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Biomolecular con den sates are dy namic, mem brane-less
com part ments within cells, formed by pro teins and nu cleic
ac ids, that phase-sep a rate from the sur round ing cy to plasm.
They con cen trate spe cific mol e cules and al low cells to rap -
idly re act to en vi ron men tal changes and to con trol re ac -
tions in space and time. The mech a nisms by which
biomolecular con den sates reg u late en zy matic re ac tions
and how those scales with com part ment size re main poorly
un der stood. In our work, we gen er ate syn thetic membra -
nelles com part ments by fus ing var i ous en zymes with in -
trin si cally dis or dered se quences known as low com plex ity
do mains (LCDs), which play a cru cial role in tun ing the in -
ter ac tions re spon si ble for the phase sep a ra tion. We dem on -
strated that the en hance ment of en zy matic ac tiv ity is not
merely a con se quence of in creased con cen tra tion but is
highly de pend ent on the spe cific microenvironment cre -
ated by the LCDs. No ta bly, we showed that the en hance -
ment in en zy matic rate hap pens across a wide range of
con den sate sizes, from nanoclusters to mi crons size con -
den sates [1-5]. While the for ma tion of con den sates is nor -
mally highly ben e fi cial in cells, un der patho log i cal
con di tions, e.g. neurodegeneration, some of these con den -
sates ma ture into amyloids. The mo lec u lar mech a nism
gov ern ing the in ter play be tween amyloids and dy namic
phase-sep a rated com part ments is not yet fully un der stood.
In our work, we in ves ti gated the ALS-linked RNA bind ing
pro tein, hnRNPA1, and showed that am y loid for ma tion is
pro moted at the con den sate in ter face, in di cat ing that the in -
ter play be tween con den sa tion and fi bril for ma tion is be -
yond a sim ple in crease of lo cal pro tein con cen tra tion [6].
Sub se quently, we dem on strated that the multi-com po nent
na ture of con den sates adds an other level of com plex ity.
We showed that the heterotypic pro tein-pro tein or pro -
tein-RNA in ter ac tion can have ei ther pro tec tive [7] or ac -
cel er a tion [8] ef fects de pend ing on the con text. Fi nally, we
in ves ti gated the im por tance of hnRNPA1-RNA in ter ac -
tions, and we re vealed that at in ter me di ate RNA con cen tra -
tions, RNA pro motes both con den sa tion and am y loid
for ma tion. Im por tantly, we showed that higher RNA con -
cen tra tions sup press phase sep a ra tion ac cord ing to the
well-known re-en trant phase be hav ior [8,9], but do not pre -
vent am y loid for ma tion of hnRNPA1A over lon ger time
scales. Over all, these re sults show that RNA can mod u late
hnRNPA1A phase tran si tions in a con cen tra tion-de pend -
ent man ner [8].

1. Faltova, L. *; Küffner, A. M. *; Hondele, M.; Weis, K.;
Arosio, P. Multifunctional Pro tein Ma te ri als and
Microreactors Us ing Low Com plex ity Do mains as Mo lec u -
lar Ad he sives. ACS Nano 2018, 12 (10), 9991–9999.

2. Küffner, A. M.; Prodan, M.; Zuccarini, R.; Capasso
Palmiero, U.; Faltova, L.; Arosio, P. Ac cel er a tion of an En -
zy matic Re ac tion in Liq uid Phase Sep a rated Com part ments 
Based on In trin si cally Dis or dered Pro tein Do mains.
ChemSystemsChem 2020, 2 (4), e2000027.

3. Gil-Gar cia, M.; Benítez-Mateos, A. I.; Papp, M.; Stoffel,
F.; Morelli, C.; Normak, K.; Makasewicz, K.; Faltova, L.;
Paradisi, F.; Arosio, P. Lo cal En vi ron ment in Biomolecular 
Con den sates Mod u lates En zy matic Ac tiv ity across Length
Scales. Nat Commun 2024, 15 (1), 3322.

4. Stoffel, F.; Papp, M.; Gil-Gar cia, M.; Küffner, A. M.;
Benítez-Mateos, A. I.; Jacquat, R. P. B.; Galvanetto, N.;
Faltova, L.; Arosio, P. En hance ment of En zy matic Ac tiv ity 
by Biomolecular Con den sates through pH Buff er ing. Nat
Commun 2025, 16 (1), 6368.

