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A R T I C L E

OBJECTIVES: The herbal drug aristolochic acid (AA) derived from Aristolochia
species has been shown to be the cause of aristolochic acid nephropathy (AAN),
Balkan endemic nephropathy (BEN) and their urothelial malignancies. One of
the common features of AAN and BEN is that not all individuals exposed to AA
suffer from nephropathy and tumor development. One cause for these different
responses may be individual differences in the activities of the enzymes catalyzing the biotransformation of AA. Thus, the identification of enzymes principally
involved in the metabolism of AAI, the major toxic component of AA, and
detailed knowledge of their catalytic specificities is of major importance. Human
cytochrome P450 (CYP) 1A1 and 1A2 enzymes were found to be responsible for
the AAI reductive activation to form AAI-DNA adducts, while its structurally
related analogue, CYP1B1 is almost without such activity. However, knowledge
of the differences in mechanistic details of CYP1A1-, 1A2-, and 1B1- mediated
reduction is still lacking. Therefore, this feature is the aim of the present study.
METHODS: Molecular modeling capable of evaluating interactions of AAI with the
active site of human CYP1A1, 1A2 and 1B1 under the reductive conditions was
used. In silico docking, employing soft-soft (flexible) docking procedure was used
to study the interactions of AAI with the active sites of these human enzymes.
RESULTS: The predicted binding free energies and distances between an AAI
ligand and a heme cofactor are similar for all CYPs evaluated. AAI also binds to
the active sites of CYP1A1, 1A2 and 1B1 in similar orientations. The carboxylic
group of AAI is in the binding position situated directly above heme iron. This
ligand orientation is in CYP1A1/1A2 further stabilized by two hydrogen bonds;
one between an oxygen atom of the AAI nitro-group and the hydroxyl group of
Ser122/Thr124; and the second bond between an oxygen atom of dioxolane ring
of AAI and the hydroxyl group of Thr497/Thr498. For the CYP1B1:AAI complex,
however, any hydrogen bonding of the nitro-group of AAI is prevented as Ser122/
Thr124 residues are in CYP1B1 protein replaced by hydrophobic residue Ala133.
CONCLUSION: The experimental observations indicate that CYP1B1 is more than
10× less efficient in reductive activation of AAI than CYP1A2. The docking simulation however predicts the binding pose and binding energy of AAI in the CYP1B1
pocket to be analogous to that found in CYP1A1/2. We believe that the hydroxyl
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group of S122/T124 residue, with its polar hydrogen
placed close to the nitro group of the substrate (AAI), is
mechanistically important, for example it could provide
a proton required for the stepwise reduction process.
The absence of a suitable proton donor in the AAICYP1B1 binary complex could be the key difference,
as the nitro group is in this complex surrounded only
by the hydrophobic residues with potential hydrogen
donors not closer than 5 Å.
Abbreviations:
AA
- aristolochic acid
AAI
- aristolochic acid I [8-methoxy-6-nitro-phenanthro(3,4-d)-1,3-dioxolo-5-carboxylic acid]
AAIa
- aristolochic acid Ia [8-hydroxy-6-nitro-phenanthro(3,4-d)-1,3-dioxolo-5-carboxylic acid]
AAII
- 6-nitro-phenanthro-(3,4-d)-1,3-dioxolo-5-carboxylic acid
AAN
- aristolochic acid nephropathy
AlacI
- aristolactam I
Å
- Angstrom
BEN
- Balkan endemic nephropathy
CYP
- cytochrome P450
dA-AAI
- 7-(deoxyadenosin-N6-yl)aristolactam I
dA-AAII
- 7-(deoxyadenosin-N6-yl)aristolactam II
dG-AAI
- 7-(deoxyguanosin-N2-yl) aristolactam I
NADPH
- nicotinamide adenine dinucleotide phosphate (reduced)
NQO1
- NAD(P)H:quinone oxidoreductase
PDB
- Protein Data Bank
POR
- NADPH:cytochrome P450 oxidoreductase
RAL
- relative adduct labeling
RMSD
- root-mean-square deviation
SULT
- sulfotransferase
NAT
- N,O-acetlytransferase
UUC
- upper urinary tract urothelial carcinoma
WT
- wild-type

