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GPVI is a key receptor for collagen-induced platelet activation. Loss or inhibition of GPVI causes only
mildly prolonged bleeding times but prevents arterial thrombus formation in animal models. Therefore,
GPVI is considered to be a potent target molecule for therapy of thrombotic diseases. Recently, it was
reported that the AT1-receptor antagonist losartan (DuP-753) and EXP3179 inhibit platelet adhesion
and aggregation via GPVI. However, it is still not clear how losartan is associated with inhibition of
binding between GPVI and collagen at the molecular level. Here, we show by NMR that losartan
directly interacts with the hydrophobic region consisting of strands C0 and E in the N-terminal Ig-like
domain of GPVI. A reliable GPVI-losartan complex model is presented by using a combination of
NMR data and in silico tools. These data indicated that the phenyl group with the tetrazole ring in
losartan plays a crucial role in the interaction with GPVI.

Introduction

Platelet adhesion and aggregation to collagen exposed at
injured vascular endothelium are fundamental requirements
for platelet function. Arterial thrombosis formation under-
lying acute coronary syndromes (ACSa) or stroke occurs by
the normal function of platelets.1 The platelet collagen recep-
tor, glycoprotein (GP)VI, is primarily responsible for regulat-
ing initial platelet adhesion and aggregation in flowing blood.
GPVI predominantly mediates intracellular signaling that
leads to activation of the platelet integrin RIIbβ3, which binds
fibrinogen or vWF and mediates platelet aggregation.2,3

The evidence that GPVI is an important molecule for
platelet aggregation is as follows: (1) GPVI-deficient platelets
have almost no response to collagen stimulation;4 (2) Fab
fragments of an anti-GPVI antibody inhibit collagen-stimu-
lated platelet aggregation;5 (3) in mice, soluble GPVI-Fc
dimers inhibit platelet aggregation to injured vessel walls
in vivo.6 Therefore, GPVI is considered to be a target protein
for therapeutic drug design in arterial thrombotic diseases (e.
g., ACS and stroke). Losartan (DuP-753) is a prodrug that is
actively metabolized by the cytochrome P450 isoenzyme
CYP2C9 on first liver passage,7 and its main antihypertensive

AT1-receptor blocking metabolite, 2-butyl-4-chloro-1{[20-
(1H-tetrazol-5-yl)[1,10-biphenyl]-4-yl]methyl}-1H-imidazole-
5-carboxylic acid (EXP3174),8 is 10- to 40-fold more potent
than the prodrug form. 2-Butyl-4-chloro-1{[20-(1H-tetrazol-
5-yl)[1,10-biphenyl]-4-yl]methyl}-1H-imidazole-5-carboxal-
dehyde (EXP3179)8 was originally identified as an aldehyde
metabolite of losartan in patients after administration and is
also produced as a hepaticmetabolite by the cytochromeP450
pathway. Since the early 1990s, AT1-receptor antagonists like
losartan have made up a new generation of antihypertensive
agents that also modulate hemostasis, and apparently this
effect is not solely the result of AT1-receptor blockage. AT1-
receptor antagonists are potent in releasing nitric oxide (NO)
in a concentration-dependent manner for platelet and endo-
thelial cells.9 It has been indicated that NO, a potent inhi-
bitor of platelet adhesion and aggregation, directly inhibits
TXA2-dependent platelet activation.10 Among the tested
AT1-receptor antagonists, the inhibitory effect of losartan
on platelet adhesion and aggregation is higher those that of 1
(EXP3174) and valsartan9 and is not shared by candesartan.11

Sole administration of the NO synthase (NOS) inhibitor
L-NAME does not change collagen-stimulated adhesion and
aggregation, but NOS inhibition markedly attenuates anti-
adhesion and antiaggregation effects of losartan.9 In this
regard, the application of losartan itself impairs collagen-
induced platelet adhesion and aggregation. Grothusen et al.
recently reported that losartan and 2 (EXP3179) function as
specific inhibitors of the platelet collagen receptor GPVI
independent of AT1-receptor antagonism.12 This result indi-
cates that GPVI activating antibody 4C9 prevents the inhibi-
tory effect of platelet aggregation that depends on the losartan
and 2 dose. However, there is no evidence that losartan and 2
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inhibit platelet adhesion and aggregation for binding toGPVI
at the molecular level.

