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(Background: Aptamers are single-stranded oligonucleotides folded into three-dimensional shapes that bind complemen-

Results: This aptamer blocks factor IXa activity toward macromolecular substrates but only partially blocks small substrates.
Conclusion: The aptamer binds factor IXa so as to block the extended substrate-binding site.
Significance: These studies provide a mechanistic understanding of the function of an anticoagulant in late-stage clinical

J

An aptamer targeting factor IXa has been evaluated in animal
models and several clinical studies as a potential antithombotic
therapy. We elucidate the molecular mechanism by which this
aptamer acts as an anticoagulant. The aptamer binds tightly to
factor IXa and prolongs the clotting time of human plasma. The
aptamer completely blocks factor IXa activation of factor X
regardless of the presence of factor VIIIa. However, the aptamer
does not completely block small synthetic substrate cleavage,
although it does slow the rate of cleavage. These data are con-
sistent with the aptamer binding to the catalytic domain of fac-
tor IXa in such a way as to block an extended substrate-binding
site. Therefore, unlike small molecule inhibitors, aptamers
appear to be able to bind surfaces surrounding an active site and
thereby sterically interfere with enzyme activity. Thus, aptam-
ers may be useful agents to probe and block substrate-binding
sites outside of the active site of an enzyme.

Thrombosis represents a major risk of morbidity and mor-
tality, particularly in the elderly (1). Currently, heparin is widely
used as an antithrombotic; it is a potent anticoagulant that tar-
gets multiple activated factors in the coagulation cascade (2).
However, heparin therapy can be associated with bleeding as
well as complications such as heparin-induced thrombocytope-
nia (3). Heparin is not alone in this respect, and in general,
current therapies represent a balance between the risk of
thrombosis without treatment and the risk of bleeding due to
treatment (4). One approach to reducing complications and
improving antithrombotic therapy is to selectively target a spe-
cific coagulation protein (2).

Factor IX is an attractive target for antithrombotic therapy. It
participates in the propagation phase of coagulation; after acti-
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vation by either factor XIa or the factor VIla-tissue factor com-
plex, factor IXa binds to factor VIIIa on a platelet surface and
activates factor X. Two studies have suggested that the primary
effect of heparin on prolonging the activated partial thrombo-
plastin time (aPTT)? is through blocking factor IXa activation
of factor X (5, 6). Studies in dogs and baboons showed that
when active site-inhibited factor IXa is used as an anticoagulant
in place of heparin, the extracorporeal circuit remains free of
fibrin deposition, and intraoperative blood loss is significantly
diminished relative to the standard heparin protocol (7, 8). In
addition, an antibody directed against the amino-terminal
region of factor IX acts as a potent antithrombotic agent in rat
and guinea pig models of arterial thrombosis (9).

An emerging class of therapeutics is the folded nucleic acid
structures called aptamers (10 -12). Aptamers are small single-
stranded oligonucleotides that fold into a specific three-dimen-
sional shape that is assembled upon a secondary structure
derived from multiple hydrogen-bonded base pairs. The sur-
faces on these molecular shapes can bind to complementary
molecular surfaces on their target (13). This complementary
shape binding is similar to the types of interactions observed
between antibody-antigen pairs, and it allows aptamers to bind
to proteins that do not naturally recognize nucleic acids (14).
Because aptamer binding is very dependent on the internal
hydrogen-bonded base pairs, the three-dimensional structure
of the aptamer can be disrupted with an appropriately chosen
oligonucleotide that can interrupt such base pairing. Applica-
tion of this concept led us to develop the idea of therapeutic
aptamers generated in concert with antidote oligonucleotides
(15-21). Such complementary antidote oligonucleotides allow
for complete neutralization of aptamer activity and create the
possibility of fine-grained control of aptamer levels (18, 20, 21).