INTRODUCTION
The herbal drug aristolochic acid (AA) derived from
Aristolochia species has been shown to be the cause
of so-called Chinese herbs nephropathy, now termed
aristolochic acid nephropathy (AAN) (Debelle et al.
2008; Schmeiser et al. 2009). The plant extract AA is a
mixture of structurally related nitrophenanthrene carboxylic acids, the major components being aristolochic
acid I (AAI) and aristolochic acid II (AAII).
AAN is a rapidly progressive renal fibrosis that was
initially observed in a group of Belgian women who
had ingested weight loss pills containing Aristolochia
fangchi (Vanherweghem et al. 1993; Nortier et al. 2000).
Within a few years of taking the pills, AAN patients
also showed a high risk (~50%) of upper urothelial
tract carcinoma and, subsequently, bladder urothelial
carcinoma. In the meantime, similar cases have been
reported elsewhere in Europe and Asia (Schmeiser et al.
2009). Dietary exposure to AA has also been linked to
Balkan endemic nephropathy (BEN) and its associated
urothelial cancer (Arlt et al. 2007; Grollman et al. 2007;
Moriya et al. 2011); this nephropathy is endemic in certain rural areas of Serbia, Bosnia, Croatia, Bulgaria and
Romania.
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Exposure to AA was demonstrated by identification
of specific AA-DNA adducts in urothelial tissue of AAN
and BEN patients (Schmeiser et al. 1996; Nortier et al.
2000; Arlt et al. 2002; Grollman et al. 2007; Jelaković
et al. 2012; Yun et al. 2012). The most abundant DNA
adduct detected in patients is 7-(deoxyadenosin-N6-yl)
aristolactam I (dA-AAI) (Figure 1), which causes characteristic AT→TA transversions. Such AT→TA mutations have been observed in the TP53 tumor suppressor
gene in tumors from AAN and BEN patients (Lord et
al. 2004; Grollman et al. 2007; Moriya et al. 2011), indicating a probable molecular mechanism associated with
AA-induced carcinogenesis (Arlt et al. 2007; Kucab et
al. 2010). More recently, AA exposure was discovered to
contribute to the high incidence of upper urinary tract
urothelial carcinoma (UUC) in Taiwan, where medicinal use of Aristolochia plants is widespread (Chen et al.
2012); again, the TP53 mutational signature in patients
with UUC was predominant among otherwise rare
AT→TA transversions (Olivier et al. 2012). AA has been
classified as a Group I carcinogen in humans by the
International Agency for Research on Cancer (Grosse
et al. 2009).
The activation pathway for AAI is nitroreduction,
catalyzed by both cytosolic and microsomal enzymes;
in this process NAD(P)H:quinone oxidoreductase
(NQO1) is the most efficient cytosolic nitroreductase
(Stiborova et al. 2003, 2008a, 2008b; Chen et al. 2011;
Martinek et al. 2011) (Figure 1). In contrast to NQO1,
conjugation enzymes such as human sulfotransferases
(SULTs) or N,O-acetyltransferases (NATs) did not significantly activate AAI (Martinek et al. 2011; Stiborova
et al. 2011a) (Figure 2). In human hepatic microsomes,
AAI is activated by cytochrome P450 1A2 (CYP1A2)
and, to a lesser extent, by CYP1A1; P450 oxidoreductase (POR) also plays a minor role (Stiborova et al. 2001,
2005). Of human recombinant CYP enzymes, CYP1A2,
followed by CYP1A1 are the most effective to reductively activate AAI, while other CYPs are almost ineffective in this reaction (Stiborova et al. 2005) (Figure 2).
Human and rodent CYP1A1 and 1A2 are also the
principal enzymes involved in oxidative detoxication of
AAI to 8-hydroxyaristolochic acid I (aristolochic acid
Ia, AAIa) (Sistkova et al. 2008; Shibutani et al. 2010; Stiborova et al. 2011b; 2012).
The role of cytochrome P450 enzymes, particularly
CYP1A1 and CYP1A2, both in the reductive activation
and oxidative detoxication of AAI, was demonstrated
in several animal studies. Two studies used the Hepatic
P450 Reductase Null (HRN) mice - in which the Por
gene is deleted specifically in hepatocytes - resulting in
absence of CYP activity (Xiao et al. 2008; Levová et al.
2011), four others used Cyp1a1(−/−), Cyp1a2(−/−) and/
or Cyp1a1/1a2(−/−) and CYP1A-humanized mouse
lines (Rosenquist et al. 2010; Arlt et al. 2011; Stiborova
et al. 2012).
Overall, AAI-DNA adduct levels were higher in
CYP1A-humanized mice than in wild-type (WT) mice,
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Fig. 1. Pathways of biotransformation and DNA adduct formation of AAI. dA-AAI, 7-(deoxyadenosin-N6-yl)aristolactam I; dG-AAI,
7-(deoxyguanosin-N2-yl)aristolactam I; NR, nitro-reduction; UGT, UDP glucuronosyltransferase; SULT, sulfotransferase. Insert:
Autoradiographic profile of AAI-DNA adducts found in kidney of AAN patients.

