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Interaction of a new antiviral and antitumor
photosensitizer hypericin with human serum

albumin: molecular modeling study
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Abstract. Molecular modeling has been employed to study the interaction of hypericin (Hyp) with human
serum albumin (HSA). The structural model for Hyp/HSA complex is presented. Our results indicate that
Hyp is bound in II A subdomain of HSA close to the tryptophan 214 (Trp214) (distance 5.12Å between the
centers of masses). In the presented model the carbonyl group of Hyp is hydrogen bonded to the Asn458.
Another two candidates for hydrogen bonds have been identified between the bay-region hydroxyl group of
Hyp and the carbonyl group of the Trp214 peptidic link and between the peri-region hydroxyl group of Hyp
and Asn458 carbonyl group.

Abbreviations:
Hyp-Hypericin, HSA-Human Serum Albumin, BSA-
Bovine Serum Albumin, RSA-Rat Serum Albumin,
Trp-Tryptophan, Asn-Asparagine, Arg-Arginine, Lys-
Lysine, His-Histidine, Tyr-Tyrosine, Phe-Phenylalanine,
Leu-Leucine, Ala-Alanine, Ser-Serine, HIV- Human Im-
munodeficiency Virus, DMSO- Dimethylsulfoxide, DFT-
Density Functional Theory, SERS - Surface Enhanced Ra-
man Spectroscopy

1. INTRODUCTION

Hypericin (Figure 1) is a natural photosensitizing poly-
cyclic aromatic dione, which can be extracted from
plants of the Hypericum genus [1]. It displays viruci-
dal activity against several types of viruses, including
the human immunodeficiency virus (HIV), [2–4] as well
as antiproliferative and cytotoxic effects on tumor cells
[5–7]. Its virucidal activity is enhanced in the presence
of light [4, 8]. Other important biological properties of
Hyp have been described, such as potent antidepres-
sive activity [9], light-dependent inhibition of protein
kinase C [5, 10], tyrosine kinase [11] and mitochondrial
succinoxidase activity [12]. Hyp, like many other anti-
cancer drugs also induces apoptosis [7]. Biological ac-
tivity of Hyp and related compounds has been reviewed
by Diwu et al. [13].

Serum albumins as the most abundant plasma
proteins contribute significantly to many transport
and regulatory processes. These proteins bind a wide
variety of substrates like metals, fatty acids, amino
acids, hormones and impressive spectrum of therapeu-
tic drugs [14]. Serum albumins are known to contain
two primary binding sites. The analyses of the crystal
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Figure 1. (a) Two-dimensional structure of hypericin.

(b) Three-dimensional structure of hypericin.

structure have revealed that the specialized drug
binding cavities of serum albumins are located in
subdomains IIA and IIIA [15]. Because of the clinical
and pharmaceutical importance, interaction of serum
albumins with a variety of ligands has been studied
extensively [16–26]. The binding of Hyp to HSA helps
to overcome difficulties in solubilization and disper-
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sion of Hyp in aqueous physiological solution. The
HSA-hypericin interaction results in dissociation into
the monomeric form of Hyp, which is aggregated in
the aqueous phase. The dissociation of Hyp to the
monomeric form appears to be crucial for its virucidal
action [22].

The studies of Falk et al. have suggested that the
binding site of Hyp is in the III A subdomain of the
HSA, where the Hyp is not completely shielded from
the outer environment [24, 25]. However, in our previ-
ous study, by means of surface enhanced Raman (SERS)
and resonance Raman spectroscopy (RRS) techniques,
we have identified the Hyp binding site in the II A sub-
domain [26]. Observed experimental results indicated
the interaction of the carbonyl group of Hyp with a hy-
drogen bond donor of albumin, leading to a protonated-
like carbonyl in the drug and a change of H-bonding
at the N1−H side of tryptophan residue (Trp) in the
protein. From these results we have proposed a model
in which the hydrophobic interaction of Hyp with HSA
leads to suchHyp position in which the formation of hy-
drogen bound between the carbonyl group of Hyp and
the N1−H position of Trp214, located in the IIA subdo-
main of the HSA structure, could be formed [26]. Time-
resolved spectroscopy has been used in our later study
of the HSA-hypericin (Hyp/HSA) complex, in which we
have shown that Hyp is rigidly held in the IIA subdo-
main and is situated very close to Trp214 [16].

