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Characterization of Ligand Binding in Human Serum
Albumin from Atomistic Energy Transfer Simulations

Ozge Ergiin, Andrea Bertran-Mostazo, Elena Cubero, Carles Galdeano,

and Carles Curutchet*

Forster resonance energy transfer (FRET) is a key biophysical method

for probing nanometer-scale distances in biomolecular systems,

but its direct application to protein-ligand complexes suffers from

substantial biases due to restricted chromophore orientations and the limited
validity of the point-dipole approximation. This study introduces a protocol for
identifying binding sites and characterizing ligand coordination modes in situ
by combining fluorescence spectroscopy with efficient atomistic simulations
based on the TrESP-MMPol model. The protocol integrates electrostatic
potential-fitted transition charges with a polarizable classical environment,
thereby overcoming the orientation and dielectric-screening assumptions
inherent to Forster theory. The protocol has been applied to human serum
albumin (HSA) and a library of fluorescent small molecules, including known
binders of the HSA, accurately reproducing the binding sites of naproxen,
carprofen, and indomethacin, and revealing novel binding scenarios for other
molecules. The results show that direct comparison of experimental FRET data
with atomistically simulated observables enables discrimination of plausible
binding models - including the site and binding mode — and avoids systematic
errors in distance estimation. The protocol is particularly attractive to examine
targets with a single tryptophan, and can also be extended to other targets

occurs, and this information can be used
to determine the Trp-ligand separation,
as usually done in the Forster resonance
energy transfer (FRET) method.l*13-10]
Similar analyses can be undertaken for
the opposite transfer phenomena, where
ligand fluorescence is quenched upon
protein binding.['”!8] Because of its sim-
plicity, fluorescence is indeed widely used
to study the non-covalent binding of
small molecules to proteins, for example,
to obtain binding affinities.['] Despite its
potential, however, FRET analyses aimed
at shedding light on the structure of
the underlying protein-ligand complex
suffer from several complications, like
inner-filter effects or changes in excited
state decay channels beyond FRET.[']

A more fundamental problem ham-
pering the application of FRET to protein-
ligand binding is related to the validity
of Forster dipole approximation, lead-
ing to the R™® distance-dependence of

of interest in drug discovery via site-labelling with unnatural amino acids.

1. Introduction

Fluorescence is used in a variety of spectroscopic techniques
to monitor structural changes in proteins!’® due to the
large sensitivity of tryptophan (Trp) emission on its molecular
environment.[*1%12] In protein-ligand complexes, Trp deactiva-
tion by electronic energy transfer to a proximate ligand often

FRET.®2] In common FRET constructs,
fluorophores are covalently attached
to proteins through flexible linkers,
giving them considerable rotational freedom. This allows a di-
rect link between efficiency and donor/acceptor separation, as-
suming an isotropic dipole-dipole orientation factor, k2 = 2/3.12!]
In a protein-ligand complex, however, the relative orientation of
Trp residues and ligands is typically limited.') The restricted
rotational freedom of fluorophores attached to ligands is fun-
damental, for example, in fluorescence polarization binding
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Figure 1. Protocol for the simulation of FRET distributions for binding modes of (S)-carprofen in the binding sites of human serum albumin based
on MD simulations and TrESP/MMPol calculations of electronic couplings. A) Molecular docking was used to generate plausible binding modes of
the ligand in the six binding sites of HSA. Site IIA and I1IA correspond to Sudlow’s site | (warfarin-binding site) and Il (benzodiazepine-binding site),
respectively. B) Classical MD simulations were performed to relax and sample the binding models of the ligand. C) The trajectory was postprocessed,
performing TrESP/MMPol calculations every 50 ps of the electronic coupling that mediates FRET based on transition charges precomputed from TD-
DFT transition densities. The image illustrates transition densities of carprofen and tryptophan excitations. D) Fluctuations of electronic couplings were
computed along MD trajectories. E) Distributions of FRET efficiencies were computed in an intermediate averaging regime to account for both dynamic

and static fluctuations.[16]

assays. In addition, the dipole approximation breaks down at
close Trp-ligand separations, especially when the rotational free-
dom is restricted,??! and dielectric screening effects due to the
polarizability of the environment introduce deviations with re-
spect to the simple 1/n? factor adopted in Férster theory, which
depends on the refractive index of the medium.[182324]

A route to avoid Forster assumptions consists of simulating
FRET data from structures obtained from molecular dynamics
(MD) simulations.2%-38] Donor-acceptor couplings can then be
computed along the trajectories beyond Férster dipole approx-
imation, and the validity of binding models (binding site and
mode) generated in silico can be directly assessed by comparison
to experimental data. We applied this strategy to rationalize the
enantioselective fluorescence quenching observed in the com-
plex between flurbiprofen and human serum albumin (HSA)
using polarizable quantum/molecular mechanics (QM/MMPol)
calculations, where FRET electronic couplings were estimated
from QM transition densities with explicit inclusion of screen-
ing effects exerted by the atomistic environment.'6183% Routine
application of this strategy to screen a variety of binding sites
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is, however, computationally expensive, and requires a careful
identification of the participating excited states in the multiple
QM/MMPol calculations performed along MD trajectories.
Here, we have developed a protocol, shown in Figure 1,
that overcomes these limitations using the TrESP-MMPol
model,2**] which adopts electrostatic potential-fitted transition
charges coupled to an atomistic polarizable classical environ-
ment to estimate couplings in an efficient yet accurate way, thus
avoiding the need to perform multiple QM calculations.?* We
have applied this protocol, combined with fluorescence spec-
troscopy, to identify ligand binding sites and binding modes in
HSA. HSA is the major transport plasma protein, which mod-
ulates the pharmacodynamic and pharmacokinetic profiles of
drugs, and presents attractive features to investigate the limits of
the protocol, namely the presence of multiple binding sites and
a single Trp residue in position 214.11-%1 This allows to investi-
gate if our models are able to resolve FRET differences among
binding sites spanning a range of Trp-ligand distances from x5
up to ~40 A. We have applied the protocol to a library of fluo-
rescent small molecules, including known binders of the HSA
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(naproxen, carprofen, and indomethacin) and other fragments.
Crucially, we have detected binding through changes in the pro-
tein intrinsic fluorescence, whereas FRET has been used to ob-
tain spatial resolution and identify the binding site involved and
characterize the ligand binding pose. For molecules with positive
binding, we have thus generated in silico binding models with
specific poses in each binding site that are validated by compari-
son of measured and simulated FRET efficiencies.[?]