In this work, we analyzed in detail the interaction of GPVI
with losartan by a combination of NMR spectroscopy and in
silico tools. We show that losartan directly interacts with the
N-terminal Ig-like domain (D1GPVI, 1-91 aa) of GPVI con-
sisting of strands C0 and E by using a chemical shift perturba-
tion (CSP) experiment. We produced possible orientations of
losartan against the ligand binding site determined by CSP by
using in silico tools. The ligand docking poses on the GPVI
surface were grouped according to both the docking score of
each program and rmsd cluster analysis. To generate a more
reliable protein-ligand complex structure, candidate GPVI-
losartan complex models were selected using intermolecular
NOEs. Finally, selected models were tested for stability by
molecular dynamics (MD) simulations. MD simulations and
other experimental data indicated that the phenyl group with
the tetrazole ring in losartan is the key chemical structure for
interaction with GPVI.

Results

Evaluation of D1D2GPVI Purified from E. coli. To investi-
gate if the recombinant GPVI Ig-like domain (D1D2GPVI,
1-184 aa), which was purified and refolded from inclusion
bodies, interacts with its ligands, kinetic analyses were per-
formed by using SPR. Reportedly, GPVI recognizes the Gly-
Pro-Hyp (GPO; Hyp is hydroxyproline) motif in the triple
helical structure of collagen.13,14 The collagen-related peptide
(CRP), which contains 10 GPO motifs, is a specific agonist for
GPVI. Furthermore, GPVI specifically recognizes CRP and
human collagen type I and type III but not a peptide of similar
sequence, Gly-Pro-Pro (GPP), that lacks hydroxyproline.15

Therefore, we used CRP and human collagen type I as ligands
ofGPVI for evaluation ofD1D2GPVI kinetic activity in collagen
binding. CRP and collagen type I were immobilized on sensor
chips at low pH, and the interactions between flowing D1-
D2GPVI and immobilized ligands were measured under physio-
logical conditions. Sensorgrams for several analyte concentra-
tions were obtained and normalized by subtracting the back-
ground responses from collagen type I and CRP (Figure 2).
Dissociation constants (KD) ofD1D2GPVI against collagen type
I or CRP were obtained by using the steady-state affinity ana-
lysis method in BIAeval 4.1 (BIAcore AB). The KD values of
D1D2GPVI against collagen andCRPwere 1.8� 10-4 and 1.3�
10-5M, respectively. ThisKD ofD1D2GPVI against CRP is vir-
tually the same as that of theGPVI extracellular domain, which
is expressed in human cells.16

NMR Resonance Assignments of D1D2GPVI. Backbone
assignments of D1D2GPVI were established by using two-
and three-dimensional heteronuclear NMR spectroscopy.
Initial NMR sample preparations of D1D2GPVI suggested
partial aggregation of the protein, as evident by a relatively

low spectral signal-to-noise ratio and considerable variation
of cross-peak intensity in the 2D 1H-15N HSQC spectrum.
Optimization of theNMR sample conditions, including data
collection at elevated temperatures up to 310K and addition
of glycerol, significantly improved the quality of the NMR
spectrum. Under optimized conditions, we performed 3D
NMR measurements of D1D2GPVI at 200 μM protein con-
centration. In order to confirm the resonance assignment, we
measured the 2D TROSY-HN(CO) spectra of 2H,15N-
labeled samples with 1-13C amino acid selective labeling.17

As a result, 78.7% of the backbone amide resonances
(excluding 20 proline residues) of D1D2GPVI were assigned.
The assignment is nearly complete forD1GPVI (92.6%),while
only 65.1% of the resonances originating from D2GPVI

(C-terminal Ig-like domain, 92-184 aa) could be assigned.
The residues that could not be assigned in D2GPVI were not
scattered over a large region but rather located in local
regions such as strands B, C, C0, and E in D2GPVI. Consider-
ing the fact that these regions have a higher B factor than
other regions in D2GPVI in the crystal structure,18 there may
be minor conformations or slow exchange dynamics in these
regions.

