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Gastrodin Interaction with Human Fibrinogen: Anticoagulant Effects and

Binding Studies
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Abstract: In an effort to identify the
anticoagulant activity of gastrodin
(GAS) and to investigate the possibili-
ty of its use as a novel anticoagulant
drug, the binding characteristics of
GAS to human fibrinogen (Fg) were
studied by using a quartz crystal micro-
balance (QCM) biosensor, anticoagu-
lant animal experiments, and a molecu-
lar docking simulation. Real-time ki-
netic analysis with the QCM biosensor
revealed that the in vitro binding of
GAS to Fg was strong under physiolog-
ical ionic conditions as the determined
equilibrium dissociation constant (Kp)
was 1.94x107%m. To check whether this
strong binding may influence the natu-

vivo effect of GAS on the coagulation
system of rats was examined. The re-
sults showed that GAS can significantly
prolong the coagulation time (CT) and
decrease the Fg content, while it had
no effect on the activated kaolin partial
thromboplastin time (KPTT) or pro-
thrombin time (PT) in rats. To clarify
the mechanism of the specific interac-
tion, a molecular docking simulation
was also performed to provide reasona-
ble binding models for the interaction
of GAS with Fg at the atomic level.

Keywords: anticoagulant activity -
biosensors -+ gastrodin - human fibrin-
ogen - protein binding - proteins

GAS binds strongly to the inherent
polymerization sites “a” and “b”
(holes) on the Fg molecule with similar
binding free energies of about
—34kJmol™'. Altogether, these find-
ings confirmed first that GAS possesses
anticoagulant activity and that the pos-
sible anticoagulation mechanism of
GAS mainly involves its interference
with the knob-to-hole interactions be-
tween fibrin molecules, thereby effec-
tively inhibiting the formation of clots
and decreasing the risk of thrombosis.
The study has also shown the potential
usefulness of QCM biosensor technolo-
gy for the rapid screening of drug—pro-
tein interactions.

ral coagulation function of Fg, the in

Introduction

Protein binding is important in many processes that deter-
mine the eventual activity and fate of a drug once it has en-
tered the body. A drug must interact with a biological target
molecule, most often a protein, to exert a physiological func-
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tion. Conversely, protein function is almost invariably linked
with the specific binding of substrates or endogenous li-
gands."! Given the importance of these recognition events at
the molecular level, a thorough understanding of the molec-
ular forces that govern the affinities and specificities of
drugs towards their macromolecular targets will contribute
to the elucidation of the action mechanisms of drugs and
the structure—activity relationships of proteins. The charac-
terization of parameters for in vitro and in vivo drug binding
to proteins is essential and this is particularly true in the
design and development of new therapeutic agents.>!

The plasma protein fibrinogen (Fg) is a 340 kDa dimeric
glycoprotein that functions as the major structural clotting
agent. It is composed of two copies of three nonidentical
polypeptide chains, Aa, Bf, and v.[*% In the final stages of
the blood coagulant cascade, Fg is transformed into an in-
soluble fibrin clot by the action of thrombin. The process is
triggered by thrombin cleavage of fibrinopeptides A and B
(FpA, FpB) from the amino termini of the Aa and Bf
chains in the E region, respectively. The removal of FpA ex-
poses polymerization site “A” (Gly-Pro-Arg-Pro sequence),
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while FpB removal uncovers polymerization site “B” (Gly-
His-Arg-Pro sequence).”! The newly formed “A” and “B”
polymerization sites (knobs) in the E region of one fibrin
molecule may interact with inherent polymerization sites
“a” and “b” (holes) located in the y and Bf chains in the D
region of another fibrin molecule. The noncovalent knob-to-
hole interaction between one E region and two D regions of
individual molecules (DD-E interaction) generates two
stranded protofibrils in which individual monomers are half
staggered with their D regions aligned in an end-to-end
manner. The protofibrils associate with each other laterally
to produce thicker fibrils that branch to form the fibrin
clot.” Besides its prominent role in hemostasis, such a clot
also increases the risk of thrombus formation.®! Vascular
thrombosis is the pathological hallmark of clinical syn-
dromes such as myocardial infarction and stroke.”) In the
search for treatments for thrombotic disorders, much effort
has been expended towards the development of inhibitors of
the coagulant cascade. Based on the above coagulant mech-
anism, it is apparent that the inhibition of thrombin” or
the interference of knob-to-hole interactions™ will inhibit
the formation of fibrin clots effectively, and thereby is essen-
tial for life.

