Ny

W3B. Capar. yH-Ta. Hos. cep. Cep.: ®u3uka. 2025. T. 25, Bbin. 2

N

L%%J

HAYYHbIN
OTOEN

4 N\

HAHOTEXHO/IOTUWN,
HAHOMATEPUANDbI N METAMATEPWATDI

W3Bectna CapatoBckoro yHusepcuteta. Hoas cepus. Cepus: ®usuka. 2025. T. 25, sbin. 2. €. 222-229
lzvestiya of Saratov University. Physics, 2025, vol. 25, iss. 2, pp. 222-229
https://fizika.sgu.ru https://doi.org/10.18500/1817-3020-2025-25-2-222-229, EDN: KLFIBO

Article

Characterization of imprinted albumin
by molecular modelling and spectroscopy

P. M. llicheva™, I. A. Reshetnik, D. D. Drozd, P. S. Pidenko, N. A. Burmistrova
Saratov State University, 83 Astrakhanskaya St., Saratov 410012, Russia

Polina M. llicheva, ilichevapm@gmail.com, https://orcid.org/0000-0002-5825-0032, AuthorlD: 1078635
Ivan A. Reshetnik, 0105frenklin@gmail.com, https://orcid.org/0009-0002-0617-2615

Daniil D. Drozd, drozddd@sgu.ru, https://orcid.org/0000-0001-5379-8026, AuthorID: 1037396

Pavel S. Pidenko, pidenkops@gmail.com, https://orcid.org/0000-0001-7771-0957, AuthorID: 879254
Natalia A. Burmistrova, naburmistrova@mail.ru, https://orcid.org/0000-0001-8137-1599, AuthorID:
52279

Abstract. Background and Objectives: Imprinted proteins are promising alternatives to natural
recognition systems, such as biological receptors or antibodies. However, the knowledge available
on the theoretical study of imprinted proteins as recognition systems is limited. In this study,
bovine serum albumin (BSA) is imprinted in the presence of 4-hydroxycoumarin. Change in
protein structure is studied by molecular modelling and spectroscopy. Materials and Methods:
To evaluate the effect of pH on the structural properties of BSA during imprinting, fluorescence 2D
and 3D spectroscopy and dynamic light scattering (DLS) combined with molecular dynamics and
metadynamics simulations were carried out to monitor the conformational change of the protein
matrix. Results: Analysis of molecular dynamics simulation has shown that the mechanism of BSA
conformational state changes is associated with displacements of molecular domains relative to
each other. Based on molecular dynamics data, the values of collective variables have been selected
for mapping the free energy of the system. The distance and angle between the centers of mass of
domains D1and D3 have been specified as collective variables. Simulations using the metadynamics
method have been performed for 100 ns. As a result, slices of the potential energy surface have
been obtained. Analysis of the free energy surface shows that 3.05 nm and 1.53 radian correspond
to the minimum energy (AG = -6.14 k]-mol~"). BSA have been studied by fluorescence and DLS. DLS
analysis has shown that BSA exists predominantly in monomeric form in solution. In acidic media
(pH 3.0) the significant changes of fluorescence properties of BSA have been observed. The results
of molecular modelling are consistent with the experimental results. Conclusion: An important
practical result of this study is that the theoretical study of such molecular systems combined with
fluorescence characterization during synthesis can be applied to control imprinting process and to
create new imprinted proteins with a wide range of applications.
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AHHOTALMSA. VIMIPUHTMPOBAHHbIE GENKM ABNSIOTCH MHOT006ELUAKLUMIN aNbTepHaTMBAMI eCTECTBEHHBIM CUCTEMaM Pacno3HaBaHMs, TaknuM
kak 6uonornyeckue pewentopbl WK aHtuTena. OHaKo UMEoLYMECs 3HaHNS N0 TEOPETUUECKOMY U3YHEHMI0 MMNPUHTUPOBAHHBIX 6eKOB Kak
CMCTeM Pacno3HaBaHns orpaHNyeHbl. B 3ToM 1ccie0BaHN BbIYNIA CbIBOPOTOUHBIN anbbyMuH (BCA) 6bIn MMNPUHTUPOBAH B NPUCYTCTBUN 4-
TMAPOKCUKYMApWHa. [ OLleHKM BAMSHWA PH Ha cTpYKTYpHbIe cBoiicTBa BCA BO BpeMs UMMPUHTUHTA bbIW NPoBefeHbl ¢nyopeclieHTHas 2D
1 3D cnekTpocKkonus U AUHaMUYeckoe paccesHue caeta (DLS) B coueTaHnm ¢ MOAEMPOBAHNEM MONEKYNSPHON AUHAMUKN 11 MeTaMHAMMUKA
AN MOHUTOPUHIa KOHPOPMALIMOHHOTO M3MEHEHNS 6enkoBOil MaTpULibl. B CUNBHOKMCILIX CPefax HabMOAANNCH 3HAUMTENbHBIE U3MEHeHNS
(nyopecueHTHbIX CBOCTB BSA. AHanu3 pesynbTaToB MOJeNMPOBaHIS NOKa3an, YTo MexaHU3M U3MeHeHWUs KOHPOPMaLMOHHOrO CocTosHMA bCA
(BS3aH CO CMELLHMSAMI MOMEKYNSPHBIX JOMEHOB OTHOCUTENLHO APYT ApYra. Pe3ynbTaTbl MONEKYNAPHOTO MOAENMPOBAHUS COrNACYIOTCA € IKC-
nepuMeHTanbHbIMU pesynbTatami.

