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ABSTRACT. The enzyme complex prothrombinase plays a pivotal role in fibrin clot development through
the production of thrombin, making this enzyme complex an attractive target for therapeutic regulation.
This study both functionally and structurally characterizes a potent, highly selective, active site directed
inhibitor of human factor Xa and prothrombinase, PD0313052, and identifies structurally conserved residues
in factor Xa and prothrombinase. Analyses of the association and dissociation of PD0313052 with human
factor Xa identified a reversible, slow-onset mechanism of inhibition and a simple, single-step bimolecular
association between factor Xa and PD0313052. This interaction was governed by assacjgtiamd(
dissociation ko) rate constants of (1.8 0.1) x 10’ M~ st and (1.94 0.5) x 1072 s71, respectively.

The inhibition of human factor Xa by PD0313052 displayed significant tight-binding character described
by aKi*= 0.29+ 0.08 nM. Similar analyses of the inhibition of human prothrombinase by PD0313052
also identified a slow-onset mechanism witK& = 0.17+ 0.03 nM and &,n andke of (0.7 &+ 0.1) x

10" M~1stand (1.7+ 0.8) x 1073 s71, respectively. Crystals of factor Xa and PD0313052 demonstrated
hydrogen bonding contacts within the-S%4 pocket at residues Ser195, Asp189, Gly219, and Gly216,

as well as interactions with aromatic residues within the S4 pocket. Overall, these data demonstrate that
the inhibition of human factor Xa by PD0313052 occurs via a slow, tight-binding mechanism and indicate
that active site residues of human factor Xa, including the catalytic Serl195, are effectively unaltered
following assembly into prothrombinase.

At the site of vascular injury, a complex array of An increasing body of evidence suggests that the active
procoagulant events occur culminating in the production of site of factor Xa may be relatively unaltered by assembly
the serine protease thrombin, leading directly to fibrin into the prothrombinase complex. Whereas studies monitor-
deposition and clot formationl{-6). The production of ing changes in fluorescence of the irreversible inhibitor
thrombin is a tightly regulated process carried out by the DEGR-ck to bovine factor Xa identified significant alter-
enzyme complex prothrombinase, which consists of the ations in fluorescence intensity following binding of the
serine protease factor Xa, complexed with its cofactor, factor inhibitor to factor Xa (2—15), the presence of factor Va
Va, assembled in a calcium dependent manner on the surfacgvas shown to have little effect on the alkylation of the
of an appropriate phospholipid membrane, such as thatinhibitor and hence on the function of the catalytic triag)(
presented by activated platelets in viviy 8, 6). Therefore, significant structural alterations in the bovine

Although factor Xa is capable of producing thrombin from  factor Xa active site were not observed as a result of complex
the zymogen prothrombin in solution, assembly into pro- assembly. Interestingly, no increase in fluorescence quantum
thrombinase accelerates the efficiency of the reaction by five yield is observed from DEGR-ck using human factor Xa,
orders of magnitude representing the physiologically relevant suggesting that the chemical environment is distinctly
reaction rate, 8). This dramatic increase in catalytic activity  different in the active site of the two species. To date, the
is a cumulative result of interactions between all members pest probe for the analysis of the human factor Xa active
of prothrombinase. However, factor Xa combined with high sjte has been Oregon Gregntethered to an active site
concentrations of factor Va alone yields rates of thrombin pinding peptide. Although this probe displays a shift in
generation on the order of the entire complex, thus, it is anjsotropy following assembly of prothrombinasel)( no
believed that factor Va contributes significantly to modulating specific structural information is yet available to discern the
factor Xa catalytic activityq). Recent evidence suggests that identity of regions surrounding the active site that lead to

the primary function of factor Va is to perturb exosites on  the change in quantum environment. Therefore, the structure
factor Xa that serve to bind the substrate and direct the of the active site of human factor Xa as it assembles into
scissile bonds of prothrombin to the active site contained in prothrombinase has yet to be fully explored.

