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Introduction

Thromboembolic diseases continue to be the leading cause of
cardiovascular-associated death throughout the world, and

anticoagulants are used to treat a wide variety of conditions
that involve arterial or venous thrombosis.1 Unfractionated
heparin (UFH) and lowmolecular weight heparins (LMWHs)
have been the clinical cornerstones of antithrombotic
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Abstract A nonasaccharide (FG9) derived from natural fucosylated glycosaminoglycan (FG) is
identifiedas a selective intrinsic factor Xase complex (FIXa-FVIIIa-Ca2þ-phospholipid, FXase)
inhibitor that possesses potential inhibition of venous thrombus in rats and shows
negligible bleeding risk. The mechanism and molecular target of the nonasaccharide for
intrinsic FXase inhibition were systematically investigated and compared with low mole-
cular weight heparin (LMWH). Our results showed that FG9 dose-dependently inhibited FX
activation by intrinsic FXase complex in a noncompetitive inhibition pattern, where the
apparent affinity for FG9 was approximately 1.8-fold higher than that for LMWH. FG9
displayed no inhibitory effect on the activity of FIXa/phospholipid, and did not affect the
decay rate of FVIIIa activity. FG9 reduced the apparent affinity of FIXa for FVIIIa in a dose-
dependent manner, and accelerated the decay of intrinsic FXase complex activity. FG9
bound to FIXawith high affinity and the FIXa binding sites of FG9were overlappedwith that
of LMWH,and the ability of FG-derivedoligosaccharides to bind FIXa required theminimum
9 degrees of polymerization. FG9 derivatives were prepared and their structures were
confirmed by one-dimensional/two-dimensional nuclear magnetic resonance. Structure–
activity relationship studies showed that carboxy reduction significantly weakened its anti-
FXase activity and binding affinity to FIXa, while the effects of carboxyl ethyl esterification
and deacetylation were relatively weaker. Overall, our results suggest that the nonasac-
charide FG9 strongly inhibits intrinsic FXase complex activity via binding to FIXa and
disrupting FIXa–FVIIIa interactions, and the free carboxyl groups of FG9 are required for its
potent anti-FXase activity.
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treatment and prophylaxis for over 80 years, but the risk of
haemorrhagic complications is still a major concern with
their use.2,3 UFH and LMWHs are heterogeneous mixtures of
poly- or oligo-saccharide chains with multiple potential
anticoagulant mechanisms, which include mainly antith-
rombin (AT)-dependent inhibition of coagulation proteases
by conformational activation of serpin and template
mechanism which requires a chain length of at least 16 to
18 oligosaccharides.4,5 The AT-binding region of heparinwas
elucidated by analysing the oligosaccharides capable of
binding to AT. Different research groups found that a heparin
octasaccharide and a hexasaccharide could bind to AT with
high affinity, and removing the non-reducing end iduronic
acid in the octasaccharide or altering the conformation of the
non-reducing end iduronic acid of the hexasaccharide did
not affect their binding activity.6 These findings led to the
discovery of specific AT-binding pentasaccharide sequence
of heparin.6

Components of the intrinsic coagulation pathway are
promising targets for antithrombotic therapy because they
are important for thrombosis but are not required for
haemostasis.7 Inhibitors of the intrinsic coagulation path-
way, such as factor XIIa, XIa and IXa, can effectively prevent
thrombosis and have a lower risk of causing bleeding for
antithrombotic therapy.7–9 Intrinsic factor Xase complex
(FXase, FIXa-FVIIIa-Ca2þ-phospholipid), a complex formed
by FIXa and cofactor FVIIIa onmembrane surfaces, is thefinal
and rate-limiting enzyme complex of the intrinsic coagula-
tion pathway, which efficiently converts zymogen FX to
FXa.10,11

Fucosylated glycosaminoglycan (FG) is a glycosaminogly-
can derivate from sea cucumber, and it possesses chondroitin
sulphate like backbones and unique sulphated fucose side
chains.12 FG has potent anticoagulant and antithrombotic
activities,13 and its mechanisms include: inhibition of FXa
generation by the intrinsic FXase, heparin cofactor II (HCII)-
dependent inhibition of thrombin (FIIa), AT-dependent inhi-
bition of FIIa and inhibition of FVIII activation by FIIa.14–17

But the native FG has also side effects such as FXII activation
and platelet aggregation.18,19 Depolymerized FG (dFG) was
found to exert an antithrombotic effect with less bleeding
than UFH and LMWH in rats and dogs.20,21 Our previous
studies also showed that dFG retained strong anticoagulant
activity and inhibited venous thrombosis without causing
any side effect.17,22 A dFG (Mw 12,500 Da) inhibits plasma
thrombin generation primarily by reducing prothrombin
activation, and its antithrombotic potency seems to be
achieved mainly by the inhibition of FXase.23,24 However,
the depolymerized fragments are heterogeneous, that is,
they are mixtures of isomers with different molecular
weights. Since the chain length of FG could affect their
anticoagulant activity and the Mw of dFG is much higher
than the fragment required for FXase inhibition,12 its precise
anticoagulant and antithrombotic mechanisms remain to be
resolved.

Recently, we found that a nonasaccharide (FG9) derived
from the depolymerized low molecular weight FG exhibits
strong FXase inhibitory activity, but much weaker AT- or

HCII-dependent FIIa inhibition and does not inhibit other
coagulant factors.12 In vivo, the nonasaccharide inhibits 97%
venous thrombosis in rats at a dose of 10 mg/kg and displays
lower riskof bleeding than a clinical drug enoxaparin.12 Thus,
these results suggest that the nonasaccharide is a novel
promising anticoagulant. However, the intrinsic FXase inhi-
bitorymechanisms of FG9 needs to be further elucidated and
the essential structure of oligosaccharide to bind FIXa with
high affinity and to inhibit FXase also remains to be defined.