5. Papp, M.; Stoffel, F.; Gil-Gar cia, M.; Faltova, L.; Arosio,
P. Biomolecular Con den sates as Reg u la tors of En zy matic
Re ac tions. Nat Chem Eng 2025, 2 (7), 394–397.

6. Linsenmeier, M.; Faltova, L.; Morelli, C.; Capasso
Palmiero, U.; Seiffert, C.; Küffner, A. M.; Pinotsi, D.;
Zhou, J.; Mezzenga, R.; Arosio, P. The In ter face of Con -
den sates of the hnRNPA1 Low-Com plex ity Do main Pro -
motes For ma tion of Am y loid Fi brils. Nat. Chem. 2023, 15
(10), 1340–1349.

7. Küffner, A. M.; Linsenmeier, M.; Grigolato, F.; Prodan,
M.; Zuccarini, R.; Capasso Palmiero, U.; Faltova, L.;
Arosio, P. Se ques tra tion within Biomolecular Con den sates

In hib its Ab-42 Am y loid For ma tion. Chem. Sci. 2021, 12
(12), 4373–4382.

8. Morelli, C.; Faltova, L.; Capasso Palmiero, U.;
Makasewicz, K.; Papp, M.; Jacquat, R. P. B.; Pinotsi, D.;
Arosio, P. RNA Mod u lates hnRNPA1A Am y loid For ma -
tion Me di ated by Biomolecular Con den sates. Nat. Chem.
2024, 16 (7), 1052–1061.

9. Makasewicz, K.; Morelli, M.; Faltova, L.; Arosio, P. Com -
pe ti tion be tween pro tein-RNA clus ter ing and phase sep a ra -
tion drives re-en trant phase be hav ior of hnRNPA1.
Mod u la tion of en zy matic ac tiv ity and am y loid for ma tion
by biomolecular con den sates.

Ó Krystalografická spoleènost

Ma te ri als Struc ture, vol. 32,  no. 1  (2026)       13



L11

ENGINEERING PROTEIN STRUCTURAL DYNAMICS WITH A NOVEL GENETICALLY
ENCODED RAMAN-ACTIVE AND CHEMICALLY-REACTIVE NON-CANONICAL AMINO 

ACID

Aditi Chatterjee1, Phuong Ngoc Pham1, Atripan Mukherjee2, Petra Èubaková2, 
Spyridon Kaziannis2, Jakub Dostal2, Miroslav Kloz2, Aditya S. Chaudhari1, Giusy 

Finocchiaro3, Tomáš Špringer3, Mar tin Kizovský4, Jan Štursa5, Lukas Werner5, Bohdan
Schnei der1, Jaroslav Sebestík6, Gustavo Fuertes1*

1Lab o ra tory of Biomolecular Rec og ni tion, In sti tute of Bio tech nol ogy of the Czech Acad emy of Sci ences,
Prumsylova 595, Vestec 252 50, Czech Re pub lic

2De part ment of Struc tural Dy nam ics, ELI Beamlines Fa cil ity Ex treme Light In fra struc ture ERIC, Za Radnicí
835, 252 41 Dolní Bøežany, Czech Re pub lic

3In sti tute of Pho ton ics and Elec tron ics of the Czech Acad emy of Sci ences, Chaberská 1014/57, 182 00,
Prague, Czech Re pub lic

4In sti tute of Sci en tific In stru ments of the Czech Acad emy of Sci ences, Královopolská 147, 612 00 Brno
Czech Re pub lic

5Ser vice Tech nol ogy Lab o ra tory, In sti tute of Bio tech nol ogy of the Czech Acad emy of Sci ences, Prumyslova
595, Vestec 252 50, Czech Re pub lic

6In sti tute of Or ganic Chem is try and Bio chem is try of the Czech Acad emy of Sci ences, Flemingovo námìstí
542/2, 160 00 Prague, Czech Re pub lic

