil ity of our dataset, we ex clu -
sively con sid ered TM to pol ogy pre dic tions with a high
con fi dence level (re li abil ity score > 85) from the Hu man
Transembrane Proteome [2]. Con se quently, our dataset
com prises 1,653 transmembrane pro teins, with 1,228 and
6,370 vari a tions lo cated within TM and non-TM re gions,
re spec tively. Our eval u a tion re veals that AlphaMissense
dem on strates re mark able per for mance, achiev ing F1 and
MCC scores of 0.90 and 0.74 for TM re gions and 0.82 and

0.69 for non-TM lo ca tions. This sug gests that Alpha -
Missense is equally ef fec tive at pre dict ing the patho ge nic -
ity of vari ants in both transmembrane and sol u ble re gions
of pro teins. 

Fur ther more, we in ves ti gated vari ant pre dic tions for se -
lected TM ABC pro teins as so ci ated with dis eases, such as
cys tic fi bro sis, to as sess the dis tri bu tion of patho genic mu -
ta tion in struc tural con text. More over, rec og niz ing that the
ac ces si bil ity of AlphaMissense pre dic tions may be lim ited
for many re search ers and cli ni cians, we have de vel oped a
user-friendly, pro tein-centric web da ta base. This re source,
avail able at https://alphamissense.hegelab.org, of fers an
easy ac cess to AlphaMissense data, en hanc ing the util ity of 
this valu able tool.

Our study on AlphaMissense’s per for mance in the con -
text of mem brane pro teins, cou pled with this web re source, 
prom ises to fa cil i tate the broader uti li za tion of
AlphaMissense for re search and clin i cal ap pli ca tions.

1. J. Cheng et al., Sci ence, 381, (2023), eadg7492.

2. G. E. Tusnády, Z. Dosztányi, I. Si mon, Nu cleic ac ids re -
search, 33, D275–D278.

This work has been sup ported by the Na tional Re search,
De vel op ment and In no va tion Of fice (grant num ber: K
137610).
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With more than 800 mem bers G pro tein-cou pled re cep tors
(GPCRs) are the larg est fam ily of transmembrane re cep -
tors. Many GPCRs oc cupy vari a tions of ac tive states, each
with a con for ma tion-de pend ent sig nal ing pro file, a phe -
nom e non termed bi ased sig nal ing. Mod u lat ing the pro pen -
sity for the oc cu pa tion of cer tain states with fine-tuned
agonists there fore holds great phar ma co log i cal prom ise.
How ever, com pu ta tional de sign of GPCR tar get ing lig ands 
usu ally oc curs on ex per i men tally solved struc tures which
rep re sent only one snap shot within a conformational en -
sem ble. Here we pres ent our ef forts to computationally de -
sign pep tide agonists that can tar get conformational
substates on the ex am ple of the Class A GPCR Growth
Hor mone Secretagogue Re cep tor (GHSR). To this end, we
in ves ti gate the novel deep-learn ing de sign method
ProteinMPNN which pre dicts an al ter na tive amino acid se -

quence based on a pro vided back bone con for ma tion. More
pre cisely, we hy poth e size that ProteinMPNN can be used
to de sign pep tide agonists, that are op ti mized for a spe cific
re cep tor con for ma tion. To pro vide co her ent back bone

vari a tions, we uti lized con tin u ous frames from a ~36 ms
long MD sim u la tion of the GHSR in com plex with its en -
dog e nous pep tide ag o nist Ghrelin and ap plied
ProteinMPNN on the ag o nist. We dem on strate that
ProteinMPNN is highly sen si tive to wards mi nor changes
in the orthosteric bind ing pocket con for ma tion by re spond -
ing with a suit able ag o nist se quence. Given an ad e quate set
of al ter na tive re cep tor struc tures this ap proach pro vides the 
pos si bil ity to rap idly iden tify pep tide se quences that ad -
dress spe cific conformational states which in turn are as so -
ci ated with a spe cific sig nal ing pro file.
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De novo pro teins are de rived from meth ods such as com pu -
ta tional pro tein de sign in con trast to nat u rally evolved pro -
teins. By def i ni tion, amino acid se quences of de novo
pro teins are not found in na ture and are un matched by nat u -
ral se quences. De novo pro teins de signed with the soft ware 
frame work Rosetta of ten dis play char ac ter is tic bio phys i cal 
be hav iours like high thermostability and rigid struc tures,
which lim its pro tein flex i bil ity. In or der to de sign more nat -
u ral pro teins in the fu ture, com pu ta tional al go rithms have
to be im proved. To achieve this, it is nec es sary to un der -
stand dif fer ences be tween nat u ral and de novo pro teins.
For this pur pose, a com pu ta tional scor ing sys tem was de -
vel oped, de rived from struc tural and bio phys i cal char ac ter -
is tics and pre dic tions made by the deep re sid ual net work

trRosetta. Var i ous interresidue dis tance met rics showed
clear dif fer ences be tween nat u ral and de novo pro teins.

Pre dic tions by trRosetta for pairwise Cb dis tances be tween 
two res i dues were more ac cu rate for de novo pro teins than
for nat u ral pro teins while pre dic tions for interresidue ori -
en ta tions were worse. It was also found that de novo pro -
teins con tain more interresidue in ter ac tions than nat u ral
pro teins and a lower frac tion of noninteracting res i dues. A
cor re la tion be tween low ab so lute con tact or der and de -
signed pro teins could be es tab lished. These find ings will
help in form fur ther pro tein de sign al go rithm op ti mi za tion
to im prove de sign of pro teins with nat u ral flex i bil ity and
func tion.
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Due to the grow ing rec og ni tion of the im por tance of dy -
nam i cal prop er ties of pro teins [1], mo lec u lar dy nam ics
sim u la tions have be come an im por tant tool for their anal y -
sis. These sim u la tions gen er ate large-scale high-di men -
sional datasets, mo ti vat ing the de vel op ment of data
anal y sis meth ods aimed at dis till ing this in for ma tion into a
for mat un der stand able to hu mans. Among these meth ods,
VAMPnet neu ral net work [2] stands out as one of the lead -
ing meth ods, of fer ing a lin ear per spec tive on the dy nam ics
by di rectly learn ing a Markov state model from the data.
The re sult ing mod els not only cap ture in for ma tion about
the metastable states ob served dur ing the sim u la tion but
also pro vide the prob a bil i ties of tran si tion be tween these
states.