suggesting strongly that human CYP1A1 and 1A2
causes higher AAI bioactivation than mouse CYP1A1
and CYP1A2 (Stiborova et al. 2012).
In contrast to the mechanism responsible for oxidation (hydroxylation) reactions catalyzed by CYP
enzymes that has been partially explained (Schyman et
al. 2011), information on the mechanism of nitroreduction catalyzed by these enzymes is still lacking. Therefore, this feature is the aim of the present study. Another
aim of this study is to explain the reason(s) why only
CYP1A1 and 1A2 are effective in nitroreduction of
AAI, while its structurally similar analogue, CYP1B1
is almost without such activity (Figure 2). Molecular
modeling capable of evaluating interactions of AAI with
the active site of human CYP1A1, 1A2 and 1B1 under
the reductive conditions was used for such a study.

MATERIALS AND METHODS
Homology modeling of human CYP1A1
To date, there is no three-dimensional structures
of CYP1A1 deposited in PDB databank, however
the structure of highly homologous protein human

CYP1A2 is available (PDB ID 2HI4) (Sansen et al.
2007). Therefore, we decided to use homology modeling to create a model of soluble domain of human
CYP1A1 with human CYP1A2 as a template, because
the soluble domains of both enzymes have 85% homology. For sequence alignment of the truncated human
CYP1A2 with human CYP1A1, see Figure 3. The
model of soluble domain of human CYP1A1, including
residues 32–509, was generated using server SWISSMODEL (Schwede et al. 2003). The model was evaluated using program PROCHECK v3.4 (Laskowski et
al. 1993) and showed acceptable quality. 88.2% residues were in most favored regions, 10.3% in additional
allowed regions and 3 glycine residues were in generously allowed regions. Residues L48, S116 and S303
were found in disallowed regions, but they are positioned on the surface, out of a region treated as flexible
during docking. L48, S116 were found in disallowed
regions also in the template structure (CYP1A2) and
their anomalous placement could be related to the fact
that native CYP1A1 and 1A2 are membrane proteins.
The last problematic residue S303 corresponding to
P303 of the template is located in the surface loop more
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Fig. 2. AAI-DNA adduct formation by human CYP enzymes in
SupersomesTM.. Data are taken from Stiborova et al. (2005).

Score = 726 bits (1875), Expect = 0.0, Method: Compositional matrix adjust.
Identities = 352/479 (73%), Positives = 409/479 (85%), Gaps = 3/479 (1%)
Query 1
Sbjct 1

RVPKGLKSPPEPWGWPLLGHVLTLGKNPHLALSRMSQRYGDVLQIRIGSTPVLVLSRLDT 60
Q......N..G......I..M................Q..............V...G... 60

Query 61
Sbjct 61

IRQALVRQGDDFKGRPDLYTSTLITDGQSLTFSTDSGPVWAARRRLAQNALNTFSIASDP 120
....................F...SN...MS..P...............G.KS....... 120