Gastrodin (GAS), the main active ingredient of the Chi-
nese herb “Tianma”, is considered to have several beneficial
properties, for example, improvement of circulation, treat-
ment of headaches and vertigo, and anticonvulsant action.!'?l
People are becoming increasingly interested in GAS owing
to its low toxicity and good therapeutic performance. De-
tailed characterization of the kinetics of GAS binding to
proteins and definition of the binding sites on proteins will
no doubt lead to a deeper understanding of the action
mechanism of GAS at the molecular level. However, recent
studies on GAS have focussed mainly on the identification
and quantification of this active ingredient.!*!¥ To the best
of our knowledge, there is to date no report concerning the
investigation of specific interactions between GAS and pro-
teins.

In this study, a quartz crystal microbalance flow injection
analysis (QCM-FIA) system with kinetic analysis software
based on a genetic algorithm (GA)"™ was used for rapid
screen analysis of the interac-
tions between immobilized
GAS and various proteins in
solution. It was found for the
first time that a strong specific
interaction between GAS and
Fg can occur under physiologi-
cal ionic conditions. Since Fg
plays an important role in the
coagulant cascade, the strong
binding of GAS may influence
its natural coagulation func-
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classical coagulation tests, such as coagulation time (CT), Fg
content, activated kaolin partial thromboplastin time
(KPTT), and prothrombin time (PT), were performed. It
was confirmed first that GAS possesses anticoagulant activi-
ty that was not related to intrinsic and extrinsic coagulation
factors, mainly due to the strong binding of GAS to Fg. To
gain a better understanding of the molecular basis for the
interaction, a molecular docking method was also used to
provide reasonable and reliable binding models and to
define the binding sites on Fg. A possible anticoagulant
mechanism for GAS has been proposed.

Results and Discussion

QCM biosensor analysis: A wide variety of biochemical
techniques (ultrafiltration, ultracentrifugation, and equilibri-
um dialysis) have been extensively employed in the study of
drug—protein binding.'¥ These techniques are based on the
analysis of the free drug, which can actually constitute a
limit when the drug is tightly bound to a protein, as quite
often occurs. To overcome this limitation, there has been
continuing research to find better, faster, and more conven-
ient approaches to the analysis of drug—protein binding.!""
The QCM biosensor has been recognized as a powerful im-
plement in the monitoring of biomolecular interactions with
the advantages over classical biochemical techniques of no
labeling, real-time, and noninvasive measurements.”'> Al-
though the QCM biosensor will not supplant high-through-
put array technologies for screening, it provides a realistic
possibility of low-throughput arrays and is quite useful in
secondary screening situations.?!! But in this area, the QCM
biosensor has not yet been fully exploited. In our previous
study, we proposed a novel screening strategy based on the
QCM biosensor (see Figure 1).! In this study, GAS was im-
mobilized on the QCM sensor chip using an appropriate im-
mobilization procedure and the pooled proteins were
screened rapidly to determine the specific receptor. Since
the binding interactions of various proteins with immobi-
lized drug ligands were studied under similar conditions
(flow rate, temperature, concentration) and on the same
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tion. To test this hypothesis,
the in vivo effect of GAS on
the coagulant system of rats
was further investigated and
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Figure 1. The strategy for rapid screen analysis of drug—protein interactions using the QCM biosensor. The
drug ligand was immobilized on the QCM sensor chip for screening out specific protein.

Chem. Eur. J. 2006, 12, 78077815


www.chemeurj.org

Gastrodin Interaction with Human Fibrinogen

sensor chip, their kinetic binding curves could be compared
directly to screen out the specific drug—protein interaction.

Immobilization of GAS on the QCM sensor chip: Gold sur-
faces can be functionalized by using a self-assembled mono-
layer of thio compounds. Here, dithiothreitol was chosen as
the functional reagent to modify the gold electrode of piezo-
electric crystal.”**! The sulfhydryl groups were readily acti-
vated by ethanediol diglycidyl ether under weak basic condi-
tions and the crystal surfaces were modified with epoxide
groups. GAS was then bound directly to the epoxide groups
on the modified surfaces. The structures of the biorecogni-
tion layers of the two sensors, the GAS-immobilized and
blank sensors, are depicted in Scheme 1. To evaluate the im-
mobilization progress, the resonance frequencies of the
dried crystals were determined after all reaction steps and
the amount of bound material was determined according to
the Sauerbray equation,® 1 ug~457 Hz over the linear
range of 0.01-25.0 ug. It was calculated that about 2.12 nmol
of GAS was immobilized on each crystal surface
(0.041 nmol GASmm ™ gold electrode area).