For en hanc ing the interpretability of Markov state mod -
els, we have de vel oped a com par a tive Markov state anal y -
sis ap proach CoVAMPnet [3]. The CoVAMPnet method
in tro duces a way to as sess the sig nif i cance of inter-res i due

dis tances for as sign ing Markov states through the anal y sis
of ag gre gated neu ral net work gra di ents. Ad di tion ally,
CoVAMPnet en ables com par i son of Markov states be -
tween dif fer ent sets of sim u la tions, in clud ing sim u la tions
cor re spond ing to dif fer ent sys tems. This is achieved
through the align ment of en sem bles of Markov state mod -
els ob tained as a so lu tion to an op ti mal trans port prob lem.
The ver sa til ity of CoVAMPnet al lows its ap pli ca tion in
var i ous re search ar eas where the com par i son of mo lec u lar
dy nam ics sim u la tions of dif fer ent sys tems finds its use.
Cru cially, this in cludes the study of the ef fects of drug can -
di dates on the conformational be hav iour of in trin si cally
dis or dered biomolecules [3] and the anal y sis and com par i -
son of closely re lated pro tein vari ants, il lu mi nat ing the in -
flu ence of the mu ta tions on the dy nam i cal prop er ties of the
protein.

We ap plied CoVAMPnet to ana lyse the dy nam ics of
apolipoprotein E (APOE), spe cif i cally its 4-he lix bun dle
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do main, which plays a role in the APOE dimerization pro -
cess [4]. In the first part of our in ves ti ga tion, we fo cused on 
dif fer ences be tween APOE3 and APOE4, two APOE vari -
ants that ap pear to ex hibit dif fer ent risk lev els of Alz hei -
mer’s dis ease on set in their hu man car ri ers. Sub se quently,
our re search also ex plored the in flu ence of the small mol e -

cule drug can di date 3SPA on the conformational be hav iour 
of APOE3 and APOE4, pro vid ing valu able in sights into
pos si ble ex pla na tions of its ther a peu tic po ten tial.

With CoVAMPnet we ver i fied the pre vi ously re ported
find ings [4] and gained two in ter est ing novel in sights into
the flex i bil ity of APOE. Firstly, we found out that the HL1
subdomain of the free APOE3 is re mark ably flex i ble,
which we hy poth es ise may play a role in form ing dimer in -
ter faces [4]. Sec ondly, APOE4 sim u lated in the pres ence of 
3SPA formed pre vi ously un known con for ma tions with a
spe cific loss of struc ture in the H2 subdomain. Tra di tional
meth ods of data pro cess ing missed this spe cific
conformational change [4], dem on strat ing CoVAMPnet’s
ef fec tive ness in com pre hen sively an a lyz ing com plex pro -
tein dy nam ics.

1. Miller MD, Phillips GN Jr., Mov ing be yond static snap -
shots: Pro tein dy nam ics and the Pro tein Data Bank. Jour -
nal of Bi o log i cal Chem is try, 296 (2021). 

2. Andreas Mardt, Luca Pasquali et al. VAMPnets for deep
learn ing of mo lec u lar ki net ics. Na ture Com mu ni ca tions, 9,
(2018).

3. Sérgio M. Marques, Petr Kouba et al. Ef fects of Alz hei -
mer’s Dis ease Drug Can di dates on Dis or dered Aâ42 Dis -
sected by Com par a tive Markov State Anal y sis
(CoVAMPnet). bioRxiv 2023.01.06.523007, (2023).

4. Michal Nemergut, Sérgio M. Marques et al. Dom ino-like
ef fect of C112R mu ta tion on ApoE4 ag gre ga tion and its re -
duc tion by Alz hei mer’s dis ease drug can di date. Mo lec u lar
Neurodegeneration, 18, (2023).

This work was sup ported by the Tech nol ogy Agency of the
Czech Re pub lic through pro jects RETEMED and TEREP
(TN02000122, TN02000122/001N) and by the Min is try of
Ed u ca tion, Youth and Sports of the Czech Re pub lic
through the e-IN FRA CZ (ID:90254). This re search has re -
ceived fund ing from The pro ject Na tional In sti tute for Neu -
ro log i cal Re search (Programme EXCELES, ID Pro ject
No. LX22NPO5107) - Funded by the Eu ro pean Un ion –
Next Gen er a tion EU.
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Fig ure 1. Over view of the CoVAMPnet method with an ex am ple
re sult. The loss of struc ture in the H2 subdomain (green) of the
4-he lix bun dle was ob served in the sim u la tion of APOE4 with
3SPA. Short en ing and ex ten sion of he li ces of APOE have been pre -
vi ously iden ti fied ex per i men tally us ing hy dro gen deu te rium
mass-spectrometry. 
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Knowl edge of res i due sol vent ac ces si bil ity in a pro tein is
im por tant for dif fer ent ap pli ca tions, in clud ing the iden ti fi -
ca tion of in ter act ing func tional sur faces and the char ac ter -
iza tion of res i dues un der go ing vari a tions. Ac ces si ble
Sur face Area (ASA) and Rel a tive Sol vent Ac ces si bil ity
(RSA) val ues can be di rectly com puted from the 3-di men -
sional struc ture. When re solved struc tures are not avail -
able, ma chine learn ing-based tools can pro vide ac cu rate
es ti mates start ing from the pro tein se quence.

Re cently in tro duced Pro tein Lan guage Mod els (PLMs)
al low the de vel op ment of faster and more ac cu rate tools
with re spect to ca non i cal encodings such as Mul ti ple Se -
quence Align ments (MSAs). Af ter be ing trained on huge
datasets in clud ing bil lions of pro tein se quences in a
self-su per vised way, PLMs can be ef fi ciently adopted to
gen er ate a rep re sen ta tion of the pro tein se quence that casts
rel e vant evo lu tion ary, struc tural, and contextual in for ma -
tion. Dif fer ent ar chi tec tures are then fine-tuned to pro vide
task-spe cific pre dic tions.

Here we pres ent DeepREx 2.0, a tool to ac cu rately es ti -
mate the RSA val ues for res i dues of a pro tein se quence in
the ab sence of the struc ture.

DeepREx 2.0 is trained on 6,552 pro teins and
benchmarked on 21 pro teins, all ob tained from the PDB.
Each pro tein has been mapped on the cor re spond ing
UniProt en try and DSSP was adopted to com pute ac ces si -
bil ity val ues from pro tein struc tures. The train ing dataset
was split into 10 equally sized sub sets for per form ing a
10-fold cross-val i da tion. Pro teins in cluded in two dif fer ent 
sub sets share less than 25% se quence iden tity over a min i -
mum of 40% cov er age. More over, the blind test set is com -
pletely non-re dun dant with re spect to the train ing datasets
of all meth ods in cluded in the bench mark.

The method is de scribed in Fig ure 1 and in the cor re -
spond ing leg end. The in put en cod ing is based on two
state-of-the-art PLM-based embeddings, namely ProtT5
[1] and ESM2 [2], and the pre dic tion is per formed with a
Deep Learn ing ar chi tec ture.  