Overall, our results warn against the estimation of Trp-ligand
distances directly from FRET experiments and demonstrate the
potential of atomistic simulation protocols for a more faithful
interpretation of FRET data. Indeed, examination of FRET data
compiled for a variety of ligands in HSA has been shown to
lead to biased distributions characterized by rather large donor-
acceptor distances, inconsistent with the notion that both Sud-
low’s site I (IIA) and II (IIIA) are the major ligand binding
sites.’”] The protocol thus paves the way for extracting the
rich structural data underlying FRET processes in common
fluorescence-based assays of protein-ligand binding. The proto-
col can complement structure-based drug design tools and tech-
niques like structure-based NMR, cryo-EM, or X-ray crystallogra-
phy, and can be of special relevance in fragment-based campaigns
and drug screenings where allosteric pockets are aimed, where
the target binding site is sometimes not elucidated. In this case,
the protocol could allow a fast discrimination of the spatial re-
gions of the target involved. In this context, additional fragment
screenings can also be performed with larger collections of fluo-
rescent molecules beyond the initial library adopted here, taking
advantage of the large compilations of optical properties for small
molecules currently available.l*¢] Otherwise, chimeric fragment
libraries can be prepared by attaching a known fluorophore to dif-
ferent fragments, and this has the advantage that all fragments
share the same FRET properties, which reduces uncertainties in
both the theoretical and experimental processing of results.[*/]

We base our protocol on the intrinsic protein fluorescence,
originated from Trp or other aromatic residues. This can be prob-
lematic if several Trp residues are present in a target, or if the Trp
fluorescence is sensitive to structural changes upon ligand bind-
ing, which can lead to fluorescence quenching unrelated to FRET.
In those cases, we envision improved protocols based on unnatu-
ral fluorescent amino acids,*’! which enable site-specific labeling
of proteins through genetic engineering and avoid the complica-
tions of Trp emission. As an alternative, a dye can be attached to
a given residue using, for example, maleimide chemistry, com-
mon to label Cys residues in dye-labelled FRET constructs. How-
ever, linker flexibility in the latter case could diminish the ca-
pability of simulations to resolve binding models characterized
by different ligand-dye orientations. Nevertheless, site-labelling
with unnatural amino acids or extrinsic dyes in protein-ligand
complexes has the advantage of better fluorescent properties and
the possibility to place the FRET “radar” in the region of inter-
est in the biomolecule. Our atomistic protocol could be applied
to such different situations and to characterize macromolecule
recognition events linked to protein-protein and protein-DNA in-
teractions. Alternatively, the protocol can also be applied to tar-
gets with multiple Trp residues, but this would require addi-
tional modelling of energy absorption and redistribution among
the multiple chromophores, which presumably would lower the
accuracy.!°)
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2. Results and Discussion

2.1. Generation of Plausible Protein-Ligand Binding Modes

HSA is a protein that contains three helical domains (I-I1I), each
one involving two subdomains (A and B). The protein has two
main hydrophobic binding sites for aromatic and heterocyclic
molecules, sites IIA and ITIA, which correspond to Sudlow’s site
I (warfarin-binding site) and II (benzodiazepine-binding site), re-
spectively, and four additional ligand binding sites have been de-
scribed (Cleft, IB, ITA-IIB, and IIIB), as shown in Figure 1.1*!]
We thus performed molecular docking simulations to gener-
ate plausible binding models of all the ligands in the six bind-
ing sites, including the known HSA binders (S)-carprofen, (S)-
naproxen and indomethacin, as well as the fluorescent frag-
ments 1-naphthol, 2-naphthol, N-(1-naphthyl)ethylenediamine
(NNE), 9-acridinecarboxylic acid (ACA) and (quinoline-8-yloxy)-
acetic acid (QAA). In several cases, we found different orienta-
tions of the ligand in a protein binding site. For each site, we thus
selected the three poses with the best docking scores and inves-
tigated the stability of these poses by MD simulations. In some
cases, the ligand left the initial binding pocket. We thus estimated
the stability of the ligand in each site by calculating the percent-
age of stable trajectories out of the nine total replicas started for
the ligands in each pocket. The results are shown in Figure 2. The
drugs (S)-carprofen, (S)-naproxen, and indomethacin displayed
the largest stability, with values >80% for almost all six binding
sites. For the other ligands, we found stabilities >80% for ~2—
4 sites and ~20-60% for the other, except for NNE, which was
somewhat less stable. Binding to sites IIA-IIB and IIIA was found
to be slightly more robust than to the other sites.

We then performed an energetic analysis of the trajectories
by computing MM-GBSA binding free energies to shed more
light on the relative stability of the ligands in each pocket.
Again, (S)-carprofen, (S)-naproxen, and indomethacin showed
the larger binding energies, in agreement with the stability dis-
cussed above. The energy differences for a given ligand between
sites were however moderate, and the accuracy of MM-GBSA
does not allow to draw solid conclusions on the identification of
the most favorable binding sites for each ligand. For cases like in-
domethacin, the binding sites ITA and IIIA displayed the largest
binding affinities, followed by site IB, in reasonable agreement
with the known binding of indomethacin to 1B and I11A.[**] For
(S)-carprofen and (S)-naproxen, which are known to bind prefer-
entially to site IIIA, binding affinities for that site were similar to
those found for other ones. For ACA, simulations performed on
the less stable zwitterionic protonated form (see Figure S1, Sup-
porting Information) led to slightly lower stabilities and binding
affinities compared to the deprotonated form, supporting the ex-
pectation that the latter form is mainly involved in HSA binding.