Applying the aptamer-antidote principles to the question of
targeted antithrombotics, we have developed an aptamer (9.3t)
targeted against factor IXa (15). The action of the aptamer can
be controlled by an antidote oligonucleotide (15, 18). This

2The abbreviations used are: aPTT, activated partial thromboplastin time;
DEGR-CK, dansyl-Glu-Gly-Arg chloromethyl ketone.
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aptamer can prolong the clotting time (aPTT) of normal human
plasma; at saturating levels of aptamer, the aPT'T was prolonged
to the values seen in hemophilia B (factor IX-deficient) plasma.
In a porcine model of cardiopulmonary bypass, this aptamer
controlled thrombin generation better than heparin and was
able to maintain patency in the bypass circuit for 30 min when
used instead of heparin as an anticoagulant (17). Moreover,
recently, an optimized version of this aptamer was able to
replace heparin as the anticoagulant in a phase 2a clinical trial
in patients with acute coronary syndrome undergoing percuta-
neous coronary intervention (22). Currently, a large ~800-per-
son phase 2b study is under way to further evaluate the aptamer
and its matched antidote in this patient population. The studies
presented here were initiated to identify the mechanisms by
which this anti-factor IXa aptamer acts as an anticoagulant and
antithrombotic.

EXPERIMENTAL PROCEDURES

Reagents—Factor Xa substrate (Pefachrome® FXa) was from
Pentapharm (Basel, Switzerland), as was factor IXa substrate
(Pefachrome® FIXa3960, H-p-Leu-phenylglycine-Arg-p-ni-
troanilide acetate). Cleavage of Pefachrome FIXa was not
enhanced by ethylene glycol. Dansyl-Glu-Gly-Arg chlorom-
ethyl ketone (DEGR-CK) was purchased from Calbiochem.
Anti-factor IX antibodies were purchased from Affinity Biolog-
icals (Ancaster, Ontario, Canada). Unless indicated otherwise,
all reactions were run in 20 mm HEPES (pH 7.4), 150 mm NaCl,
5 mMm CaCl,, and 1 mg/ml ovalbumin.

Proteins—Factor IX was isolated from plasma by chromatog-
raphy on DEAE-Sepharose eluted with NaCl, heparin-Sephar-
ose eluted with NaCl, copper-loaded iminodiacetic acid (metal
chelate)-Sepharose eluted with glycine, and HiTrap Q eluted
with CaCl, at a fixed NaCl concentration (pseudo-affinity). It
was converted to factor IXa with a 1:200 molar ratio of factor
XIa (Hematologic Technologies, Essex Junction, VT) as
described previously and repurified by pseudo-affinity chroma-
tography (23). Factor VIII (recombinant B-domainless) was the
generous gift of the Harold R. Roberts Comprehensive Hemo-
philia Diagnostic and Treatment Center at the University of
North Carolina at Chapel Hill. Factor X was isolated from
plasma by chromatography on DEAE-Sepharose eluted with
NaCl, heparin-Sepharose eluted with NaCl, hydroxylapatite
eluted with phosphate, and HiTrap Q eluted with CaCl, at a
fixed NaCl concentration (pseudo-affinity). Antithrombin was
isolated from plasma on heparin-Sepharose as described previ-
ously (24).

Lipid Vesicles—Lipids were purchased from Avanti Polar
Lipids (Alabaster, AL). Large unilamellar vesicles containing
15% phosphatidylserine, 41% phosphatidylcholine, 44% phos-
phatidylethanolamine were prepared by extrusion (25, 26).

Aptamer—Before all assays, the aptamer was refolded by
heating to 65 °C for 5 min and cooling slowly to room temper-
ature. The aptamer is designated 9.3t (15). The aptamer 9.3tM
was used as a control; it differs from 9.3t by only 2 bases but does
not bind factor IX (15). The aptamer was dephosphorylated
using bacterial alkaline phosphatase and 5'-end-labeled using
T4 polynucleotide kinase and [y-**P]ATP.
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Clotting Assays—Citrated human plasma was purchased
from King George Bio-Medical, Inc. (Overland Park, KS).
aPTTs were performed in a Diagnostica Stago ST4 coagulom-
eter using TriniCLOT aPTT S reagent (Trinity Biotech) with
aptamer-treated plasma for 5 min before initiating clotting with
TriniCLOT aPTT S (0.02 m CaCl,).

