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6-Merkaptopuryny z albuminą surowicy krwi ludzkiej
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A B S T R AC T

Human serum albumin (HSA) is a major protein component of blood 
plasma and due to its endogenous and exogenous ligand binding proper-
ties, plays an important role in the distribution and therapeutic eff ective-
ness of drug. The studies of interaction of ligands with HSA by molecular 
docking are important from a theoretical viewpoint as they attempt to 
explain the relationship between the structure of ligand and the function 
of protein and also in terms of practical applications in medicine. In the 
work, the interaction of HSA with 6-Mercaptopurine (6-MP) used as an-
ticancer and immunosuppressive drug was examined by molecular dock-
ing.  The docking procedure was performed with the program Molegro 
Virtual Docker (MVD). The initial 6-MP conformation was energy-mini-
mized using semiempirical (AM1) method implemented in CS Chem3D 
Ultra CambridgeSoft v.7.0.0 software and then imported to MVD. The 
X-ray structure of HSA (1AO6) was obtained from the Protein Data Bank 
(PDB). The potential binding sites (cavities) were identifi ed automatically 
using the cavities detection algorithm. The 6-MP molecules in solution at 
pH 7.4 occur as a mixture of neutral and anionic forms, therefore both 
forms of 6-MP were docked one at a time. Docking experiment uncovered 
at least two binding sites of 6-MP in HSA structure. It was found that in 
case of neutral form of 6-MP the binding force was mainly hydrophobic 
interaction, while the electrostatic interaction and hydrogen bond were 
involved in the binding process of anionic form of 6-MP.
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I N T R O D U C T I O N

Human serum albumin (HSA) is a major pro-
tein component of blood plasma (52–60%) 
and due to its ligand binding properties, plays 
an important role in the transport and distribu-
tion of many endogenous and exogenous sub-
stances, such as hormones, fatty acids, metals 
and numerous pharmaceuticals. The biological 
half-life in the body, distribution, metabolism 
and fi nally therapeutic eff ectiveness of various 
drugs can be signifi cantly altered as a result 
of binding to HSA. If the drugs are reversibly 
bound to albumin then they exist in bound and 
unbound forms in serum. The bound fraction 
may act as a depot from which drug is slowly 
released. The unbound fraction exhibits phar-
macological eff ects and may be metabolized, 
because only that portion of a drug which is 
not bound with albumin is bioactive. Between 
bound and unbound states exists the chemical 
equilibrium. Since the unbound portion is be-
ing metabolized or excreted from the body, the 
bound portion will be released from the reser-

S T R E S Z C Z E N I E

Albumina surowicy krwi ludzkiej pełni ważną rolę w transporcie i rozmieszczeniu w organizmie 
substancji endogennych i egzogennych, w tym również leków. Znajomość mechanizmu oddziały-
wania leków z albuminą może być pomocna w przewidywaniu potencjalnych interakcji z inny-
mi lekami i substancjami chemicznymi na etapie wiązania z albuminą, zapewniając bezpieczną 
terapię, szczególnie w terapii wielolekowej. Symulacja tego oddziaływania metodą dokowania 
molekularnego pozwala na opisanie zależności między strukturą i aktywnością biologiczną 
i może być alternatywą lub uzupełnieniem badań in vitro. W pracy przedstawiono możliwość 
wykorzystania techniki dokowania molekularnego do oceny oddziaływania 6-Merkaptopuryny 
(6-MP), leku stosowanego w terapii przeciwnowotworowej i immunosupresyjnej, z albuminą 
surowicy krwi ludzkiej. Procedurę dokowania 6-MP do cząsteczki albuminy przeprowadzono 
za pomocą programu komputerowego Molegro Virtual Docker (MVD). Strukturę rentgenow-
ską HSA opisaną kodem 1AO6 pobrano z bazy białek Protein Data Bank (PDB.org). Układ 
przestrzenny cząsteczki 6-MP o zminimalizowanej energii opracowano za pomocą programu 
CS Chem3D Ultra CambridgeSoft v.7.0.0. Cząsteczkę 6-MP, ze względu na fakt, że w roztworze 
wodnym o fi zjologicznym pH występuje w mieszaninie formy zdysocjowanej i niezdysocjowanej 
dokowano jednocześnie w obu formach. Uzyskane wyniki wskazują, że 6-MP może wiązać się 
do albuminy w co najmniej dwóch miejscach wiążących. W przypadku cząsteczki niezdysocjo-
wanej oddziaływania wiążące mają charakter hydrofobowy, natomiast cząsteczka zdysocjowana 
oddziałuje z albuminą głównie poprzez wiązania wodorowe oraz oddziaływanie elektrostatyczne 
z dodatnio naładowaną resztą lizyny, które stabilizuje powstający kompleks.