Given that FG9 is a potent selective FXase inhibitor that
strongly inhibits venous thrombosis with no obvious bleed-
ing risk, in this work we further investigate the intrinsic
FXase inhibitory mechanisms and the structure–activity
relationship of FG9 in detail. The effects of FG9 on FX
activation, FIXa-phospholipid activity, FIXa–FVIIIa binding,
FVIIIa or FXase stability were detected by enzymological
methods, and its ability of binding to its target protein FIXa
was studied by biolayer interferometry (BLI) technology. In
addition, a series of FGoligosaccharides (FG3, FG6, FG9, FG12,
FG15) were used to determine the effect of polymerization
degree on FIXa binding, and FG9 derivatives were prepared
to study the essential structural characteristics of FG9 to bind
to FIXa. Our results further support that targeting FIXa–
heparin binding exosite is an effective strategy to develop
novel anticoagulants such as FG-derived oligosaccharides
with low bleeding tendency.

Materials and Methods

Materials
LMWH (enoxaparin, 0.4mL � 4000 AXaIU) was from Sanofi-
Aventis (Beijing, China). Biophen FVIII:C kit, FIXa chromo-
genic substrate CS-51(09) (CH3SO2-D-CHG-Gly-Arg-pNA),
FXa chromogenic substrate CS-11(65) (D-Arg-Gly-Arg-
pNA), human plasma-derived thrombin, FIXa and FXa were
all from Hyphen Biomed (Neuville Sur Oise, France). Recom-
binant coagulation FVIII (Kogenate FS) was from Bayer
HealthCare LLC (Berkeley, California, United States). Human
plasma-derived FX was purchased from Haematologic Tech-
nologies (Essex Junction, Vermont, United States). Recombi-
nant hirudin (expressed in Pichia pastoris, �7 kDa acidic
protein containing 65 amino acid residues) was from Tiandz
(Beijing, China). L-α-phosphatidylcholine (PC) and L-α-phos-
phatidylserine (PS) were purchased from Sigma-Aldrich (St.
Louis, Missouri, United States). PC/PS (75:25, w/w) vesicles
were prepared as described.25,26 The molar concentration of
phospholipid was determined with an elemental phos-
phorus assay.27 EZ-link amine-PEG3-biotin was purchased
from Thermo Scientific (Waltham, Massachusetts, United
States). SA biosensors were purchased from Fortebio (Fre-
mont, California, United States). All other chemicals were of
reagent grade and obtained commercially.

Preparation of FG Oligosaccharides
The nonasaccharide with an anTal-ol terminal (FG9) was
prepared as previously described and compound stored in a
desiccator was used.12 Serial oligosaccharides with anTal-
diol terminals (FG3, FG6, FG9, FG12, FG15 with a reducing

Thrombosis and Haemostasis

FXase Inhibition Mechanisms of Nonasaccharide Xiao et al.

D
ow

nl
oa

de
d 

by
: U

ni
ve

rs
ite

it 
Le

id
en

 / 
LU

M
C

. C
op

yr
ig

ht
ed

 m
at

er
ia

l.



terminal) were isolated from dFG (partial deacetylation-
deaminative cleavage) by a Bio-Gel P6 column or a Bio-Gel
P10 column, and the fractions were collected and assayed as
previously described.12,28,29 The resulting oligosaccharides
were further purified by rechromatography on the Bio-Gel
P6 and P10 columns several times to ensure size homoge-
neity as determined by analytical gel permeation chromato-
graphy (GPC)-high-performance liquid chromatography. The
purified oligosaccharides were lyophilized and desalted by
GPC on a Bio-Gel P-2 column.

Preparation and Characterization of Nonasaccharide
Derivatives
Carboxyl-reduced product of FG9 (FG9-a), carboxylic ethyl
ester product (FG9-b) and deacetylated product (FG9-c)
were prepared as previously described.17 Briefly, FG9-a
was prepared by adding l-ethyl-3-(3-dimethylaminopropyl)
carbodiimide to FG9 solution for a period of 5 minutes (pH
4.75), and then slowly added NaBH4 and heated to 50°C for 2
hours. To prepare FG9-b, ethyl bromidewas added to an N,N-
dimethylformamide (DMF) solution of the benzethonium
salts of FG9 and the solution was maintained at 24°C for
24 hours. The esterification degree was calculated using the
ratio of two methyl group peak area of ethyl and fucose
sulphate (Fuc). FG9 deacetylation reaction was performed at
90°C in hydrazine containing 1% hydrazine sulphate for 12
hours under nitrogen, and the deacetylation degree was
determined by calculating the methyl peak area ratios of
N-acetylgalactosamine (GalNAc) and Fuc.

The chemical structures of FG9 derivatives were analysed
and confirmed by one-dimensional/two-dimensional
nuclear magnetic resonance (1D/2D NMR) and quadrupole
time-of-flight mass spectrometry (Q-TOF MS) spectroscopy
(►Supplementary Figs. S1–S3, available in the online ver-
sion). NMR analyses of FG9 derivatives were performed in
deuterium oxide (D2O) on a Bruker AVANCE 800-MHz spec-
trometer equippedwith a 13C/1H dual probe in FTmode. Each
sample was dissolved in 0.5 mL 99.9% D2O at a concentration
of 10 to 20 g/L. 1H-1H COSY, TOCSY, ROESY, 1H-13C HSQC and
HMBC spectra were recorded using state–time proportional
phase incrementation for quadrature detection in the indir-
ect dimension. All samples were previously dissolved in D2O
(99.9% D) and lyophilized three times to replace exchange-
able protons with D2O. Negative-ion electrospray ionization
(ESI)-MS was performed on a Bruker micrOTOF-Q II mass
spectrometer (Bruker, Daltonik, Germany). The MS spectro-
metric conditions were as follows: ESI in negative ion mode,
capillary voltage of 3,500 V, nebulizer pressure of 1.5 bar and
drying gas flow rate of 4.0 L/min. The mass spectra of the
oligosaccharides were acquired in scan mode (m/z scan
range: 50–3,000). The NMR spectra signals of FG9 derivatives
were assigned using the same methods as FG9.12 The FXase
inhibitory activities of FG9 derivatives were detected as
previously described.12,17

Factor X Activation by Intrinsic FXase Complex
RecombinantFVIII (50 IU/mL)wasactivatedwith thrombin (40
nM) for30 seconds, andneutralizedwith100ATU/mLhirudin.