Interaction Analysis between GPVI and Losartan.Grothu-
sen et al. demonstrated that the inhibition of platelet aggre-
gation by losartan or 2 is prevented by additional stimulation
with collagen type I or the selectiveGPVI-receptor activating
antibody 4C9 in human PRP (platelet-rich plasma).12 There-
fore, it is recognized that losartan and 2 inhibit collagen-
dependent platelet activation viaGPVI.However, there is no
evidence of a direct interaction between D1D2GPVI and
losartan or 2. In this study, we first examined the possibility
of an interaction between GPVI and losartan by NMR
spectroscopy. Losartan inhibits collagen-stimulated platelet
aggregation as well as 212 and dissolves more easily at high
concentrations. In order to investigate the interaction be-
tween GPVI and losartan, 2D 1H-15N TROSY-HSQC
spectra of D1D2GPVI were recorded by successive addition
of losartan. Some of the cross-peaks in the TROSY-HSQC
spectra experienced gradual chemical shift changes upon
increasing concentrations of losartan, which suggests that
the free and bound states in D1D2GPVI undergo fast ex-
change on the chemical shift time scale (Figure 3A). None of
the cross-peaks of GPVI amide protons exhibited further
chemical shift changes at molar ratios beyond 1:12. To
identify the losartan recognition site in GPVI, CSP upon
binding to losartan was calculated as described in Experi-
mental Section and plotted as a function of the residue
number in GPVI (Figure 3B). We observed only nine
cross-peaks deviating more than 1.0 ppm at Δδ, chemical
shift changes between the free and bound states of GPVI,
including Glu40-Lys41 located in strand C, Tyr47-Asp49 in
strand C0, Phe54-Ile55 in strand E, Met58 in the E-310 loop,
and Leu62 in the 310 helix (Figure 3C). Interestingly, the
GPVI surface, which is formed by strand C0, strand E, and
the 310 helix, contains the hydrophobic putative collagen
binding region.18We estimated theKDof losartanwith curve
fitting using the quadratic equation of chemical shift change
as a function of ligand concentration. The KD of D1D2GPVI

and losartan is 1.7� 10-4M, indicating that losartan has the
same binding affinity for GPVI as human collagen type I.

CSP-Guided Docking Simulation. We obtained 11 and 74
docking poses using rigid and induced fit docking (IFD)
protocols in Glide, respectively. We then obtained a total of
38 docking poses after excluding complex models with a

Figure 1. Chemical structure of losartan. Aliphatic groups, aro-
matic protons, and themethyl group are labeledwith numbers. Only
the carbon atoms are labeled in the figure.
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more than -6.0 GlideScore (Table S1 in Supporting In-
formation). In Sievgene, we obtained 100 docking poses and
selected 25 by excluding complex models with a more than
-4.0 Sievgene score (Table S1). Subsequently, we selected
one docking pose that had the best score among all of the
poses in Glide as the first representative pose. The rmsd
values with respect to the best score pose were calculated for
all other docking poses. If the rmsd valuewas lower than 3 Å,
then it was grouped into the first cluster. Otherwise, it was
identified as the new representative pose in the new cluster.
This procedure was repeated while calculating rmsd values
with respect to representative poses one by one. On the basis
of the rmsd values, all docking poses were classified into 17
distinct poses. These poses were further classified into four
groups according to which portion of losartan contacted
with the binding pocket of GPVI. In group A, the phenyl
group with the tetrazole ring is deeply buried in the pocket.

In group B, the alkyl chain is in the binding pocket. In group
C, the hydroxymethyl group and chlorine modified imida-
zole group exist in the pocket. Finally, group D consists of
poses in which losartan has no contact with the hydrophobic
pocket (Figure 4).

Selection of LigandDockingPoses by IntermolecularNOE.

Intermolecular NOEs were identified by comparisons of 3D
15N-edited NOESY-HSQC spectra between the free and
bound states ofGPVI.NOESYmeasurementwas performed
with 8-fold excess of losartan. As a result, possible inter-
molecular NOE peaks were found for the amide protons of
Lys41 and Gln48 of GPVI (data not shown). These residues
were located in the losartan binding region of GPVI deter-
mined by the CSP experiments (Figures 3C and 5). To
confirm that the intermolecular NOEs originated from
losartan, we carried out high resolution 2D 15N(F2)-edited
1H-1H NOESY experiments with or without 15N decou-
pling during an evolution period (data not shown). Compar-
ison of the 1D 1H spectrum of losartan with the high
resolution NOESY spectrum (Figure 5) revealed that the
amide protons of Lys41 andGln48were located in proximity
to H15/H16 and H14/H15 of losartan protons (Figure 1),
respectively. Among the docking poses, only the docking
pose of group A fulfilled all of the intermolecular NOE
distance conditions.