The immobilization of GAS on the QCM sensor chip has
two significant advantages. First, the gold electrode surfaces
were covered with a self-assembled layer of dithiothreitol,
which provides a hydrophilic environment suitable for most
biomolecular interactions and a chemical handle for stable
coupling immobilization. The free and rich hydroxy groups
of the dithiothreitol can form an effective hydrophilic layer
to reduce considerably the possibility of the nonspecific ad-
sorption of protein on the gold surface. Secondly, the bis-ox-
irane, 1,4-butanediol diglycidyl ether, can provide not only
active epoxide groups for the coupling of ligands, but also
an appropriate spacer. This long spacer or arm is of great
importance in biomolecular interactions. It facilitates the in-
teractions between the small ligands immobilized on the
gold surfaces and large proteins by alleviating steric hin-
drance >3
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Scheme 1. The structure of biorecognition layers of two modified sensors: a) the blank sensor; b) the GAS-im-

mobilized sensor.
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QCM-detected specific interaction of GAS with Fg: The
QCM biosensor integrated with a FIA system is a conven-
ient and valuable tool for real-time monitoring of the inter-
actions. The rapid screening analysis results are shown in
Figure 2. The frequency decreased by about 170 Hz when
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Figure 2. Rapid screen analysis of the interactions between the GAS-im-
mobilized sensor and various proteins in solution (1 pguL™").

human Fg was injected into the flow-through cell. The fre-
quency did not return to the initial level by rinsing with the
loading buffer solution. This result confirmed that a strong
specific interaction between Fg and immobilized GAS can
occur under physiological ionic conditions. In addition, the
frequency also decreased a little (by about 30 Hz) when

CH,OH human IgG was injected, indi-
1204 cating a weaker specific bind-
H;OH ing of human IgG to GAS. For

other proteins, the frequencies
all recovered to the baseline
value on rinsing with loading
buffers, indicating clearly that
there was no nonspecific ad-
sorption of these proteins by
the modified sensor chip under
physiological ionic conditions.
As the residual epoxide
groups’ reacting sites have
been blocked and as the gold
surfaces were hydrophilic, the
nonspecific adsorption of these
hydrophobic proteins on the
gold surfaces was almost im-
possible.”!
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To investigate the effect of the matrix on the interaction
between Fg and the immobilized GAS, the blank sensor was
also placed in the flow-through cell. Then, 200 uL of Fg
(1 pgpL™") was injected into the fluid system. The result was
compared with the one obtained with the GAS-modified
sensor (shown in Figure 3). It can be seen from Figure 3 that
the blank sensor showed no binding with Fg, indicating that
the matrix did not interact with Fg.

J’ Fg Injection 1. Blank Sensor

=
: —'-—Hm—“"—_“-—-_____
@ Fg Injection
-
.
2
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A e
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Figure 3. Interactions of human Fg with a) the blank sensor and b) The
GAS-immobilized sensor.

For repeated use of the sensor, it is important to regener-
ate the sensor. Hence, the efficiencies of various regenera-
tion reagents [solutions of 2m NaCl, glycine-HCI (100 mwm,
pH 2.0), 10 mm HCI, and 10 mm NaOH] in removing adsor-
bed Fg and maintaining sensor sensitivity were compared.
The 2m NaCl solution was chosen as the best one and a typ-
ical binding and regeneration sensorgram was obtained and
is shown in Figure 4. A significant decrease in frequency can
be seen after 1 pgul' of Fg was injected into the flow cell.
The frequency decreased by about 170 Hz and reached equi-
librium within approximately 8 min. On rinsing with the
loading buffer, the frequency increased a little, indicating
dissociation of the adsorbed Fg, but the frequency did not
return to the initial baseline. When the 2m NaCl solution
was injected, the specifically bound Fg molecules were re-

9988400.0 — Fj/lnjection
~. 9988300.0 2 M NaCl Solution
N Injection
T
] J
3 9988200.0 //___j\\
g
= \
9988100.0
9988000.0 T T T T T . . . . .