The method achieves a 0.72 Pearson Cor re la tion Co ef -
fi cient on the blind test set, out per form ing the first re lease
of DeepREx [3], which ex ploits evo lu tion ary in for ma tion
con tained in MSAs. More over, DeepREx 2.0 out per forms
two re cently re leased meth ods based on PLM en cod ing,
NetSurfP-2.0 [4] and SPOT-1D-LM [5]. The pe cu liar ity of
DeepREx 2.0 is to adopt two dif fer ent PLMs to em bed the
in put. Re sults then con firm our pre vi ous ob ser va tion [6-8]
that the con cat e na tion of embeddings gen er ated by dif fer -
ent and com ple men tary mod els can im prove the per for -
mance of the down stream pre dic tors.

DeepREx 2.0 is avail able at
 https://deeprex.biocomp.unibo.it/v2/

1. Elnaggar A, Heinzinger M, Dallago C, Rihawi G, Wang Y, 
Jones L, et al. ProtTrans: To wards Crack ing the Lan guage
of Life’s Code Through Self-Su per vised Deep Learn ing and 
High Per for mance Com put ing. arXiv [csLG] 2020.

2.  Lin Z, Akin H, Rao R, Hie B, Zhu Z, Lu W, et al. Evo lu -
tion ary-scale pre dic tion of atomic level pro tein struc ture
with a lan guage model. Sci ence. 202; 379:1123-1130.

3. Manfredi M, Savojardo C, Martelli PL, Casadio R.
DeepREx-WS: A web server for char ac ter is ing pro tein–sol -
vent in ter ac tion start ing from se quence. Comput Struct
Biotechnol J 2021;19:5791–9.

4.  Høie MH, Kiehl EN, Petersen B, Nielsen M, Winther O,
Niel sen H, et al. NetSurfP-3.0: ac cu rate and fast pre dic tion 
of pro tein struc tural fea tures by pro tein lan guage mod els
and deep learn ing. Nu cleic Ac ids Res 2022;50:W510–5.

5. Singh J, Paliwal K, Litfin T, Singh J, Zhou Y. Reach ing
align ment-pro file-based ac cu racy in pre dict ing pro tein
sec ond ary and ter tiary struc tural prop er ties with out align -
ment. Sci Rep 2022;12:7607.

6. Manfredi M, Savojardo C, Martelli PL, Casadio R.
E-SNPs&GO: em bed ding of pro tein se quence and func tion
im proves the an no ta tion of hu man patho genic vari ants.
Bioinformatics 2022;38:5168–74.

7. Manfredi M, Savojardo C, Luigi Martelli P, Casadio R.
ISPRED-SEQ: Deep neu ral net works and embeddings for
pre dict ing in ter ac tion sites in pro tein se quences. J Mol
Biol 2023:167963.

8. Madeo G, Savojardo C, Manfredi M, Martelli PL, Casadio
R. CoCoNat: a novel method based on deep learn ing for
coiled-coil pre dic tion. Bioinformatics 2023;39.
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Method PCC MSE
MCC

(T = 20%)

De e pREx 2.0 0.72 0.03 0.63

De e pREx (old) [3] 0.56 0.08 0.49

Net Sur fP-3.0 [4] 0.67 0.04 0.58

SPOT-1D-LM [5] 0.71 0.04 0.62

Ta ble 1. Bench mark of DeepREx 2.0 and state-of-the-art meth -
ods  

https://deeprex.biocomp.unibo.it/v2/
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The AlphaFold [1] al go rithm and its as so ci ated da ta base
[2] pro vide con ve nient ac cess to the struc tural data for en -
tire proteomes across var i ous spe cies, fa cil i tat ing com pre -
hen sive sta tis ti cal anal y sis. In our study, we ex am ined the
dis tri bu tion of sec ond ary struc tures, spe cif i cally al pha he -
li ces and beta strands, within the proteomes of model or -
gan isms and those of rel e vance to hu man health. While
there seems to be a gen eral dis tri bu tion of sec ond ary struc -
tures within pro teins in all an a lyzed life forms, our find ings 
re veal sev eral note wor thy func tional ex cep tions: 1) abun -
dance of short pro teins with small amounts of sec ond ary
struc tures in plant proteomes, 2) spike of struc tures with
9-12 al pha he lix count in some mam mals (e.g., mice or rat)
from the abun dance of ol fac tory re cep tors from GPCR
fam ily and 3) en hanced pres ence of long pro teins with

abun dant sec ond ary struc tures (50+) in the hu man
proteome. These in sights con trib ute to a deeper un der -
stand ing of the struc tural di ver sity within proteomes, shed -
ding light on spe cific pat terns and vari a tions across
dif fer ent spe cies and func tional cat e go ries of pro teins.

1. Jumper J., Ev ans R., Pritzel A. et al. Highly ac cu rate pro -
tein struc ture pre dic tion with AlphaFold. Na ture 596,
583–589 (2021).
https://doi.org/10.1038/s41586-021-03819-2.

2. Varadi M., Anyango S., Deshpande M. et al. AlphaFold
Protein Structure Database: massively expanding the
structural coverage of protein-sequence space with
high-accuracy models, Nucleic Acids Research, Volume
50, Issue D1, D439–D444 (2022),
https://doi.org/10.1093/nar/gkab1061.
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Fig ure 1. Ar chi tec ture of DeepREx 2.0. The tar get se quence is first pro cessed by two dif fer ent and com ple men tary PLMs, ProtT5 [1]
and ESM2 [2], to gen er ate a con cat e nated vec tor of 1280+1024=2304 fea tures for each res i due. A slid ing win dow of 31 res i dues is then
pro cessed by the net work, con sist ing of a Convolutional layer with 2304 fil ters fol lowed by a stack of 3 dense net works. The out put con -
sists of a sin gle value be tween 0 and 1, rep re sent ing the pu ta tive RSA of the res i due. A thresh old of 20% is also adopted to distinguish
Buried and Exposed residues.
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Coiled coils are a wide spread pro tein struc ture mo tif that

con sists of two or more a-he li ces that wind around a cen -
tral axis to form a he li cal bun dle with a bur ied hy dro pho bic
core. They are built from rel a tively short and sim ple se -
quence re peats, typ i cally con sist ing of 7 res i dues (hep -
tads), al though al ter na tive re peat sizes are pos si ble, the
most com mon be ing 11 res i dues (hendecads) [1,2]. The re -
peat size and res i due com po si tion of coiled coils are re -
spon si ble for their con sid er able va ri ety in terms of the
he li cal to pol ogy (num ber and ori en ta tion of the he li ces)
and ge om e try (ax ial ro ta tion and de gree and di rec tion of
the wind ing). Con versely, these struc tural fea tures are re -
spon si ble for the ex traor di nary di ver sity of func tions that
coiled-coil do mains per form in na ture, such as me chan i cal
sup port, mus cle con trac tion, ves i cle trans port and fu sion,
tran scrip tion fac tor, or sig nal transduction. In this work, we 
have benchmarked how ac cu rate AlphaFold is in mod el ing
typ i cal heptad coiled coils [3], and in ves ti gate whether it
could be applied to new, hith erto un des cribed non-heptad
coiled coils such as the ones com posed pri mar ily of
hendecads. Our re sults show that AlphaFold is able to re ca -
pit u late a num ber of known coiled-coil rules that re late se -
quence and struc ture, and that it can be used to ob tain
in sights into new ones. Si mul ta neously, we have found a
num ber of cases that high light the lim i ta tions and bi ases of
AlphaFold in coiled-coil mod el ing. We hope that our work
will serve as a foun da tion to de velop new tools with which
to fur ther ad vance our un der stand ing of this model pro tein
struc ture motif.