Molecular Dynamics Simulation of the GPVI-Losartan

Complex. To confirm whether the reliable ligand docking
pose in group A is a stable complex structure, we performed
MD simulations of the GPVI-losartan complex structure

Figure 2. Sensorgrams of the interaction of D1D2GPVI with immobilized ligands. D1D2GPVI solutions flowed over immobilized (a) collagen
type I (2700 RU) and (b) CRP-XL (3000 RU) and control surfaces. Each line is colored as follows: black, 200 μM; red, 100 μM; blue, 50 μM;
dark-green, 25 μM; sepia, 12.5 μM; wine-red, 6.25 μM; brown, 3.13 μM; olive, 1.56 μM; green, 0.78 μM. Responses from immobilized ligands
were subtracted from that of the control surface.

Figure 3. (A) Overlay of expanded region of 1H-15N TROSY-
HSQC spectra of D1D2GPVI titrated with losartan. Chemical shifts
in D1D2GPVI were changed by increasing amounts of losartan from
0 to 1.2 mM as displayed: black, red, yellow, green, magenta, cyan,
orange, and blue for 0, 30, 60, 100, 200, 400, and 800 μM and
1.2 mM losartan, respectively. Cross-peaks are labeled with their
corresponding residue numbers and a single-letter code. The arrows
indicate the direction of chemical shift change during titration of
losartan into D1D2GPVI. This figure was generated by using the
software SPARKY.38 (B) Plot of D1D2GPVI chemical shift changes
(Δδ) between the absence and presence of losartan (1.2mM) against
residue number. Δδ was calculated by using the formula Δδ =
[(ΔδH)

2 þ (ΔδN/5)
2]1/2, where ΔδH and ΔδN denote chemical shift

changes of hydrogen and nitrogen, respectively. (C) CSP data
mapped onto the crystal structure of D1D2GPVI.18 Residues are
colored according to the following color scheme: red, Δδ > 0.4
ppm; orange, 0.2 < Δδ e 0.4 ppm; yellow, 0.1 < Δδ e 0.2 ppm.

Figure 4. Four representative in silico docking poses of losartan
from each group divided by cluster analysis and the binding site of
losartan in the GPVI hydrophobic pocket. D1D2GPVI is colored by
CSP results (see Figure 3C). Losartan, which is rendered as a stick
model, is colored white, blue, red, and green for carbon, nitrogen,
oxygen, and chloride, respectively.
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with explicit water molecules to mimic physiological condi-
tions. D2GPVI, which was not affected by the CSP experi-
ment, was omitted from MD simulations to reduce com-
putational complexity. Moreover, the D1GPVI and losartan
complex structure had acceptable rotation at the center of
gravity and limited translation in explicit watermolecules for
5 ns of simulation time.

Themotion of losartan inMD simulations was monitored
with essential rmsd analysis, compared to the initial losartan
structure, and was performed on each chemical structure of
losartan (Figure 6A). As a result, the phenyl group with the
tetrazole ring of losartan is restricted compared with other
chemical structures on the GPVI surface, and furthermore,
the imidazole group and alkyl chain had some degree of
mobility during 5 ns of simulation. When snapshots of the
trajectory were superimposed on the GPVI backbone, the
phenyl group and tetrazole ring were restricted in mobility
on the GPVI surface (Figure 6B and Figure S1). The MD
simulation results are in a good agreement with the observa-
tion that intermolecular NOEs were observed only from the
phenyl groupwith the tetrazole ring in losartan and not from
any other chemical structures (Figures 5 and 6C). Further-
more, the absence of intermolecular NOEs from the benzyl-
imidazole group and alkyl chain is consistent with the
motion of these groups on the GPVI surface during MD
simulations.