BaxHbIM NPaKTUYECKM PEe3yNbTaToM aHHOTO UCCIEA0BaHNA ABNSETCA TO, UTO TEOPETUUYECKOE U3yUYeHWe TaknX MONeKYNSPHbLIX CUCTEM B CO-
YeTaHum ¢ GNYopecLieHTHON XapaKTepuCTUKO BO BPEMS CMHTE3A MOXET ObiTb MPUMEHEHO AN KOHTPONS UMMPUHTMHIA W CO3AAHMS HOBBIX
UMNPUHTUPOBAHHBIX 6€/1KOB C LWMPOKUM CMEKTPOM MPUMEHEHMS.

KnioueBble cnoBa: UMNPUHTMPOBaHHbIE Genki, MONeKynspHas AMHAMUKa, MeTaANHAMMKa, Oblunii CbIBOPOTOUHBIA anbOyMuH, GyopectieH-
L9, AMHaMUYecKoe paccesHue (BeTa

bnarogapHocTu: Pa6oTa BbinonHeHa npu GuHaHCoBOI noAaepxke Poccuiickoro Hay4Horo ¢poHaa (npoekt Ne 22-16-00102). MogenupoBaHue
M/ npoBOAUAOCH Ha BbICOKONPOWU3BOAUTENBHON BbIYNCANTENbHON cMcTeMe CapaTOBCKOro HALMOHANbHOTO MCCNe0BaTeNbCKOr0 roCyAapCTBeH-
HOro yHuBepcuTeta uMeHn H. T, YepHbiiweBckoro.

Jns yutnposanus: llicheva P. M., Reshetnik I. A., Drozd D. D., Pidenko P. S., Burmistrova N. A. Characterization of imprinted albumin
by molecular modelling and spectroscopy [Aasuyesa 1. M., Pewemtuk U. A., fipo3d 4. 4., Mudetko I1. C., bypmucmposa H. A. XapakTepu3auus um-
MPUHTUPOBAHHOIO aNbOyMIHa METOAAMM MONEKYNIPHOr0 MOAENNPOBaHNSA 1 ciekTpockonin] // N3Bectus Capatosckoro yHuBepcuTeTa. Hosast
cepus. Cepusi: ®usmka. 2025. T. 25, Bbin. 2. C. 222-229. https://doi.org/10.18500/1817-3020-2025-25-2-222-229, EDN: KLFIBO

CraTbsl OMy6nMKOBaHa Ha ycnoBusx nuLen3mun Creative Commons Attribution 4.0 International (CC-BY 4.0)

Introduction sors [4-7], and the materials based on molecularly

imprinted inorganic carriers are mainly used in solid-
phase extraction [8—10]. Nevertheless, these methods
have limitations of applicability in aqueous solutions,

Developing synthetic recognition systems is a
widespread direction of analytical chemistry. The
most attractive way to replace natural biological

recognition systems is based on applying molecu-
larly imprinted polymers (MIPs) due to their relative
stability and low cost [1, 2]. It is well-known
that there are problems related to the polymer ma-
trix homogeneity, such as the deep location and
inaccessibility of binding sites during polymerization

in bulk that may arise when developing MIPs [3].