00 50 100 150 20.0 250 30.0 350 40.0 45.0 500
Time (min)

Figure 4. Typical binding and regeneration QCM sensorgram. A 2m NaCl
solution (pH 7.4) was used as the regeneration reagent.
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leased and washed out in less than 20 min. The frequency
recovered to the initial level. To verify the reproducibility of
this experiment, 1 uguL ™! of Fg was chosen and tested five
times. The relative standard deviation (RSD) of the frequen-
cy shift (Af) was calculated to be 2.3% (n=>5), indicating
that this regeneration procedure was quite reproducible.

Kinetics: Since the QCM is a continuous, real-time detector,
it is possible to assess the kinetics of the interactions. Owing
to steric reasons, it was assumed that only one binding site
of the Fg molecule interacts with the immobilized GAS.F-¥
That is to say, the interaction between Fg and the immobi-
lized GAS fits a 1:1 binding model and can properly be as-
sumed to follow pseudo-first-order kinetics. For the reversi-
ble interaction, A +B=AB, the rate of formation of the
product AB at time ¢ may be written as Equation (1), where
ks 15 the association rate constant and kg, the dissociation
rate constant. After some reaction time ¢, [B]=[B],—[AB].
Substituting into Equation (1) gives Equation (2), where
[B], is the concentration of B at t=0.

d[AB]

T = kaSS [A] [B]_kdiss [AB} (1)
AAB] _ AN (Blo—[AB]) ks AB] 2

The rate of dissociation of the formed complexes, AB, is
described by Equation (3).

d[AB]
dr = _kdiss [AB] (3)

Considering the Sauerbray equation (the decrease in fre-
quency F is directly proportional to the attached mass)?
and by using F,,, as the frequency change after complete
saturation of the surface of the crystal with A, the concen-
tration of free B is proportional to (F,,,—F) and the concen-
tration of complex AB is proportional to F. Equation (2)
and Equation (3) can thus be expressed, respectively, as
Equation () and Equation (5), where C is the concentration
of the free A, which is constant in a continuously flowing
solution.

CziF = kassC(Fmax_F)_kdissF (4)
t
dF
=k, 5
dr kdlssF ( )

Equation (4) and Equation (5) can be integrated to give
Equation (6) for the association progress and Equation (7)
for the dissociation progress, where AF is the frequency
change and C is the concentration of the free protein, which
is constant in a continuously flowing solution, AF,,,, is the
frequency change after complete saturation of the surface of
the crystal with protein, ¢ is time, ¢, is the time at the start of
the reaction, and F, is the frequency at £,.*>

Chem. Eur. J. 2006, 12, 78077815
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kassCAFmax — i
AF = Tk €] (©)
AF = —AF e kaslot) (7)

The dissociation equilibrium constant (Kp) was calculated
as Kp= kg k. The in-house kinetic analysis software based
on a genetic algorithm>*?" was used to evaluate the re-
sults and extract kinetic data. The programs involve the fol-
lowing procedure: creation of population, evaluation of cost,
mate selection, reproduction, and mutation. By using the
procedures of mate selection, reproduction, and mutation, a
new population is created and the whole circle is repeated
until a proper stop criterion is fulfilled. The cost function is
given by Equation (8), where y; are the experimental data, f-
(via) is the function chosen as the model, and g; are the
model parameters. The quality of the fitted data was evalu-
ated by comparison between calculated and experimental
curves and by the magnitude of »*

2 =23 i flna)y 0

i=1
To obtain affinity constants, the binding and dissociation
of various concentrations of Fg with the immobilized GAS

were measured and recorded as sensorgrams. The results are
shown in Figure 5 with the individual curves obtained shift-

YN~ 1010 pgul!