Query 121 ASSSSCYLEEHVSKEAKALISRLQELMAGPGHFDPYNQVVVSVANVIGAMCFGQHFPESS 180
Sbjct 121 ...T............EV...T...........N..RY.....T...C.I...RRYDHNH 180
Query 181 DEMLSLVKNTHEFVETASSGNPLDFFPILRYLPNPALQRFKAFNQRFLWFLQKTVQEHYQ 240
Sbjct 181 Q.L....NLNNN.G.VVG....A..I.........S.NA..DL.EK.YS.M..M.K...K 240
Query 241 DFDKNSVRDITGALFKHSK-KGPRASGNL-IPQEKIVNLVNDIFGAGFDTVTTAISWSLM 298
Sbjct 241 T.E.GHI....DS.IE.CQE.QLDENA.VQLSD...I.I.L.L................. 300
Query 299 YLVTKPEIQRKIQKELDTVIGRERRPRLSDRPQLPYLEAFILETFRHSSFLPFTIPHSTT 358
Sbjct 301 ...MN.RV.....E........S........SH...M.............V......... 360
Query 359 RDTTLNGFYIPKKCCVFVNQWQVNHDPELWEDPSEFRPERFLTADGTAINKPLSEKMMLF 418
Sbjct 361 ...S.K......GR........I...QK..VN....L......P..-..D.V....VII. 419
Query 419 GMGKRRCIGEVLAKWEIFLFLAILLQQLEFSVPPGVKVDLTPIYGLTMKHARCEHVQAR
Sbjct 420 .....K....TI.R..V.........RV.....L.....M...........C...F.MQ

477
478

Fig. 3. The sequence of truncated human CYP1A2 (Query) aligned
with human CYP1A1 (Subject).

and charges of a ligand (AAI) were predicted using ab
initio calculations on the Hartree-Fock level of theory in
conjunction with the 6-31+G(d) basis set. All ab initio
calculations were performed with program Gaussian 03
(Frisch et al. 2003).
We employed a hybrid global-local Lamarckian
genetic algorithm implemented in modified Autodock
v4.2.3 program suite (Huey et al. 2007) to evaluate
binding free energies and preferred binding modes for
studied compounds. The Autodock v4 combines two
methods to find the most preferable binding modes,
rapid grid-based energy evaluation and efficient search
of torsional freedom, together with optional soft-soft
docking. During the flexible docking procedure, both
the position of the ligand and the orientations of the
selected flexible side-chains are optimized simultaneously. In order to allow the enzyme to adapt to a new
ligand, we ran soft-soft docking calculations. All rotatable bonds of the ligands and 10-11 selected amino acid
side chains, CYP1A1 (S122, F123, N221, F224, F258,
D313, D320, T321, V382, L496, T497), CYP1A2 (T124,
F125, T223, F226, F260, D313, D320, T321, L382, L497,
T498), CYP1B1 (F134, N228, F231, F268, D326, D333,
T334, V395, L509, T510) were allowed to rotate freely.
We performed an extensive search (2 000 docking runs
per system) of the most preferred binding modes of an
AAI ligand within a 57x47x47 grid-box centered on the
substrate binding cavity. Similar resulting structures
(RMSD lower than 1.0 Å) were grouped and finally
sorted by binding free energy of the best binding structure within each cluster. As a result, a set of binding
modes with similar binding energies was obtained for
every system. We assume that only the orientations
with a sufficiently short distance between the electron
acceptor (AAI) and an electron donor (heme) in the
CYP would facilitate the reduction.

than 24 Å from the active site. Side chains of all residues
interacting with the ligand and heme were conserved
between the model and template.

RESULTS AND DISCUSSION

Molecular docking of AAI into human CYP1A1, 1A2 and
1B1
The soft-soft docking procedure was similar as
described previously (Stiborova et al. 2011a; Martinek
et al. 2011). The X-ray based coordinates of human
CYP1A2 (1.95 Å resolution, PDB ID 2HI4) (Sansen et
al. 2007) and CYP1B1 (2.7 Å resolution, PDB ID 3PM0)
(Wang et al. 2011) together with homologous model of
human CYP1A1 were used as starting structures for
modeling of AAI interactions with the ground state of
CYP enzymes. During structure preparation, hydrogen
atoms were added and crystallographic water and the
alpha-naphthoflavone ligand molecules were removed,
usual protonation states and AMBER partial charges
were assigned to all residues, except for the atomic
charge of the ferric ion of the heme cofactor, for which a
value more consistent with a metal in octahedral coordination was used (Pontikis et al. 2009). The geometries