To overcome this problem, surface imprinting meth-
ods, such as obtaining molecular imprints on the
surface of inorganic sorbents or in a layer of poly-
electrolytes applied to a substrate, are widely used [2,
3]. Such imprinted films are widely used in biosen-
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which is a key disadvantage of their applicability in
biological systems.

The development of protein imprinting technol-
ogy that combines the properties of natural protein
matrix and the unique characteristics of imprinted
materials opens new horizons for biomedical appli-
cations, including design of artificial enzymes and
biocatalysis [4, 11, 12]. Formation of molecular
imprints on the protein surface (also known as con-
formational modification, imprinted proteins (IPs),
bioimprinting, enzymatic memory, etc.) allows to
control various functions of native proteins. The
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relevance of developing IPs is that they can bind
with various medicinal and bioactive substances, be-
coming drug carriers. Imprinting of bovine serum
albumin (BSA) in the presence of 4-hydroxycoumarin
(4-HC) have been described recently [13]. Despite
the obvious promise of their application, there is
no comprehensive experimental characterization of
IPs during synthesis as well as structural information
about IPs formation that could help to precisely con-
trol their properties.

In this work, we describe the structural and spec-
tral characteristics of BSA imprinted in the presence
of 4-HC to study how pH during synthesis effects
the resulting IPs structure. We evaluate structural
changes in BSA induced by pH changes via steady-
state and time-resolved fluorescence combined with
molecular dynamics (MD) and metadynamics tech-
niques. The variability of the protein matrix and
template molecules can allow to create new IPs with
a wide range of applications.

Experimental Section

1.1. Materials

BSA, 4-HC (98%) and glutaraldehyde (GA)
(50 wt% aqueous solution) were purchased from
Merck (Merck KGaA, Germany), phosphate-buffered
saline (PBS) was prepared from tablets (Rosmed-
bio LLC, Russia). All solutions were made using
deionized water with specific resistivity higher than

18.2 MQ cm™! from the Milli-Q (Millipore, USA).
The purity of all other chemicals was analytical grade.

Disposable PD-10 gel filtration desalting columns
(GE Healthcare UK Ltd., UK), 30 000 MWCO
Dispo-Biodialyzer (Biodialyzer, JET Bio-Filtration
Co. Ltd., China) for centrifuge concentration and 10
000 MWCO dialysis bags (Thermo Scientific Inc.,
USA) were used to carry out the purification.

1.2. Imprinting procedure

The imprinting of BSA was carried out according
to the standard technique of imprinting described by
Liu et al. [14] with some modifications. To summa-
rize, 1 mg of BSA was dissolved in 1 mL of water
and incubated at room-temperature (RT); the mixture
stirred for 10 min. Subsequently, the pH of protein
solution was adjusted to pH 3.0 by adding the re-
quired quantity of hydrochloric acid and stirred for
10 min. 100 pL of 200 pg-mL~! ethanol solution
of 4-HC (template molecule — the molecule that will
be imprinted) was added to protein solution and incu-
bate (RT) with the mixture stirred for 20 min. Then
mixture pH was adjusted to 9 with 0.1 M solution
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of NaOH to cross-link the protein:template complex
with 100 puL of glutaraldehyde solution (1% v/v in
H,0, (GA)). The final mixture consisting of IPs and
unreacted components (pH 8) was placed into fridge
(4°C), stirred for 30 min and left for 18 h without
stirring. None imprinted protein (nIP) was obtained
using a similar procedure without the template addi-
tion step.

1.3. Spectroscopic measurements

Fluorescence spectra were recorded using Cary
Eclipse Fluorescence Spectrophotometer (Agilent
Technologies, USA) in the spectral range of 250—
550 nm with the resolution of 1 nm and optical path
length of 1 cm. The intrinsic protein fluorescence
of BSA was recorded using excitation at 290 nm.
Fluorescence lifetime measurements were performed
using DeltaPro TCSPC Lifetime Fluorometer (Horiba
Scientific, UK). Decay curves were approximated by
the 3-exponent subject to IRF via Horiba EzTime
software. Dynamic light scattering (DLS) measure-
ments were carried out using a Zetasizer Advance
Ultra (Malvern Panalytical, UK) equipment complex
for studying the characteristics of dispersed systems.