2.2. Energy Transfer Observables for Specific Ligand Binding
Modes

The binding modes generated from docking and MD were then
used to simulate the FRET observables expected for ligands
bound in each site of HSA. Our aim was two-fold. First, to in-
vestigate the performance of the TTESP-MMPol@MD protocol
compared to the dipole approximation to validate binding modes

© 2025 The Author(s). Small Methods published by Wiley-VCH GmbH

85US0| 7 SuoWIWOD aAIEs.1D) 3|qeol|dde ayy Aq peusenob are s9o1e YO 8sn Jo S3|n. Jo ARig1T 8UUQ /8|1 UO (SUORIPUOD-PUR-SWRIAW0Y A3 | 1M AReIq U1 |UO//SdNY) SUONIPUCD pUe Swie | 8yl 88S *[SZ0z/2T/c0] uo Aklqiauliuo A8|IM ‘(PepiUes ap oLBISIUIA) UOSINOIY U N SURIY0D Usiueds Aq 0Z8T0SZ0Z PIUS/Z00T OT/I0P/W0d A8 |im ARe.qipuluoy/:sdny woiy pepeojumod ‘0 ‘809699E2


http://www.advancedsciencenews.com
http://www.small-methods.com

ADVANCED
SCIENCE NEWS

small

methods

www.advancedsciencenews.com

www.small-methods.com

1-Naphthol 2-Naphthol N-(1-Naphthyl)ethylenediamine

o D Qo e 100
5
£ 30 1 ] '\3
E 60 3
< 20 -y
4 %

0 Ll

Cleft 1B IIA-1IIB 1IA 1IIA 1B Cleft B IIA-IIB A IIIA IIIB Cleft IB IIA-IIB IIA IIIA IIIB
9-acridinecarboxylic acid Carprofen fj Naproxen
¢ 100

O
40 B o
N~

-AGng (kcal/mol)

Cleft 1B IIA-IB 1A 1IIA 1B Cleft 1B lIA-IIB

(quinolin-8-yloxy)-acetic acid &§7

40(E|\"\/L

-AGbind (kCal/moI)

Cleft IB llA-IIB 1IA [IIA 1IIB Cleft IB lIA-IIB

%l[[[lllllllll[[[[[}
TTIITE

Stablllty (%)

IIA- 1A 1B Cleft 1B IIA-IB 1IA 1lIA 1B

Indomethacin

100

(o]
o

- MM-GBSA AGbind

MD Stability

Stability (%)

N
o

IIA 1A 1B

Figure 2. MM-GBSA binding free energies and percent of stable replicas obtained from MD simulations started from the three best docking poses of

the ligands in the six binding sites of HSA.

by comparison with experimental FRET data. In addition, we
aimed to investigate the potential pitfalls involved in the com-
mon simple conversion of FRET measured efficiencies to struc-
tural data (Trp-ligand distances), assuming Forster theory. We
thus generated electronic coupling trajectories for the ensemble
of stable MD replicas obtained for a given ligand in each bind-
ing site. We investigated three levels of accuracy: i) PDA@MD,
based on the point dipole approximation (PDA) assuming a ran-
dom isotropic distribution of Trp-ligand orientations (k2 = 2/3),
ii) PDA@MD incorporating the x? values computed from the rel-
ative Trp-ligand orientations sampled along MD trajectories, and
iii) TTESP-MMPol@MD with full account of the shapes of the lig-
ands and the details of the environment using distributed sets of
transition charges coupled to a polarizable force field description
of the surroundings.

In Figure 3, we show the significant deviations found for
Forster dipole-dipole and screening model to describe the inter-
actions mediating FRET in the protein-ligand complexes. The
average values of the ratio V,p,/Vy5sp between unscreened
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coulombic coupling terms (black curve in Figure 3A) tend to 1 at
large donor/acceptor (D/A) distances, showing as expected larger
deviations at close D/A separations. Nevertheless, significant de-
viations were still found at all distance ranges studied, as appar-
ent from the density of data points departing from the ideal red
line. Previous studies have shown that PDA deviations can per-
sist at separations larger than the molecules dimensions when
the rotational freedom is restricted.””) In Figure S2 (Supporting
Information), we provide the plots for each ligand, which show
that the ratios clearly tended to one, especially for smaller ligands
like 1-naphthol, 2-naphthol, or NNE. However, for some large lig-
ands like ACA or (S)-naproxen, significant deviations were still
found beyond 25 A.

Whereas the PDA mostly breaks down at close D/A separa-
tions, Forster screening factor s = 1/n? can lead to important de-
viations at all D/A distance ranges. This is in line with other re-
ports, which show that Forster factor leads to a systematic under-
estimation of screening and neglects its dependence on mutual
D/A arrangement or differences in the local environment, for

© 2025 The Author(s). Small Methods published by Wiley-VCH GmbH
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Figure 3. Deviations of Férster point dipole approximation with respect to atomistic TTESP-MMPol electronic couplings computed for all ligand-HSA
complexes. A) Density distribution of ratios Vppa/Vyesp between (unscreened) PDA and TrESP coulombic coupling contributions as a function of D/A
separation, i.e., V¢, in Equation (6). Black dashed curve: average over 1 A distance bins; red dashed line: ideal Vpps/Vyesp ratio = 1. B) Density
distribution of TrESP-MMPol screening factors as a function of D/A separation. Black dashed curve: average over 1 A distance bins; red dashed line:

Forster factor s = 1/n.

example, due to varying degrees of solvent exposure.!1624]
Here, we found significant deviations for protein-ligand com-
plexes. The atomistic TrESP-MMPol screening factors shown in
Figure 3B indicate that screening effects are significantly atten-
uated (larger s values) compared to Forster factor s = 1/n?, in-
dicated by the red line. In Figure S3 (Supporting Information),
we show the individual distributions found for each ligand. In-
terestingly, the actual degree of screening depends on the spe-
cific details of the binding site, due to differences in amino acid
composition or the degree of ligand solvent exposure, as one can
identify different regions of points characterized by different D/A
distances. In turn, screening effects do not markedly depend on
the nature of the ligand. For example, for almost all ligands, at
short distances ~5 A, we found s values ~0.8, which are linked to
binding in site IIA, Sudlow’s site I, in contact with Trp214. The
average MD distances sampled for the ligands on each site are
provided in Table S3 (Supporting Information).