Discussion

Losartan, which was originally considered anAT1-receptor
antagonist, inhibits collagen-stimulated platelet adhesion and
aggregation in vitro and in vivo.9 However, little is known
about the target protein of losartan and its inhibitorymechan-
ism for platelet adhesion and aggregation. Collagen-depen-
dent platelet activation is reportedly inhibited via GPVI upon
the additionof losartanand 2 according to cellular analyses by
using GPVI activating antibodies.12 In this study, our NMR
analyses directly revealed that losartan site-specifically inter-
acts with GPVI, and its binding constant was determined by
the CSP experiment (Figure 3). The recognition mechanism
between GPVI and collagen has not been experimentally
elucidated yet, but Horii et al. presented a GPVI-CRP
complex model using docking software and incorporating
point mutational analyses.18-20 The losartan binding site of
GPVI determined in this study overlapped the putative CRP
binding site, consisting of strands C0 and E of GPVI. If the
collagen interaction site is valid, then an inhibitory effect of
losartan on collagen-dependent platelet adhesion and aggre-
gation may come about via competitive inhibition with col-
lagen. Recently, we reported that a peptide consisting of 12
amino acids derived by a phage display method directly binds
toGPVI and prevents the interaction ofGPVI and collagen.21

This peptide has a competitive inhibitory effect against losar-
tan on the GPVI surface (data not shown). Therefore, the
losartan binding site in GPVI would be an attractive site for
small molecule inhibition of the GPVI-collagen interaction.

Determining the atomic coordinates of a protein-ligand
complex structure with high precision is a critical step in
SBDD (structure-based drug discovery). However, structural
determination of a protein-ligand complex is still a time-
consuming task, requiring, for example, the search for proper
soaking and crystallization conditions for a suitable crystal of
the complex, since the complex does not necessarily crystallize
even if the crystal structure of the target protein alone is
available. In such cases, it has been demonstrated that reliable
structuralmodels of protein-ligand complexes can be derived
by a combination usage of in silico tools andNMRdata.22-25

In the present study, in order to eliminate program-depen-
dent bias in docking calculations, we used two distinct ligand
docking programs. We obtained 17 distinct ligand docking
poses by rmsd cluster analysis and further classified them
into four groups according to the bindingmodes of themoiety
of losartan on GPVI (Figure 4). Those complex structures
that satisfied the intermolecular NOEs between GPVI and
losartan are represented in group A, indicating that a key

Figure 5. A 1D 1H NMR spectrum of free losartan (left) and an
expanded region of the 2D 15N(F2)-edited NOESY spectrum of
uniformly 2H,15N-labeled D1D2GPVI upon additional of losartan
(right). The box represents intermolecular NOEs between aromatic
protons of losartan and amide protons of D1D2GPVI. All asterisks
are intramolecular NOEs between amide protons in GPVI.

Figure 6. (A) The rmsd values for all atoms of losartan and its functional groups as a function showing a structural drift from initial
coordinates in group A during the first 5 ns. Each line is colored as follows: black, all regions; red, phenyl group with tetrazole ring; green,
imidazole group; blue, alkyl chain. (B) Superimpositions of the initial GPVI-losartan complex model in group A and the MD simulated 10
structures of every 500 ps. The heavy atoms in the backbones ofD1GPVI have been fitted before all protein atomswere stripped. Losartan,which
is rendered as a stick model, is colored orange, blue, red, and green for carbon, nitrogen, oxygen, and chloride respectively. (C) Representative
docking structure of GPVI (white) and losartan in group A. Observed intermolecular NOEs between GPVI and losartan are represented by a
dotted black line.
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interaction between the hydrophobic residues in GPVI
(Leu38, Leu53, and Tyr66) and the phenyl group in losartan
is represented for the losartan binding. Finally, the complex
structure was verified by MD simulations with explicit water
molecules, and reliable binding poses of losartan could be
obtained.