1. M. Mar ti nez-Goikoetxea and A. Lupas. “A Con served Mo -
tif Sug gests a Com mon Or i gin for a Group of Pro teins In -
volved in the Cell Di vi sion of Gram-Pos i tive Bac te ria.”
PloS One 18, no. 1 (2023): e0273136.
https://doi.org/10.1371/journal.pone.0273136.

2. M. Mar ti nez-Goikoetxea and A. Lupas. “New Pro tein Fam -
i lies with Hendecad Coiled Coils in the Proteome of Life.”
Jour nal of Struc tural Bi ol ogy 215, no. 3 (Sep tem ber 1,
2023): 108007. https://doi.org/10.1016/j.jsb.2023.108007.

3. R. Madaj, M. Mar ti nez-Goikoetxea, J. Ludwiczak, K.
Kaminski and S. Dunin-Horkawicz. Manu script in prep a ra -
tion.
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Fig ure 1. CC core ge om e try mod el ing bench mark.

Fig ure 2. CC oligomeric state bench mark.

https://doi.org/10.1371/journal.pone.0273136
https://doi.org/10.1016/j.jsb.2023.108007
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The col lec tion of all pro tein se quences sam pled by na ture
is com monly re ferred to as the “Pro tein Uni verse”. This
can be seen as a mul ti di men sional space of amino acid se -
quences, where each pro tein adopts a co or di nate that is de -
fined by its sim i lar ity to all oth ers. This land scape can be
con cep tu al ized as a large pro tein sim i lar ity net work, where 
pro tein fam i lies and superfamilies form clus ters and
superclusters whose in ter nal struc ture il lus trates the evo lu -
tion ary (or other sim i lar ity re la tion ships) of the en com -
passed pro teins. While com monly used for the study of
in di vid ual pro tein or do main fam i lies, the meth ods cur -
rently avail able are mem ory in ten sive and are lim ited to
rel a tively small sets of up to 10 to 20 thou sand pro teins. 

Le ver ag ing the re cent ad vances in GPU-ac cel er ated
force-di rected graph layouting and com plex net work sum -
ma riz ing ap proaches, we con structed for the first time a
pro tein sim i lar ity net work en com pass ing more than 50 mil -
lion pro teins. We an no tated this net work, linked it to var i -
ous pro tein da ta bases and made it avail able as a new web
re source, the Pro tein Uni verse At las, avail able at

https://uniprot3d.org. In con trast to com mon pro tein da ta -
bases such as UniProt, GenBank and the Pro tein Data
Bank, which are pro tein-centric and dis play a page for each 
sin gle que ried pro tein, the At las rep re sents en tries as points 
in a 2D land scape where sim i lar pro teins are close in space. 
This puts them in evo lu tion ary con text, high light ing evo lu -
tion ary re la tion ships that can help guide biocuration, pro -
tein fam ily clas si fi ca tion, and pro tein func tion pre dic tion
and an no ta tion. 

Thanks to this de vel op ment, we were al ready able to
shed light onto a new toxin-an ti toxin superfamily, to dis -
cover a new pro tein fold fam ily, and to add hun dreds of not
hith erto de scribed pro tein fam i lies to Pfam. We ex pect that
ex pand ing the re source to the more than 250 mil lion pro -
teins in UniProt and to those re sult ing from large-scale
metagenomic stud ies will sig nif i cantly speed up the study
of any pro tein of in ter est, the au to matic iden ti fi ca tion of
pro tein fam i lies and superfamilies, and the func tional an -
no ta tion of the ex po nen tially grow ing protein data
deposited in protein databases.
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In struc tural bioinformatics, sci en tific re search heavily de -
pends on the struc tural data stored in the Pro tein Data Bank
(PDB). The sci en tific com mu nity’s wide spread uti li za tion
of struc tural mod els puts pres sure on the in teg rity of these
struc tures. Con se quently, a pro found em pha sis ex ists on
struc tural val i da tion, with the PDB pro vid ing de tailed val i -
da tion re ports with var i ous qual ity at trib utes.

Our pro ject em barks on an ex plo ra tion of struc tural
qual ity across dif fer ent sci en tific jour nals. We in ves ti gate

the in ter play be tween struc tural qual ity met rics and the
jour nal im pact fac tor. Our meth od ol ogy in volves a se lec -
tion of jour nals, cat e go riz ing them based on their im pact
fac tor, and the com pi la tion of a dataset con tain ing se lected
qual ity fac tors of these struc tures. Fi nally, our anal y sis
uses sta tis ti cal meth ods to de scribe the dy namic na ture of
the structural quality within each journal category.
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TOWARDS FINDING HIGH AFFINITY BINDERS (PEPTIDES, PEPTIDE MIMETICS) OF
THE PSB DOMAIN OF HUMAN COLLAGEN PROLYL 4-HYDROXYLASE, USING FRET
AND COMPUTATIONAL APPROACHES COMPLEMENTED BY CALORIMETRIC AND

PROTEIN CRYSTALLOGRAPHIC CHARACTERIZATION  
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Col la gen prolyl 4-hy drox y lase (C-P4H) ca tal y ses the
hydroxylation of the Y prolines of the XYG-re peat of
procollagen. In hu man there are three isoforms, C-P4H-I,

-II and –III. C-P4Hs are tetrameric a2b2 en zymes. The

a-sub unit pro vides the N-ter mi nal dimerization do main,
the mid dle pep tide-sub strate-bind ing (PSB) do main and
the C-ter mi nal cat a lytic (CAT) do main. The CAT do main
be longs the Fe(II) and 2-oxoglutarate-de pend ent dioxy ge -
nases, which adopt the DSBH-fold and which use mo lec u -

lar ox y gen to hydroxylate proline res i dues. The b-sub unit
is iden ti cal to PDI and its func tion for the ca tal y sis is not
yet known. The PSB do main (about 100 res i dues), unique
for the col la gen prolyl 4-hydroxylases, binds the proline
rich pep tide sub strate that is hydroxylated by the CAT do -

main. The PSB do main has five a-he li ces, adopt ing the
TPR fold.