S Ł O WA  K L U C Z O W E 

dokowanie molekularne, albumina surowicy krwi ludzkiej, 6-Merkaptopuryna

voir in order to maintain equilibrium. The un-
bound fraction of one drug can be altered by 
other drugs that are used at the same time and 
bind to the same binding sites. The number of 
albumin binding sites is limited, therefore con-
current binding will exist between two drugs. 
Co-binding of two drugs or displacement of 
one drug by another with higher affi  nity may 
increase free drug concentration in serum and 
consequently may alter the pharmacological 
response. It is important when drugs are used 
in patients who received multi-drug therapy, 
that drugs are highly protein bound and have 
low therapeutic index [1,2,3].
The study of the binding characteristics of 
drugs to albumin is important in pharmacol-
ogy and clinical medicine, and also in research 
and design of new compounds. Numerous 
methods have been frequently employed for 
detailed assessment of molecular interaction 
and pharmacokinetic implication of drug-pro-
tein binding. The techniques for investigation 
of the serum albumin binding of drugs include 
among others equilibrium dialysis, electro-
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phoresis, spectrophotometry. Additionally, the 
computational simulation by molecular dock-
ing procedure may be used for the prediction of 
ligand-protein interactions. The in silico meth-
od will be used as an alternative and comple-
ment to in vitro methods and may give details 
of these molecular interactions which would 
be not possible in solution studies. The studies 
by molecular docking are important not only 
from a theoretical viewpoint to explain the re-
lationship between the structure of ligand and 
the function of protein but also in terms of 
practical applications as they allow interpreta-
tion of the transporting process and therapeu-
tic eff ectiveness of drugs [4,5,6,7,8,9].
In the work, the application of the molecu-
lar docking method to prediction of binding 
site(s) and binding mode was demonstrated 
by the example of interaction of HSA with 
6-Mercaptopurine used in medicine as anti-
cancer and immunosuppressive drug [10].

S T RU C T U R A L  C H A R AC T E R I Z AT I O N  A N D  L I G A N D 
B I N D I N G  P R O P E R T I E S  O F  H S A

HSA is a protein of molecular weight of 66500 
Da (based on amino acid composition) and 
consists of single, non-glycosylated polypep-
tide chain of 585 amino acids. Its amino-
-acids sequence contains a single tryptophan at 
position 214 (Trp214) and one free sulphydryl 
group on residue Cys34. The presence of the 
charged amino acid residues of aspartic acid, 
glutamic acid, lysine and arginine leads to 
a net electrostatic charge of about -17 at physio-
logical pH [11,12]. The secondary structure of 
HSA that folds into heart-shaped structure, 
comprises about 67% of a α-helix, with the 
remainder in turns, random coil and extend-
ed polypeptide, and 17 intrachain disulphide 
bonds. HSA is organized to form a heart shape 
with approximate dimension of 80 × 80 × 30 Å 
with a large channel formed by subdomains 
IB, IIIA and IIIB [13]. The tertiary structure of 
HSA in three-dimensional structure includes of 
three similar domains: I with residues 1–195, 
II with residues 196–383 and III with residues 
384–585. Each domain is divided into two sub-
domains (A and B) [14,15]. The X-ray analysis 
of diff erent albumin–ligand complexes showed 
the existence of one or two binding sites with 
high association constants and a large number 
of sites with lower affi  nity. The principal bind-
ing regions of albumin located in subdomain 
IIA and IIIA are structurally characterized by 
the presence of the hydrophobic and positively 