Non-peptide AT1-receptor antagonists, which reduce blood
pressure in human hypertensive subjects, have an additional
and separate action inpreventingplatelet adhesionandaggrega-
tion.9,11,26,27 Among them, it has been revealed that losartan
exhibits a GPVI-dependent inhibitory effect on platelet adhe-
sion and aggregation. We have tested the interaction of other
AT1-receptor antagonists, 4

0-[[4-methyl-6-(1-methyl-2-benzimi-
dazazolyl)-2-propyl-1-benzimidazolyl]methyl]-2-biphenylcar-
boxylic acid (telmisartan) and (()-1-[[(cyclohexyloxy)carbo-
nyl]oxy]ethyl 2-ethyl-1-[[20-(1H-tetrazole-5-yl)[1,10-biphenyl]-
4-yl]methyl]-1H-benzimidazole-7-carboxylate (candesartan
cilexetil). On the basis of CSP experiments with these ligands,
candesartan cilexetil, which has a tetrazole ring, dose-depen-
dently interacts with GPVI but with a lower binding affinity
than losartan, while telmisartan, which has carboxylate moi-
ety instead, does not affect the spectrum (data not shown).
These results indicate that the tetrazole ring is necessary for
the interaction with GPVI, and our MD simulation results
definitely support this hypothesis. The phenyl group with the
tetrazole ring of non-peptide AT1-receptor antagonists might
be primarily important for the interactionwithGPVI, and the
key interaction in the GPVI-losartan complex might be not
only between the hydrophobic residues in GPVI and the
phenyl group in losartan but also between the acidic residues
in GPVI (Lys41 and Arg46) and the tetrazole in losartan.
Therefore, in order to increase the inhibitory activity for
platelet aggregation of losartan, it would be necessary to
improve the benzylimidazole group and the alkyl chain
moiety.

Conclusion

In this study, we revealed the specific interaction between
GPVI and the AT1-receptor antagonist losartan by using
NMR spectroscopy and suggest that this interaction directly
inhibits collagen-dependent platelet activation and aggrega-
tion. Our approach to construct a protein-ligand complex
structure, using a combination of NMR data and in silico
tools, has led to a reliable GPVI-losartan complex model in
which the losartan binding site was identified as the hydro-
phobic pocket consisting of strands C0 and E of GPVI.
Moreover, the key chemical structure of losartan that inter-
acts with GPVI was specified as the phenyl group with the
tetrazole ring, suggesting additional possibilities for improv-
ing its activity and specificity as a GPVI antagonist.

Experimental Section

Cloning, Expression, and Purification of the GPVI Ig-like

Domain. The nucleotide sequence of the GPVI coding region
was prepared from CMK cell cDNA as described in a previous
study.28 Briefly, CMK cells (5 � 105 mL-1) cultured in RPMI
1650 medium with 10% fetal calf serum (Invitrogen) were
derived from mature megakaryocytes after 20 nM phorbol 12-
myristate 13-acetate (Sigma) treatment. After cells were har-
vested, the total RNAwas isolated by using Trizol (Invitrogen).
The cDNA was prepared by reverse transcription with oligo-
(dT)12-18 primer using Super Script IIRT (Invitrogen). The full-
length GPVI cDNA was amplified by PCR. The PCR product
was ligated to a pCR3.1 vector (Invitrogen) and transformed

into Escherichia coli strain DH5R. The coding region of the
GPVI Ig-like domain (D1D2GPVI) was amplified by PCR from
full-length GPVI cDNA. The restriction sites NdeI and BamHI
were incorporated into the constructs. Following digestion with
NdeI and BamHI, the pair of PCR products was ligated into
pET-15b (Merck). The cloned pET-15b vector was transformed
into BL21(DE3) E. coli cells.

To generate isotopically labeled proteins for NMR analysis,
cells harboring the D1D2GPVI construct were grown in M9
minimal media containing 15NH4Cl and/or [

13C6]D-glucose as
the sole nitrogen and carbon source, respectively. In the case of
the uniformly 2H,13C,15N-labeled D1D2GPVI, cells were grown
in M9 media in 2H2O (99.5%) containing 15NH4Cl and
[2H7,

13C6]D-glucose. Cultures were grown to an OD600 of ∼1.8
at 37 �C and then were changed to M9 media (OD600 of ∼1.0).
IPTG was added to a final concentration of 1 mM to induce
expression, and culture growth was continued for 8 h at 37 �C.