—\,—’—f———“ 2. 020 ugul™
‘\ —~m——— 3, 0.50 pgpL’
e

4. 1.00 pguL”

Y4

SOH

[ 5. 200 pugul!
—t /_’
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Figure 5. The individual binding curves for several concentrations of Fg
with immobilized GAS.

ed vertically for graphic display. The concentrations of the
Fg solutions (uguL™") are indicated next to the respective
curves. The sensorgram data
were fitted to Equation (6) for
the “on” rate constant and to  Gags.
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used to evaluate the quality of the fitted data. Examples of
curve fitting to frequency change data for the determination
of k,, and kg are shown in Figure 6. The data for the ad-
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1530 /
1360
1190
102.0
3504
680
510
40 -

(Hz)

Frequency change

170 4

U—"’Iiil\ll[l
0 40 S0 120 160 200 240 280 320 360 400

Time (5)

b) 300

(Hz)

30 49

Frequency change

00 T T T T T T T T T
0 30 60 90 120 150 180 210 240 270 300

Time (5)

Figure 6. Curve fitting (solid lines) to frequency change data (dotted line)
for the determination of k, and kg, a) Frequency modulation in Hz due
to specific adsorption of Fg (1 uguL™") on the quartz crystal coated with
GAS; b) frequency modulation in Hz due to specific desorption of Fg
from the quartz crystal coated with GAS.

sorption and desorption process fit well when comparing the
calculated and experimental curves. The results of the kinet-
ic analyses of the interaction between immobilized GAS
and Fg at various concentrations are summarized in Table 1.
From Table 1, the Ky, value for Fg was obtained as (1.94+
0.024)x107°m. The RSD of Ky was 1.24%, which implies
that each sensorgram can provide information on the kinetic
constant with acceptable precision.

Table 1. Kinetic and affinity data from the QCM analysis of the interaction between Fg and immobilized

Equation (7) for the “off” rate

. Entry Concentration Kass P Kiss P Kp

constant. The equilibrium con- (gl M 's7!] [10*s7] [10-°]
stant (Kp) was then deter- | 0.1 47 1.02 9.12 2.1 1.93
mined as a ratio of Kge/kae 2 02 483 0.95 9.24 22 1.91
The magnitude of y* and a 3 0.5 486 0.96 9.48 17 1.95
comparison between calculated 3 L0 491 0.93 9.58 1.8 1.97
4 2.0 496 0.88 9.71 1.6 1.96

and experimental curves were

Chem. Eur. J. 2006, 12, 7807 -7815
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To calculate Kp, another simple approach could also be
utilized. When the rates of association and dissociation reac-
tions balance (d[;\,B]:O or %:O), an equilibrium character-
ized by the frequency change (F,,) is obtained. Equation (4)
can then be expressed as Equation (9) and then transformed

to Equation (10).

KassC(Fmaxtiq)ikdischq =0 (9)
ch/C = 1/I<DF1max71/I(D (10)

By plotting F,,/C values versus the corresponding F,
values, both Ky and F,, can be calculated by linear regres-
sion. A straight line characterized by a slope SL and inter-
cept INT can be obtained from Equation (10). The parame-
ters SL and INT are related to the equilibrium constant
(Kp) by Equation (11) and Equation (12).

SL = —1/Kp (11)
INT = 1/KpFpas (12)

Based on this approach, K and F,,, were quickly ob-
tained from Figure 7. The correlation coefficient (r) was

equal to 0.998, with Kp=(1.8240.04)x10°m and F,, =
274412 Hz.

14,
12

10 "B,

Feo/ Cx 107 (Hz /moliL)
[e3]
1
L}

2
20 40

LIS SN L O S IR S I S S
60 80 100 120 140 160 180 200 220
Feq (H2)

Figure 7. Values of F,/C plotted versus the corresponding F, values.

The value of K obtained for human IgG is close to the
values shown in Table 1. This is quite a simple and conven-
ient approach to obtaining Kj. In view of the lower Kj
value, it can be deduced that the in vitro binding of GAS to
Fg is strong under physiological ionic conditions.

Anticoagulant animal experiments: Although the identifica-
tion of in vitro binding parameters can provide very useful
quantitative or qualitative information for a given drug, only
combined in vitro and in vivo data can give a complex pic-
ture of the impact of binding on its overall pharmacokinetic
profile.’) Animal models are often used in protein binding

7812
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studies and the results obtained are then extrapolated to
humans. To investigate whether the strong interaction with
GAS could influence the coagulant function of Fg, different
doses of GAS were injected into rats through their tail veins
and classical clotting tests, such as CT, Fg content, KPTT,
and PT, were performed in vivo. The results obtained are
summarized in Table 2. The data show that GAS can pro-

Table 2. In vivo effect of GAS on the coagulant system of rats.!