The activation mixture was diluted 25-fold into a reaction
mixture containing 2 IU/mL thrombin-activated FVIIIa, 0.2 nM
FIXa and 20 μMPC/PSvesicles (75:25) in tenasebuffer (0.15 M
NaCl, 20 mM HEPES, pH 7.4, 2 mM CaCl2, 1 mg/mL bovine
serum albumin [BSA], 0.1% PEG-8000).30,31 Then, 100 nM FX
was added and incubated for 1 to 4minutes at room tempera-
ture. The reaction was terminated by addition of ethylenedia-
minetetraacetic acid /polybrene (40 mM/0.2 mg/mL). The
amount of FXa generation was determined by comparing the
rate of CS-51(09) substrate hydrolysis to a standard curve
constructedwith purified FXa. The rate of FXageneration (nM/
min) was plotted versus substrate concentration in the
absence or presence of FG9, and the data (mean � standard
deviation [SD], n ¼ 3) were fitted by nonlinear regression to
theMichaelis–Mentenequation toobtain thekinetic constants
for FX activation.

Determination of the Ki for Inhibition of FX Activation
by FG9
Gradient concentrations of FG9 were added to a reaction
mixture containing 2 IU/mL FVIIIa, 0.2 nM FIXa, 100 nM FX
and 20 μM PC/PS vesicles (75:25) in tenase buffer. The rate of
FXa generation was determined and plotted versus FG9 con-
centration. The data (mean � SD, n ¼ 3) were fitted by non-
linear regression to the equation for partial, noncompetitive
inhibition to obtain the Ki value for FG9. Ki is the inhibition
constant for the binding of inhibitor to the enzyme.30,31

Chromogenic Substrate Hydrolysis by
FIXa–Phospholipid Complex
Increasing concentrations of FG9 (25 nM–25 μM)were added
to a reaction mixture containing 25 nM FIXa, 20 μM PC/PS
vesicles (75:25) and 2.5 mM CS-51(09) (CH3SO2-D-CHG-
Gly-Arg-pNA) in 0.15 M NaCl, 20 mM HEPES (pH 7.4),
2 mM CaCl2, 1 mg/mL BSA, 0.1% PEG-8000 and 30% ethylene
glycol (EG) (v/v).32,33 The initial rate of chromogenic sub-
strate cleavage (optical density [OD]/min, the slope of linear
regression equation of OD values vs. time) was determined
by monitoring the change in absorbance at 405 nm over 5
minutes at room temperature.

Effect of FG9 on FVIIIa Activity
Various concentrations of FG9 (0, 16 or 32 μM) were mixed
with thrombin-activated FVIIIa (50 IU/mL), aliquots were
removed over time and diluted 25-fold into the reaction
mixture containing 2.5 nM FIXa, 100 nM FX and 20 μM PC/
PS vesicles (75:25) in tenase buffer. FVIIIa activity was deter-
mined and the data (mean � SD, n ¼ 3) were fitted by expo-
nential equation.24,32

Effect of FG9 on the Affinity of the FIXa–FVIIIa Complex
Increasing concentrations of FIXa (1.25–40 nM)were added to
a reaction containing 0.5 IU/mL FVIIIa, 100 nM FX and 20 μM
PC/PS vesicles (75:25) in the absence or presence of 4.8 or 9.6
μMFG9. The rate of FXa generation (nM/min)was determined
as described above. The FIXa concentrationwas plotted versus
the rate of FXa generation, and the data (mean � SD, n ¼ 3)
were fitted by nonlinear regression to a single site-binding
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model to obtain the Kd(app), which represents the apparent
dissociation constant of FIXa–FVIIIa complex.32,33 Based on
experimentally determined Kd(app) values, the predicted FIXa–
FVIIIacomplexconcentration in thepresenceorabsenceofFG9
was calculated as described.32,33

Effect of FG9 on the Rate of FXase Decay
At different time intervals (0� 10minutes), FX (100 nM)was
added to a reaction mixture containing 2 IU/mL FVIIIa,
0.2 nM FIXa and 20 μM PC/PS vesicles (75:25) in tenase
buffer in the absence or presence of 4.8 or 6.4 μM FG9. FXase
activity was determined as described above. The data (mean
� SD, n ¼ 3) were fitted by exponential equation.32,34

Biotinylation of Oligosaccharides
FG9 or FG15 with a reducing terminal was biotinylated by
using amine-PEG3-biotin as previously described.35,36 And
the reaction mixture was desalted by dialysis and ultrafil-
tration. Then, the biotinylated oligosaccharides were immo-
bilized onto the surface of SA biosensors.