Although the amino acid sequences of human CYP1A1,
1A2 and 1B1 show different levels of homology, all
enzymes possess narrow active site cavities, which is
reflected in their similar substrate preferences (Wang
et al. 2011). For example 9-hydroxylation of ellipticine
is catalyzed by CYP1A1, 1A2 and 1B1 at similar rates:
2.8, 2.5 and 1.6 pmol/min/nmolCYP, respectively (Stiborova et al. 2011c). However there are several substrates,
whose metabolic preferences for CYP1A1, 1A2 and 1B1
vary substantially. For instance the rate of Sudan I oxidation mediated by human enzymes of a CYP1 family
is high only for CYP1A1, while its oxidation by homologous CYP1A2 and CYP1B1 is more than 10-times
slower (Stiborova et al. 2002, 2006).
The structural alignment of human CYP1A1, 1A2
and 1B1 examined here and difference in their cavities
are illustrated in Figure 4. Their substrate binding cavities near the heme cofactor show higher shape resemblance than their upper parts near the substrate access
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*

Fig. 4. Superposition of CYP1A1 (cyan), 1A2 (black) and 1B1 (pink) active sites, edge and site view. Substrate binding cavities are rendered
as mesh surfaces. Side chains of non-conserved residues are rendered as sticks; other flexible residues are shown as lines. The major
differences in side chain composition resulting in significant changes of binding site properties are marked with asterisks.

A

C

B

Fig. 5. The most favorable binding orientations of AAI docked into the active site of CYP1A1 (A), 1A2 (B) and 1B1 (C). Hydrogen bonds
between AAI and the amino acid residues in active site residues are rendered as dashed black lines. AAI (pink), heme (grey) and side
chains of important amino acid residues (cyan) are rendered as bold sticks; iron ions as orange spheres.

channel (not shown in Figure 4). One side of the binding pocket is defined by helix I and the opposite side
is formed mostly by residues of hydrophobic amino
acids. The only three major differences in composition
of the binding cavities of CYP1A1, 1A2 and 1B1 could
be recognized: (i) the presence of Leu312 in CYP1A1 in
the place of polar residues Asn312/CYP1A2 or Thr325/
CYP1B1, (ii) the residue Ala133 in CYP1B1 is substituting polar residues Ser122/CYP1A1 or Thr124/CYP1A2
and (iii) replacement of hydrophobic residue of Phe319
in CYP1A1/2 by a polar amino acid Asn332 in CYP1B1.
Besides steric effects, these differences result in alteration of physico-chemical properties of the substrate

binding pocket of evaluated CYPs. These alterations
could also contribute to variation in CYP1A1, 1A2 and
1B1 substrate preferences.
Currently no information is known about the mechanism of nitroreduction catalyzed by CYP enzymes. We
suppose that the direct hydride transfer that is proposed
for reduction of AAI by the nitroreductase NQO1 (Stiborova et al. 2011a; Martinek et al. 2011) is not applicable for CYPs as they lack a suitable hydride donor
group in their active sites. Only the stepwise reduction
mechanism (e–, H+, e–, H+) which was proposed as
alternative for reduction of AAI by NQO1 (Stiborova
et al. 2011a; Martinek et al. 2011) is applicable here. We
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assume that any binding conformations allowing close
contacts between the electron donor (super-aromatic
system of heme) and the electron acceptor (aromatic
system of AAI and conjugated nitro- and carboxylic
groups) would facilitate the first electron transfer. This
step is presumably followed by the consequent proton
transfer from an unknown donor to the nitro-group of
AAI.
In order to simulate the reductive activation of AAI
by CYPs, the enzyme models included the ground state
form of prosthetic groups (ferric protoporphyrine IX).
Binding of AAI into the ground state of CYP represents
a step directly preceding nitroreduction catalyzed by
CYPs under the anaerobic conditions.
Molecular docking of AAI to the active site of CYP1A1,
1A2 and 1B1
To examine the nature of differences in mechanistic
details of CYP1A1-, 1A2- and 1B1-mediated reduction
of AAI, the AAI binding to the active centre of these
enzymes was modeled. Because the initial structure
coordinates were based on CYPs co-crystallized with
another ligand (α-naphthoflavone), the flexible docking procedure was employed in order to allow the CYP
active site to adopt a ligand of different size and shape.
During the docking procedure AAI and 10–11 amino
acid side chains shaping the binding cavity were treated
as flexible (Figure 4).
The most stable binding modes of AAI bound into
CYP1A1, 1A2 and 1B1 predicted by flexible docking
show high structural resemblance (Figure 5). Also the
predicted binding free energies and distances between
the AAI ligand and the heme cofactor for evaluated
CYP complexes are similar (see Table 1). AAI forms the
most stable complex with human CYP1A2. The AAI
is in this binding pose situated in the bottom and the
central part of the CYP1A2 binding pocket, with the
carboxylic group of the AAI placed 3.2 Å above heme
iron (Figure 5B). This ligand orientation is further stabilized by two hydrogen bonds; one between an oxygen
atom of the AAI nitro-group and the hydroxyl group of
Thr124; and the second bond between an oxygen atom
of the dioxolane ring of AAI and the hydroxyl group