Re cent ad vances in ge netic code ex pan sion en able the
site-spe cific in cor po ra tion of over 500 di verse non-ca non i -
cal amino ac ids (ncAAs) into pro teins. For in stance, in vi -
bra tional spec tros copy, which can re veal the tem po ral
evo lu tion of pro tein conformational changes upon light ab -
sorp tion, ncAAs can serve as “trans par ent win dow”
site-spe cific vi bra tional re port ers to al le vi ate spec tral con -
ges tion (over lap ping bands). On the other hand, “click”
and bioorthogonal chem is tries en able the site-spe cific at -
tach ment of small, bright and photostable fluorophores to
ncAAs car ry ing suit able re ac tive groups di rectly in cells.
How ever, ncAAs that com bine Raman ac tiv ity with chem i -
cal re ac tiv ity are scarce. We hereby con verged these two
dif fer ent ap pli ca tions into our newly de vel oped ncAA,
diacetylene-phenylalanine (DAF), bear ing a con ju gated

diyne (CºC–CºC) that func tions both as a Raman tag and a 
re ac tive han dle. We syn the sized DAF and evolved a spe -
cific or thogo nal trans la tion sys tem for ge netic en cod ing of
this ncAA. Our DAF-spe cific amino acyl-tRNA synthetase 
from Methanomethylophilus alvus (MaDafRS) has ad van -

tages over sys tems in terms of its orthogonality in
eukaryotes, su pe rior fi del ity and en hanced sup pres sion
yields. We ge net i cally en coded DAF in E. coli and in cor -
po rated it at mul ti ple sites in the bac te rial blue-light tran -
scrip tion fac tor EL222 to track light-in duced fold ing and
sig nal prop a ga tion us ing steady-state and time-re solved
femto second-stim u lated Raman spec tros copy. The diyne
group also un der goes thiol–yne and bioorthogonal re ac -
tions (Cop per-cat a lyzed azide–alkyne cycloadditions and
tetrazine li ga tion), en abling sta ble con ju ga tion with
sulfhydryl-, azide-, and tetrazine-con tain ing dyes. Us ing
these chem is tries, we mon i tored the photocycle-de pend ent
and DNA-de pend ent conformational changes of EL222 via 
Flu o res cence Res o nance En ergy Trans fer (FRET) and
also, gen er ated an intramolecularly crosslinked EL222 mu -
tant locked in the dark state con for ma tion. To gether, DAF
unites vi bra tional prob ing and pro tein con ju ga tion in a sin -

gle amino acid-pro vid ing a com pact, min i mally in va sive
multifunctional tool to in ter ro gate and en gi neer pro tein
struc ture and dy nam ics.
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The HECT-fam ily E3 ubiquitin ligase Nedd4-2
(NEDD4L) con trols ion trans port by ubiquitinating key
mem brane pro teins, most no ta bly the ep i the lial so dium
chan nel (ENaC). Nedd4-2 dys func tion is linked to Liddle
syn drome and hy per ten sion, and has also been con nected
to ep i lepsy and other cardiopulmonary dis or ders. Mul ti ple
reg u la tory in puts have been sug gested, in clud ing
intramolecular autoinhibition [1,2], Ca2+-de pend ent con -

trol via the C2 do main [1], and bind ing of 14-3-3 pro teins
[2,3], but the struc tural basis of these mech a nisms re mains
puz zling. To in ves ti gate how Nedd4-2 is kept in ac tive and
how it is reg u lated, we used an in te gra tive struc tural and
bio chem i cal ap proach. We com bined cryo-elec tron mi -
cros copy (cryo-EM), small-an gle X-ray scat ter ing
(SAXS), hy dro gen–deu te rium ex change mass spec trom e -
try (HDX-MS) and an a lyt i cal ul tra cen tri fu ga tion with
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Fig ure 1. Graph i cal scheme of Nedd4-2 reg u la tion via cal cium, autoinhibition and 14-3-3. [1]



liposome-bind ing as says and in vi tro ubiquitination as says. 
Us ing these meth ods, we an a lyzed full-length Nedd4-2 and 

a com plex of Nedd4-2 with a 14-3-3h homodimer. Our
cryo-EM data show that full-length Nedd4-2 adopts a com -
pact autoinhibited con for ma tion. Ca2+ is re quired for
strong liposome as so ci a tion and we iden tify res i dues that
con trib ute to Ca2+ co or di na tion, but Ca2+ bind ing alone
does not cause large struc tural changes and does not ac ti -
vate ubiquitination in our as says. In con trast, bind ing to
phospholipid mem branes is re quired to dis rupt the
C2–HECT in ter ac tion and re lease the autoinhibited state,
in di cat ing that mem brane bind ing is the main trig ger for
activation un der our con di tions. Fi nally, we show that

14-3-3h binds to phosphorylated mo tifs near the
WW2/WW3 re gion and in hib its Nedd4-2 func tion. The

Nedd4-2:14-3-3h com plex is not af fected by Ca2+, but it re -
duces both mem brane bind ing and cat a lytic ubiquitination.