BLI Kinetic Measurements of FIXa Binding to
Immobilized FG9
Increasing concentrations of FIXa were allowed to interact
with immobilized FG9. The interaction experiments were
conducted at 30°C in HEPES buffer (0.15 M NaCl, 20 mM
HEPES, pH 7.4, 2 mM CaCl2, 0.05% Tween 20 and 0.1% BSA)
using an Octet Red 96 instrument (Fortebio, United States).37

Final volume for all the solutions was 200 µL. Assays were
performed in black solid 96-well flat bottom plates with
agitation set to 1,000 revolutions per minute. A 600-second
biosensor washing step was applied prior to the analysis of
the association of the ligand on the biosensor to the analyte
in solution for 600 seconds. Finally, the dissociation was
followed for 900 seconds. Dissociation wells were used only
once to ensure buffer potency. After dissociation, the sensor
surfacewas regenerated in 2 MNaCl in HEPES buffer. Correc-
tion of any systematic baseline drift was done by subtracting
the shift recorded for a sensor loaded with ligand but
incubated with no analyte. BLI kinetic data were analysed
using the Octet software version 7.0 and the binding curves
were globally fitted using a 2:1 model.38

Solution Competition BLI Study
To assess the relative ability of soluble LMWH or FG9 to
compete with the immobilized FG9 for binding to FIXa, a
competition binding assaywas performed to determine their
respective EC50 values.37 FIXa (50 nM) was pre-incubated
with increasing concentrations of LMWH or FG9 prior to
interaction with immobilized FG9. To determine the essen-
tial structure of FG oligosaccharide which could bind to FIXa
with high affinity, gradient concentrations of FG oligosac-
charides (FG3, FG6, FG9, FG12, FG15) and FG9 derivatives
were pre-incubated with FIXa (50 nM) prior to interaction
with immobilized FG15. Association, dissociation and regen-
eration processes were performed as described above.

The response at the end of the association step for each
compound concentration was plotted as the relative propor-

tion of remaining free FIXa, with response of FIXa alone (no
compounds) normalized to 1. The EC50 was determined by
fitting the data to the following equation using the Origin 8.0
software (OriginLab, United States): B ¼ (EC50)n / [(EC50)n

þ (I)n], where B represents the fractional specific binding, I
represents the concentration of compounds used as a com-
petitor, n represents the pseudo-Hill coefficient and EC50

represents the concentration of compounds that causes a
50% reduction in the BLI-specific binding response.24,39

Results

FG9 Inhibited FX Activation by Intrinsic FXase Complex
The effect of FG9 on FX activation by FXase complex was
detected and compared with that of LMWH. FG9 inhibited
the activation of FX by FXase dose-dependently and com-
plete inhibition was not achieved at maximal concentration
(►Fig. 1). The datawerefitted to a noncompetitive inhibition
model and the obtained Ki value for FG9 was approximately
1.8-fold lower than LMWH. The effect of FG9 on the kinetics
of FX activation by FXase was further detected (►Fig. 2), and
the results showed that FG9 reduced the Vmax(app) for FX
activation dose-dependently but had no effect on the Km(app)

values, corresponding with a noncompetitive inhibition
model, which indicated that FG9 and FX bind to different
sites on the FXase complex.

To directly assess the effect of FG9 on the active site of
FIXa–phospholipid complex, the effect of FG9 on CS-51(09)
cleavageby the FIXa–phospholipid complexwas examined in
the presence of 30% EG. A modest increase was observed for
the rate of chromogenic substrate cleavage (OD/min) at the
concentration range of 25 nM to 25 μM, suggesting that FG9
had no inhibition activity on FIXa–phospholipid complex
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Fig. 1 Effects of nonasaccharide (FG9) and low molecular weight
heparin (LMWH) on factor X (FX) activation by FXase. Gradient
concentrations of FG9 or LMWH were added to a reaction mixture
containing 2 IU/mL FVIIIa, 0.2 nM FIXa, 100 nM FX and 20 μM L-α-
phosphatidylcholine (PC)/L-α-phosphatidylserine (PS) vesicles (75:25)
in tenase buffer. The rate of FXa generation (% of control) was
determined as described in the ‘Materials and Methods’ section. The
data (mean � standard deviation [SD], n ¼ 3) were fitted by non-
linear regression to the equation for partial, noncompetitive inhibi-
tion. The inhibition constants (Ki) values � standard error (SE) were
2.31 � 0.36 and 4.27 � 0.62 μM for FG9 and LMWH, respectively.
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(►Supplementary Fig. S4, available in the online version).
The results indicated that FG9 did not inhibit FX activation by
interaction with the active site of FIXa–phospholipid com-
plex. A modest stimulatory effect was noted for FG9, which
might have no physiological relevant effects for FG9 since the
FIXa–phospholipid complex possessed less than 1% of the
activity of the intact FXase complex.32

Lack of Effect of FG9 on FVIIIa Activity
FVIIIa is composed of A1, A2 and A3C1C2 subunits, and the
activity of FVIIIa degrades in a first-order manner due to the
dissociation of the non-covalently associated A2 domain
from the A1/A3C1C2 dimer.40 To assess the effect of FG9 on
the activity of FVIIIa, various concentrations of FG9 (0, 16 or
32 μM) were mixed with thrombin-activated FVIIIa, aliquots
were removed over time and diluted into the reaction
mixture to determine the FVIIIa activity. The results showed
the kobs values for the loss of FVIIIa activity were comparable
in the absence or presence of FG9 with high concentrations
(►Fig. 3), indicating that FG9 had little effect on the degra-
dation rate of FVIIIa activity.

FG9 Reduced the Apparent Affinity of FIXa–FVIIIa
To addresswhether the decrease inVmax(app) for FX activation
was due to the effects on FXase complex assembly (decreased
effective FXase concentration), the effect of FG9 on FIXa–
FVIIIa affinity was assessed in a functional binding assay.
Increasing concentrations of FIXa (1.25–40 nM) were added
to a reaction containing 0.5 IU/mL FVIIIa, 100 nM FX and 20
μMPC/PSvesicles (75:25) in the absence or presence of 4.8 or
9.6 μM FG9. The results showed that FG9 dose-dependently

reduced the apparent affinity of FIXa–FVIIIa interaction, and
the Kd(app) increased approximately five- or seven-fold in the
presence of 4.8 or 9.6 μM FG9, respectively (►Fig. 4). While
the Bmax values were similar in the presence or absence of
FG9, indicating that excess FIXa could eliminate the inhibi-
tion of FX generation by FG9. The predicted FIXa–FVIIIa
complex concentration was calculated based on the experi-
mentally determined Kd(app) values.31,32 In the presence of
4.8 or 9.6 μM FG9, the FIXa–FVIIIa complex concentration
decreased by approximately 73.1 and 80.1%, respectively,
which explains the FXase inhibition rates of FG9 at corre-
sponding concentrations (►Fig. 1), suggesting that the FXase
inhibition of FG9 mainly results from the reduced apparent
affinity of FIXa–FVIIIa interaction.