Factor IX Activation by Factor Xla—Factor IX (5 um) was
incubated with aptamer 9.3t (6 uM) for 30 min before addition
of 25 nm factor XIa. At timed intervals, samples were removed
into SDS buffer with 1% mercaptoethanol and heated to 95 °C
for 3 min. Samples were run on a 10—15% PhastGel and stained
with silver stain. Band intensity was determined using the NIH
program Image]J (rsb.info.nih.gov/ij/).

Factor IX Activation by Factor VIla-Tissue Factor Complex—
Factor IX (1 um) was incubated with aptamer 9.3t (5 um) for 30
min before addition of 2 nm factor VIIa with 1 nm relipidated
recombinant human tissue factor. At timed intervals, samples
were removed into SDS buffer (with or without 1% mercapto-
ethanol) and heated to 95 °C for 3 min. Samples were run on a
10-15% PhastGel, transferred to a nylon membrane, and blot-
ted with rabbit polyclonal anti-factor IX antibodies. The pres-
ence of anti-factor IX antibodies was detected with IRDye 680-
labeled anti-rabbit antibodies and visualized on a LI-COR
ODYSSEY system. The fraction activated is the proportion of
the staining in each lane found in the factor IXa band (unre-
duced) or the heavy chain (reduced) Western blots. The rate of
factor IX activation (k) was determined by fitting the data to
Equation 1.

Intensity = Intensity, .1 — e ) (Eq. 1)

Factor X Activation Assays—For assays with factor VIlIa, fac-
tor IXa (0.6 nm) was incubated with varied concentrations of
9.3t or 9.3tM. Factor VIIIa (1.4 nm) with 80 um lipid was added,
reducing the factor IXa concentration to 0.4 nm, and incubated
for 3 min before addition of factor X and factor X substrate.
Final concentrations in the assay were 0.2 nm factor IXa, 0.7 nm
factor VIIIa, 40 um lipid, 135 nM factor X, and 0.5 mm factor X
substrate. Factor X activation was monitored by substrate
cleavage, and data were analyzed to determine the initial rate as
described previously (28).

For assays with preformed factor IXa-factor VIIla complex,
0.4 nMm factor IXa was incubated with 1.4 nM factor VIIIa and 80
M lipid for 3 min before addition of aptamer for 1 min. Factor
X and factor Xa substrate were added to give the same final
concentrations as described above.

For assays without factor VIIIa, 6 or 12 nm factor IXa was
incubated with aptamer 9.3t or 9.3tM for 15 min before being
added to factor X, lipid, and factor Xa substrate. Final concen-
trations were 3 or 6 nM factor IXa, 150 um factor X, 50 um lipid,
and 0.5 mM factor X substrate. Factor X activation was moni-
tored as described above.

Measurement of Substrate Cleavage—Factor IXa (400 nm)
was incubated with varied concentrations of aptamer 9.3t or
9.3tM before being added to H-p-Leu-phenylglycine-Arg-p-ni-
troanilide acetate (Pefachrome FIXa3960) to give final concen-
trations of 200 nM factor IXa, the indicated concentration of the
aptamer, and 0.5 mMm substrate. The substrate is a peptide
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sequence attached to a p-nitroanilide group. Cleavage of the
substrate released a p-nitroaniline group; appearance was mon-
itored at 405 nm. Substrate cleavage was monitored for 10 min,
during which time the increase in absorbance at 405 nm was
linear. Background hydrolysis of the substrate was measured by
monitoring the absorbance at 405 nm in the absence of factor
IXa but in the presence of aptamer.