Tab. 1. The estimated binding free energies and distances between
AAI ligand and heme cofactor for the best ranked complexes
shown in Figure 5.
Free energy of
binding
[kcal/mol]

COO –(AAI) – Fe3+(heme)
distance
[Å]a

CYP1A1

5.66

3.9

CYP1A2

5.81

3.2

CYP1B1

5.59

3.0

a Distance between the closest oxygen atom of carboxylic group of
AAI and heme iron in individual CYPs.
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of Thr498. Similar docking poses were predicted also
for CYP1A1 and 1B1 (Figure 5). Orientation of AAI in
the CYP1A1 active site is almost identical with that in
CYP1A2, including analogous hydrogen bonding to the
corresponding residues Ser122 and Thr497, except that
AAI in the CYP1A1 cavity is due to additional hydrogen bonding to Asn 221 pulled 0.7 Å farther from the
heme cofactor (Figure 5A). It is possible that the longer
electron transfer distance could contribute to the 30%
lower rates of CYP1A1-mediated reductive activation
of AAI activation in comparison to CYP1A2-mediated
activation found in in vitro experiments (Figure 2).
The experimental observations indicate that
CYP1B1 plays only a minor role in activation of AAI;
the CYP1B1 is more than 10-times less efficient in activating AAI (Figure 2). The docking simulation however
predicts the binding pose and binding energy of AAI
in the CYP1B1 pocket to be analogous to that found in
CYP1A2 (Figure 5C and Table 1). As in the CYP1A2, the
oxygen atom of dioxolane ring of AAI and the hydroxyl
group of Thr510 in CYP1B1 form the hydrogen bond,
but the important difference is based on altered hydrogen bonding of the AAI nitro group. Residues Ser122/
Thr124 that are directly interacting with the nitro
group of AAI in complexes with CYP1A1/1A2, are in
the CYP1B1 protein replaced by the hydrophobic residue Ala133. The absence of one hydrogen bond might
result in slightly lower binding affinity of AAI toward
CYP1B1 (Table 1), nevertheless this could not explain
the substantial differences in AAI activation efficiency
of the CYP1B1 vs. CYP1A1/2. We however believe that
the hydroxyl group of Ser122/Thr124 residue, with its
polar hydrogen placed close (1.9 Å) to the nitro group
of the substrate (AAI), could play a role in the CYP catalyzed reduction of AAI, for example it could provide a
proton required for the stepwise reduction process. The
vicinity of the nitro group in the CYP1B1-AAI complex is completely hydrophobic, with potential hydrogen donors not closer than 5 Å. The hydrogen bonding
between an enzyme and its substrate generally plays an
important role in the enzyme catalysis and was shown
to correlate with its enzymatic efficiency (Poulos, 1995;
Martinek et al. 2007). Although the interaction of AAI
with other CYPs shown in Figure 2 were not evaluated
by the means of flexible molecular docking, we should
note that the CYP enzymes belonging to family 2, likewise CYP1B1, contain only a hydrophobic residues (Ala,
Ile, Phe or Val) in position corresponding to Ser122/
Thr124. We propose that Ser122 and Thr124 could play
essential role in an unusually high rate of CYP1A1 and
1A2 mediated reduction of AAI that is much faster for
these two CYP enzymes in comparison to other CYPs
evaluated experimentally. The experimental confirmation of the hypothesis is currently under way in our
laboratory.
The difference in AAI activation preferences
between CYP1B1 vs. CYP1A1/2 could be attributed
also to other processes which are not directly related to
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the AAI affinities to their binding sites. For example, it
should be noted that active sites of most CYP enzymes
are buried deep inside the protein globule and are
accessible through a narrow access channel, the access
channel is smaller then their typical substrate. Access
of a substrate trough this channel requires substantial
flexibility of the CYP protein molecule, but unfortunately such a degree of flexibility could not be modeled
using the current docking techniques.
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