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AMINO ACIDS IN THE CONTEXT OF PROTEIN STRUCTURE: WHAT WE CAN LEARN
FROM PROTEIN LARGE LANGUAGE MODELS

Vojtìch Spiwok, Filip Kapral, Václav Hanžl

De part ment of Bio chem is try and Mi cro bi ol ogy, Uni ver sity of Chem is try and Tech nol ogy, Prague, 
Technická 3, Prague 6, 166 28, Czechia

Pro teins are ex tremely di verse in struc tures and func tions,
de spite the fact that they are com posed only from 20 amino
ac ids. Any of these amino ac ids can play a dif fer ent struc -
tural and func tional role de pend ing on the con text of the se -
quence and struc ture. For ex am ple, histidine can be a
charged res i due on the pro tein sur face, a spe cial ized res i -
due in “cat a lytic triad”, a metal-che lat ing res i due, etc.
Anal y sis of this con text was re cently en abled by ad vanced
ma chine learn ing meth ods orig i nally de vel oped for the
anal y sis of nat u ral lan guage. It is pos si ble to an a lyze the
amino acid se quence of a pro tein as a “sen tence” com posed 
of amino acid res i dues as “words”. We an a lyzed se quences

of all hu man pro teins us ing a large lan guage model ESM-2
(Evo lu tion ary Scale Mod el ing). Each amino acid res i due
was con verted into its pro file that re flects its struc tural role
in the con text of the over all se quence and struc ture of the
pro tein. These pro files can be vi su al ized as a 2D map. We
plan to an no tate this map to as sign a 3D struc ture to each
clus ter of this map. We will il lus trate how this map can help 
us to un der stand the struc ture and func tion of dif fer ent re -
gions of any pro tein.

The work was sup ported by COST (ML4NGP, CA21160,
LUC 24136).
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De part ment of Phys i cal Chem is try, Uni ver sity of Chem is try and Tech nol ogy, Technická 5, 16628 Prague,
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Ri bo somes are com plex biomolecular ma chines es sen tial
for proteosynthesis and thus for life as we know it. As the
na scent pep tide is as sem bled one amino acid res i due at a
time, the grow ing chain es capes through the ri bo somal tun -
nel. The ri bo somal tun nel is mostly made up of rRNA.
How ever, there is a nar row ing of the tun nel, called the con -
stric tion site (CS), formed by the ex tended loops of two ri -
bo somal pro teins: uL4 and uL22. This CS is where the first

pro tein--pro tein con tact of the na scent chain takes place.
The tips of uL4 and uL22 in clude charged amino acid res i -
dues that come into close con tact with the na scent chain
and may be of spe cial im por tance in the early stages of
trans la tion.

To un der stand the conformational vari abil ity of the CS
in var i ous chem i cal con texts, we ex plored 222 ex per i men -
tal E. coli ri bo some struc tures from the Pro tein Data Bank
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Fig ure 1. Vary ing lengths of polyglycine (red) in prox im ity to the con stric tion site (blue) in the ri bo somal tun nel.



and their dis tri bu tion of dis tances of the tips of uL4 and
uL22. These ri bo somes con tained var i ous co factors, mu ta -
tions, or lig ands. Our anal y sis re veals that the CS is flex i ble 
and the uL4 and uL22 tip dis tance -- hence the tun nel width 
-- var ies in dif fer ent chem i cal con texts.

In our on go ing re search, we are ex plor ing the CS dy -
nam ics and the in ter ac tion of a na scent pep tide with the CS