Affinity Calculations—Factor IXa binding to aptamer 9.3t is
an equilibrium reaction as shown in Equation 2.

Kq

IXa + 9.3t=21Xa-9.3t (Eq.2)

The equilibrium dissociation constant (K,) is defined as shown
in Equation 3.

_ [IXal[9.31]

Ka = Tixa-9.31] (Ea.3)

The terms for free factor [Xa and free aptamer 9.3t are rewritten
in terms of [IXa-9.3t], total factor IXa ([IXa],), and total
aptamer ([9.3t],) as shown in Equation 4.

K [1Xa-9.3t] = ([IXa], — [IXa-9.3t])([9.3t], — [IXa-9.3t])
(Eq.4)

Because the concentration of the IXa-9.3t complex cannot be
assumed to be small relative to the total concentration of the
aptamer, the equation has to be evaluated without simplifying
assumptions. Rearranging gives Equation 5.

0 = [IXa][9.3t], — (K, + [IXa], + [9.3t],)[IXa-9.3t] + [IXa-9.3t]?
(Eq.5)

Solving for the concentration of the IXa-9.3t complex gives
Equation 6.

(Kg + [IXa]; + [9.3t])

[IXa-9.3t] = 5

V(K + [1Xa], + [9.3t])? — 4[IXa]{9.3t];
— 5 (Eq.

Because factor IXa in complex with the aptamer is inactive, the
activity is proportional to the amount of free factor IXa as

shown in Equation 7.
rate = rateg*[IXalfee (Eq.7)

Activity expressed as the relative rate is given by Equation 8.

rate _ IX 1X-9.3
rateo_[ al; — [1X-9.31] (Eq.8)
Substituting Equation 5 into Equation 7 gives Equation 9.
(Ky + [IXal, + [9.3t])
2[IXal,
VK, + [1Xa], + [9.3t],)* — 4lIXal[9.31],
- (Eq.9)

2[1Xal,
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FIGURE 1. Aptamer prolongs clotting time of plasma. The indicated con-
centrations of aptamer 9.3t (@) or 9.3tM (O) were added to plasma. The clot-

ting time is plotted against the concentration of the aptamer. With these
reagents, hemophilia B plasma had a clotting time of ~120's.

RESULTS

Aptamer Inhibition of Clotting Assays—As reported previ-
ously (15), the ability of aptamer 9.3t to prolong clotting was
studied by adding varied concentrations of the aptamer to
plasma and then measuring the aPTT. Aptamer 9.3t, but not a
mutant version of the aptamer (9.3tM), dose-dependently pro-
longed the aPTT of plasma (Fig. 1). The aPTT reached values
seen in hemophilic human plasma (29).

Ligand Binding Assay Shows Aptamer Binding to Both Fac-
tors IX and IXa—Binding of aptamer 9.3t to protein was mea-
sured using a double-filter binding assay as described previ-
ously (30). A fixed concentration of radiolabeled aptamer 9.3t
was incubated with varied protein concentrations and then
added to membrane. Aptamer bound to protein was captured
on the (top) nitrocellulose membrane. Unbound aptamer
passed through and was captured by the (bottom) nylon mem-
brane. Counts associated with protein were expressed as a per-
centage of the total counts (nitrocellulose capture + nylon cap-
ture). Aptamer 9.3t binding to factor IX was similar to that to
factor IXa (Fig. 2); this is consistent with a previous study that
used surface plasmon resonance to show that the aptamer
binds with similar affinity to factors IX and I1Xa (31). Mutant
aptamer 9.3tM did not bind to either factor IX or IXa.

Aptamer Does Not Change Factor IX Activation by Factor Xla—
Because aptamer 9.3t bound both factors IX and IXa, we first
examined if the aptamer would inhibit activation of factor IX by
factor XIa. The aptamer did not change factor XIa activation of
factor IX (Fig. 3A).