FG9 Accelerated the Rate of FXase Decay
The decay of intrinsic FXase activity depends primarily on
the rate of FVIIIa A2 domain dissociation.34 The effect of FG9
on FXase decay was assessed to determine whether FG9
disrupts the interaction between FIXa and FVIIIa A2 domain.
At different time intervals, FX (100 nM) was added to a
reaction mixture containing 2 IU/mL FVIIIa, 0.2 nM FIXa and
20 μM PC/PS vesicles (75:25) in tenase buffer in the absence
or presence of 4.8 or 6.4 μM FG9. The rate of FXase decay
increased by 29 or 38% in the presence of 4.8 or 6.4 μM FG9,
respectively (►Fig. 5). The results indicated that FG9 could
destabilize the FVIIIa A2 domain within the FXase complex.

FG9 and LMWH Overlapped FIXa Binding Sites
To directly assess the interactions between FG9 and FIXa, FG9
was biotinylated and immobilized onto the surface of SA
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Fig. 3 Effect of nonasaccharide (FG9) on factor VIIIa (FVIIIa) activity.
Various concentrations of FG9 (0, 16 or 32 μM) were mixed with
thrombin activated FVIIIa (50 IU/mL), aliquots were removed over
time and diluted 25-fold into the reaction mixture containing 2.5 nM
FIXa, 100 nM FX, 20 μM L-α-phosphatidylcholine (PC)/L-α-phosphati-
dylserine (PS) vesicles (75:25) in tenase buffer. FVIIIa activity was
determined as described in the ‘Materials and Methods’ section. The
data (mean � standard deviation [SD], n ¼ 3) were fitted by expo-
nential equation. The kobs values � standard error (SE) for loss of
FVIIIa activity were 0.275 � 0.020, 0.261 � 0.014 and 0.286 � 0.015
per minute for 0, 16 or 32 μM FG9, respectively.

0 10 20 30 40 50 60 70 80
0.0

0.2

0.4

0.6

0.8

1.0 0 µM
0.6 µM
1.2 µM
2.4 µM

Fa
ct

or
 X

a 
ge

ne
ra

tio
n 

(n
M

/m
in

)

Factor X (nM)

Fig. 2 Effect of nonasaccharide (FG9) on the kinetics of factor X (FX)
activation by FXase. Various concentrations of FG9 (0.6, 1.2 or 2.4μM)were
added to a reaction mixture containing 2 IU/mL FVIIIa, 0.2 nM FIXa, 5 to
80 nM FX and 20 μM L-α-phosphatidylcholine (PC)/L-α-phosphatidylserine
(PS) vesicles (75:25) in tenase buffer. The rate of FXa generation (nM/min)
was determined as described in the ‘Materials and Methods’ section.
The data (mean � standard deviation [SD], n ¼ 3) were fitted by
non-linear regression to the Michaelis–Menten equation. The Km(app)

and Vmax(app) values � standard error (SE) were 11.5 � 1.6 nM and
1.13 � 0.04 nM/min, 12.1 � 2.0 nM and 0.81 � 0.04 nM/min,
11.7 � 1.7 nM and 0.59 � 0.02 nM/min, and 11.3 � 2.1 nM and
0.43 � 0.02 nM/min for 0, 0.6, 1.2 or 2.4 μM FG9, respectively.
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biosensors. The interactions of FIXa and FG9 fitted well with
biphasic-binding model, and FIXa bound to immobilized FG9
with high affinity (KD1 ¼ 2.52 � 10�7 M, KD2 ¼ 1.02 � 10�9

M) (►Table 1, ►Fig. 6A). A competition binding assay was
performed to assess whether the FIXa binding sites of FG9
and LMWH are overlapped. The results showed that FG9
or LMWH dose-dependently inhibited the binding of
FIXa with the immobilized FG9, and the EC50 values were
1.06 � 0.09 and 2.34 � 0.14 μM, respectively (►Fig. 6B,
►Supplementary Fig. S5, available in the online version).
The results indicated that FG9 and LMWHmight have similar
FIXa binding sites, and the relative FIXa binding affinity of
FG9 was approximately 2.2-fold higher than that of LMWH.

The Affinity Binding to FIXa Correlated with the FXase
Inhibition of Oligosaccharides
The FIXa binding affinity of oligosaccharides with different
degrees of polymerization (dp) were determined by a solu-
tion competition assay. FIXa (50 nM)was pre-incubatedwith
increasing concentrations of oligosaccharides (FG15 [dp 15],
FG12 [dp 12], FG9 [dp 9], FG6 [dp 6], FG3 [dp 3]) prior to
interact with immobilized FG15 (►Supplementary Fig. S6,
available in the online version). The EC50 values for FG15,

FG12, FG9 and FG6 were 305.1 � 24.4, 391.6 � 22.3,
733.7 � 31.6 and 4,596.8 � 283.7 nM, respectively (►Table

2, ►Fig. 7). Compared with FG15, the EC50 values of FG12,
FG9 and FG6 were increased by 1.3-, 2.4- and 15.1-fold,
respectively. The results indicated that FIXa binding affinity
reduced with the decrease of dp values of oligosaccharides,
and a dramatic reductionwas observedwhen the dpwas less
than 9, which was consistent with our previous findings that
this nonasaccharide is the minimal FXase inhibition frag-
ment among the series of oligosaccharides.12