Cells were harvested by centrifugation, and the pellets were
dissolved in 6MGdnHCl, 20 mM phosphate (pH 8.0), 500 mM
NaCl, and 1 mM DTT. Insoluble debris was removed by
centrifugation. His-tagged D1D2GPVI was purified from the
supernatant by a HisTrap HP column (GE Healthcare) in
denaturing conditions. 2-Mercaptethanol was added to the
eluted protein at a final concentration of 10 mM and incubated
for 1 h at 37 �C. Reduced D1D2GPVI was diluted 6-fold by
50 mM MES (pH 6.5), 500 mM L-Arg, 250 mM NaCl, 10 mM
KCl, 1 mM EDTA, and 0.05% PEG3550 and incubated over-
night at 4 �C. The purified protein was then refolded by using
multistep dialysis against solutions containing 50 mM MES
(pH 6.5), 400mM L-Arg, 100 mMNaCl, and 1mMEDTA for a
half day. The refolded protein was dialyzed against solutions
containing 50 mM MES (pH 6.5), 300 mM glucose, 100 mM
NaCl, and 1 mMEDTA for a half day. The refolded D1D2GPVI

solution was fractionated over a HiTrap SPHP column (GE
Healthcare). After His-tag cleavage of the eluted sample was
implemented by thrombin protease, final purification was per-
formed by a HiTrap SPHP column.

The purity of the protein solution was analyzed by SDS-
PAGE. Protein concentrations were determined by UV absor-
bance at 280 nm using molar absorption coefficients (ε) of 1490,
5500, and 125M-1 cm-1 for tyrosine, tryptophan, and disulfide
bonds, respectively.29

Synthesis of CRP and SPR Spectroscopy. All peptides were
purchased from BEX Co., Ltd. Cross-linked collagen-related
peptide (CRP-XL) was prepared from the backbone peptide
GKO(GPO)10GKOG or GCO(GPO)10GCOG as described
previously.13 SPR experiments were performed using a BIAcore
2000 system at 25 �C. Specific binding response data were
obtained by subtracting the response obtained using a flow cell
that was not coated with ligands. Acid soluble collagen (type I
and type III, Chemicon) and CRP were immobilized on a CM5
sensor chip using an amine coupling kit. The binding assay was
performed in running buffer HBS-EP (10mMHEPES, 150mM
NaCl, 3 mM EDTA, 0.005% surfactant P-20, pH 7.4) at a flow
rate of 20 μL/min using serial dilutions of D1D2GPVI. The data
for the construction of the Scatchard plots were obtained from
the equilibrium portion of the SPR sensorgrams as described
previously.30

NMRData Collection and Assignment of Losartan. Losartan,
which was purchased as a powder (Kemprotec Ltd.), was
prepared at a final concentration of 15.5 mM in 99.5% 2H2O.
A final purity of>95%was determined by analytical RPHPLC
(Supelcosil ODS column) and UV detection at 227 nm. One-
dimensional (1D) 1H NMR spectra were recorded on a Bruker
Avance 700 MHz spectrometer equipped with a 5 mm inverse
triple resonance probehead with three-axis gradient coil at 298
K. 1H NMR spectra were typically recorded with a 10 000 Hz
sweep width and 32K data points. The 1H resonances for losar-
tan were assigned from the two-dimensional (2D) DQF-COSY,
TOCSY, and ROESY spectra. The 2D ROESY spectrum was
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collected with a mixing time of 200 ms. All NMR spectra were
processed using NMRPipe/nmrDraw.31

NMR Data Collection of GPVI. NMR experiments were
performed in a solvent mixture of 95% H2O and 5% 2H2O in
20 mM HEPES-d18 (pH 6.5) and 5% glycerol-d8 at a final con-
centration of 0.1-0.3 mM using a Bruker Avance 800 MHz
spectrometer equipped with a 5 mm inverse triple resonance
probe head with three-axis gradient coil and a cryogenic probe
at 298 or 310 K. The 2D 1H-15N TROSY-HSQC, three-dimen-
sional (3D) TROSY-HNCACB, TROSY-HN(CO)CACB,
TROSY-HNCA, TROSY-HN(CO)CA, TROSY-HNCO, and
TROSY-HN(CA)CO experiments, together with 3D NOESY-
TROSY, were performed for backbone assignments. To faci-
litate the resonance assignment, six samples with 1-13C selective
labeling (Pro, Leu, Lys, Arg, Phe, and Tyr) in a 2H,15N back-
ground were prepared and 2D TROSY-HN(CO) experiments
were performed to obtain amino acid type information.17 The
proton chemical shift was referenced to the methyl signal of
2,2-dimethyl-2-silapentane-5-sulfonate (DSS) as an external
reference at 0 ppm. The 13C and 15N chemical shifts were
referenced indirectly to DSS. All NMR spectra were processed
using NMRPipe/nmrDraw31 and analyzed using the software
CARA.32