Aptamer Slows Factor IX Activation by Factor VIla-Tissue
Factor Complex—We also examined factor IX activation by the
factor VIla-tissue factor complex. The aptamer decreased the
rate of factor IX activation to ~50% of the rate seen in its
absence (Fig. 3B).

Aptamer Blocks Activity of Factor IXa-Factor VIlla Complex—
Because factor IXa activity was increased by >2000-fold when
it associated with its cofactor, factor VIIIa, we evaluated if the
aptamer could inhibit the activity of the factor IXa-factor VIIIa
complex. Factor IXa was incubated with varied concentrations
of aptamer 9.3t or mutant aptamer 9.3tM for 20 min at room
temperature. Factor IXa activity was assessed by adding factor
VIlIa with lipid and incubating for 3 min before adding factor X
and factor Xa substrate. Aptamer 9.3t, but not mutant aptamer
9.3tM, inhibited factor X activation by the factor IXa-factor
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FIGURE 2. Aptamer binding to factors IX and IXa measured by double-
filter binding. A fixed amount of radiolabeled aptamer was incubated with
the indicated concentration of factor IX or IXa. Aptamer bound to factor IXa
was captured on a nitrocellulose membrane, with unbound aptamer cap-
tured on nylon. Radioactivity bound to cellulose is plotted versus the concen-
tration of factor IX (triangles) or factor 1Xa (circles). ® and A, binding of
aptamer 9.3t; O and A, binding of mutant aptamer 9.3tM.

VIIIa complex in a dose-dependent fashion (Fig. 44). Based
upon this inhibition, the affinity of the aptamer for factor IXa
was calculated to be 0.16 nm.

To determine whether the aptamer was interfering with for-
mation of the factor IXa-factor VIlla complex, factor IXa was
incubated with factor VIIIa and lipid for 3 min before addition
of the aptamer for 1 min. Factor X and factor Xa substrate were
then added to give the same final concentrations as before. Even
though the incubation times were shorter, the aptamer was not
less effective at inhibiting factor X activation (Fig. 44) and may
have been more effective (calculated affinity of 0.07 nm). This
suggests that the aptamer is not competing with factor VIIIa for
factor IXa binding.

Inhibition of Factor IXa Activation of Factor X—We next
sought to determine whether the aptamer could inhibit factor
IXa in the absence of factor VIIIa. Factor IXa activity in the
absence of factor VIIla was determined by activating factor X
using lipid vesicles as the surface. Two concentrations of factor
IXa were incubated with varied concentrations of either
aptamer 9.3t or 9.3tM (Fig. 4B). A dose-dependent decrease in
factor X activation was observed. Here, the apparent affinity of
the aptamer for factor IXa was 0.9 nM in the absence of factor
Vllla.

Aptamer Blocks Antithrombin Inhibition of Factor IXa—We
next wanted to determine whether the aptamer would interfere
with the ability of antithrombin to inhibit factor IXa function.
Factor IXa (1 um) was incubated with 2 um aptamer 9.3t or
9.3tM for 15 min. Antithrombin (20 um) was added, and for-
mation of the factor [Xa-antithrombin complex was monitored
by sampling into SDS buffer and heating to 95 °C for 3 min.
Samples were run on a polyacrylamide gel and transferred to a
nylon membrane for Western blotting. Aptamer 9.3t blocked
formation of factor IXa-antithrombin complexes for at least
12 h (Fig. 5). Thus, the aptamer inhibits antithrombin from
inactivating factor IXa.