A low-res o lu tion cryo-EM model of the com plex sup ports

a mech a nism where 14-3-3h sta bi lizes the autoinhibited
con for ma tion. Over all, these re sults de fine do main-level
in ter ac tions that con trol Nedd4-2 ac tiv ity and pro vide
struc tural tar gets for mod u lat ing this E3 ligase in dis -
ease-rel e vant path ways.
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CDK16, a mem ber of the PCTAIRE fam ily of cyclin-de -
pend ent kin ases (CDKs), plays a cru cial role in var i ous
phys i o log i cal pro cesses, in clud ing neurite out growth, ves i -
cle traf fick ing, spermatogenesis, glu cose ho meo sta sis, and
mus cle dif fer en ti a tion. [1] How ever, its ac tiv ity is also as -
so ci ated with the pro gres sion of var i ous can cers, in clud ing
breast, lung, endometrial can cer, mel a noma, and oth ers. [2] 
Given the es sen tial role of CDK16 in pro mot ing can cer cell 
pro lif er a tion, un der stand ing its reg u la tory mech a nism at
the mo lec u lar level is cru cial. Un like other CDKs, CDK16

ac ti va tion is me di ated through in ter ac tion with cyclin Y,
phosphorylated at res i dues Ser100 and Ser326, in com plex
with 14-3-3, as de picted in Fig ure 1. [3] Two
phosphorylation sites in the N-ter mi nal ex ten sion of
CDK16 kinase do main (NTE), Ser119 and Ser153, have
been iden ti fied as bind ing mo tifs for the 14-3-3 pro teins,
which af fect the func tion of a wide spec trum of tar gets, in -
clud ing the mod u la tion of en zy matic ac tiv ity. Spe cif i cally,
phosphorylation at S153 has been suggested to hinder
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Fig ure 1. Graph i cal scheme of CDK16 reg u la tion via cyclin Y and 14-3-3.



CDK16’s activity. [4] Here, we focus on how 14-3-3
proteins control CDK16’s activity.
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Mod ern struc tural bi ol ogy de pends on com bin ing com ple -
men tary tech nol o gies to un der stand the struc ture and dy -
nam ics of pro teins, DNA, and RNA. This pre sen ta tion will
show case bio phys i cal anal y sis us ing Ap plied Photophysics 
(cir cu lar dichroism and stopped-flow ki net ics) for study ing 
pro tein fold ing, conformational sta bil ity, and biomolecular 
in ter ac tions. We will also in tro duce Refeyn’s mass pho -

tom e try for rapid, la bel-free mea sure ment of mo lec u lar
mass, oligomerization, and sam ple het er o ge ne ity in so lu -
tion. Fi nally, ad vanced im ag ing so lu tions from Leica Mi -
cro sys tems en able high-res o lu tion vi su al iza tion of
mo lec u lar or ga ni za tion and pro tein lo cal iza tion within
cells, link ing mo lec u lar struc ture to bi o log i cal function.
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Find ing ways to more com pre hen sively ex plore the se -
quence space of com plex func tional mo tifs is an im por tant
and un re solved ques tion in nu cleic acid en gi neer ing. Stan -
dard ap proaches use li brar ies in which a sin gle vari ant of a
mo tif is ran domly mutagenized at a low level. This pro -
vides com pre hen sive cov er age of se quence space over
short mutational dis tances, but only lim ited in for ma tion
about more dis tant vari ants. Here we de scribe a new ap -
proach that uses li brar ies made up of se quences con sis tent
with the mul ti ple con straints of a de sired tar get mo tif.
Func tional vari ants are rap idly iden ti fied in a sin gle round
of se lec tion fol lowed by high-through put se quenc ing, and
rules re lat ing se quence to func tion elu ci dated us ing ma -

chine learn ing. This method was tested us ing a flu o res cent
deoxyribozyme re cently dis cov ered in our group called
Au rora. Sin gle-step se lec tions showed that a sec ond ary
struc ture li brary based on Au rora con tained ap prox i mately
40-fold more unique cat a lytic se quences than one gen er -
ated by ran dom mu ta gen e sis. Fur ther more, mod els de vel -
oped by ma chine learn ing could quan ti ta tively pre dict read
num bers and iden tify the most ac tive vari ants us ing small
sub sets of se quences as train ing sets. By com bin ing sec -
ond ary struc ture li brar ies, se lec tion and machine learning
in this way, sequence space can be explored far more
quickly and efficiently than in standard approaches.
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