When D/A distances data are commonly extracted from ex-
periments through Equation (3), based on the Forster critical
radius R, of the dye pair, one further assumes an isotropic en-
semble of D/A orientations. We also explored this assumption
by computing the actual distribution of x? dipole-dipole orienta-
tion factors, which we then compared to the ideal isotropic dis-
tribution in Tables S4-S12 (Supporting Information). Somewhat
unexpectedly, and despite the limited conformational freedom
of the donor Trp214, we obtained quite extended distributions
of orientation factors. This is especially true for the smaller lig-
ands 1-naphthol, 2-naphthol, which have a larger rotational free-
dom and displayed distributions close to the random isotropic
assumption. For other ligands, however, the distributions were
still far from this, and the average x? values deviate significantly
from the isotropic limit, k2 = 2/3.

We then calculated FRET efficiencies expected from each site,
considering the orientational dynamics of the dyes using the
expression in Equation (5), which allows to incorporate static
and dynamic disorder by separating slow and fast fluctuations
in instantaneous transfer rates, a timescale separation dictated
by the fluorescence lifetime of HSA. In Figure 4, we report the
resulting distributions of FRET efficiencies computed using the
rigorous TrESP-MMPol@MD protocol, with experimental FRET
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values derived from fluorescence ligand titrations indicated by
the vertical red lines. In Figures S13-S15 (Supporting Informa-
tion), we compared these distributions with those obtained by
PDA@MD protocols, considering specific MD orientations or
assuming the isotropic limit. It can be observed how the over-
all TTESP-MMPol@MD distributions deviated from Férster PDA
models, leading to more extended ranges of efficiencies charac-
terized by higher values, as it is apparent, for example, for the
distributions arising from ligand binding in site IB. The distri-
butions also showed that there is significant static disorder, and
the ensemble efficiency values cannot reflect the richness of the
underlying ensemble of conformations, which strongly impact
the resulting FRET properties. In Table S5 (Supporting Informa-
tion), we also report the errors in average efficiencies obtained us-
ing the PDA@MD protocols, which show that using the PDA on
specific MD orientations leads to mean unsigned errors (MUE)
up to 0.08 in the resulting efficiencies.

We then examined how Forster assumptions encapsulated in
Equation (3), which relates efficiencies with distances, bias the
experimental determination of D/A separations. To this end,
we simulated an experimental efficiency distribution that cor-
responds exactly to our MD ensemble by using the TrESP-
MMPol@MD distributions shown in Figure 4. Then, we used
Equation (3) to transform these efficiencies to D/A distances,
which can be compared to the actual exact distances sampled
along the MD trajectories. This analysis, reported in Figure 5,
showed that, in some cases, cancellation of errors in Forster
model leads to pretty good distance distributions, for example,
that found for the ligands in site IIA. At large separations, the
errors can be very significant, as those found for ligands in site
I1IB, the one located further from Trp214 at ~35-40 A, in which
distances can be biased by >5 A. In Table S3 (Supporting Infor-
mation), we report the corresponding average distances for the
ligands in each binding site, whereas in Table S4 (Supporting In-
formation), we report a summary of the statistical errors in dis-
tances extracted from the efficiencies compared to the MD values.
The results show that MUE errors amount to 1.4 A for all systems
considered, but increase up to 1.7 and 2.7 A for the ligands in
sites IB or I1IB, e.g., we find the largest deviation 7.0 A, for pro-
tonated ACA in site IB. Notably, these results demonstrate that
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3SUBD|T SUOWWOD aAIEaID a(qedi|dde ay) Ag pausanoh are sajofte YO ‘s Jo sajni 10} ARid1T auluQ A8]IAA UO (SUORIPUOD-PUR-SWLB)WI0D A3 [IMAelq 1Rl |U0//SANY) SUORIPUOD PUe SWB | aU) 883 *[GZ0zZ/ZT/S0] Uo ARlgiTaulug AB[IM ‘(Pepiues ap 0LRISIUIN) UOSIAOL [BUOIEN aURIU0D Usiueds Aq 0Z8T0SZ0Z PIUS/Z00T OT/I0PAU0d A8 1M AReiq 1 juluo//:sdny Wwoij papeojumod ‘0 ‘809699€2


http://www.advancedsciencenews.com
http://www.small-methods.com

ADVANCED
SCIENCE NEWS

small

methods

www.advancedsciencenews.com

www.small-methods.com

1-Naphthol 2-Naphthol N-(1-Naphthyl)ethylenediamine
2 Nisen | 2|
@ J i B 1 B ®
c ! c ' c
(] 1 (¥} i [)
2 ! 2 | 2
5 | 5 | 5
© ! © ! <
Qo 1 Qo 1 Qo
[ | o i [
o : o i o
00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 10
Efficiency Efficiency Efficiency
9-acridinecarboxylic acid Carprofen Naproxen
i = i \)L\ i
z | z @f} | 2l & |
2 ; 2l . : 2 L |
[} 1 (0] 1 [} 1
© H © H © !
= i = i = i
5 i s ; 3 i
[o] i ] 1 [ H
o) 1 o) 1 O 1
o : | £ | o |