Aptamer Partially Inhibits Factor IXa Cleavage of Synthetic
Substrate—To further elucidate the mechanism of inhibition,
we next determined if the aptamer could inhibit cleavage of
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FIGURE 3. Aptamer effect on factor IX activation. A, factor IX was incubated
with the aptamer (@) or a buffer control (O) before being activated with factor
Xla in buffer without albumin. At the indicated times, samples were run on a
10-15% gradient PhastGel and silver-stained. Images were analyzed using
Imagel. The band intensity in the light chain (units of the band intensity from
ImageJ scans) is plotted versus time. The insets show grayscale images of the
gels. B, factor IX was incubated with the aptamer (®) or a buffer control (O)
before being activated with factor Vlla-tissue factor. At the indicated times,
samples were run on a 10-15% gradient PhastGel and transferred to a nylon
membrane for Western blotting with anti-factor IX primary and fluorescent
secondary antibodies. Fluorescence was detected with a LI-COR ODYSSEY
system. Separate experiments examined reduced and unreduced samples,
and all data are shown. The insets show representative Western blots.

small synthetic substrates. Factor IXa was incubated with var-
ied concentrations of aptamer 9.3t or 9.3tM before being added
to synthetic substrate. As expected, increasing concentrations
of aptamer 9.3t decreased the rate of substrate cleavage. Unex-
pectedly, substrate cleavage did not go to zero; even when the
aptamer was in a molar excess to factor IXa, ~10% residual
substrate cleavage remained (Fig. 6A4).

Aptamer Slows Factor IXa Incorporation of Active Site Probe—
We next examined the ability of the aptamer to inhibit an active
site probe from binding to factor IXa. DEGR-CK can incorpo-
rate into the active site of factor IXa (32). Incorporation can be
measured as a change in the fluorescent environment of the
dansyl group. The chloromethyl ketone group is smaller than
the p-nitroanilide group of the chromogenic substrate. Factor
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FIGURE 4. Aptamer blocks factor IXa activation of factor X with or without
factor Vllla. A, the indicated concentrations of aptamer 9.3t were incubated
with factor IXa (@) or preformed factor [Xa-factor Vllla complex (M), and factor
X activation was measured. Mutant aptamer 9.3tM data for both data sets are
shown (O). Factor Xa generation is expressed relative to the initial rate in the
absence of the aptamer. The data for the aptamer incubated with factor IXa
were fit to the quadratic equation (Equation 9) described under “Experimen-
tal Procedures” and gave a value of 0.16 = 0.01 nm. The data fit for the
aptamer added to the factor IXa-factor Vllla complex gave a value of 0.07 =
0.01 nm. B, the indicated concentrations of aptamer 9.3t were incubated with
6 nM (A) and 3 nm (V) factor IXa, and factor X activation on lipid vesicles was
measured. Mutant aptamer 9.3tM data for 6 nm factor IXa are shown (O). The
data for the aptamer incubated with factor IXa were fit to the quadratic equa-
tion (Equation 9) described under “Experimental Procedures” and gave a
value of 0.9 nm (0.84 = 0.06 and 0.93 = 0.12 nm for 3 and 6 nm factor IXa,
respectively).

IXa (200 nm) was incubated with aptamer 9.3t or 9.3tM (400
nM) in the absence of calcium for 15 min before addition of 20
um DEGR-CK. Incorporation was monitored by following the
fluorescence at 490 nm (excitation at 330 nm). Data were fit to
Equation 10.

F= Fo + ":max(‘I - eik*t) (Eq.10)

Aptamer decreased F, ., and although it did not completely
block incorporation of DEGR-CK into the active site (Fig. 6B),
aptamer 9.3t did decrease the rate to ~30% of that observed
with the mutant aptamer (from 3.2 to 1.1 s~ ).
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FIGURE 5. Aptamer blocks antithrombin inhibition of factor IXa. Factor IXa
was incubated with aptamer 9.3t (@) or 9.3tM (O) before being added to
antithrombin. At the indicated times, samples were run on a 10-15% gradi-
ent PhastGel, transferred to a nylon membrane, and Western-blotted for fac-
tor IXa.lmages were analyzed using ImageJ. The proportion of the intensity in
the factor IXa band is plotted versus time. The inset shows a grayscale image of
the gel. Note that the time course is different for the left and right portions
of the gel.