charged residues. The single Trp214 is located 
at the bottom of the hydrophobic pocket in 
subdomain IIA. Sudlow et al. [16] classifi ed 
the two clearly separate binding sites for drugs: 
site I known as azapropazone–warfarin site 
and site II namely the indole–benzodiazepine 
site located within cavities in subdomain IIA 
and IIIA, respectively. The binding cavity in 
IIIA appears to possess the primary binding 
activity for HSA, whereas IIA is more special-
ized. Bulky heterocyclic and negatively charged 
compounds bind to site I. Site II is preferred 
by small aromatic carboxylates with an ex-
tended conformation. In the HSA structure ex-
ists a separate binding region for digitoxin (in 
crevice between subdomain IB and IIIB) and 
hemin (in subdomain IB) [17,18,19].

M A T E R I A L  A N D  M E T H O D S

P R E PA R AT I O N  O F  T H E  L I G A N D  A N D  A L B U M I N 
3 D  S T RU C T U R E  F O R  M O L E C U L A R  D O C K I N G

The two dimensional (2D) structures of 6-MP 
were obtained using the ChemDraw Std com-
puter program. Cambridge Soft 2002 v.7.0.1. 
2D to three dimensional (3D) representations 
were converted by the use of CS Chem3D Ultra 
Molecular Modeling and Analysis 2001 Cam-
bridgeSoft v.7.0.0 software. The 3D structures 
were energy–minimized using semiempirical 
(AM1) method implemented in the same soft-
ware. The X-ray structure of HSA (1AO6) was 
retrieved from the Protein Data Bank (PDB) 
[20]. The ligand and HSA molecules were im-
ported to the Molegro Virtual Docker (MVD 
v.2010. 4.2.0) computer program. The struc-
tures were manually prepared and the protona-
tion state albumin and ligand were set to the 
physiological pH 7.4. The amino acid residues 
of His, Arg and Lys were in a protonation state 
and residues of Asp and Glu were deproto-
nated. The 6-MP molecule in solution at pH 
7.4 dissociates (pK 7.72) and exists as a mix-
ture of neutral and anionic forms. Therefore 
the two molecules of 6-MP were prepared and 
the anion had partial charges (-1) assigned to 
atom N1. The chemical structure of 6-MP as 
a 2D, 3D model and space model is presented 
in fi g. 1.

M O L E C U L A R  D O C K I N G  S I M U L AT I O N S

Molecular docking procedure was performed 
using the MVD software package which is based 
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on a heuristic search algorithm (MolDock) 
that combines diff erential evolution with 
a cavity prediction algorithm. In MolDock, the 
docking scoring function is based on a modi-
fi ed piecewise linear potential with new hy-
drogen bonding and electrostatic terms [21]. 
The docking scoring function, Escore, is defi ned 
by the following energy terms: 

where Einter is the ligand–protein interaction 
energy and Eintra is the internal energy of the 
ligand.
The ligand–protein interaction energy is given 
by:

where EPLP term is a piecewise linear potential 
and second term describes the electrostatic in-
teraction between charged atoms.
The identifi cation of potential binding sites 
(hereafter referred to as cavities) was performed 
automatically using the grid-based (MolDock 
Score [Grid]) cavity prediction algorithm. 
The 6-MP molecules as a neutral and anionic 
forms (as a 3D energy-minimized structures) 
were docked one at a time. During the docking 
experiments, structural water molecules were 
excluded. The algorithm was set at maximum 
iterations of 1500 with a simplex evolution 
population size of 50. For each complex 10 in-
dependent runs was conducted, each of these 

Fig. 1. Chemical structure of 6-Mercaptopurine (6-MP) represented by (a) 2D model, (b) 3D minimum energy conformation in a ball and 
stick model and (c) in a space fi lling model (atoms are scaled to 100 % of the van der Waals radii). Model (b) and (c) are colored by ele-
ment: nitrogen – blue, carbon – gray, sulfur – yellow, hydrogen – white. The fi g. 1a was produced with the program ChemDraw Std and fi g. 1b 
and c were produced with the program Molegro Virtual Docker (MVD).