us ing mo lec u lar dy nam ics sim u la tions. We study four sys -
tems with vary ing lengths of polyglycine (11, 8 or 5
glycines or no pep tide at all) in the ri bo somal tun nel. In the
talk, I will pres ent our pre lim i nary re sults that sug gest that
the pep tides af fect not only the dy nam ics of the CS but also
more distant parts of the ribosome.
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Cytochrome b562 (Cyt b562) is a small re dox-ac tive heme
pro tein that has served as a key model sys tem for un der -
stand ing bi o log i cal elec tron trans fer pro cesses. Elec tron
trans port in such pro teins plays a cru cial role in var i ous
bio chem i cal func tions, in clud ing res pi ra tion and en zy -
matic ca tal y sis. In ves ti gat ing its trans port prop er ties in
pro tein-metal junc tions pro vides valu able in sights into
charge trans fer mech a nisms rel e vant to bio-elec tronic in -
ter faces. Re cent ex per i men tal stud ies have dem on strated
the con duc tive prop er ties of Cyt b562 on gold sur faces [1],
but a deeper the o ret i cal un der stand ing of its charge trans -
port mech a nism is nec es sary. This study pres ents a com -
pre hen sive the o ret i cal anal y sis of elec tron trans port in Cyt
b562-based junc tions us ing a multiscale com pu ta tional ap -
proach, ex am in ing both co her ent and in co her ent trans port
pro cesses.

To model elec tron trans port, mo lec u lar dy nam ics (MD) 
sim u la tions were em ployed to gen er ate junc tion ge om e -
tries un der both vac uum-dried and solvated con di tions,
where the pro tein was co va lently bound to gold con tacts in
var i ous con fig u ra tions [2]. Charge trans port was an a lyzed
through two mech a nisms: co her ent tun nel ing, stud ied us -
ing the Landauer-Büttiker for mal ism within the Den sity
Func tional The ory (DFT) frame work, and in co her ent hop -
ping, mod eled us ing the semi-clas si cal Marcus the ory.[3]

1. M. Elliot, D.D. Jones, Biochem. Soc. Trans., 46, (2018), 9.

2. Z.Futera, et al., J. Phys. Chem. Lett., 11, (2020), 9766.

3. G. N. Jonnalagadda, et al., J. Phys. Chem. Lett., 15, (2024),
11608.
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Fig ure 1: Crys tal struc ture of Cyt b562 

Fig ure 2: Solvated ly ing junc tion of Cyt b562
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HIGH-RESOLUTION LIQUID CELLS FOR TIME-RESOLVED CRYO-EM
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A large por tion of pro tein dy nam ics oc curs on mi cro- and
mil li sec ond time scales, in clud ing large-scale do main mo -
tions and pro tein fold ing pro cesses [1]. In sight into the dy -
namic states of these pro cesses is nec es sary for un der-
stand ing how pro teins func tion.

Mi cro sec ond time-re solved cryo-elec tron mi cros copy
(Cryo-EM) has re cently emerged as a prom is ing method
for cap tur ing in ter me di ate states reached af ter tens of mi -
cro sec onds of dy nam ics [2, 3]. A cryo spec i men is lo cally
flash melted us ing a la ser beam in situ of a trans mis sion
elec tron mi cro scope. As the la ser is switched off, the spec i -
men revitrifies, trap ping the par ti cles in their tran sient
states. The time win dow for the dy nam ics (time-in-liq uid)
is tuned by the du ra tion of the la ser pulse and usu ally sits at
30 µs with the tem po ral res o lu tion of the method is better
than 5 µs [4]. More over, the near-atomic res o lu tion ca pa -
bil i ties of stan dard sin gle-par ti cle Cryo-EM are pre served
even af ter the flash melt ing pro cess [5]. How ever, ex ceed -
ing time-in-liq uid be yond 30 µs has proven to be dif fi cult
us ing this setup.

The in her ent lim i ta tion of the above-de scribed method
stems from evap o ra tion of the sam ple in the liq uid phase.
This lim its the max i mum achiev able time-in-liq uid to the
tens of mi cro sec onds, as well as the max i mum reach able
tem per a ture, which pla teaus at ap prox i mately room tem -
per a ture due to evap o ra tive cool ing [4, 6].