In this study a molecular modeling (MM) method has
been used with the aim to construct a plausible model
of the Hyp/HSA complex. The molecular modeling of
the problem of this size represents a great computa-
tional challenge. By utilization of the experimental data,
obtained in our previous studies [16, 26] a dramatical
reduction of the problem has been achieved.

2. MATERIALS AND METHODS

The molecular structure of HSA was taken from 1BM0
structure deposited at PDB database [27]. From the
copolymer consisting of two protein units and four
water molecules, single unit was extracted with one
structural water molecule preserved. The initial struc-
ture was completed by adding explicit hydrogens at
standard positions. No further manipulations were per-
formed, particularly no water environment nor unre-
solved residua 1–4 and 583–585 were added. In order
to equilibrate the hydrogen positions (it means to re-
lax minor sterical strains induced by adding explicit
hydrogens), a short simulated annealing cycle [28] was
utilized. Rapid simulated annealing consisting of two
phases was used. Initially, 200 fs molecular dynamics
was run with the time step of 0.1 fs. In order to avoid
numerical instabilities due to long integration timestep,
all the atomic masses were scaled by an effective fac-
tor 10. An all atom force field CHARMM22 [29] was used

throughout the simulation. All computational work was
done using themolecular package tinker [30]. In the fol-
lowing step, 2ps equilibration of the previous structure
was performed, with linear cooling protocol, starting
from 1000K and the 1 fs time step. In all simulations
modified Beeman algorithm was used as implemented
by module anneal.x of the tinker package. No restric-
tions on particular degrees of freedom were imposed.
The results were visualized using Molden, VMD molec-
ular visualizers and povray renderer [31–33]. In spite
of the absence of explicit solvent, no signs of struc-
tural instability was observed during the simulation.
The observed changes of the geometry were insignifi-
cant, in particular the differences between the crystal
structure and the relaxed structure in the neighbor-
hood of Trp214 residuum. Thus, it is reasonable to ex-
pect sufficiently realistic environment of the Trp214 of
the free HSA in our simulation.

The constructed charge model of Hyp used in our
molecular modeling, was based on effective electro-
static potential model of Merz and Kollman [34] with
charge distribution evaluated by DFT computations
done at B3LYP/6-31G∗ level on the neutral form of
Hyp. The force field parameters for Hyp molecule
were constructed from similar molecular fragments
parametrized in standard CHARMM22 force field. The
original force field parameters were transferred and ad-
justed to reproduce properly the equilibrium geometry
of the dominant tautomer in propellor conformation
(Figure 1).

The Trp residuum forms a part of the interior of
the deep pocket within the IIA subdomain of HSA [35]
(Figure 2). Near the entrance of this pocket several
positively charged residua are placed, namely Arg257,
Arg222, Arg218, Lys195, Lys199 and His242, which can
have important consequences during the process of
molecular docking. While the pocket containing Trp
residuum is sufficiently large to accommodate the Hyp
molecule, sterical constraints prevent the mutual ori-
entation of Hyp and Trp postulated in the previous hy-
pothetical model, where both Hyp and Trp are placed
in the same plane [26]. However, the close inspection of
the pocket interior suggests the parallel arrangement of
the approximate planes of Hyp and Trp as the sterically
most favourable. Accordingly, the Hyp molecule was
placed inside the pocket, orientedwith the hydrophobic
part (consisting of the two sterically constrainedmethyl
groups) pointed toward the interior of the pocket. After
that the obtained initial structure was allowed to relax
into the energetically more favourable conformation in
the series of simulated annealing cycles until no sig-
nificant conformational changes were observed in the
following cycles. In each cycle, the initial structure was
brought from 500K temperature to the 0K in 2.5ps,
using the linear cooling protocol and the modified Bee-
man integrator with the timestep of 1 fs. All aminoacid
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Figure 2. HSA and Hyp molecule. The IIA subdomain is marked by white rectangular (see [38] for details).

residua having at least three atoms within 20Å from
the centre of mass of Hyp were allowed to move, the
rest of the HSA was fixed.