Group Dose CT Fg content KPTT PT
[mgkg™] [s] [eL] [s] [s]
control - 1862+14.6  1143+043 226409 14.6+0.5
GAS 75 18554177 11284039  22.7+0.8 145403
GAS 15 19494123  11.13+£048  222+09 148404
GAS 30 2067416181 11.054+0.51" 223410 145+0.4

[a] Mean+S.D., n=10. [b] Compared with the control group, P <0.01.
[c] Compared with the control group, P <0.05.

long the CT and decrease the Fg content in a dose-depend-
ent manner. At a dose of 30 mgkg™', GAS increased the co-
agulant time from 186.2+14.6 s (control, n=10) to 206.7 £
16.1s (n=10, p<0.01) and decreased the Fg content from
11.4340.43 gL (control, n=10) to 11.05£0.51 gL (n=
10, p <0.05). The increase in the CT and decrease in Fg con-
tent by the presence of GAS are significant; they indicate
that GAS has anticoagulant activity and that the strong in-
teraction between Fg and GAS plays an important role in
the expression of anticoagulant activity. Apparently, the in
vivo binding of GAS can influence the normal function of
Fg significantly. To further ascertain the effects of GAS on
the intrinsic and extrinsic coagulation pathway, the KPTT
and PT were also determined (shown in Table 2). There
were no statistically significant differences in the KPTT and
PT between the control group and GAS at any dosage. The
KPTT determines the interference with the intrinsic coagu-
lation pathway and the PT with the extrinsic coagulation
pathway. GAS had no effect on the KPTT and PT, suggest-
ing that its anticoagulant activity is not related to intrinsic
and extrinsic coagulation factors.* It appears that GAS in-
terferes rather with the final stage of the blood coagulant
cascade than with the intrinsic or extrinsic coagulant cas-
cade. That is to say, the anticoagulation activity by GAS is
mainly due to its strong binding to Fg, thereby inhibiting its
conversion to the fibrin clot in the final stage of the blood
coagulant cascade.””!

Molecular modeling: To gain a better understanding of the
molecular basis for the specific interaction between GAS
and Fg, a molecular docking method was used to construct
the binding models of GAS with Fg and to predict their
binding affinities. Here, the binding free energies are pre-
dicted to be —33.8KJmol™' for an “a” hole and
—344KJmol™ for a “b” hole. Thus, GAS binds to the in-
herent polymerization sites, the “a” and “b” holes, on the
Fg molecule with similar binding free energies of about
—34 kImol~'. The contributions to the bindings are 10% for
van der Waals interactions, 48% for hydrogen-bonding

Chem. Eur. J. 2006, 12, 78077815
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energy, and 42 % for hydrophobic energy. For the “b” hole,
the contributions of different energies were predicted to be
14% for van der Waals interactions, 45% for hydrogen-
bonding energy, and 41 % for hydrophobic energy. It can be
seen that hydrophobic interactions and hydrogen bonds play
key roles in GAS-Fg binding.

The binding mode of GAS in the “a” and “b” holes is dis-
played in Figure 8a and 8b, respectively. The 3D models pro-
vide a good explanation for the strong interaction from a
structural viewpoint. The GAS ligand can roughly be divid-
ed into two parts, that is, the hydrophobic benzyl part and
the hydrophilic saccharide part (shown in the 2D formula in

Figure 8. The binding modes of GAS with Fg in a) an “a” hole and b) a
“b” hole.

Chem. Eur. J. 2006, 12, 7807 -7815
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Figure 8). For the “a” hole, the side-chains of residues
Tyr363, Phe322, and Lys338 are mainly involved in the hy-
drophobic interaction with the benzyl part of GAS and the
side-chains of residues Asp330, His340, and Asp364 are in-
volved in the hydrogen-bonding interaction with the saccha-
ride part of GAS. Similarly, for the “b” hole, the side-chains
of residues Met367, Leu360, and Argd06 are mainly in-
volved in the hydrophobic interaction with the benzyl part
of GAS and the side-chains of residues Asp398, His408, and
Asp432 are involved in the hydrogen-bonding interaction
with the saccharide part of GAS.