Structural Requirement for FXase Inhibitory and FIXa
Binding Activity of FG9
It is generally recognized that sulphated fucose branches are
required for the anticoagulant activity of FG and its deriva-
tives.13,41 To study the effects of carboxyl and acetyl amino
groups on the FXase inhibitory activity of FG9, we prepared
carboxyl-reduced FG9 (FG9-a), carboxylic ethyl ester of FG9
(FG9-b) and deacetylated FG9 (FG9-c) (►Fig. 8). Their che-
mical structureswere confirmed by spectrum analysis of 1D/
2D NMR and Q-TOF MS, and their chemical shifts were fully
assigned according to COSY, TOCSY, ROESY, HSQC and HMBC
spectra and those of FG9 in our previous study
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Fig. 4 Effect of nonasaccharide (FG9) on the affinity of the factor IXa
(FIXa)–FVIIIa complex. Increasing concentrationsof FIXa (1.25–40nM)were
added to a reaction containing 0.5 IU/mL FVIIIa, 100 nM FX and 20 μM L-α-
phosphatidylcholine (PC)/L-α-phosphatidylserine (PS) vesicles (75:25) in the
absence or presence of 4.8 or 9.6 μM FG9. The rate of FXa generation (nM/
min) was determined as described in the ‘Materials and Methods’ section.
The data (mean � standard deviation [SD], n ¼ 3) were fitted to a single
site-binding model. The Kd(app) and Bmax values � standard error (SE) were
1.67 � 0.27 nM and 3.89 � 0.12 nM/min, 8.21 � 1.29 nM and
4.48 � 0.25 nM/min, and 11.4 � 1.83 nM and 4.47 � 0.28 nM/min for 0,
4.8 or 9.6 μM FG9, respectively.
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Fig. 5 Effect of nonasaccharide (FG9) on the rate of FXase decay. At
different time intervals, factor X (FX) (100 nM) was added to a
reaction mixture containing 2 IU/mL FVIIIa, 0.2 nM FIXa and 20 μM L-α-
phosphatidylcholine (PC)/L-α-phosphatidylserine (PS) vesicles (75:25)
in tenase buffer in the absence or presence of 4.8 or 6.4 μM FG9. FXase
activity was determined as described in the ‘Materials and Methods’
section. The data (mean � standard deviation [SD], n ¼ 3) were fitted
by exponential equation. The kobs values � standard error (SE) for
FXase decay were 0.133 � 0.003, 0.172 � 0.009 and 0.184 � 0.004
per minute in the presence of 0, 4.8 or 6.4 μM FG9, respectively.

Table 1 Kinetic constants of interactions between FIXa and FG9a

kon (M�1 s�1) koff (s
�1) KD (M)

FIXa kon1 ¼ 3.48 � 105 (�1.05 � 104);
kon2 ¼ 5.27 � 104 (�5.00 � 102)

koff1 ¼ 8.79 � 10�2 (�8.90 � 10�4);
koff2 ¼ 5.38 � 10�5 (�3.05 � 10�6)

KD1 ¼ 2.52 � 10�7;
KD2 ¼ 1.02 � 10�9

Abbreviations: FIXa, factor IXa; FG9, nonasaccharide.
aThe date with (�) in parentheses are the standard errors (SE) from the global fitting.

Thrombosis and Haemostasis

FXase Inhibition Mechanisms of Nonasaccharide Xiao et al.

D
ow

nl
oa

de
d 

by
: U

ni
ve

rs
ite

it 
Le

id
en

 / 
LU

M
C

. C
op

yr
ig

ht
ed

 m
at

er
ia

l.



(►Supplementary Figs. S1–S3, available in the online
version).12 Markedly, for FG9-a, its proton signal observed
at 3.3 to 3.4 ppm was assigned to H-5 proton of newly
generated glucose (Glc) residues, and the signals at 63 to
64 ppm could be assigned to C-6 of this Glc residue. The H-5
proton peak area of Glcwas equal to theH-1 proton peak area
of Fuc, confirming that the carboxyl groups of FG9 were
completely reduced. FG9-b was obtained by esterification of
ethyl bromide with benzethonium salts of FG9 in DMF.
Signals at 1.257 and 4.2 to 4.3 ppm were assigned to the
methyl and methylene in ethyl protons, and their carbon
atomic shifts were 16 and 66 ppm, respectively. Based on
two methyl group peak area of ethyl and Fuc, the esterifica-
tion degree of FG9-b was approximately 75%. Methyl peak
area ratios of GalNAc and Fuc of FG9-c prepared by hydra-
zinolysis reaction in its 1HNMR spectrum confirmed that the
deacetylation degree of FG9-cwas approximately 45%.More-
over, their ESI-Q-TOF-MS analysis revealed their molecular
formulas as given in ►Supplementary Figs. S1–8, S2–8 and
S3–7 (available in the online version).
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Fig. 6 Interaction between factor IXa (FIXa) and nonasaccharide (FG9)
by biolayer interferometry (BLI). (A) Gradient concentrations of FIXa
(400, 200, 100, 50, 25, 12.5, 6.25 nM) interact with immobilized FG9 on
SA biosensors. The binding curves were globally fitted with the 2:1
heterogeneous ligand binding model. (B) Increasing concentrations of
FG9 or low molecular weight heparin (LMWH) were pre-incubated with
50 nM FIXa prior to interact with immobilized FG9. The EC50 values for
FG9 and LMWH were 1.06 � 0.09 and 2.34 � 0.14 μM, respectively.