Ryc. 1. Struktura chemiczna 6-Merkaptopuryny (6-MP); a – model dwuwymiarowy, b – trójwymiarowy model kulkowo-prętowy po dokona-
nej minimalizacji energii cząsteczki, c – model z wypełnieniem przestrzeni atomów odpowiadającej ich promieniom van der Waalsa. Kolorem 
niebieskim oznaczono atom azotu, kolorem szarym atom węgla, kolorem żółtym atom siarki oraz kolorem białym atom wodoru. Ryc. 1a przy-
gotowano przy użyciu programu ChemDraw Std, ryc. 1b i c przygotowano przy użyciu programu Molegro Virtual Docker (MVD).
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runs returning one fi nal solution (pose). The 
resulting conformations were clustered and 
only the lowest-energy representation from 
each cluster was returned when the docking 
run was completed; the similar poses were re-
moved keeping the best-scoring one. The clus-
ter was ranked in order of increasing binding 
energy of the lowest binding energy confor-
mation in each cluster. The population of the 
fi rst fi ve poses representing the estimated low-
est binding free energy was selected for further 
analysis.

R E S U L T S  A N D  D I S C U S S I O N

6 - M P - A L B U M I N - I N T E R AC T I O N

Molegro Virtual Docker is an integrated en-
vironment for studying and predicting how 
ligands interact with biomolecules. The iden-
tifi cation of ligand binding modes is done by 
iteratively evaluating a number of candidate 
solutions (ligand conformations) and estimat-
ing the energy of their interactions with the 
macromolecule. The highest scoring solutions 
are returned for further analysis. MolDock grid 
and rerank score in MVD are not expressed in 
chemically relevant units. The score is not nor-
malized in chemical units (is an arbitrary unit) 
and should only be used to compare the re-
sults within one results set. The more negative 
is the values of predicted binding energy the 
more thermodynamically favorable is binding 
reaction [21].
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The fi nal structures of HSA–6-MP complexes 
by binding scores analysis, and hydrogen bond 
and electrostatic interactions after MD simula-
tion were examined. The best docking results 
are shown in fi g. 2. The selected poses with the 
minimum MolDock score value as the best so-
lution for each HSA–6-MP complexes are pre-
sented in table I. The results from table I show 
that both forms of 6-MP exhibited the higher 
interaction with HSA at site in CAV-1 (primary 
binding site) than at site in CAV-2 (secondary 
binding site). It indicates also that the anionic 
form of 6-MP has more favorable interaction 
with HSA than the neutral form.

Ligand MolDock Score Rerank 
Score E-Inter H-Bond 

Energy

Electrostatic interaction
Short-range 

(r < 4.5 Å)
Long-range 
(r > 4.5 Å)

CAV-1
6-MP anion -73.16 -62.26 -77.37 -4.58 -4.52 -1.63
6-MP neutral -67.16 -58.06 -71.37 -4.72 0 0
CAV-2
6-MP anion -59.73 -46.48 -63.94 -3.72 6.79 -2.56
6-MP neutral -57.31 -39.58 -61.51 -3.32 0 0

B I N D I N G  S I T E S  A N D  B I N D I N G  M O D E

As predicted from the docking procedure the 
6-MP binding may occur at two sites (cavities) 
in HSA structure. The binding sites of 6-MP 
were found to be in domain II (CAV-1) and in 
the channel formed by domain I and III (CAV-2) 
(fi g. 2a). The 6-MP at the primary binding 
site in CAV-1 is buried in the protein matrix 
whereas 6-MP at the secondary site in CAV-2 is 
not as deeply inserted into the protein and is 
more exposed to the aqueous solvent (fi g. 2b). 
Amino acid residues involved in the binding of 
6-MP to HSA were predicted and H-bond and 
electrostatic interaction were evaluated. Pre-
ferred poses conformation at the primary and 
secondary 6-MP binding site on HSA and the 
contacting amino acid residues are presented 
in fi g. 3. At both binding sites 6-MP as neu-
tral form is positioned in this part of CAV-1 
and CAV-2 which is surrounded mainly by hy-
drophobic residues of amino acids, whereas 
anionic form of 6-MP is positioned in area sur-
rounded by polar and charge residues of ami-
no acids. The spaces occupied by poses in each 
site do not overlap (fi g. 3a and 3b). In CAV-1 
(subdomain IIA) the side chains of Leu238, 
Leu260, Ile290, Ala291 and Val293 probably 