1.4. Computational details

The crystallographic structure of BSA (PDB ID:
4F5S) at the resolution of 2.47 A was downloaded
from the Protein Data Bank database [15]. For calcu-
lations, we considered the monomeric form of BSA.
Protein structure preparation included addition of hy-
drogen atoms and missing amino acid side chains,
removal of solvent molecules, and adjustment of the
protonation state. The protonation state was adjusted
to simulate a lower pH value (3.0). All lysine (Lys),
arginine (Arg), and histidine (His) residues were
positively charged. All-atom MD simulation was per-
formed using the GROMACS package v.4.5.410 [16].
Protein parameters were generated using OPLS-AA
force field [17]. Protein was immersed in a cubic box
(19x19%19 nm?) containing 235580 water molecules
with a 4.5 nm buffer zone from the surface of the pro-
tein. System was solvated with TIP3P water model.
The Total number of atoms was 716075. Charge neu-
tralization was carried out by adding 99 chloride ions.
System preparation included minimization and equi-
libration stages. We ran three replicate equilibrations,
with randomized initial velocities. Finally, 40 ns
of production MD runs were performed allowing all
molecules to move in all directions.

Well-tempered metadynamics simulations were
performed to reconstruct the free energy surface
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P. M. llicheva et al. Characterization of imprinted albumin by molecular modelling and spectroscopy N @

(FES) of the system. The metadynamics simula-
tions were performed with two collective variables.
A metadynamic potential of 1 kJ/mol was applied ev-
ery 500 steps. The potential width was chosen based
on an unbiased run and was 0.04 radians for the col-
lective variable (CV), corresponding to angle, and
0.08 nm for the CV, corresponding to distance. The
bias factor was set to 20. FES was built based on the
reweighted data. The simulation time was 100 ns.

2. Results and Discussion

2.1. Conformational changes of BSA under acidic
conditions

The initial stage of imprinting process is the pro-
tonation of amino acid residues of a protein under
acidic conditions (pH 3.0). pH-dependent changes
in the protonation state of protein can affect almost
all molecular mechanisms related to protein func-
tions and stability. Ignoring protonation changes
can be misleading in predicting the binding sites of
molecules due to the large effect of desolvation of
buried charged groups and stronger interactions inside
the protein interior. In this regard, we set the required
protonated states of titratable amino acid residues
(Asp, Glu, His, Lys, Arg) of BSA at pH 3.0 according
to their acidity constants before simulation. The total
charge of BSA molecule at pH 7.4 and at pH 3.0 was
—17 and +99, respectively. It should be noted that the
calculated positive charge is in good agreement with
the previously reported charge value of BSA at low
pH [18-21].

Molecular modelling has shown that the mech-
anism of BSA conformational state changes is
associated with displacements of molecular domains
relative to each other (Fig. 1). When an individ-
ual protein is highly charged, strong intramolecular
electrostatic repulsions cause partial unfolding of the

Protonation under
acidic conditions

Stage 1

8t
R 8
e S0 t (S
AT EY
-

protein. This is due to significant displacement of
D3 domain in relation to the original position. Ac-
cording to some studies, partial unfolding of BSA is
associated precisely with an increase of the average
distance between D1 and D3 domains [19, 20]. Large
changes of root mean square deviation (RMSD) indi-
cate that BSA is undergoing a large conformational
change during the simulation (Fig. 1).

MD simulations were performed for several tens
of nanoseconds. Although extensive by current stan-
dards, these computational times were not sufficient
to sample the large-scale conformational changes
which typically occur in hundreds of microseconds
and were only suggestive of a possible pH desta-
bilization [22]. Therefore, we used metadynamics
which successfully applied for mapping the FES of
biomolecular processes [23]. Metadynamics is an
atomistic simulation technique that allows, within the
same framework, acceleration of rare events and es-
timation of the free energy of complex molecular
systems. Metadynamics makes it possible to accel-
erate conformational transitions between metastable
states, broadening the scope of molecular dynamics
simulations. It is based on iteratively ‘filling’ the po-
tential energy of the system by a sum of Gaussians
centered along the trajectory followed by a suitably
chosen set of collective variables (CVs), thereby forc-
ing the system to migrate from one minimum to the
next.