factor Xa (0, 11). The current investigation examines the mechanisms of
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optimization of positive hits from high-throughput screening. the factor Xa was bound in prothrombinase. Solutions of
PD0313052 was developed as a parenteral factor Xa inhibitorvarying concentrations of PD0313052 were combined with
and is based on an aryl-amidine group designed to fit deepFS-2765 such that the final assay concentrations were 200
in the S1 pocket. Amidine mimics are a hallmark of factor M FS-2765 and 63 nM PD0313052.
Xa inhibitors such that they imitate the substrate arginine at Determination of the @erall Dissociation Constants for
the P1 site. This study examines the inhibition kinetics of Inhibition of Human Factor Xa and Prothrombinase by
PD0313052 as it interacts with factor Xa and prothrombinase PD0313052The overall dissociation constants of inhibition
and further identifies interactions with the factor Xa-84 of factor Xa and prothrombinase by PD0313052 were
pocket as present in the co-crystal structure of factor Xa/ determined by incubating increasing concentrations of the
PD0313052 that suggest structural identity in factor Xa and inhibitor in 75 uL reaction mixtures containing either (a)
prothrombinase. 0.25 nM factor Xa or (b) 0.4 nM factor Xa plus 201 PCPS
EXPERIMENTAL PROCEDURES vesiples and 5 nM pla_sr_na-derived factor Va in_assay buffgr.
Residual enzyme activity was assayed following a 60 min
Reagents.-a-Phosphatidylserine [bovine brain] (PS) and incubation at room temperature. The reactions were started
L-a-phosphatidylcholine [egg yolk] (PC) were purchased by the addition of 25L of FS-2765 (20Q:M final), prepared
from Sigma (St. Louis, MO). Crystallized bovine serum in the appropriate buffer. Measurements of turnover of FS-
albumin was purchased from Serological Proteins Inc. 2765 were obtained dt, = 390 nm andie, = 460 nm on
(Kankakee, IL). Dansylarginin-(3-ethyl-1,5-pentanediyl)-  a Spectramax Gemini XS (Molecular Devices, Sunnyvale,
amide (DAPA) and coagulation factors Xa, V, prothrombin,  CA). To further evaluate the inhibition of prothrombinase
anda-thrombin were purchased from Haematologic Tech- hy PD0313052, a discontinuous assay system was employed
nologies Inc (Essex Junction, VT). Factor Xa for crystal- to monitor the conversion of the natural macromolecular
lographic analyses was purchased from Enzyme Researchsypstrate prothrombin to thrombin in the above preincubated
Lab (South Bend, IN). All coagulation proteins were of enzyme-inhibitor mixture. Measurements of prothrombin
human origin. The direct thrombin inhibitor hirudin was turnover were obtained in reaction mixtures prepared as
purchased from Genentech (South San Francisco, CA). Thedescribed above followed by the addition of 2% of
active site directed factor Xa inhibitor PD0313052 was prothrombin and DAPA to final concentrations of ]_‘BM
synthesized by Pfizer Global Research and Developmentand 3,M, respectively. At regular intervals a small aliquot
(Ann Arbor, MI). S-2222 was purchased from Chromogenix (10 uL) was removed and diluted into 146 of quench
(Milano, ltaly). The fluorescent substrate FS-2765 was puffer (20 mM HEPES, 0.15 M NaCl, 5 mM CaCb0 mM
purchased from California Peptide Research (Napa, CA). EDTA, 0.1% PEG-8000). To this was added/@0of S2238
Synthetic phospholipid vesicles composed of 75% (% wt/ (Chromogenix, Milano, Italy) for a final concentration of
wt) phosphatidylcholine (PC) and 25% (% wt/wt) phosphati- 0.2 mM, and the absorbance was monitored using a Spec-
dylserine (PS) were prepared as described by Barenholz etramax 250 plate reader (Molecular Devices, Sunnyvale, CA).
al. (16). Concentration was determined by phosphorus assayThe amount of thrombin generated at each time point was
as described1(7). Molecular weights and extinction coef-  determined by comparison to a thrombin standard curve.
ficients E™%g0nm Of the proteins used were taken as  Reersibility of the Inhibition of Human Factor Xa by
follows: prothrombin 72 000 Da 14.28), thrombin 37 000  ppp313052To determine if the interaction of human factor
Da 1.74 (9), factor V 330 000 Da, 9.620), and factor Xa  Xa and PD0313052 was reversible, dilution experiments were
46 000 Da, 11.618). The fluorescent substrate (Z-Gly-Gly-  performed. Factor Xa (5 nM) was incubated with various
Arg-AMC) was purchased from Bachem Bioscience, Inc. concentrations of PD0313052+@00 nM) for 60 min at
(King of Prussia, PA). Microtiter plates used were half-area ambient temperature to allow for a binding equilibrium to
96-well, flat bottom, nonbinding surface, black polystyrene develop. The inhibited complex was then diluted 100-fold
plates purchased from Corning, Inc. (Corning, NY). in assay buffer containing 200M (final) FS-2765, and
Progress of the Inhibition of Factor Xa and Prothrombi-  sybstrate turnover was monitored as described above. Data

nase by PD0313052Progress curves were obtained by were analyzed by nonlinear least squares regression analysis
monltorlng the turnover of the small substrate FS-2765 by using eq 1 describing S|ow-binding inhibition with the