Crys tal struc tures are now avail able of all do mains and
sub units of C-P4H. For these struc tures dif fer ent trun cated

forms of the a-sub unit have been used. It con cerns the
crys tal struc ture of the dimeric DD con struct (of C-P4H-I),

con sist ing of the dimerization and PSB do mains of the a

sub unit, show ing the dimerization mo tif be tween the two a
sub units [1], whereas the crys tal struc ture of the CAT do -

main (of the trun cated C-P4H-II a sub unit), complexed
with ma ture PDI (the CAT-PDI com plex) shows the mode
of in ter ac tions of the CAT do main and PDI [2]. These
struc tures do not re veal the mode of as sem bly of the
DD-dimer with the two CAT-PDI units, which is the struc -

ture of the ma ture C-P4H a2b2 com plex. The lat ter struc -
ture has how ever been pre dicted [2] by AI-based struc ture
pre dic tion tools, such as Robetta and AlphaFold. 

The PSB do main is im por tant for the ef fi cient
hydroxylation of proline rich pep tides by the CAT do main
[3]. The bind ing of proline rich pep tides to the PSB-I do -
main has pre vi ously been re ported for the pep tides (PPG)3

and P9, which bind in an ex tended, PP-II con for ma tion [1].
Pro tein crys tal lo graphic bind ing stud ies show that the

mode of bind ing to PSB-I of proline-rich pep tides that have 
the PxGP mo tif, is dif fer ent, adopt ing a bent con for ma tion,
which is the same as pre vi ously re ported for the mode of
bind ing of such pep tides to the PSB-II do main [4]. The
PSB do main has two proline bind ing pock ets, re ferred to as 
the P5 and P8 pock ets. In both modes of bind ing proline
side chains bind in these pock ets. Ca lo ri met ric bind ing
stud ies show that these PxGP pep tides have good af fin ity
for the PSB-I do main.  

The cur rent PSB stud ies are aimed at find ing tight bind -
ers at the P5 and P8 pock ets of the PSB do main. Such com -
pounds will com pete with the bind ing of the proline rich
sub strate pep tides and are there fore po ten tial in hib i tors of
C-P4Hs. Such com pounds are po ten tial pharmaceuticals
against fibrotic dis eases and can cer. Two ap proaches are
be ing de vel oped to find these com pounds (i) the FRET
method us ing var i ous screens with a wide range of com -
pounds and (ii) biocomputational meth ods us ing the cur -
rently avail able struc tures of PSB pep tide com plexes as a
start ing point. The poster will de scribe the cur rently avail -
able struc tural and af fin ity data.

This pro ject is funded by the Jane and Aatos Erkko foun da -
tion.

1. Anantharajan, J., Koski, M. K., Kursula, P., Hieta, R,
Bergmann, U., Myllyharju, J, Wierenga, R. K.,     Struc -
ture, 21 (2013), 2107-2118.

2. Murthy, A. V., Sulu, R., Lebedev, A., Salo, A. M.,
Korhonen, K., Venkatesan, R., Tu, H., Bergmann, U.,
Jänis, J., Laitaoja, M.,  Ruddock, L., Myllyharju, J.,  Koski, 
M. K.,  Wierenga, R. K.,  J. Biol. Chem., 298 (2022),
102614.

3. Pekkala, M., Hieta, R., Bergmann, U., Kivirikko, K. I.,
Wierenga, R.K., Myllyharju, J., J. Biol. Chem., 279 (2004), 
52255-52261.

4. Murthy, A. V., Sulu, R., Koski, M. K., Tu, H.,
Anantharajan, J., Sah-Teli, S. K., Myllyharju, J., Wierenga, 
R. K., Prot. Sci., 27 (2018),1692-1703.

Ó Krystalografická spoleènost

Ma te ri als Struc ture, vol. 29,  no. 3  (2023)       229



P27

Onedata4Sci: LIFE-SCIENCE EXPERIMENTAL DATASETS MANAGEMENT SYSTEM

Adrian Rosinec1,2,3, Tomas Svoboda1,2,3, Tomas Racek1,2,3, Josef Handl1, Jozef Sabo2,3, 
Ales Krenek3, Radka Svobodova1,2

1Na tional Cen tre for Biomolecular Re search, Fac ulty of Sci ence, Masaryk Uni ver sity, Kamenice 753/5, Brno,
625 00, Czech Re pub lic 

2CEITEC - Cen tral Eu ro pean In sti tute of Tech nol ogy, Kamenice 753/5, Brno, 625 00, Czech Re pub lic 
3In sti tute of Com puter Sci ence, Masaryk Uni ver sity, Sumavská 416/15, Brno, 602 00, Czech Re pub lic 

adrian@muni.cz

In many sci en tific dis ci plines, es pe cially life-sci ences, ex -
pen sive equip ment is shared now a days (like cryoEM de -
vices, op ti cal mi cro scopes, …). The us ers – sci en tists
re quest spe cific ex per i ments from fa cil i ties, which per form 
the ex per i ments on their be half. The out come of such an
ex per i ment is a dataset, which can get quite large in many
cases (tens of giga bytes to terabytes). Data are be ing pro -
cessed in or der to draw sci en tific con clu sions by their in ter -
pre ta tion, then re sults are pub lished. Now a days, em pha sis
is given to the avail abil ity of the data so that any sci en tific
re sults can be ver i fied in de pend ently mak ing datasets
FAIR. Man ag ing the whole life-cy cle of those data can be
te dious, es pe cially when data are be ing ac quired in a pe riod 
of time.

To ad dress these chal lenges, we de sign and de velop a
sys tem Onedat4Sci, that au to mates ac quir ing, shar ing, and
pub lish ing of data pro duced by spe cial ized sci en tific de -
vices. The pro posed so lu tion au to mat i cally makes ex per i -
men tal data avail able to the sci en tific com mu nity in a
pre de fined way. It is par tic u larly use ful for on-the-fly pro -
cess ing in lo cal or dis tant data cen ters, real-time anal y sis,
or ar chiv ing to per ma nent stor age ac cord ing to de fined
qual ity of ser vice (e.g., data dis tri bu tion). The so lu tion in -
cludes a web-based sys tem that can be used to man age
emerg ing datasets and an no tate them with metadata (au to -
mat i cally ex tracted from the data pro duced by the in stru -
ments or man u ally en tered by us ers ac cord ing to de fined
tem plates).
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Extracellular ves i cles (EVs) re lease var i ous biomolecules
into the extracellular space, with miR-1246 gar ner ing re -
cent in ter est for its oncogenic role in sev eral can cers. The
pro cesses and mech a nisms guid ing miR-1246 into EVs and 
its sta bil ity re main elu sive. In our study, we ex plored the
in flu ence of sin gle-nu cle o tide al ter ations in miR-1246’s
exosome sort ing mo tifs (EXO-mo tifs: GGAG and GCAG)
through both in silico meth ods, such as struc tural anal y sis