To over come this lim i ta tion, we de vel oped a method
that pre vents evap o ra tion by de pos it ing a seal ing mem -
brane onto the cryo sam ple prior to la ser flash melt ing. This 
is achieved us ing phys i cal va por de po si tion of sil i con di ox -
ide in an in-house built setup. The thick ness of the de pos -
ited seal ing layer is pre cisely con trolled and can be as thin
as 1.5 nm on each side of the sam ple. This thick ness is suf -
fi cient to re tain the sam ple even af ter 300 µs spent in the
liq uid, ex tend ing the ob ser va tional time-win dow for pro -
tein dy nam ics from tens to hun dreds of mi cro sec onds and.
More over, due to the ab sence of evap o ra tive cool ing of the
spec i men, tem per a ture jump ex per i ments can also be per -
formed. Im por tantly, the res o lu tion loss re sult ing from the
seal ing lay ers is neg li gi ble, as dem on strated by sub-1.8 A
res o lu tion re con struc tion of apoferritin.

Ex per i ments prove that time win dows up to mil li sec -
onds can be achieved with a suf fi ciently thick mem brane
(e.g., 10 nm on each side), open ing new pos si bil i ties not
only in time-re solved Cryo-EM, but also in liq uid cell elec -
tron mi cros copy.

1. Henzler-Wildman, K. & Kern, D. Dy namic per son al i ties of 
pro teins. Na ture 450, 964–972 (2007).

2. Harder, O. F., Barrass, S. V., Drabbels, M. & Lorenz, U. J.
Fast vi ral dy nam ics re vealed by mi cro sec ond time-re solved 
cryo-EM. Nat. Commun. 14, 5649 (2023).

3. Lorenz, U. J. Mi cro sec ond time-re solved cryo-elec tron mi -
cros copy. Curr. Opin. Struct. Biol. 87, 102840 (2024).

4. Voss, J. M., Harder, O. F., Olshin, P. K., Drabbels, M. &
Lorenz, U. J. Rapid melt ing and revitrification as an ap -
proach to mi cro sec ond time-re solved cryo-elec tron mi cros -
copy. Chem. Phys. Lett. 778, 138812 (2021).

5. Bongiovanni, G., Harder, O. F., Voss, J. M., Drabbels, M.
& Lorenz, U. J. Near-atomic res o lu tion re con struc tions
from in situ revitrified cryo sam ples. Acta Crystallogr.
Sect. Struct. Biol. 79, 473–478 (2023).

6. Mowry, N. J., Krüger, C. R., Bongiovanni, G., Drabbels,
M. & Lorenz, U. J. Flash melt ing amor phous ice. J. Chem.
Phys. 160, 184502 (2024).
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Fig ure 1. Sche matic prin ci ple of la ser melt ing. A cryo sam ple on
a gold grid is first il lu mi nated by a la ser beam, caus ing heat ing of
the gold film and sub se quent lo cal melt ing of the vit re ous ice. Sur -
round ing ar eas on the grid square, as well as re main ing grid
squares, re main un af fected by melt ing.

Fig ure 2. Seal ing and revitrification of a cryo sam ple. First, sil i -
con di ox ide mem branes are de pos ited from both sides onto the
vit re ous ice. Sub se quently, sam ple is flash melted with a mi cro -
sec ond la ser pulse, al low ing for the dy nam ics to oc cur. Af ter the
la ser is switched off, spec i men revitrifies and traps the par ti cles
in their tran sient state. Thanks to the SiO2 mem branes, the spec i -
men evap o ra tion is lim ited.
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CDK16, also known as PCTAIRE1, is a mem ber of the
PCTAIRE fam ily of cyclin-de pend ent kin ases (CDKs).
CDK16 plays a cru cial role in var i ous phys i o log i cal pro -
cesses, such as neurite out growth, ves i cle traf fick ing, sper -
ma to genesis, glu cose ho meo sta sis, and mus cle differen- 
tiation. [1] Un like other CDKs, CDK16 ac ti va tion is me di -
ated through in ter ac tion with cyclin Y, phospho rylated at
res i dues Ser100 and Ser326, in com plex with 14-3-3, as
de picted in Fig ure 1. CDK16 has a dis tinct un struc tured
N-ter mi nal ex ten sion that in cludes two res i dues, Ser119
and S153, these res i dues can un dergo PKA phospho -
rylation, re sult ing in the for ma tion of 14-3-3 con sen sus
bind ing mo tifs. When phosphorylated, these res i dues are
re ported to de crease CDK16 ac tiv ity [2].  CDK16’s ac tiv -
ity is as so ci ated with the pro gres sion of var i ous can cers, in -
clud ing breast can cer, lung can cer, endom etrial can cer,
mel a noma, and oth ers. In this con text, the phosphorylation
of spe cific sub strates pro motes cell pro lif er a tion [3]. Re -
search has dem on strated that in hib it ing CDK16 ac tiv ity
leads to a re duc tion in can cer cell growth [4].  Given
CDK16’s cru cial role in reg u lat ing cell pro lif er a tion in