DISCUSSION

Functionally, factor IXa binds to factor VIIIa on a surface and
converts factor X to factor Xa. Interfering with any of those
functions, including lipid binding, factor VIIIa binding, or fac-
tor X cleavage, can block factor IXa activity. When the aptamer
was incubated with factor IXa, factor VIIla-dependent activa-
tion of factor X on a lipid surface was blocked in a dose-depen-
dent fashion. The data could be fitted to a model in which the
aptamer bound to factor IXa with a K, of ~0.2 nm. This com-
pares tolerably well to values of 0.6 nM measured in a double-
filter binding assay and 0.9 nMm determined from factor IXa
cleavage of factor X in the absence of factor VIIla. Taken
together, these values are in reasonable agreement with a pre-
vious publication that used surface plasmon resonance to
measure a dissociation constant of ~0.4 nMm (31).

Monitoring the complete time course of factor IX activation
showed that the aptamer did not alter factor IX activation by
factor XIa. The aptamer did reduce factor IX activation by fac-
tor Vlla-tissue factor to ~50% of the rate seen in its absence.
This result was somewhat surprising given that, in a previous
study, Gopinath et al. (31) reported a greater inhibition of factor
IX activation by factor VIla-tissue factor. The relative differ-
ence in our conclusions may arise from differences in the con-
ditions used in the assays. We used 1 nMm tissue factor with 2 nm
factor VIIa and a ratio of factor IX to factor VIla-tissue factor of
1000:1, and we monitored the reaction for up to 120 min by
Western blotting so that the presence of other proteins did not
interfere. Gopinath et al. used less tissue factor (0.5 nm) with
more factor VIIa (800 nm) and a ratio of factor IX to factor
Vlla-tissue factor of 17,400:1, and they assessed at a 30-min
time point by Coomassie Blue staining. The loss of factor IX
could not be easily assessed because the tissue factor reagent
ran at the same place on the gel as factor IX. If staining of the
cleavage product were not linear at low concentrations of pro-
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FIGURE 6. Aptamer partially blocks factor IXa cleavage of synthetic sub-
strate. A, factor IXa was incubated with aptamer 9.3t (@) or 9.3tM (O) before
being added to synthetic substrate. The rate of substrate cleavage is plotted
against the concentration of the aptamer. The curve shape suggests that the
residual activity is not due to factor IXa that does not have aptamer bound.
B, factor IXa (200 nm) was incubated with 400 nm aptamer 9.3t (®) or 9.3tM (O)
before being added to DEGR-CK. Fluorescence at 490 nm (excitation at 330
nm) was monitored, and the change in fluorescence relative to the maximal
change is plotted versus time.

tein, then the reduced rate of activation that we observed would
not be inconsistent with the results of Gopinath et al. given the
differences in methodology.

To determine whether the aptamer was interfering with fac-
tor IXa binding to factor VIlIa, the complex of factors IXa and
VIlIa was allowed to form, and the aptamer was then added
immediately before the start of the assay. If the aptamer and
factor VIIIa are competing for a binding site on factor IXa, then
the aptamer should not bind as well to the preformed complex
as it does to factor IXa alone. However, the aptamer was not any
less effective at inhibiting the preformed factor IXa-factor VIlla
complex, which suggests that the aptamer interacts with factor
IXa at a site different from the sites of factor VIIIa interaction.