In Fig. 2, the free-energy landscape is repre-
sented as a function of two CVs: the average distance
and the angle between D1 and D3 domains. The free-
energy landscape that we calculated illustrates explic-
itly the presence of one distinct state of BSA: 3.05 nm
and 1.53 radian correspond to the minimum energy
(AG = —6.14 kJ-mol1). This representation reveals
the organization of the free-energy landscape, with a
deep minimum corresponding to F-isoform of BSA.

,;“ J i ;‘\ rL ﬂ r,u"‘ﬂ*luv,' \m
o] | M/ Wil

’J L

i o+

10 15 20 25 30 35 40

Time [ns]

Fig. 1. Molecular structure of BSA at different IPs synthesis stages: A — Native structure corresponds to PDB ID 4F5S; three

main domains are shown in blue, red, and grey, respectively; tryptophan residues are shown in green; B — Protein protonation

(pH 3.0) is associated with the event of new conformation formation; C — Average RMSD of C-alphas of BSA during molecular
dynamics simulation
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This result is confirmed by the analysis of the spectral
parameters of BSA.
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Fig. 2. FES of free BSA during metadynamics simulation

(color online)

2.2. Spectral characterization of free BSA
at various pH

A feature of intrinsic protein fluorescence is
the high sensitivity of tryptophan (Trp) to its lo-
cal environment that can change in response to
conformational changes, subunit association, or de-
naturation. The emission of indole group of Trp may
be blue shifted if the group is buried within a native
protein, and its emission may shift to longer wave-
lengths (red shift) when the protein is unfolded [24].
The fluorescent properties of BSA are due to the
existence of two Trp residues in different positions,
one located on the protein surface in domain I (Trp-
134), more exposed to the hydrophilic environment,

A

300 T T

pH3 pH 5 pH8
2504 -

2004 -

150 B

Intensity

100+ B

50+ ¢

400
Wavelength [nm]

300 350 450 500

and the other one in the hydrophobic pocket in do-
main IT (Trp-213). Fluorescence spectroscopy was
carried out to investigate the conformational changes
of BSA molecules as a function of pH (Fig. 3A).
At pH 5 — near the isoelectric point (~4.8) of BSA —
fluorescence has maximal intensity. When the pH
shifted (to more acidic or alkaline range), a de-
crease in the intensity and blue shift of fluorescence
maximum were observed, reflecting the predomi-
nantly nonpolar character of the indole environment.
The relatively compact molecular structure ensures
efficient energy transfer from phenylalanine (Phe)
and tyrosine (Tyr) to Trp at pH 5 (near the iso-
electric point). Trp electronic distribution in the
ground state differs between protonated (low pH)
and non-protonated (high pH) states. The presence
of hydrogen on the Trp quenches the amino acid
fluorescence excitation intensity, which reduces the
final protein fluorescence intensity. The interdomain
separation caused the exposure of the Trp residues
that were buried between domains and resulted in
an increase in the solvent accessible surface area
(SASA). Trp residue emission can be described with
three fluorescence lifetimes, and it is not possible,
in BSA, to assign a specific lifetime to a specific
Trp residue [25]. Two different lifetimes (~0.5 and
~3.1 ns) are due to the emission from two nearly
identical electronic absorption transitions 1L, and
1L, of Trp. A third fluorescence lifetime of Trp
(ranging from 6 to 9 ns in human and bovine serum
albumins) is a result of the interactions of the sur-
rounding with Trp. In all cases, three exponential
functions were required to fit the data and the lifetime
components (t;) were 2.84 ns, 6.31 ns, and 0.16 ns
for pH 5.0 (Table). The x, value was close to 1 for

10000

1000

Counts [a.u.]

100

Time [ns]

Fig. 3. pH-dependent spectra of the BSA: A — fluorescence spectra, B — fluorescence decay curves (color online)
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all cases, which validates our model. pH shifting in-
duces small but significant modifications in lifetime
values: 2.31 ns (—19% at pH 3.0) and 2.97 ns (+5%
at pH 8.0) for t;; 5.51 ns (-13% for pH 3.0) and
6.44 ns (+2% at pH 8.0) for 15; 0.29 ns (+81% at
pH 3.0) and 0.27 ns (+69% at pH 8.0) for t3. When
pH shifts from 5.0 to 3.0 the average lifetime drops
about 20%. The protonation of Trp decreases fluo-
rescence lifetime values, a phenomenon identical to
that observed with fluorescence excitation intensities.
Thus, we have a correlation between Trp protonation
and fluorescence intensity and lifetime values.

