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Charge trans fer re ac tions of var i ous com plex i ties nat u rally
oc cur in re dox pro teins and their com plexes. On the other
hand, these pro teins could be in cor po rated into nano bio -
electronic de vices as a charge-car rier com po nents, which
could beneficiate in new elec tronic prop er ties. How ever,
the charge trans fer re ac tions have to be fully un der stood in
var i ous enviroments such as in vac uum, which pro vides the 
chal lenge to in ves ti gate them ac cu rately. From the the o ret i -
cal point of view, a lot of com pu ta tional re sources (tools,
time) are re quired to cap ture the the de tails of charge trans -
fer, e.g. by com put ing the re or ga ni za tion free en ergy, in a
rea son able ac cu racy. Tra di tion ally, QM/MM is used to
invfestigate large sys tems, namely pro teins, but it can grow 
de mand ing as the size of the sys tem grows. Al ter na tively,
Per turbed Ma trix Method (PMM) [1,2] could be ap plied, as 
a faster ap proach, which can han dle large num ber of mo -
lec u lar-dy nam ics (MD) sam ples and pro vide thus sta tis ti -
cally-con verged data.

We pre vi ously in ves ti gated azurin and its re or ga ni za -
tion free en ergy in vac uum and ad sorbed on the gold sur -
face through QM/MM [3]. Our study sug gests that azurin
gains struc tural flex i bil ity near re dox cen ter in vac uum,
which gives sim i lar re or ga ni za tion free en er gies as in so lu -
tion. Now we ap ply PMM for the same azurin sys tems in
vac uum and show that a) PMM is ap pli ca ble out side from
the aque ous so lu tion, b) it can re-pro duce the re sults within
a rea son able ac cu racy when com pared to QM/MM (D =
0.1-0.2 eV), and c) to go be yond, we com pute the re or ga ni -
za tion free en ergy of azurin junction, 0.73 eV, in vac uum
(Fig. 1). The re or ga ni za tion free en ergy is sim i lar to the
azurin in so lu tion, ~0.6 – 0.7 eV, which in di cates that the
flex i bil ity gained from vac uum is re strained in the junc tion
struc ture. In con clu sion, PMM is able to rep li cate the re or -
ga ni za tion free en er gies in vac uum and on bio/metal sur -

faces within the same ac cu racy as QM/MM with an
appropiate de scrip tion of the the re dox cen ter.
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Fig ure 1. Azurin ad sorbed through both disulfide bridge and
Cu-site on gold in vac uum.
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Bestrhodopsins are a newly dis cov ered class of light-reg u -
lated ion chan nels that con sist of two rhodopsins in tan dem
fused with a bestrophin ion chan nel do main, to gether form -
ing a gi ant pentameric ion chan nel struc ture. Bestrho -
dopsin of the ma rina alga Phaeocystis antarctica cova -
lently bind all-trans ret i nal as Schiff-base (RSB) chromo -
phores uniquely ab sorb ing in the red at 660 nm, which con -
veys an ex cel lent po ten tial for optogenetic ap pli ca tions.
Upon red light ab sorp tion, the rhodopsins switch to a
metastable state ab sorb ing green light at 540 nm de noted as 
P540. The P540 state cor re sponds to an un usual 11-cis