When factor VIIla was removed from the reaction, the
aptamer still blocked factor IXa activation of factor X, so the
aptamer could be blocking either factor IXa binding to lipid or
factor IXa binding to substrate. To help sort the two possibili-
ties, a solution-phase reaction was studied. The aptamer
blocked formation of a factor IXa-antithrombin complex for as
long as 12 h. This result suggests that the aptamer acts by inhib-
iting substrate binding and cleavage rather than by inhibiting
factor IXa binding to a surface.
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One possible explanation for these observations would be
that the aptamer binds to factor IXa so as to block access to the
active site. Thus, we were surprised to observe that the aptamer
did not completely block factor IXa cleavage of synthetic substrate,
although the rate was reduced to 10% of the initial value. Titrating
the aptamer into factor IXa suggested that all of the factor IXa in
the reaction was bound to the aptamer (as expected because the K,
for complex formation was <1 nm and the concentration of factor
IXa was 200 nm). Furthermore, saturating concentrations of the
aptamer were not able to completely block incorporation of
DEGR-CK into the active site of factor IXa, although the rate was
reduced. This result is consistent with the observation that no
aptamers directed toward a proteolytic active site have yet been
identified and suggests that an exosite necessary for macromolec-
ular substrate binding is blocked.

Exosites on coagulation proteins are important for providing
the substrate specificity of those factors (33). There are a num-
ber of exosite inhibitors that target and can potently inhibit the
function of many proteins in the coagulation cascade (33). An
aptamer targeted to be an exosite inhibitor of thrombin com-
pletely blocks conversion of fibrinogen to fibrin (34) but does
not inhibit cleavage of a small molecular weight substrate (35).
Ixolaris, a protein from the salivary gland of ticks, binds to an
exosite on factor Xa, and although it completely blocks factor
Xa/Va activation of prothrombin, it enhances factor Xa cleav-
age of small synthetic substrates (36). A fusion of two peptides
targeted to exosites of factor VIla results in a molecule that
completely inhibits factor X activation but only partially inhib-
its small substrate cleavage (37, 38). In this study, the action of
aptamer 9.3t against factor IX behaved as an exosite inhibitor
(completely blocked macromolecular substrate cleavage but
only partially blocked small substrate interactions). To the best
of our knowledge, this aptamer represents the first inhibitor
that targets the extended substrate-binding site (exosite) of fac-
tor IXa. The mechanism of this aptamer can be distinguished
from nitrophorin-2 because that molecule appears to block
lipid binding, possibly through interaction with the light chain
of factor IX (39).

Aptamer binding to a heavy chain site is consistent with the
observed difference of factor Xla activation and factor VIla-
tissue factor activation. Factor XIa activation of factor IX is
mediated in large part through factor XlIa exosite interactions
with the Gla domain of factor IX (40, 41). These interactions
would not be changed by aptamer binding to the heavy chain.
By contrast, the factor VIla-tissue factor complex binds to the
catalytic domain of'its substrate to activate factor IX (42, 43), so
it is not unreasonable that aptamer binding to the catalytic
domain (heavy chain) of factor IX might alter activation by fac-
tor VIla-tissue factor.

Among the macromolecular interactions blocked by the
aptamer is factor IXa interaction with the natural inhibitor
antithrombin. Although this might seem to argue against use of
the aptamer in a clinical setting, data from preclinical studies on
this molecule as well as from clinical studies of other active site
inhibitors suggest otherwise. Active site inhibitors that, asa side
effect, block antithrombin inactivation are currently available
for thrombin (dabigatran) and factor Xa (rivaroxaban). With
these inhibitors, the major adverse events are not thrombosis,
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which would be expected if factor Xa and thrombin are avail-
able because they are not inhibited, but rather the inhibitors are
too effective, with bleeding, frequently major bleeding, being
the dominant adverse effect (27). Early phase clinical studies
with this aptamer have shown that it is effective, suggesting that
the ability of the aptamer to block factor IXa activity outweighs
any negative consequences of blocking antithrombin inhibition
(21).

In conclusion, these data show that the factor IXa aptamer
9.3t blocks factor IXa interaction with macromolecular sub-
strate but does not completely block interaction with small
molecular weight active site probes. These results suggest 1)
that aptamers may be particularly useful for probing extended
surfaces on target proteins and for blocking substrate-binding
exosites of enzymes and 2) that the factor [Xa aptamer in clin-
ical development acts as a potent anticoagulant in patients by
inhibiting factor X binding to the factor IXa-factor VIIla
complex.
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