can cer, it is es sen tial to un der stand its ac ti va tion mech a -
nism at the mo lec u lar level. Herein, we solved the struc ture 
of the com plexes in volved in CDK16 ac ti va tion us ing
Cryo-EM, show ing the role of cyclin Y and 14-3-3 in
CDK16 ac ti va tion.

1. P. Mikolcevic, R. Sigl, V. Rauch, M. W. Hess, K. Pfaller,
M. Barisic, L. J. Pelliniemi, M. Boesl, S. Geley, Mol Cell
Biol,, 32, (2012), 868.

2. S. N. Shehata, M. Deak, N. A. Morrice, E. Ohta, R. W.
Hunter, V. L. Kalscheuer, K. Sakamoto, Biochem J., 469,
(2015), 409.

3. X. Wang, R. Liu, S. Li, W. Xia, H. Guo, W. Yao, X. Liang, 
Y. Lu, H. Zhang, Biomed Pharmacother., 164, (2023),
114929.

4. S. E. Dixon-Clarke, S. N. Shehata, T. Krojer, T.D. Sharpe,
F. Delft, K. Sakamoto, A. N. Bull ock, Biochem J., 474,
(2017), 699.

This work was sup ported by Czech Sci ence Foun da tion
Grant No. 25-15222S.
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Fig ure 1. Graph i cal scheme of CDK16 reg u la tion via cyclin Y and 14-3-3. Cre ated with BioRender.com
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The Duolink prox im ity li ga tion as say (PLA), an ex clu sive
prod uct of Merck, rep re sents a pow er ful tech nique for
study ing pro tein in ter ac tions in situ at en dog e nous pro tein
lev els, en abling re search ers to vi su al ize and quan tify in ter -
ac tions at the cel lu lar level. This sim ple yet in no va tive
method em ploys a unique com bi na tion of prox im ity li ga -
tion and flu o res cence mi cros copy, pro vid ing high sen si tiv -
ity and spec i fic ity in de tect ing and lo cal iz ing biomolecular
in ter ac tions. The as say uti lizes two pri mary an ti bod ies that
bind to the tar get pro teins, which are then linked by DNA
oligonucleotides. When the an ti bod ies are in close prox im -
ity, a li ga tion re ac tion fol lowed by DNA am pli fi ca tion with 
flu o res cent probes oc curs, gen er at ing a de tect able sig nal.

The ben e fits of Duolink PLA in clude its abil ity to pro vide
spa tial in for ma tion about pro tein in ter ac tions within their
na tive cel lu lar con text, fa cil i tat ing the study of com plex bi -
o log i cal pro cesses. Fur ther more, the as say’s com pat i bil ity
with var i ous sam ple types and its po ten tial for multiplexing 
al low for com pre hen sive anal y ses of pro tein net works.
Merck of fers full ap pli ca tion sup port to en sure op ti mal use
of the Duolink PLA, as sist ing re search ers in max i miz ing
their ex per i men tal out comes. This pre sen ta tion will delve
into the tech ni cal as pects of the Duolink PLA, high light its
ad van tages over tra di tional meth ods, and discuss its typical 
applications in the field of life sciences. 
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An ti body ex plorer web page

www.sigmaaldrich.com/an ti bod ies

Duolink PLA web page

www.sigmaaldrich.com/duolink