DLS was used to reveal changes in aggregate
formation in BSA solutions with different pH. As can
be seen from Fig. 4, aggregation did occur for the par-
tially unfolded form of BSA. The authors of Ref.[19]
also suggested the coexistence of monomers (~70-
80%) and dimers (~15-25%) at a similar pH value
measured by high-performance liquid chromatogra-
phy. The results of MD simulation confirmed DLS
results, that shows that the exposure of the hydropho-
bic surface under acidic conditions can mediate BSA
dimerization, since the protein tends to hide exposed
amino acids by binding to another monomer.

2.3. Spectral characterization of BSA during IPs
synthesis (BSA in the presence of 4-HC)

When BSA makes conformational transition
with lowering the solution pH to 3.0, the flu-

orescence intensity decreases, and the spectrum
blue shifts from 350 nm to 338 nm (Fig. 5F).
The excitation—emission matrix (EEM) of BSA has
one emission spot at pH 3.0 (Aex = 260-290 nm)
(Fig. 5B). Adding 4-HC leads to decreasing the flu-
orescence intensity and red shifting from 338 nm
to 342 nm. The red shift of the fluorescence max-
imum indicates the process of association between
the protein matrix and template molecules. In the 3-
dimensional spectral analysis for BSA in the pres-
ence of 4-HC, overlapping of protein and template
signals were found (Fig. 5). The fluorescence
spectrum of 4-HC with an excitation range of 230—
320 nm and local emission maxima at 350—-375 nm
was observed. When pH increases to 8.0, the red-
shift and decrease of the fluorescence intensity were
observed; EEMs shows an intensive 4-HC signal,
which relates to additional binding sites formation.
Cross-linking leads to a significant decrease of the
fluorescence intensity due to strong absorbance of
GA around 280 nm. The emission maximum of fi-
nal IPs after removal of templates had one emission
spot, which is close to individual BSA at pH 3.0, in-
dicates that the final IPs had the same conformation
of BSA.

Thus, the conformational differences between
free at pH 3.0 and the final imprinted protein are
insignificant. We hypothesizes the stability of pro-
tein matrix increases after association under acidic

Table. Fluorescence Decay Fitting Parameters for BSA

pH T1, NS T, NS T3, NS <T>,ns X2
3.0 2.31 5.51 0.29 4.70 1.11
5.0 2.84 6.31 0.16 5.88 1.07
8.0 2.97 6.44 0.27 5.95 0.99
20 pH 204 pH
T 74 []3.0
15 { 154 HH
= b = :
= = A
%10 R ? 104
c =
g i g
54 5
0 DI. ’ M—'I'FHJ:IJJ.T,; ; ; 0 [|: |EIZ 3 = :
1 10 100 1000 10000 1 10 100 10000

Diameter [nm]

Fig. 4. Particle size distribution of BSA (C = 1 mg/mL) depending on pH (color online)
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Fig. 5. Fluorescence heatmaps during synthesis: A — purified IPs, B — BSA at pH 3.0, C — BSA-4-HC at pH 3.0, D — BSA-4-
HC at pH 8.0, E — BSA-4-HC at pH 8.0 with GA, F — 2D fluorescence spectra during synthesis (color online)

conditions during synthesis. After association the
protein with new protonation state at pH 8.0 can-
not change conformation due to partial shielding of
the functional amino acids. The binding interaction
drives the protein towards a new conformation of
only local binding regions that become more com-
plementary to template molecules.

Conclusions

In this paper, an approach based on fluo-
rescence spectroscopy combined with molecular
modelling has been proposed to characterize the
protein matrix during imprinting process. The re-
sults of the study of the influence of synthesis
conditions on the BSA structure have shown that
acidic conditions on the first stage of synthesis
can increase the solvent accessible surface area of
protein, adjust protonation state and stabilize asso-
ciation with template molecules.

An important practical result of this study is
that the theoretical study of such molecular systems
combined with fluorescence characterization during
synthesis can be applied to control the IPs formation
and to create new IPs with a wide range of applica-
tions.
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