00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 1.0
Efficiency Efficiency Efficiency

(quinolin-8-yloxy)-acetic acid Indomethacin

z| Ci L | > |

@ ‘ 1 w1 < i — Cleft

c ' c YO i — IB

S ! S | lA-1IB

£ ! =) ! lIA

g 5 8 ! — 1A

3 | 3 | — B

o ! o i

00 02 04 06 08 10 00 02 04 06 08 10

Efficiency

Efficiency

Figure 4. Distribution of FRET efficiencies for the ligands bound in the six binding sites of HSA: Cleft, IB, IIA-IIB, IIA, IlIA, and 111B. Efficiencies were
obtained from coupling trajectories using the TTESP-MMPol@MD computational protocol—atomistic transition charge couplings in a polarizable envi-
ronment. Vertical red lines indicate experimental FRET values derived from fluorescence ligand titrations.

employing the TrTESP-MMPol@MD protocol, instead of the stan-
dard Forster model, reduces the average error in calculated Trp—
ligand distances by ~1.4 A, but errors can be significantly larger
for specific cases, especially at larger separations. This significant
improvement underscores the necessity of atomistic simulations
to avoid the systematic distance deviations inherent to Forster’s
approximation. More importantly, the extended distribution of
FRET efficiencies is interpreted by Forster model as being origi-
nated from remarkable fluctuations in D/A separation, whereas
MD narrower distributions showed they actually arise due to fluc-
tuations in D/A orientation rather than separation. Estimated dis-
tances also tend to shift to lower D/A separations compared to
MD data, an effect linked to the overestimation of screening ef-
fects in Forster theory, as shown in Figure 3.
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2.3. Validation of Ligand Binding Modes from Fluorescence
Spectroscopy

We studied biophysically the interaction of HSA with the lig-
ands in our library by monitoring changes in the intrinsic pro-
tein fluorescence upon ligand titration. The results are shown in
Figure 6 for indomethacin, and in Figures S17-S24 (Supporting
Information) for the rest of the fluorescent molecules. In addi-
tion, in Table S6 (Supporting Information), we provide a com-
parison of the results using 280 and 295 nm excitation wave-
lengths, as well as the corresponding values obtained without ap-
plying inner-filter effect corrections. FRET efficiencies and disso-
ciation constants derived at 295 nm are expected to be more ac-
curate than those at 280 nm excitation, as they allow to minimize

© 2025 The Author(s). Small Methods published by Wiley-VCH GmbH
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Figure 5. Comparison of donor-acceptor (D/A) distance distributions obtained directly from MD trajectories (dashed curves) with those derived from
TrESP-MMPol@MD FRET efficiency distributions transformed into distances using the Férster model and Equation (3) (bold curves) for the ligands in
the six binding sites of human serum albumin (HSA): Cleft, IB, IIA-IIB, lIA, IlIA, and I11B. Deviations between the two sets highlight the impact of the
isotropic orientation assumption and the point dipole approximation, including dielectric-screening effects, in standard Férster theory.

contributions from the absorption of Tyr residues in HSA, al-
though in general we find quite consistent results. On the other
hand, for most ligands we work with absorbances up to ~0.1-0.3,
whereas for carprofen we reach values 0.7 at 295 nm. Whereas
for several ligands the resulting IFE corrections on efficiencies
are moderate, we find the larger impact on 1-naphthol, naproxen,
and carprofen. Indeed, for carprofen, the very large absorbances
up to x0.7 at 295 nm lead to inconsistent fits with a negative n
value and large differences compared to the 280 nm results, in
stark contrast with the other ligands. In this case, thus, the re-
sults at 280 nm, where absorption is halved and thus inner-filter
effects are much lower, appear more accurate, so for this ligand
we take this value as our reference.

In all cases, we observed significant quenching of the protein
emission band centered at 334 nm. We then calculated the disso-
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ciation binding constants (K;) and the solute binding parameter
n for each ligand: 1-naphthol (K; = 137 uM, n = 0.73), 2-naphthol
(K, = 6.6 uM, n = 0.71), NNE (K, = 3.5 uM, n = 0.33), ACA (K,
=15.5 uM, n = 0.67), (S)-carprofen (K; = 1.8 uM, n = 0.48), (S)-
naproxen (K; = 24 uM, n = 0.68), QAA (K; = 48 uM, n = 0.706)
and indomethacin (K; = 2.4 uM, n = 0.45). The K value obtained
for (S)-naproxen 24 uM was larger than values %0.6-1.1 um pre-
viously reported for its binding to the primary site of HSA 4841
whereas those found for (S)-carprofen 1.8 pm were similar to pre-
vious reports x0.2-0.9 um.>%3! For indomethacin, we also ob-
tained a K; value 2.4 pum similar than a previously reported value
(6.1 pna).152]

Next, the FRET efficiencies were determined from the quench-
ing of the protein fluorescence and corrected by the fraction of
ligand-bound protein according to the dissociation constants. We

© 2025 The Author(s). Small Methods published by Wiley-VCH GmbH
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Figure 6. Binding modes determined for indomethacin using the TTESP-MMPol@MD protocol. A) Fluorescence emission spectrum at 295 nm excitation
of the HSA-ligand complex ([P] = 5 um HSA in PBS 1x, 25 °C) at increasing ligand concentrations ([L] = 10, 50, 100 um), with fitted binding affinity (K)
and experimental FRET efficiency (E,,,) indicated. B) MM-GBSA binding free energies (AGy;,;) and percentage of stable MD replicas from the three
best docking poses in each binding site. C) Distributions of FRET efficiencies estimated from TrESP-MMPol@MD couplings for the ligand in all six HSA

sites; vertical red line = E,,,,. D) Binding modes in sites IB and IIA (centroids of the most populated MD cluster, green) compared to the known binding

modes in PDB ID 2BXM (pink).[*?]

find efficiencies ranging from 0.57 to 1.00: 1-naphthol (E = 0.46),
2-naphthol (E = 0.80), NNE (E = 0.55), ACA (E = 0.63), (S)-
carprofen (E = 0.81), (S)-naproxen (E = 0.57), QAA (E = 0.60)
and indomethacin (E = 0.73). These values were then compared
to the average FRET values predicted for the binding modes in
each site using the TrTESP-MMPol@MD protocol developed here,
reported in Table S3 (Supporting Information). In that table, we
also report the deviation between the experimental efficiency and
that predicted by the simulations for the ligands in each binding
site of HSA, which is our metric to rank the compatibility of the
binding models with experimental data. We note here, however,
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that this metric will be most accurate when the ligand binds a
single site, whereas secondary binding to another site can lead to
deviations, which reflect the fact that the experimental value has
contributions to more than one binding site.