and mod el ing, and in vi tro as says in volv ing the trans -
fection of fluorescently la beled miRNA to MDA-MB-231
cells, which we an a lyzed by flow cytometry and flu o res -
cent mi cros copy. Our find ings in di cate that dis rup tions in
miR-1246 EXO-mo tifs can af fect its sta bil ity and
intercellular trans fer, sug gest ing a con nec tion be tween
RNA sta bil ity and EV-me di ated trans fer.
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The multidrug re sis tant bac te ria Klebsiella pneumoniae,
which causes in fec tions in the re spi ra tory sys tem and the
uri nary tract, as well as life-threat en ing hos pi tal-ac quired
in fec tions, is in cluded on WHO’s list of patho gens that
need to be pri or i tized when de vel op ing new an ti bi ot ics.
Due to the in creas ing spread of an ti bi otic re sis tance among
its strains it is con sid ered an ur gent prob lem. The re cently
dis cov ered K. pneumoniae pro tein, Klebsiella im mune
evasin A (KivA), has been shown to in hibit the IL-17 and
TLR sig nal ing path ways that play a sig nif i cant role in the
hu man im mune re sponse against patho gens. KivA con sists
of an N-ter mi nal SEFIR do main, which is sim i lar to the
eukaryotic SEFIR do main, and a C-ter mi nal do main with

an un known 3D fold. KivA in hib its key pro teins in the sig -
nal ing path ways by form ing SEFIR-SEFIR in ter ac tions
with them, but noth ing is known about the role of the C-ter -
mi nal do main yet. We have used tra di tional and AI-based
meth ods to model the 3D struc ture for KivA and crys tal
struc ture de ter mi na tion to val i date the mod el ing re sults is
on go ing. The SEFIR do main of KivA is pre dicted to have a 
typ i cal a flavodoxin-like fold whereas the C-ter mi nal do -
main forms a novel al pha-he li cal 3D fold. The struc tural
and func tional anal y sis of KivA will pro vide in sight into
the mech a nisms used by K. pneumoniae to disrupt the
immune responses and will enable the development of new
effective and more selective treatment methods.
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ChannelsDB 2.0 has been up graded to of fer a com pre hen -
sive in sight into pro tein chan nels’ struc tural char ac ter is -
tics, ge om e try, and physicochemical at trib utes, en com-
 passing both tun nels and pores. These chan nels are com -
puted on de pos ited biomacromolecular struc tures orig i nat -
ing from the PDBe and AlphaFoldDB da ta bases. In the
new ver sion of the ChannelsDB da ta base, we have in cor -
po rated data gen er ated through the widely used CAVER
tool, aug ment ing the in sights pre vi ously ac quired only
through the orig i nal MOLE tool. Ad di tion ally, we have ex -
tended the da ta base’s cov er age by in tro duc ing tun nels
orig i nat ing from co factors local ised within the AlphaFill
da ta base or from cog nate lig ands within PDB struc tures.

This ex pan sion has in creased the avail able chan nel an no ta -
tions by al most five times. ChannelsDB 2.0 houses in for -
ma tion con cern ing geo met ric prop er ties such as length and
ra dius and physicochemical at trib utes based on the amino
ac ids lin ing the chan nels. These stored data are in tri cately
linked with the ex ist ing UniProt mu ta tion an no ta tion data,
fa cil i tat ing in-depth in ves ti ga tions into the func tional roles
of biomacromolecular tun nels and pores.

In sum mary, ChannelsDB 2.0 rep re sents an in valu able
re source for con duct ing in-depth anal y ses of the sig nif i -
cance of biomacromolecular chan nels. The da ta base is
freely ac ces si ble to the pub lic at the ad dress
https://channelsdb2.biodata.ceitec.cz.
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RNAs can bind and form com plexes that have im por tant
cat a lytic func tions. One can cite, for ex am ple, the ri bo -
some, com posed of 5S, 5.8S, 18S and 28S RNAs in
eukaryotes, whose role is the trans la tion of mes sen ger
RNAs into pro teins. The ri bo some is also made up of pro -
teins, but it is the RNAs that are re spon si ble for the cat a -
lytic ac tiv ity of the com plex. There are also RNA-only

com plexes, such as the cy clic hexamer of bacteriophage j,
used to in fect bac te ria [1].

RNA com plexes can adopt sec ond ary and ter tiary
struc tures, ex press ing their bi o log i cal func tion. The pre -
dic tion of their struc ture is there fore an im por tant is sue, as
for RNAs alone. In this study, we ad dress the sec ond ary
struc ture pre dic tion is sue. Cur rently, many bioinformatics
tools are avail able for RNA sec ond ary struc ture pre dic tion
(pre dic tion of the struc ture of an RNA as in [2-4]), as well
as for RNA-RNA in ter ac tion (in ter ac tion be tween two
RNAs as in [4-6], some times in clud ing the global struc ture
[5]). But very few tools ex ist for pre dict ing the struc ture of
com plexes com posed of more than two RNAs. We cite
MultiRNAFold [7], NUPACK [8], RCPred [9],
RNAmultifold [10] and VfoldMCPX [11].

Bi ol o gists may have knowl edge that can help the pre -
dic tion, like spo radic in for ma tion on the struc ture: pair -
ings, par tic u lar mo tifs, etc. They may also have their own
ex per i men tal data like SHAPE data [12-14], which give
prob ing in for ma tion on the con sid ered RNAs. The in te gra -
tion of user knowl edge and prob ing data into the pre dic tion 
of sec ond ary struc tures has been used for RNAs alone
[13, 15], as well as for RNA-RNA in ter ac tion [16]. How -
ever, to the best of our knowl edge, it is not the case for
RNA com plexes.

We have de vel oped a new method called C-RCPred
[17] for pre dict ing (in an in ter ac tive way) sec ond ary struc -
tures of RNA com plexes, which al lows to in te grate prob ing 
data and user knowl edge. C-RCPred is based on a
multi-ob jec tive ap proach where the ob jec tives are the free
en ergy, user con straints and prob ing data. It takes as in put a 
set of sec ond ary struc tures per RNA se quence and a set of
RNA-RNA in ter ac tions per pair of RNAs, which are pre -
dicted by ex ist ing tools (or pro vided by the user), and aims
to find the best com bi na tions of these in puts, i.e. the com bi -
na tions lead ing to com plexes op ti miz ing si mul ta neously
the dif fer ent ob jec tives. For this pur pose, it solves a
multi-ob jec tive weighted graph op ti mi za tion prob lem, 
the clique prob lem. Ex per i men tal prob ing data for some
RNAs can be found in da ta bases. How ever, to our knowl -
edge, there is no spe cific prob ing data for RNAs in volved
in com plexes and very few data are avail able. A re cent tool, 

called Shaker [18], al lows to pre dict SHAPE data for
RNAs. We there fore in te grated this tool in our multi-ob jec -
tive method. 