Table 2 The EC50 values of oligosaccharides to inhibit FIXa binding to immobilized FG15

Compounds Degrees of
polymerization (dp)

FIXa competitive bindinga

ng/mL nM

FG15 (pentadecasaccharide) 15 1,451.1 305.1 � 24.4

FG12 (dodecasaccharide) 12 1,488.1 391.6 � 22.3

FG9 (nonasaccharide) 9 2,086.6 733.7 � 31.6

FG6 (hexasaccharide) 6 8,678.8 4,596.8 � 283.7

FG3 (trisaccharide) 3 – > 10,000

LMWH / 7,974.5 1,772.1 � 143.1

Abbreviations: dp, degrees of polymerization; FIXa, factor IXa; FG9, nonasaccharide; SE, standard error.
aThe concentration of each compound required to inhibit 50% FIXa binding to immobilized FG15. Results are expressed as EC50 � SE.
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Fig. 7 Competition of factor IXa (FIXa) binding to immobilized FG15
by oligosaccharides with different degrees of polymerization (dp).
Increasing concentrations of oligosaccharides (FG15 [dp 15], FG12
[dp 12], FG9 [dp 9], FG6 [dp 6], FG3 [dp 3]) were pre-incubated with
50 nM FIXa prior to interaction with immobilized FG15. The EC50

values for FG15, FG12, FG9 and FG6 were 305.1 � 24.4,
391.6 � 22.3, 733.7 � 31.6 and 4,596.8 � 283.7 nM, respectively.
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Compared with FG9, the FXase inhibitory activities of
FG9-a, FG9-b and FG9-c were reduced by 20.0-, 4.9- and 1.9-
fold, respectively, based on amolar concentration (►Table 3),
which were equivalent to only 5.0, 21.0 and 52.5% of that of
FG9, suggesting that its carboxyl reduction markedly
reduced the FXase inhibitory activity, while carboxyl ethyl
esterification and deacetylation slightly reduced the activ-
ities. FIXa competitive binding assays showed that the EC50

values of FG9-a, FG9-b and FG9-cwere increased by 8.9-, 2.6-
and 1.8-fold, respectively (►Table 3), indicating FIXa binding

affinity were reduced to 11.2, 38.8 and 54.6% of that of FG9,
which were approximately consistent with the change of
their anti-FXase activities. Taken together, the above mod-
ifications on FG9 all reduced its activity, and carboxyl
reduction produced greater effects than carboxyl ethyl ester-
ification or deacetylation. Therefore, free carboxyl groups are
required for the high affinity of FG9–FIXa binding and full
anti-FXase activity of FG9, while exposed free amino group
could mildly reduce its binding affinity to FIXa and anti-
FXase activity.

A

B

C

Fig. 8 Synthesis of nonasaccharide (FG9) derivatives (FG9-a, FG9-b, FG9-c). Reagents and conditions: (A) EDC, pH 4.74, NaBH4, 50°C, 2 hours; (B)
CH3CH2Br, DMF, under nitrogen, 25°C, 24 hours; (C) NH2NH2·H2O, hydrazine sulphate, under nitrogen, 90°C, 12 hours.
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Discussion

Intrinsic FXase complex is composed of FIXa and FVIIIa on
membrane surfaces, and it is the rate-limiting enzyme of the
intrinsic coagulation pathway.10,11 Recently, we found that
the purified nonasaccharide FG9 effectively inhibited venous
thrombosis in rats with less bleeding risk, and the anti-
thrombotic activity may be related to its potent selective
FXase inhibition,12 while the FXase inhibitory mechanisms
of FG9 is still undefined. In this study, we further system-
atically investigated the FXase inhibitorymechanisms of FG9
and the structural characteristics contribute to this activity.

FG9 dose-dependently inhibited FX activation in a non-
competitive inhibition pattern (►Fig. 2), and the Ki value of
FG9 was lower than that of LMWH (►Fig. 1), indicating that
the apparent affinity of FG9 and FXase is higher than that of
LMWH and FXase. To demonstrate the mechanisms of the
inhibition of FX activation by FXase, we further assessed the
effects of FG9 on FIXa activity, FVIIIa activity and FIXa–FVIIIa
binding. FG9 had no inhibition activity on chromogenic
substrate cleavage by FIXa–phospholipid (►Supplementary

Fig. S4, available in the online version), indicating that FG9
does not inhibit FX activation by interaction with the active
site of FIXa–phospholipid complex. Also, FG9 had little effect
on the degradation rate of FVIIIa activity, suggesting that it
does not inhibit FX activation via direct destabilization of
FVIIIa (►Fig. 3). While FG9 dose-dependently reduced the
apparent affinity of FIXa–FVIIIa interaction (►Fig. 4), indi-
cating that effective FXase concentration decreased. Since
the reduction of the predicted FIXa–FVIIIa complex concen-
tration in the presence of FG9 was sufficient to explain the
inhibition rate of FXase, we speculate that the FXase inhibi-
tion of FG9 is mainly attributed to the reduced apparent
affinity of FIXa–FVIIIa interaction.

Heparin-binding exosite of FIXa is themolecular target for
AT-independent inhibition of FXase by LMWH.32,33Heparin-
binding exosite overlaps with the interactive site for the
FVIIIa A2 domain on the FIXa protease domain.32,33,42 Since
FG9 destabilized the FVIIIa A2 domain within the FXase
complex (►Fig. 5), we suppose that FG9 may also bind to
FIXa and disrupt the interaction between FIXa and FVIIIa A2
domain.