(S)-naproxen and (S)-carprofen are known to bind with the
highest affinity to site IITA (Sudlow’s site IT) and often are consid-
ered to bind with lower affinity to site ITA (Sudlow’s site I). Crys-
tallographic data on ibuprofen have also confirmed IIIA binding
but indicate secondary binding on site ITA-1IB.[**] We showed in
a previous work that this is also the case for flurbiprofen, lead-
ing to an enantioselective fluorescence quenching observed for

© 2025 The Author(s). Small Methods published by Wiley-VCH GmbH
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this ligand bound to HSA.['7!8 Our measured FRET efficiency
for (S)-naproxen 57% is nicely consistent with the known ma-
jor binding to site IIIA, leading to a 41% efficiency, leading to a
somewhat larger value which could arise from minor binding to
site ITA-IIB (88% predicted efficiency). Our experimental value,
however, is also close to that predicted for Cleft, 63%. This reflects
the limits of our technique, which can filter the binding models
consistent with observed FRET data, but may require additional
techniques in order to resolve cases in which several models are
compatible with experiments. It is also interesting to recall that,
for this case, secondary binding leads to a measured value 57%
that deviates by 16% from the value predicted for ITIA. This sug-
gests that deviations larger than ~20-30% between experimental
and theoretical values can be safely assumed to rule out major
binding models for a given ligand.

If we focus on (S)-carprofen, for which we measure an affin-
ity in excellent agreement with previous reports, our estimated
FRET efficiency (85%) for site IIIA, the main binding site ex-
pected for this ligand, is again in excellent agreement with the
value (81%) measured from fluorescence data, whereas the exper-
iment is also compatible with a minor population bound to site
ITA-IIB, for which an expected efficiency of 94% was predicted.

Finally, the 73% FRET efficiency measured for indomethacin,
for which we also measure an accurate affinity consistent with
previous reports, we found again an excellent agreement with the
efficiencies estimated for the known binding to sites IIA (100%)
and IB (25%). Indeed, indomethacin crystallographic data indi-
cate binding to both IB and I1A sites,[*!] with the main site, how-
ever, expected to be IIA, Sudlow’s site I, which explains why the
observed value is closer to that of site ITA.

In Figure 6 we illustrate the results obtained for indomethacin,
which, together with those found for (S)-naproxen and (S)-
carprofen, shown in Figures S22 and S23 (Supporting Informa-
tion), validate the potential of the TrESP-MMPol@MD protocol
to identify ligand binding sites. The binding modes obtained
from MD simulations present some conformational diversity. We
thus display the centroids of the most populated clusters from a
clustering analysis of the stable MD trajectories in each binding
site, whereas in Figure S26 (Supporting Information), we illus-
trate the underlying diversity by reporting the centroids of four
other clusters. The results indicate a good agreement with crys-
tallographic data of ibuprofen for (S)-carprofen and (S)-naproxen
bound to sites IITA and ITA-IIB, with a very similar orientation of
the carboxylic acid group. For indomethacin, we also found bind-
ing poses close to those found in the crystal structure for sites IB
and ITA. Our protocol thus allows thus to recover the binding site
and find reasonable binding modes of these ligands.

Once validated the approach, we also analyzed the main bind-
ing sites for the other fragments in our library. For 1-naphthol,
our results strongly support major binding to sites Cleft or IIIA,
we predicted efficiencies 51% and 42% close to the experimental
46%. For 2-naphthol, we found a higher experimental efficiency
80%, which is compatible with binding to both sites IIA or IIA-
IIB. In this case, however, the ligand stability in ITA-IIB was only
~20%, the lowest among all sites, whereas binding to IIA was
robust in ~#80% of them. This suggests that in this case, the pre-
ferred site for this fragment is ITA.

For ACA, we expected a major population of the deproto-
nated state compared to its zwitterionic form, as discussed in the
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Methods. >3] The FRET data further supported binding of the de-
protonated state, with an experimental efficiency 63% compatible
with binding either to sites Cleft (72%) and IIIA (73%). We found,
however, a much larger MD stability for the IIIA site compared
to Cleft, thus indicating IIIA as the most plausible binding site.
For a protonated ACA, the experimental data would only be com-
patible with binding to Cleft, but we found a very low stability
for binding to the Cleft site, also for protonated ACA, with only
~20% of the MD replicas keeping the ligand in the pocket.

In the case of NNE, we measured an efficiency 55%, which
is compatible with binding to sites Cleft (64%) and IIIA (45%),
but our MD simulations in both sites indicated similar stabili-
ties, thus further experiments or simulations would be needed to
assign the major binding site. Finally, for QAA, we measured an
efficiency 60%, which suggests major binding to site Cleft, as we
predicted an expected FRET value of 65%.