The per formed benchmarks show the ef fi ciency of the
multi-ob jec tive ap proach, and the pos i tive im pact of con -
sid er ing user knowl edge and prob ing data on the pre dic tion 
re sults. They also show C-RCPred gives better pre dic tion
re sults com pared with the state-of-the-art meth ods. The
fig ure be low (Fig. 1) shows the pre dic tions ob tained by our 
tool and the state-of-the-art tools on an ex am ple of RNA
com plex.

C-RCPred is an in ter ac tive tool, freely avail able on our
bioinformatics plat form

EvryRNA: http://evryrna.ibisc.univ-evry.fr
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A broad spec trum of ap pli ca tions in life sci ence re search
ben e fits from the avail abil ity of three-di men sional struc -
tures of pro teins as they pro vide valu able mo lec u lar in -
sights into their func tion. While ex per i men tal struc tures
are still the most ac cu rate op tion when avail able, it has now 
be come pos si ble to gen er ate high qual ity com puted struc -
ture mod els for al most ev ery known pro tein. We are hence
in a sit u a tion where cre at ing a struc tural model is not the
chal lenge any more but we can in stead aim to make best

use of avail able mod els and to get the crit i cal de tails right
for a given down stream ap pli ca tion.

Within SWISS-MODEL we have there fore ex panded
our mod el ling ca pa bil i ties to take ad van tage of the avail -
able high qual ity mod els in the AlphaFold da ta base
(AFDB). We now query AFDB mod els, rank them to gether 
with avail able ex per i men tal struc tures, and use them as
tem plates for mod el ling. Since the AFDB con tains mod els
for more than 200 mil lion pro teins and our us ers cre ate ap -
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Fig ure 1. Sec ond ary struc ture of the pentameric prohead RNA of the bacteriophage 29 (PDB code 1FOQ): com par i son be -
tween the ref er ence struc ture (A) and pre dic tions gen er ated by C-RCPred (B), RCPred (C), MultiRNAFold (D),
RNAmultifold (E), NUPACK (F). The struc tures shown are the so lu tions with the best MCC. 

https://doi.org/10.1093/bib/bbad225


prox i mately two new SWISS-MODEL pro jects ev ery min -
ute, we im ple mented ef fi cient stor age of the AFDB mod els
us ing the OpenStructure Min i mal For mat (OMF) and a fast 
and re source-ef fi cient se quence search based on k-mer
search which can query the AFDB in sec onds.

While the AFDB con tains mod els for large num bers of
pro teins, it is lim ited to se quences in UniProt, to mono mer
mod els and to the use of the de fault AlphaFold2 mod el ling
pipe line. Dif fer ent mod el ling pipe lines have dis tinct ad -
van tages and dis ad van tages and us ers can thus ben e fit from 
ac cess to a va ri ety of mod els to find the one which is best
suited for their ap pli ca tion. Mod els for any pro tein and
from any mod el ling pipe line which is not based on ex per i -

men tal data can be stored in the ModelArchive. There, we
have seen a large in crease of de po si tions in the past years
from 2’770 pub licly re leased mod els at the end of 2021 to
over 74’000 mod els in Sep tem ber 2023. This in crease in
de po si tions was en abled by the es tab lish ment of the
ModelCIF data for mat to store mod els and their metadata
and com ple mented by the de vel op ment of the 3D-Bea cons
net work which en ables shar ing of mod els across mul ti ple
model pro vid ers.

Taken to gether, our lat est de vel op ments in
ModelArchive make a va ri ety of com puted struc ture mod -
els ac ces si ble and SWISS-MODEL can re use mod els to
help us ers ob tain the best ones for their applications.
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PROTEIN FOLDING ENHANCED BY ADVERSARIAL AUTOENCODERS
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This re search is mo ti vated by ac cel er a tion. Mo lec u lar sim -
u la tions make true the pos si bil ity to sim u late the mo tion
from small mol e cules to big pro teins and their com bi na -
tions in drug-tar get com plexes. It lets us pre dict their
chang ing con fir ma tion, their sta bil ity and a plenty of other
prop er ties thanks to the evo lu tion of mo lec u lar struc ture.
How ever, ap pli ca tion of mo lec u lar sim u la tions is af fected
by the large com pu ta tional costs in com put ing steps that
must be in or der of femto seconds, to as sure nu mer i cal sta -
bil ity to in te grate New ton equa tion of mo tion. Tak ing into
ac count this lim i ta tion, a typ i cal mo lec u lar dy nam ics sim u -
la tion is ca pa ble of sam pling only a small frac tion of the
states avail able to the sim u lated sys tem, with the likely
catch or un likely loss of some slow or rarely oc cur ring pro -
cesses, where like li hood de pends on the sim u la tion time.
There are nu mer ous tech niques to ad dress this lim i ta tion
and to speed up sim u la tions. Metadynamics is an en hanc -
ing method based on bi as ing Hamiltonian of the sys tem
that helps to cross bar ri ers and go head through new un ex -
plored free en ergy sur face ar eas, thanks to some se lected
in ter nal co or di nates, so called col lec tive vari ables. Choos -

ing cor rect col lec tive vari ables to make metadynamics suc -
cess ful is not a triv ial task and it de pends first of all on the
knowl edge and ex per tise of the user. In the last few years
there are emerg ing op por tu ni ties for ma chine learn ing and
ar ti fi cial neu ral net works in this field. We de cided to de -
velop an ad versarial autoencoder [1] as a tool to an a lyze
sim u la tion data and to sup port us ers to de rive good col lec -
tive vari ables to en hance mo lec u lar dy nam ics sim u la tion.
The po ten tial of this plat form is dem on strated by us ing
Trp-cage and Villin head piece un bi ased mo lec u lar dy nam -
ics sim u la tions [2]. We aim to ex plore its ap pli ca bil ity in
more com plex sys tems.

We thank D.E Shaw Re search to pro vide us trpcage tra jec -
tory for asmsa train ing. This work was sup ported by the
Czech Sci ence Foun da tion (22-29667S).

1. A. Makhzani, J.Shlens, N.Jaitly and I.Goodfellow, I. Ad -
versarial autoencoders. In ter na tional Con fer ence on Learn -
ing Rep re sen ta tions, 2016.