It is also interesting to compare the binding modes of
GAS with the binding modes of the natural ligands Gly-Pro-
Arg-Pro and Gly-His-Arg-Pro. The superimpositions of the
docking poses of GAS and the natural ligands are shown in
Figure 9a and 8b. The binding modes of GAS and the natu-
ral ligands are quite similar: in the “a” hole, the hydropho-
bic part of the side chain of Arg and the Pro4 of the peptide
correspond with the benzyl part of GAS and are bound to
the receptor through a hydrophobic interaction. The hydro-

b) ARG3

PRO4

GLY1

Figure 9. The superimposition of the docking poses of GAS (colored by
atom types) and natural ligands (colored in blue). a) The superimposition
of the docking poses of GAS and the natural ligand (Gly-Pro-Arg-Pro)
in the “a” hole; b) the superimposition of the docking poses of GAS and
the natural ligand Gly-His-Arg-Pro in the “b” hole.
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philic part of the side chain of Arg and the main chains of
Gly and Pro2 of the peptide correspond with the saccharide
part of GAS and form a hydrogen-bond network with the
receptor; in the “b” hole, the side chains of His and Pro of
the peptide correspond with the benzyl part of GAS and
bind to the receptor mainly by hydrophobic interactions.
The terminal part of Gly and the side chain of Arg of the
peptide correspond with the saccharide part of GAS and
form a hydrogen-bond network with the receptor. These su-
perimpositions imply that the predicted binding modes of
GAS in the “a” and “b” holes of Fg are both reasonable.

On the basis of the foregoing results and discussion, one
can suggest that a possible anticoagulation mechanism of
GAS mainly involves its strong interference with the knob-
to-hole interactions between fibrin molecules, thereby effec-
tively inhibiting the formation of fibrin clots.**"!

Conclusion

This is the first demonstration of the anticoagulant activity
of GAS, suggesting its possible use as a promising anticoa-
gulant lead compound. The results of this study provide val-
uable insights into the structural and functional basis of the
GAS-Fg interaction and have laid a foundation for the re-
search into the anticoagulant mechanism of GAS and the
application of this novel anticoagulant. Moreover, this work
also demonstrates that the QCM biosensor is a suitable
technique for the rapid and sensitive screening of drug—pro-
tein interactions. The screening approach based on the
QCM biosensor is expected to be a promising way of discov-
ering the special biological activities of some other new
drugs.

Experimental Section

Materials: GAS was the chemical control reagent supplied by the Nation-
al Institute for the Control of Pharmaceutical and Biological Products
(Beijing, China). pL-Dithiothreitol (DTT), human serum albumin (HSA),
hemoglobin, protein A, transferrin, y-globin, myoglobin, pepsin, trypsin,
thrombin, human IgG, and human Fg were all purchased from Sigma (St.
Louis, MO). 1,4-Butanediol diglycidyl ether and sodium borohydride
were from Aldrich (St. Louis, MO). All other chemicals were analytical
reagent grade. Unless otherwise noted, all the reagents were made up in
a 10 mm phosphate buffered solution (PBS) containing 150 mm NaCl at
pH 7.4. Prior to use, all solutions prepared were filtered (0.45 pm).

The QCM sensors employed were 10 MHz AT-cut quartz crystals (14 mm
diameter) with gold electrodes (8 mm diameter, geometric area:
50.2 mm’x2) on both sides purchased from Beijing 707 Factory (Beijing,
china). The crystals were polished to a surface roughness of less than
S um, which produced a mirror-like finish on the gold electrodes.

Male Wistar rats (body weight 195-200 g) were obtained from the Insti-
tute of Laboratory Animals, Chinese Academy of Medical Sciences (Bei-
jing, China). Fg content, KPTT, and PT kits were purchased from Shang-
hai Sun Biological Products Co. (Shanghai, China).

Immobilization of GAS on the QCM chip: First, the gold electrodes on
the quartz crystal were cleaned as described previously.”! Then the fresh-
ly cleaned gold surfaces were immersed in a 20 mm ethanol solution of
DTT. The unstirred solution was kept at room temperature in the dark
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for 24 h. The crystal was then washed with ethanol and doubly distilled
water and sonicated for 10 min in ethanol to remove excess thiol. The
modified crystal was immersed in a solution consisting of ethanediol di-
glycidyl ether (1 mL), 0.1m Na,CO; buffer solution (4 mL, pH 8.5) and
sodium borohydride (8 mg). The reactions were performed at 30°C for
4h and stopped by washing the surfaces with a large volume of water.
The prepared crystal was immersed for 4 h in a basic solution containing
GAS (10 mg) in a 0.1m Na,COj; buffered solution (5 mL, pH 11.0) and
the reaction temperature was kept at 40°C. Finally, Tris-HCI (5 mL,
1.0M, pH 8.5) was used as a blocking agent and applied for 30 min to
block the residual reacting sites. A blank sensor was also prepared ac-
cording to the above immobilization procedure but without following the
GAS ligand coupling procedure.