3. RESULTS

The obtained experimental data indicate that Hyp is
placed in the II A subdomain of HSA [16, 26]. This
is why for molecular modeling only this part of HSA
has been considered. Hyp molecule is clearly capable
to enter the deep Trp214 residuum containing pocket,
of the IIA subdomain of HSA (Figures 2 and 3). The
most favourable arrangement of Hyp relative to Trp
is characterized by a nearly parallel orientation of the
Hyp and the Trp residuum aromatic rings. (Figure 4).
The characteristic distance between the Hyp and Trp
planes, measured as the distance between the centres
of mass of the corresponding fragments, is 5.12Å. In
order to achieve this arrangement, changes of the χ1

(from −176◦ in the free HSA to −74◦ in the complex)
and the χ2,1 (from 84o in free HSA to 69◦ in the com-
plex) dihedral angles of Trp were required. The position
of Hyp within the pocket is rigid. This rigid position

His 242

Lys 199

Arg 257

Trp 214

Arg 218

Hypericin

Lys 195Arg 222

Figure 3. The IIA subdomain of HSA with Hyp molecule

docked into the Trp214 containing pocket (see [38] for de-

tails).
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TRP 214
Hypericin

Figure 4. Detailed view of the mutual orientation of Trp214

and Hyp. The mutual distance between the centres of

masses is 5.12Å. (see [38] for details).

of Hyp is determined by a hydrophobic interaction of
the Hyp with IIA hydrophobic pocket and by the for-
mation of several intermolecular hydrogen bonds (Fig-
ure 5). Structural data from our simulation suggest the
formation of three hydrogen bonds: i) between the cen-
tral carbonyl group of Hyp in the peri-region and the
Asn458 residuum (2.77Å between the hydrogen bond
donor to acceptor distance), ii) between the neighbor-
ing OH group of Hyp and the Asn458 carbonyl group
(2.84Å), and iii) between the bay hydroxyl group of
Hyp and the carbonyl group of the Trp214 peptidic
link (2.71Å), and two eventual hydrogen bonds com-
peting for the favourable geometry with the previous
ones: i) between the hydroxyl group of the opposite
peri-region of Hyp and the carbonyl group of the Ala210
peptidic link (2.87Å, but not forming a favourable an-
gle for a strong hydrogen bond formation), and ii) be-
tween the second hydroxyl group in the same peri Hyp
region and the carbonyl group of the Phe211 peptidic
link (3.08Å).

The results obtained from resonance Raman spec-
troscopy indicate an increase of the hydrogen bond-
ing at the N1−H site of Trp [26]. However, no direct
candidate for this type of interaction was found in the
model. The closest carbonyl oxygen of Ala210 - possible
H-bond acceptor is 3.90Å from the N1 of Trp214.

4. DISCUSSION

The SERS, resonance Raman spectroscopy and time
resolved spectrocsopy of the Hyp/HSA complex have
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Figure 5. Hydrogen bonds stabilizing Hyp in IIA subdo-

main of HSA. The interatomic distances connecting hydro-

gen bond donor-acceptor pairs are marked by dash lines

(see [38] for details).