2. K. Lindorff-Larsen, S. Piana, R. Dror and D. Shaw, How
fast-fold ing pro teins fold. Sci ence 334:517, 2011.
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LIGYSIS: A PIPELINE AND WEB APPLICATION FOR THE ANALYSIS OF LIGAND
BINDING SITES
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Lig ands are key for pro tein func tion and can act as sub -
strates, co-fac tors, or in hib i tors in com plex with a myr iad
of pro teins spread across all mo lec u lar pro cesses. For that
rea son, un der stand ing how they in ter act with pro teins is
cru cial and can pro vide in sight into drug de vel op ment, and
wider pro tein func tion un der stand ing. In this work, we
gath ered >25,000 pro teins from mul ti ple spe cies with ex -
per i men tally re solved 3D struc tures. We ana lyse the in ter -
ac tions be tween these pro teins and bi o log i cally mean ing ful 
lig ands as de fined by BioLiP. Pro tein-ligand in ter ac tion
fin ger prints are used to group lig ands and de fine »100,000
unique ligand bind ing sites. Ligand sites are grouped in
four clus ters based on their sol vent ac ces si bil ity pro file.
The de fined clus ters are bi o log i cally dif fer ent, in terms of
evo lu tion ary di ver gence, en rich ment in neu tral missense

vari a tion, rel a tive sol vent ac ces si bil ity, and func tional en -
rich ment. These re sults strongly sug gest that these clus ter
la bels can be used to in fer ligand bind ing site func tion al ity.
These find ings will be of in ter est to those study ing pro -
tein-ligand in ter ac tions or de vel op ing new drugs. To fa cil i -
tate ac cess to these data, we are de vel op ing web ap pli ca tion 
that will al low us ers to ex plore in struc ture the de fined
bind ing sites on a pro tein of in ter est, as well as dy nam i cally 
ex plore graphs and ta bles dis play ing the fea tures of the res -
i dues form ing the sites. The LIGYSIS web ser vice is a Py -
thon Flask ap pli ca tion that uses 3Dmol.js for pro tein
visu ali sa tion, Chart.js for dy namic graph ren der ing, Boot -
strap for stylings, and va nilla JavaScript and jQuery to link
all the com po nents to gether and make them in ter act.
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The dy nam ics and re lated conformational changes of pro -
teins are of ten es sen tial for their func tion, but are dif fi cult
to char ac ter ise and in ter pret. The en ergy land scape that de -
ter mines the conformational be hav ior and dy nam ics of an
amino acid res i due in a pro tein is de ter mined by its lo cal
en vi ron ment, which en com passes in ter ac tions with other
res i dues or mol e cules as well as pa ram e ters such as tem per -
a ture or pH. The low est en ergy state for a given res i due can
cor re spond to very sharply de fined con for ma tions, for ex -
am ple when the res i due is part of a sta ble he lix, or can
cover a wide range of con for ma tions, for ex am ple for res i -
dues in in trin si cally dis or dered re gions. De fin ing such low
en ergy states will there fore help to de scribe the be hav ior of
a res i due and how it changes with its en vi ron ment. We pro -

pose a novel data-driven proba bil is tic def i ni tion of six low
en ergy conformational states typ i cally ac ces si ble for
amino acid res i dues in pro teins. This def i ni tion is based on
in so lu tion NMR in for ma tion for 1414 pro teins, through a
com bined anal y sis of struc ture en sem bles with in ter preted
chem i cal shifts. We fur ther in tro duce a conformational
state vari abil ity pa ram e ter that cap tures, based on an en -
sem ble of pro tein struc tures from mo lec u lar dy nam ics or
other meth ods, how of ten a res i due moves be tween these
conformational states. The ap proach en ables a dif fer ent
perspective on the conformational behavior of proteins that 
is complementary to their static interpretation from single
structure models.
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HOTSPOT EXTENSION IN ROSETTA
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CD59 is a cru cial mem brane com ple ment reg u la tory pro -
tein that plays a piv otal role in lim it ing the ac ti va tion of the
com ple ment sys tem and pre vent ing the for ma tion of the
mem brane at tack com plex (MAC) on cell mem branes.
CD59 re stricts the con struc tion of the MAC on cell mem -
branes by in hib it ing the transmembrane chan nel-form ing
ac tiv ity of ho mol o gous C8 and C9 pro teins dur ing the fi nal
stage of MAC for ma tion. On var i ous tu mor cells, CD59
showed an in creased ex pres sion and is as so ci ated with re -
duced sur vival in can cer pa tients. It has been shown that in -
hi bi tion of CD59 ex pres sion on leu ke mia can cer cells leads 
to in creased ther apy ef fi cacy with the monoclonal an ti body 
Rituximab [1]. In this early-stage pro ject, a com pu ta tional
ap proach was used to ad dress the chal lenge of de sign ing a
po ten tial in hib i tor for CD59. By ex tend ing crit i cal in ter ac -
tion an chor res i dues in the C9-CD59 in ter face, we build
de-novo cy clic pep tides con tain ing non-ca non i cal amino
ac ids (NCAA) us ing the gen er al ized ki ne matic loop clo -

sure method in the soft ware suite Rosetta. Dock ing ex per i -
ments showed fun nel ing for some de signed pep tides into
the bind ing re gion. Also, the cre ation of bicyclic pep tides
us ing an NCAA Cys-Maleimide linker was per formed as a
sec ond com pu ta tional de sign ex per i ment. Prom is ing can -
di dates will be tested in the lab o ra tory to val i date their spe -
cific bind ing af fin ity.

1. Geller, A., & Yan, J. (2019). The Role of Mem brane
Bound Com ple ment Reg u la tory Pro teins in Tu mor De vel -
op ment and Can cer Immunotherapy. In Fron tiers in Im mu -
nol ogy (Vol. 10). Fron tiers Me dia SA.
https://doi.org/10.3389/fimmu.2019.01074

Com pu ta tions for this work were done us ing re sources of
Leip zig Uni ver sity Com put ing Cen ter. BMBF (Fed eral
Min is try of Ed u ca tion and Re search) partly sup ports this
work in DAAD pro ject 57616814 (SECAI, School of Em -
bed ded Com pos ite AI, https://secai.org/).
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Nu cleic ac ids play a fun da men tal role in all liv ing or gan -
isms. They store ge netic in for ma tion and con trol the pro -
cess of pro tein syn the sis. For their study, it is es sen tial to
de ter mine their spa tial ar range ment. A better un der stand -
ing of the struc ture will help cre ate more ac cu rate struc tural 
mod els that can help ex plain many bi o log i cal mech a nisms
and de velop new sub stances. Sev eral meth ods are used to
con struct a threedimensional atomic model of nu cleic acid
struc ture. The most com mon of these is X-ray crys tal log ra -
phy. The ini tial model needs to be fur ther re fined, usu ally
per form ing a num ber of re fine ment and val i da tion cy cles.

The goal of our work is to char ac ter ize the co va lent ge -
om e try pa ram e ters of nu cleic ac ids and to pro pose new
pro ce dures for their val i da tion. We will pres ent our re -
cently pro posed ap proach based on anal y sis of a se quen -
tially non-re dun dant, high res o lu tion, qual ity-fil tered
ref er ence set of nu cleic acid struc tures. It will pro vide an
in tu itive va lence ge om e try val i da tion score to the au thors
of nu cleic acid struc tures. The ref er ence im ple men ta tion is
cur rently avail able at the https://dnatco.datmos.org web
ad dress.
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