3. Conclusion

We have developed and validated an integrated protocol that com-
bines experimental FRET data with atomistic simulations based
on the TrESP-MMPol model to identify binding sites and char-
acterize binding modes in protein-ligand complexes and resolve
their structural features with nanometer accuracy. The approach
overcomes limitations of the point-dipole approximation and
isotropic orientation assumptions in Forster theory, efficiently in-
corporates dielectric screening and restricted chromophore ori-
entation effects in protein environments, and provides a direct
metric for validating in silico structural models through simu-
lated FRET observables. In terms of computational cost, this is
mostly determined by the need to sample properly the protein-
ligand complexes with MD simulations, whereas the cost associ-
ated to TrESP-MMPol calculations is comparatively low.

Applied to HSA, the approach has faithfully reproduced known
binding modes and affinities for reference ligands, while also
predicting plausible binding modes for less well-characterized
ligands. The protocol can be readily transferred to study ligand
binding in other proteins or biological macromolecules of inter-
est characterized by a single Trp residue. The protocol could also
be extended to targets with multiple Trp residues, although this
would require additional modelling of the absorption and energy
transfers among Trp molecules, which is expected to be less accu-
rate and complicates the analysis.['®] Alternatively, in these cases,
targets can be tagged with a single site-specific unnatural fluores-
cent amino acid*’! or an extrinsic dye, although linker flexibility
in the latter case could diminish the capability to resolve bind-
ing models characterized by different ligand-dye orientations.[*!
Our protocol also benefits from major binding to a single loca-
tion, as secondary binding can lead to deviations between the ex-
periment and the FRET efficiency expected for the major site. In
this regard, our data suggests that deviations larger than ~20-
30% between experimental and theoretical values can be safely
assumed to rule out major binding models for a given ligand.

Overall, the protocol can be of particular relevance in
fragment-based drug design campaigns where the target bind-
ing site is not known, or when the campaign aims at identify-
ing allosteric pockets different from orthosteric sites. Moreover,
fragment screenings campaigns can be performed with larger
collections compared to the initial library adopted here, taking
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advantage of the large compilations of optical properties for or-
ganic compounds currently available,[*] or using libraries of frag-
ments covalently linked to a common fluorophore, which allows
a simpler processing of theoretical and experimental results.[**]

4. Experimental Section
Forster Energy Transfer Theory: Energy transfer between a donor (D)

and an acceptor (A) can be described in the weak-coupling limit using
Férster theory:[16]

2. o 27 (1 KHpHa\?
keper = ZZV2) —(— ) 1
et = VIR S ) (M

where the D/A electronic coupling V is described using a PDA, J is the
spectral overlap between area-normalized D emission and A absorption
spectra, pp and py the D/A transition dipole moments, « the dipole ori-
entation factor, R the D/A center-to-center distance, and n the refractive
index of the medium. The PDA allows to express the rate from spectro-
scopic data measured for the non-interacting dyes:

RA\® 1 /R\®
kFRET:kD<FO> :g<f> )

where kp = 1/7 indicates the decay rate of the excited D in the absence of
A based on its lifetime 7, and R, the critical quenching radius or Férster
radius, which corresponds to the distance with 50% efficiency. The transfer
efficiency can then be expressed as:

keger 1
Erper = = ()
kp +kerer 1+ (R/Ry)®
In the multiscale protocol, instantaneous FRET rates are computed
from couplings computed using the TrESP-MMPol and PDA models at
times t of an MD trajectory using the following expression, derived from
Equations (1) and (2):[24]

, 3n*R§
kineo (1) = V(£) 3 (4)
TDHpH,
FRET efficiencies are then estimated considering static and dynamic
disorder by separating slow and fast fluctuations in instantaneous transfer
rates:[>4]

1
[ <—1> slow )
T ——

™ <ktheo ® )fast

Docking, Molecular Dynamics, and Binding Free Energy Simulations:
The protein-ligand complexes were built starting from the crystal structure
of HSA solved at 2.50 A resolution (PDB ID 2BXM).[#2] All ligands and wa-
ters were removed, and missing atoms and amino acids were added man-
ually and using pdb4amber in Amber22.1%] Protonation states of amino
acids were assigned with Propka3,[®] indicating protonated His67 and
His247.

A small library of eight fluorescent ligands with appropriate spectro-
scopic properties to quench Trp through energy transfer was then docked
to HSA. The library contained 1-naphthol, 2-naphthol, NNE, ACA and
QAA, suggested for Trp-ligand FRET studies by Zhang and co-workers,[+>7]
as well as (S)-carprofen, (S)-naproxen and indomethacin, which were cho-
sen for validation based on available knowledge of their binding properties
to HSA.[42] Docking simulations were carried out with rDock,[%8] and the
docking volume was defined using the reference ligand method based on
the poses of known ligands, with the resulting cavity mapping regions be-
ing increased by a radius of 6 A. The study used the reference ligands iodi-
pamide (Cleft site, PDB ID 2BXN), indomethacin (IB and I1A sites, PDB ID
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2BXM), ibuprofen (I1A-11B and II1A sites, PDB ID 2BXG), and oxyphenbu-
tazone (I11B site, PDB ID 2BX0O).[*?] Protonation states of the ligands were
assigned at pH 7 with Corina.l>®! 9-acridinecarboxylic acid was found to be
61% in deprotonated state and 39% in protonated state, which agrees with
a value of 6.2 for the pKa estimated from pH-dependent spectroscopic
measurements.[>3] Nevertheless, both possibilities were considered due
to the small difference in stability, and results for the protonated form are
provided in the Supporting Information. The scoring function SF3 in rDock
was used.