Table I. Top hit of 6-MP molecule for docking to HSA

Tabela I. Energia wiązania 6-MP dokowanej do HSA po dokonanej minimalizacji energii kompleksu 6-MP–HSA

play an important role in binding, mostly 
by hydrophobic interaction, with the neutral 
molecule of 6-MP, whereas anion interact 
with polar residues of Ser, Gln, Glu and ionic 
residue of Lys. In CAV-2, the poses of neutral 
form of 6-MP are oriented toward the interior 
of albumin, while the poses of anionic form 
occupied relatively more polar part of cavity. 
In this site both forms of 6-MP interact with 
subdomains IA, IB, as well as subdomain IIIB. 
Three hydrogen bond interactions of neutral 
molecule with Asp108, Val462, Glu465 and 
anionic form of 6-MP with Leu103, Tyr148, 
Val462 were identifi ed (data not presented). 

The details of interactions of 6-MP in CAV-1 
are presented in fi g. 4 and in table II. The pre-
sented data revealed that Lys195 and Lys199 
are the closest residues to be found in the vi-
cinity (within 4 Ǻ) of 6-MP anionic molecule 
(fi g. 4a), while Tyr150 and Arg242 are in the 
proximity of neutral molecule of 6-MP (fi g. 
4b). The negatively charged N1 atom of 6-MP 
make electrostatic interaction with positively 
charged residues of Lys and the pose of neutral 
form of 6-MP is positioned to make a H-bond 
interaction with the hydroxyl group of Tyr150 
and residue of Arg242. 
The binding pocket in subdomain IIA (namely 
Sudlow`s Site I) had an apolar interior which 
contains two clusters of polar residues of 
Lys195, Lys199, Arg218, Arg222 located in 
the entrance of the pocket (outer cluster) and 
Tyr150, His242 and Arg257 in the interior of 
the pocket (inner cluster) [22]. The Lys195 and 
His242 assumes a key role in the protein-ligand 
interaction. Since, the present data show that 
6-MP may bind at Site I this way that neutral 
form of 6-MP occupy the inner polar cluster 
and anion of 6-MP binds at the mouth of this 
site which is ability to bind small negatively 
charged ligands.



ANNALES ACADEMIAE MEDICAE SILESIENSIS

46

Fig. 2. Computational model of 6-MP docked to HSA and location of the binding sites (CAV) in structure of HSA; (a) HSA is represented in 
ribbon model with domains, subdomains, and N- and C-termini (each domain is marked with a diff erent color: red for domain I, green for 
domain II, blue for domain III); (b) HSA is represented in molecular surface model. 6-MP is shown in a red stick (a) and in a space fi lling model 
(b); the cavities are colored green. The image was made using Molegro Virtual Docker (MVD). 

Ryc. 2. Komputerowy model HSA z zadokowaną cząsteczką 6-MP i lokalizacja miejsc wiążących (CAV) w strukturze HSA; a – model wstęgowy 
HSA z domenami, subdomenami i N- i C-końcem (domenę I oznaczono kolorem czerwonym, domenę II kolorem zielonym, domenę III kolorem 
niebieskim); b – model prezentujący powierzchnię i kształt cząsteczki HSA. 6-MP wpasowaną w miejsce wiążące przedstawiono w postaci modelu 
prętowego oznaczonego kolorem czerwonym (a) oraz w postaci modelu z wypełnieniem przestrzeni atomów odpowiadającej ich promieniom 
van der Waalsa (b); kieszenie (CAV) oznaczono kolorem zielonym. Rycinę przygotowano przy użyciu programu Molegro Virtual Docker (MVD).

Fig. 3. Graphical representation of the binding orientation of neutral and anionic forms of 6-MP in the CAV-1 and CAV-2; (a) position of 6-MP 
molecules (poses) binding to the site in CAV-1 and amino acid residues constituting this binding site; (b) position of 6-MP molecules (poses) 
binding to the site in CAV-2 and amino acid residues constituting this binding site. 6-MP is shown in a stick representation colored red and amino 
acids are shown in a thin stick representation with carbon atom colored grey, nitrogen atom in blue and oxygen atom in red, hydrogen atom in 
white; only polar hydrogen are shown for clarity. The image was made using Molegro Virtual Docker (MVD).