been used in our previous experimental studies [16, 26]
with the aim to determine a binding place of Hyp in
HSA. SERS quenches the fluorescence of Hyp and con-
sequently a behaviour of Hyp in the complex with HSA
can be detected. On the other hand, a resonance en-
hancement of Trp vibrations in using resonance Raman
spectroscopy allows us to detect an interaction of the
drug with Trp situated in IIA subdomain of HSA [26].
Apart from this, the data obtained from polarized flu-
orescence decay of Hyp show that Hyp is tightly bound
to HSA and an effective energy transfer from Trp to Hyp
indicates that Hyp is placed very close to Trp214 [16].
By this way input data for molecular modeling have
been prepared. In addition to the model presentation,
there is also another (perhaps more general) interesting
result presented in this paper. It is the problem of an
agreement between the data obtained from experiment
andmolecular modeling. It means the question: to what
extent the structural model obtained from the molecu-
lar modeling corresponds to our previously proposed
model based on experimental results obtained from Ra-
man [26] and time resolved spectroscopy [16]?

The results from SERS spectroscopy indicate that the
Hyp site of binding in albumin may be placed in the
inner part of the protein, since its accessibility to the
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metallic surface is markedly limited when forming part
of the complex [26]. The deep localization of Hyp in
IIA subdomain was also found in our molecular model.
Here Hyp is deeply inserted behind the IIA subdomain
entrance aminoacids (Figure 3). The results from the
resonance Raman spectroscopy [26] indicate the posi-
tion of Hyp close to the Trp 214. The localization of
Hyp in IIA subdomain near the Trp was also confirmed
in our previous work by the energy transfer measure-
ment [16]. As we can see from Figures 3 and 4, our
results from molecular modeling proved the feasibil-
ity of the Hyp localization in the IIA subdomain, in a
close proximity of the Trp214 residuum (the distance
between the centres of mass of the corresponding frag-
ments is 5.12Å.).

A single-exponential rotational diffusion time of
31ns (identical to the rotational time of the whole pro-
tein) was measured for Hyp bound to HSA in our pre-
vious work [16]. This result indicates that the drug is
very rigidly held into the IIA subdomain of HSA. This
rigid position of Hyp is determined by a hydrophobic
interaction of the Hyp with IIA hydrophobic pocket and
by the formation of several intermolecular hydrogen
bonds as it was detected by SERS and resonance Ra-
man spectroscopy as well as found by molecular mod-
eling (Figure 5). Our simulation suggests the formation
of three fairly strong and two weak hydrogen bonds
between Hyp and aminoacids placed near to the drug.
Thus, the experimental and computational data aremu-
tually supporting each other.

All hydrogen bonds of Hyp presented on Figure 5,
are important not only for the stabilization of the Hyp
position in the IIA subdomain but very probably, these
hydrogen bonds are responsible for the excited-state
Hyp proton transfer blocking. The excited-state proton
transfer is considered to be the major primary photo-
physical process in Hyp in organic solvents [36, 37], but
no proton transfer in Hyp/HSA 1:1 molar ratio complex
was observed in our previous work [16]. This result was
interpreted as a consequence of the hydrogen bond for-
mation between carbonyl group of Hyp and a proton
donor in HSA. As it was found by molecular model-
ing this proton donor is most probably Asn458 (Fig-
ure 5) and not Trp214 as we proposed previously for
the model based only on experimental results [16, 26].

The resonance Raman spectra indicate a conforma-
tional change of the Trp214 side chain [26]. The amide
I Trp vibration varies as a function of χ2,1 torsion an-
gle about the Cα-Cβ-C3-C2 linkage [26]. A change of the
χ2,1 torsion angle has been found also in our structural
model (Figure 4). On the other hand, the resonance Ra-
man spectra indicate an increase of the hydrogen bond-
ing at the N1−H site of Trp. It was a reason for which
we have previously proposed a hydrogen bonding of the
carbonyl group of Hyp with N1−H position of Trp214.
Here we did not find a direct agreement between the

experimental and the computational results. There are
several possibilities to be explored. Due to a restricted
range of our geometry relaxation, we cannot exclude
more extensive rearrangement of the pocket, bringing
the Trp to a closer contact with neighbours. This ex-
planation is, however less likely than the possible pres-
ence of a single water molecule, mediating the contact
between the Ala210 and Trp214 molecule.
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