The three docking poses with the highest scores were then selected,
and their stability was investigated performing MD simulations based on
the Amber ff19SB, OPC, and gaff2 force fields for the protein, water, and
ligands, respectively. RESP charges for the ligands were computed from
B3LYP/6-31G(d) calculations on optimized geometries using Gaussian
16.[601 All systems were neutralized with Na* ions, solvated in an octa-
hedral box (buffer zone 10 A), minimized with the protein restrained at its
initial structure, and then thermalized from 0 K to 300 K in 5 NVT steps
of 50 ps each, followed by a 250 ps NPT equilibration. Then 3 X 100 ns
production runs were carried out starting from each docking pose, result-
ing in a total of 3 X 3 replicas for each ligand in each site. Simulations
were performed using Amber22[%%] using periodic boundary conditions,
the SHAKE algorithm, particle-mesh Ewald, and a nonbonded cutoff of
10 A using the Hydrogen Mass Repartitioning scheme, which allowed an
integration time step of 4 fs.[87] The stability of the binding modes was
examined by computing the root mean square deviation (RMSD), mass-
weighted radius of gyration R,, and root mean square fluctuations (RMSF)
of the protein (Figures S27-S34, Supporting Information) and the distance
between the center of mass of the ligand compared to the initial dock-
ing pose, and replicas where the ligand left the binding site, displaying
distances >7 A were discarded. MM-GBSA calculations of protein-ligand
binding free energies were performed for the last 50 ns using the Gbneck2
(igb = 8) model for implicit solvent,[62] without additional ionic strength
and performing a residue pairwise energy decomposition analysis. Clus-
tering analysis was performed to characterize the conformations of the
binding modes of the ligands for the last 50 ns of the trajectories using
the K-means clustering algorithm implemented in AmberTools. The study
used as metric the RMSD of the ligand and the 4 surrounding residues
with the highest contribution to the MM-GBSA binding free energy, and
the number of clusters was set to 5.

Electronic Coupling Calculations and Energy Transfer Rates:  Electronic
couplings required by Equation (4) were computed both using the PDA
and the TrESP-MMPol model.[2440] The latter describes D/A molecules
using sets of atomic transition charges derived from a fit of the electro-
static potential (ESP) computed from QM-derived transition densities, %]
whereas the environment is described using a polarizable force field based
on the induced dipole model. The total coupling includes the Coulomb in-
teraction between TrESP charges and an explicit environment-mediated
term:

V=Veour + Ve (6)
T T
9,194,
Veou, TiEsp = 2 i (7)
=]
qu,- (ri=n)- H,MMPOI ({QZ})
Venv,TrESP =- Zi,/ (8)

Iri =’

where qgi and q;j indicate transition charges on the D/A atoms | and

Jj, respectively, and #MMP! induced dipoles on MM atoms I. From these

terms, one can then define a screening factor s that can be compared to
the factor in the PDA expression s = 1/n?:

— vCouI + vem/ (9)

VCouI
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TrESP charges were fitted to reproduce the potential obtained from QM
transition densities of the relevant 7— z* states of each ligand and for the
Trp L, state using the TraDA tool.[®] Excited states were obtained at the
TD-B3LYP/6-31G(d) level of theory on B3LYP/6-31G(d) optimized geome-
tries of the ligands and 3-methyl-indole, respectively. For ligands ACA, (S)-
carprofen, (S)-naproxen, QAA, and indomethacin, the state of interest pre-
sented some mixing with another state, or artificial low-energy states were
observed, so TrESP charges were computed from additional TD-CAM-
B3LYP/6-31G(d) calculations. The MMPol environment was described us-
ing the Amber pol12 AL polarizable force field.[6>66] TrESP-MMPol calcu-
lations were performed adopting a MMPol cutoff radius equal to 15 Al%*]
every 50 ps on the stable MD trajectories obtained for each system using
the Trespcoup software.[®’] PDA calculations were performed using the
electric transition dipole moments obtained in the corresponding TD-DFT
calculations, and adopting a value n? equal to 2.[2’]

Steady-State Spectroscopy: Ligands 1-naphthol, 2-naphthol, ACA,
QAA, NNE, (S)-carprofen, (S)-naproxen, indomethacin, and the protein
HSA were purchased from Sigma Aldrich in pure powdered form. For ab-
sorbance and fluorescence, solutions of the ligand, protein, and protein-
ligand complexes at different concentrations were prepared using PBS 1x
buffer. Absorbance measurements were conducted using a Perkin Elmer
Lambda 950 spectrophotometer using a 2.5 uM concentration for HSA
and 5 to 100 um for the ligands, depending on each case. For protein-
ligand complexes, fluorescence titrations were carried out at fixed 5 um
HSA concentration and ligand concentrations equal to 0, 10, 50, and
100 um using an Aminco Bowman Series 2(AB2) spectrometer, using
excitation wavelengths 280 and 295 nm. The fluorescence intensities of
protein-ligand complexes were corrected for inner-filter effects based on
the absorbance of the ligands at the excitation and emission wavelengths
(Ipacor = Ipa10¥bsextAbsem) /2) [19] The fluorescence of the ligands in the
absence of HSA was also recorded at 100 um concentration. Spectral over-
laps used to compute FRET rates were computed from the measured
area-normalized D emission and A absorption spectra and are reported
in the Supporting Information. Protein and ligand solutions were freshly
prepared, and titrations were carried out in the cuvette right before the
measurement. The average of three measurements for the complexes at
each ligand concentration was used to plot the spectra and compute FRET
efficiencies following this formula:

I
E=1-D24 (10)
D

where Ip, is the intensity of the complex and I the intensity of HSA in
the absence of ligand. The dissociation/association binding constants (K
= 1/K,) and the Hill coefficient (n) were also estimated using the follow-
ing binding equation using the fluorescence intensities at different ligand
concentrations [L]:

log <IDI_¢> = log (K,) + nlog ([L]) (1)

DA

In the measurements, a value for the parameter n < 1 is typically
obtained, suggesting heterogeneous binding. For each ligand, measure-
ments were done at a selected emission wavelength with high protein and
minimal ligand emission: 1-naphthol 320 nm; 2-naphthol 322 nm; NNE
338 nm; ACA 334 nm; QAA 330 nm,; (S)-carprofen 334 nm; (S)-naproxen
315 nm; indomethacin 337 nm. Efficiencies were corrected based on the
percentage of protein-ligand complex formed in each solution, based on
the measured K values, then final efficiencies were averaged over the three
concentrations.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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