Ryc. 3. Grafi czna prezentacja dopasowania związanych cząsteczek 6-MP do miejsc wiążących w CAV-1 i CAV-2; (a) pozycje związanych cząste-
czek 6-MP w CAV-1 i reszty aminokwasowe tworzące miejsce wiążące; (b) pozycje związanych cząsteczek 6-MP w CAV-2 i reszty aminokwa-
sowe tworzące miejsce wiążące. 6-MP przedstawiono w postaci modelu prętowego oznaczonego kolorem czerwonym, reszty aminokwasowe 
przedstawiono w postaci modelu drutowego z atomem węgla oznaczonym kolorem szarym, atomem azotu oznaczonym kolorem niebieskim, 
atomem tlenu oznaczonym kolorem czerwonym i atomem wodoru w kolorze białym. Rycinę przygotowano przy użyciu programu Molegro 
Virtual Docker (MVD).

a b
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C O N C L U S I O N S

In this study, molecular docking has been em-
ployed to identify the potential binding sites 
and understanding of binding mode of 6-MP 
with HSA. Docking results found 6-MP to be lo-
cated at least two binding sites on HSA, in sub-

Fig. 4. Interaction of the selected poses of 6-MP as an anionic (a) and neutral form (b) in CAV-1. Hydrogen bonds are visualized as dashed 
yellow lines (were strong H-bonds appear more solid), electrostatic interactions are visualized as green partial spheres correspond to favorable 
interactions oriented in the direction of the interaction and as dashed green lines. 6-MP is shown in a stick representation colored red and 
amino acids are shown in a thin stick representation with carbon atom colored grey, nitrogen atom in blue and oxygen atom in red, hydrogen 
atom in white, only polar hydrogen are shown for clarity.

Ryc. 4. Oddziaływania wiążące w miejscu wiązania w CAV-1 anionowej (zjonizowanej) formy 6-MP (a) i obojętnej (niezjonizowanej) formy 
6-MP (b). Wiązanie wodorowe przedstawiono w postaci żółtych przerywanych linii (najgrubsza linia oznacza najsilniejsze oddziaływanie), od-
działywanie elektrostatyczne przedstawiono w postaci zielonych kropkowanych linii i w postaci czaszy oznaczonych kolorem zielonym zorien-
towanych w kierunku interakcji. 6-MP przedstawiono w postaci modelu prętowego oznaczonego kolorem czerwonym, reszty aminokwasowe 
przedstawiono w postaci modelu drutowego z atomem węgla oznaczonym kolorem szarym, atomem azotu oznaczonym kolorem niebieskim, 
atomem tlenu oznaczonym kolorem czerwonym i atomem wodoru w kolorze białym. 

Table II. Molecular docking analysis of the 6-MP binding in the primary binding site (CAV-1) of the HSA

Tabela II. Analiza oddziaływań wiążących dla cząsteczki 6-MP w pierwszym miejscu wiązania (CAV-1) w strukturze HSA

Interaction Ligand atom Protein atom Energy Distance (Å)
Anionic form of 6-MP
Electrostatic N1 (charge -1) LYS195 (N.4) -5.59 3.85
Electrostatic N1 (charge -1) LYS199 (N.4) -5.99 3.72
H-bond N3 (acceptor) Gln196 (N.am) -2,27 3.15
H-bond N7 (donor) Ser192 (O.3) -2.50 3.10
H-bond N9 (acceptor) Glu292 (O.co2) -2.50 2.73
Neureal form of 6-MP
H-bond N1 (donor) Tyr150 (OH) -0.19 3.04
H-bond N3 (acceptor) Arg257 (NE) -0.22 3.52
H-bond N3 (acceptor) Arg257 (NH2) -1.26 3.15
H-bond N7 (donor) Arg257 (O.2) -0.47 3.41

a b

domain IIA and in crevice formed by domain I 
and III.  From analysis of model of the binding 
site in CAV-1 two subsites were identifi ed, one 
of a hydrophilic nature for binding anion of 
6-MP, and another of a hydrophobic property for 
binding neutral molecule of 6-MP. The binding 
of 6-MP as anion is probably stronger because 
of supplementary electrostatic interaction.
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