QCM biosensor kinetic analysis: An in-house QCM-FIA system with ki-
netic analysis software based on a genetic algorithm (GA), as previously
described in detail™>?"! was used for the real-time kinetic analysis of the
interaction between immobilized GAS and proteins in solution. The
freshly modified quartz crystal was mounted in the flow-through cell and
continuously rinsed with the loading solution (10 mmM PBS containing
150 mm NaCl, pH 7.4) until the frequency had stabilized under the flow
conditions (60 uLmin~"). By means of an injection valve, various protein
solutions (200 uL) were injected into the fluid system. The permanent
frequency shift versus time curves were recorded and the binding process
was monitored in real time. After one binding measurement, a 2m NaCl
solution (600 uL, pH 7.4, PBS buffer) was injected into the system with
the injection valve to dissociate the bound protein and free binding sites
in the receptor layer for the next binding measurement. The experimen-
tal sensorgram data were analyzed using our in-house kinetic analysis
software based on a GA to obtain the binding constants rapidly.

Anticoagulant animal experiments: The anticoagulant activity of GAS
was evaluated by classical coagulation assays.***!! The study was ap-
proved by Xiyuan Hospital, Chinese Academy of Medical Sciences (Bei-
jing, China). Forty rats were randomly divided into four groups (n=10 in
each group): a control group treated with normal saline and three GAS
groups treated with different doses of GAS (7.5, 15, and 30 mgkg ).
Normal saline or GAS was injected into the tail vein of the rats at a
volume of 3 mLkg ' once everyday. On the third day, animals were an-
aesthetized by celiac injection of 1% sodium pentobarbital at a volume
of 3mLkg ! after 15 min when administration was finished. Blood sam-
ples were then collected from abdominal aorta. At the same time as the
sampling, the CT was determined by the capillary tube method. The
blood obtained was anticoagulated with 3.8% sodium citrate (9:1, v/v)
and centrifuged at 1500 g for 10 min to obtain platelet-poor plasma.“!
Then the Fg content, KPTT, and PT were measured by a ThromboScreen
400C four channels coagulometer (Fisher Scientific International Inc.,
Pittsburgh, PA). The results have been presented as the mean +standard
deviation (mean=+S.D.). The significance of the differences between the
groups was determined by Student’s t-test and P <0.05 was considered
significant.*!

Molecular docking: The molecular model of GAS was constructed by
using the SYBYL 6.91 program, optimized with the TRIPOS 5.5 force
field and stored in the Mol2 file format.*¥! Then it was flexibly docked
into the binding pockets of human Fg (taken from the protein data bank,
PDB code 1LTJ)"*! using the Pose-Sensitive Inclined Dock (PSI-DOCK)
1.0 program.“”) The PSI-DOCK 1.0 program is highly efficient in identi-
fying the experimental binding pose. For a test data set of 194 complexes,
PSI-DOCK 1.0 achieved a 74 % success rate. In 1LTJ, there are two natu-
ral peptide ligands (Gly-Pro-Arg-Pro and Gly-His-Arg-Pro) binding to
two similar binding pockets on chain C (the “a” hole) and chain B (the
“b” hole) of Fg, respectively. We removed the natural peptide ligands
from the binding pockets and docked GAS in them. For each binding
pocket, the PSI-DOCK docking program was run 10 times and the
lowest binding energy pose of the ligand was selected as the final docking
pose. The final binding free energies were calculated by using the empiri-
cal SCORE 3.0 function embedded in the PSI-DOCK program. The
SCORE 3.0 function includes terms to account for van der Waals con-
tacts, metal-ligand bonding, hydrogen bonding, desolvation effects, and
entropy effects upon binding. The PSI-DOCK program can predict the
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ligand-protein binding free energy with a high degree of accuracy of a
standard error of 7.96 kJmol 1!
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