RSB iso mer, rather than the ca non i cal 13-cis iso mer found
in nearly all other mi cro bial rho dop sin photoreactions. To
as sess the re ac tion and isomerization dy nam ics of bestrho -
dopsin, we per formed femto second – submilli second tran -
sient ab sorp tion (TA) and femto second stim u lated Raman
spec tros copy (FSRS). Steady-state stim u lated Raman
spec tros copy of the bestrhodopsin dark state (D661)
showed that it is very sim i lar to the bacterio rhodopsin O in -
ter me di ate, with a highly dis torted all-trans RSB and
protonated counterion, partly ex plain ing the un usual red
ab sorp tion of bestrho dopsin.
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Fig ure 1. Struc ture of bestrhodopsin oligomer, con fig u ra tion of ret i nal in the bind ing do main and elec tronic ab sorp tion and Raman vi -
bra tion spec tra of the Red and Green state.
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The ELIBIO (Struc tural dy nam ics of biomolecular sys -
tems) pro ject ex plores new fron tiers in light and op tics to
cre ate break through sci ence in bi ol ogy, chem is try and
phys ics. The re search team of ELIBIO is formed at the in -
ter face be tween two com ple men tary re search cen tres, ELI
Beamlines ori ented to pho ton sci ence, and the In sti tute of
Bio tech nol ogy (IBT) ori ented to bio med i cal, pro tein en gi -
neer ing and struc tural bi ol ogy re search. The mile stones in -
clude the cre ation of bi o log i cally ori ented re search
fa cil i ties (Biolab), and the strength en ing of re search in fra -
struc ture at the IBT. We have de vel oped new in stru men ta -
tion and meth ods, in par tic u lar, ge netic code ex pan sion
tech nol ogy, and a dual tran sient vis i ble ab sorp tion and
femto second-stim u lated Raman spec tros copy (FSRS)
set-up. The unique com bi na tion of ge net i cally en coded
non-ca non i cal amino ac ids car ry ing vi bra tional probes,
and ultrafast time-re solved op ti cal spec tros copy (UV/Vis i -
ble, in fra red and Raman) down to the femto second time
scale has al lowed us to gain new in sights in sig nal prop a ga -

tion path ways. We have ap plied these novel meth od ol o gies 
to study photosensory re cep tors (EL222, CarH, and KR2)
and non-photoactive pro teins (myoglobin). In ad di tion,
quan tum chem is try cal cu la tions have per mit ted com pre -
hen sive as sign ments of the ex per i men tally-de ter mined
spec tral bands, and have made test able pre dic tions. We
have also com ple mented our re sults with other tech niques,
like nu clear mag netic res o nance spec tros copy, X-ray crys -
tal log ra phy, and small-an gle scat ter ing. We con clude that
the joint use of un nat u ral amino ac ids and time-re solved
meth ods can re veal non-equi lib rium pro tein struc tural dy -
nam ics res i due-by-res i due.

The work was sup ported by the pro ject ELIBIO: Struc tural
dy nam ics of biomolecular sys tems (CZ.02.1.01/0.0/
0.0/15_003/0000447) from the Eu ro pean Re gional De vel -
op ment Fund and the Min is try of Ed u ca tion, Youth and
Sports (MEYS) of the Czech Re pub lic. The In sti tute of Bio -
tech nol ogy of the Czech Acad emy of Sci ences ac knowl -
edges the in sti tu tional grant RVO 86652036.
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 Vi ruses rap idly evolve to stay a step ahead of their hosts.
Sev eral new vari ants emerged dur ing the course of pan -
dem ics, with Omi cron sublineages BQ.1.1 and XBB be ing
the most re cent. These vari ants dis played higher fit ness
tak ing over a sig nif i cant part of the vi rus pop u la tion. Al -
though each vari ant re vealed mu ta tions across the whole
ge nome, a sig nif i cant por tion of the phe no type can be at -
trib uted to mu ta tions in the Spike pro tein and its mutational 
hotspot Re cep tor Bind ing Do main (RBD). We study the
on go ing evo lu tion and ad ap ta tion of SARS-CoV-2 to hu -
mans, fo cus ing on the in ter ac tion that dic tates its im mu no -

log i cal prop er ties. Apart from the struc tural sim i lar ity, the
in ter face of SARS-CoV-2 – ACE2 is com posed of dif fer -
ent amino ac ids from that of the RBD of SARS-CoV.
While both RBDs bind the same lo ca tion, mostly he lix one
on the ACE2, they dif fer in 11 in ter face res i dues and the
new vari ants are sim i larly dif fer ent. Par al lel so lu tions for
the same in ter ac tion sug gest high in ter face plas tic ity. In my 
talk, I will de scribe how cur rent in vi tro evo lu tion tech -
niques can help ex plain this ob served plas tic ity and what
we have learned about pro tein in ter face evo lu tion in gen -
eral.
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