Direct binding assay by BLI technology showed that FIXa
could bind to immobilized FG9with high affinity (KD1 ¼ 2.52

� 10�7 M, KD2 ¼ 1.02 � 10�9 M) (►Table 1,►Fig. 6A). Since
FVIII and its subunits (A2, A3C1C2) display nanomolar affi-
nity for FIXa,43 the FVIII–FIXa binding affinity is much higher
than FIXa–FG9 (►Table 1), which may account for the non-
complete inhibition of FX activation in the presence of FG9.
Competition binding assays showed that FG9 or LMWHdose-
dependently inhibited the binding of FIXa with the immo-
bilized nonasaccharide (►Supplementary Fig. S5, available
in the online version), suggesting that FG9 and LMWHmight
have similar/overlapped FIXa binding sites. The relative FIXa
binding affinity of FG9 was approximately 2.2-fold higher
than that of LMWH based on their EC50 values (►Fig. 6B), in
agreementwith the relativeKi value of FX activation by FXase
for FG9 and LMWH (►Fig. 1). These results suggest that FG9
binds to FIXa with high affinity and may have overlapped
FIXa binding sites for LMWH, leading to reduced FIXa–FVIIIa
affinity and increased FVIIIa A2 domain destabilization
(FXase decay). Solution competition assay showed that
FIXa binding affinity reduced with the decrease of dp, and
strongly binding to FIXa requires the minimum 9 dp
(►Table 2, ►Fig. 7), which is consistent with our previous
findings that nonasaccharide retained the potent and selec-
tive inhibition of the FXase complex.12

To further clarify the structure–activity relationship of FG
nonasaccharide, several FG9 derivatives (FG9-a, FG9-b, FG9-
c) were prepared and their chemical structures were con-
firmed by 1D/2D NMR and Q-TOF MS spectra (►Fig. 8,
►Supplementary Figs. S1–S3, available in the online ver-
sion). Analysis of the activities of FG9 derivatives showed
that carboxyl reduction significantly reduced the FXase
inhibitory activity (20-fold) and also decreased the FG9–
FIXa affinity (8.9-fold). The effect of carboxyl ethyl esterifica-
tion was relatively weaker, for its anti-FXase activity and
FIXa binding activity reduced by 4.9- and 2.6-fold, respec-
tively (►Table 3). Thus, the results suggest that its carboxyl
groups are required for the high-affinity binding of FG9–FIXa
and also its potent FXase inhibitory activity. Past studies
showed that carboxyl reduction has no effect on the antic-
oagulant activity of native FG,44 while the carboxyl-reduced
product of dFG has decreased FXase inhibitory activity.17

Herein, our studies on purified oligosaccharides indicated
that the carboxyl groups definitely contribute to the anti-
FXase activity of FG nonasaccharide. Since it is difficult to
obtain completely deacetylated product of FG9, we prepared

Table 3 The FXase inhibition and FIXa competitive binding activities of FG9 derivatives

Compounds Mw (Da) FXase inhibitiona FIXa competitive bindingb

(ng/mL) (nM) (ng/mL) (nM)

FG9 2,827 211.1 74.67 � 9.30 2,824.3 999.0 � 126.0

FG9-a 2,718 4,056.7 1,492.5 � 164.1 24,162.3 8,889.7 � 585.9

FG9-b 2,844 1,032.8 363.2 � 52.9 7,318.4 2,573.3 � 102.5

FG9-c 2,742 389.6 142.1 � 15.6 5,021.3 1,831.3 � 99.3

Abbreviations: FIXa, factor IXa; FG9, nonasaccharide; Mw, molecular weight; SE, standard error.
aThe concentration of each compound required to inhibit 50% FXase activity.
bThe concentration of each compound required to inhibit 50% FIXa binding to immobilized FG15. Results are expressed as EC50 � SE.
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the partially deacetylated product FG9-c, which displayed
reduced FXase inhibitory activity (1.9-fold) and FIXa binding
affinity (1.8-fold), indicating that full acetylation might be
also necessary to produce the strongest activity of FG9.

The preparation or synthesis of oligosaccharides with
different structures are challenging works.45 FG9 is a pur-
ified nonasaccharide derived from natural FGwith 2,4-di-O-
sulphated fucosyl residues, and the sulphation pattern of
fucose branches may vary depending on the species used for
the extraction of FG.17 Although we tried to investigate the
effect of its structuralmodifications on the interaction of FG9
and FIXa, further research is still needed to demonstrate
whether the sulphationpattern of oligosaccharides influence
this activity.

Studies on heparin oligosaccharides has led to the struc-
tural elucidation of the AT-binding region of heparin, namely
a pentasaccharide unit is the special sequence required to
bind and activate AT.6,46 Similarly, purified oligosaccharides
derived from FG facilitate us to study the precise mechanism
of FXase inhibition and elucidate the structural sequence
binding to FIXa in FG. In this study, our data suggest that the
nonasaccharide binds to FIXa with high affinity and disrupts
the FIXa–FVIIIa interaction, and the FIXa binding sites of
nonasaccharide are overlapped with that of LMWH. The
binding affinity of FG oligosaccharides to FIXa reduces
with the decreasing dp, and strongly binding to FIXa requires
the minimum 9 dp. Carboxyl groups of FG9 are required for
its potent FXase inhibitory activity and high-affinity binding
to FIXa, and full acetylationmay be also necessary to produce
the strongest activity of FG9. Our results further support that
the nonasaccharide as a novel FXase inhibitor targets FIXa–
heparin binding exosite, which is an effective strategy to
develop anticoagulant with low bleeding tendency.

What is known about this topic?

• Inhibition of intrinsic coagulation pathway can pre-
vent thrombosis with low bleeding tendency, and
intrinsic factor Xase complex is the rate-limiting
enzyme of the intrinsic coagulation pathway.

• FG nonasaccharide as a potent selective FXase inhibi-
tor strongly inhibits venous thrombosis with no
obvious bleeding risk, while the FXase inhibitory
mechanisms of FG nonasaccharide remain to be
defined.

What does this paper add?

• FG nonasaccharide inhibits FXase via disrupting FIXa–
FVIIIa interactions.

• FG nonasaccharide binds to FIXa with high affinity and
the FIXa binding sites of FG nonasaccharide are over-
lapped with that of LMWH.

• Carboxyl groups of FG nonasaccharide are essential for
its potent FXase inhibitory activity and high-affinity
binding to FIXa.
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