For the identification of the losartan recognition site in
GPVI, 2D 1H-15N TROSY-HSQC spectra were acquired at a
protein concentration of 0.1 mM in the absence or presence of
losartan at different molar ratios including 1:0.3, 1:0.6, 1:1, 1:2,
1:4, 1:8, and 1:12 (GPVI:losartan). By superimposition of the
HSQC spectra, the shifted cross-peaks of GPVI could be
identified and further assigned to the corresponding GPVI
residues. The degree of perturbation (Δδ) was reflected by an
integrated index calculated by the formula Δδ = [(ΔδH)

2 þ
(ΔδN/5)

2]1/2, whereΔδH andΔδN denote chemical shift changes
of hydrogen and nitrogen, respectively.

For intermolecular NOE measurement between GPVI and
losartan, 2D 15N(F2)-edited 1H-1H NOESY experiments of
uniformly 2H,15N-labeled D1D2GPVI alone and of the bound
state in the presence of 8-fold excess losartan were performed
with a mixing time of 100 ms at 298 K.

LigandDocking Simulations.The coordinates of theGPVIN-
terminal Ig-like domain (D1, 1-89 aa) used in the docking
simulation were obtained from the Protein Data Bank (PDB
entry code 2gi7). This crystal structure is registered as a back-to-
back dimer form.18 Each structure model, chains A and B, has
some difference in conformation, such as the side chain ofArg46
blocking the losartan binding candidate region in chain B.
Therefore, ligand docking simulations were performed against
both models of GPVI. Two structures of GPVI were opti-
mized by using the “protein preparation wizard” program
(Schr€odinger, Inc.). A three-dimensional structure of losartan
was created with the LigPrep program (Schr€odinger, Inc.) using
standard bond lengths and angles.

Ligand docking simulationswere based onCSPdata andused
two different programs: Glide 4.5 (Schr€odinger, Inc.) and
Sievgene.33 We used rigid docking and an IFD with the extra
precision (XP) mode in the Glide program. IFD simulation was
performed by a combination of the docking program Glide and
the protein modeling program Prime.34 The receptor grid was
generated within the bounding box so that the center was set to
the centroid of the 21 residues fromGlu40 to Arg60 in GPVI. In
the ligand docking simulation using the Sievgene program, a
search for the ligand binding pocket was performed by scanning
the entire GPVI surface by using the SiteMap 2.1 program35

before performing ligand docking because Sievgene does not
assign the ligand binding region. The receptor grid was gener-
ated with a 6 Å margin to encircle the ligand binding region.
Other parameters were set to default for both Glide and
Sievgene.

MD Simulations. MD simulations of the protein-ligand
complex were performed by using the cosgene program36 with

Amber99 force fields. All models were solvated in a spherical
shape with TIP3P (three-site transferable intermolecular
potential) water molecules and a distance of 35 Å from the
center of mass of the D1GPVI-losartan complex structure. A
water cap constraint was applied at a distance of 35 Å. All
ionizable residues were considered in the standard ionization
state at neutral pH. To eliminate residual unfavorable inter-
actions betweenGPVI and losartan and between the solvent and
the complex protein, the whole system was minimized for all
atoms until possible bad contacts were removed. After the
stability of the model structures was tested via performing 5 ps
simulations at a gradient temperature of 0-300 K, simulations
were performed for 5 ns at a constant temperature of 300 K.
During the simulations, the time step for integrating theNewton
equations was 2 fs with a SHAKE constraint37 on all bonds
containing hydrogen atoms, and the nonbonded cutoff was
12 Å. Structures were saved every 2 ps. The representative
GPVI-losartan complex structure was obtained from a mini-
mization of the average structure of 600 complex models that
appeared to be stabilizing during MD simulation (1-4 ns).
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