50 pM factor Xa in assay buffer (20 mM HEPES, 0.15 M appropriate Substitutiongl)_

NaCl, 5 mM CaCj, 0.1% BSA, pH 7.4) at ambient Measurements of Thrombin Generation in Human Plasma.
temperature. Solutions of FS-2765 with varying concentra- | 5 nonbinding, half-area 96-well assay plate, 1;7L.50f
tions of PD0313052 (B3 nM final) were added to factor  pyffer A (20 mM HEPES, 150 mM NaCl, 0.1% BSA, pH
Xa, and the progress of substrate turnover was monitored7 4) was added to 2.6L of respective inhibitor compound
with Zex = 390 nm andiem = 460 nm until equilibrium was  and 80uL of pooled normal human plasma, and the mixture
well established (approximately 45 min). Progress curves of \yas incubated for 15 min at 3T. The fluorescent substrate,
preformed prothrombinase were carried out using 50 pM z.Gly-Gly-Arg-AMC, was reconstituted to 5 mM in buffer
factor Xa, 20 nM factor Va, and 20M PCPS vesicles (final A and mixed with Innovin (1:100 dilution in buffer A plus
concentrations) in assay buffer. The concentrations of factor 759 mm CaC}) at a 2:1 ratio, respectively. Activation of
Va and PCPS vesicles were such that greater than 99% ofthe plasma began with addition of 3@ of the substrate
and activator solution, and the resulting increase in fluores-

IlfAbbrevi_zgtiO'\I;llE:S HZEPES,h4|-_(2-hyr$|rOXye}fhyl)_-1-pi%erg€rl;e;thar1ne- cence was measured/ak = 390 nM,Aem = 460 Nm, with
sulfonic acid; , 2-morpholinoethanesulfonic acid; , phos- :

phatidylcholine phosphatidylserine vesicles (wt % 75:25); DAPA, a %ur?ff i[ 4F5 .anfci:. 6|0 min ar': 30./0' f sl bindi
dansyiarginine\-(3-ethyl-1,5-pentanediyl)amide; FXa, human coagula- ~ Pata Analysis. Vulliple mechanisms ol slow-binding
tion factor Xa; FVa, human coagulation factor Va. inhibition have been propose@i—24), which differ in the




9282 Biochemistry, Vol. 44, No. 26, 2005

Scheme 1

E+S
+
1

I

El

ES — E+P

Scheme 2
ES — E+P

I

EI*

methods of association between the enzyme and inhibitor.
Scheme 1 involves only the observation of a direct single-
step association of enzyme and inhibitor in which the slow
onset of equilibrium observed in progress curves is primarily
a result of a slow dissociation ratk.) relative to the rate

of associationk,,) governing the equilibrium between the
enzyme and the substrate. Scheme 2 involves an initial
rapidly developing equilibrium formed between the enzyme
and the inhibitor. However, this mechanism includes a second
phase of slowly established equilibrium representing a more
tightly bound enzymeinhibitor complex (EI*).

at=T ot
Vo= :zcmf_ 2? Kobs = Kot T Jowq (1)
keaErS

VoS K At 1K)+ S

_ konIT
Kons = Fort + Ki(1+ S/K,) + I

)

wherekopsrepresents the observed first-order rate of the onset

of inhibition following addition of inhibitor and substrate,

kon andkys represent the rate constants describing the second-

order association and first-order dissociation between the
enzyme and the inhibitor respectivel, is the initial
substrate concentratioly,is the total inhibitor concentration,
and V, represents the observed initial velocity of product
formation. The two schemes can be readily distinguished by
the manner in whichV, and ks vary with inhibitor

concentration. Scheme 1 yields a single-step association

between inhibitor and enzyme such thatthés independent

of [1], and kqps varies linearly with [I]. Scheme 2 describes
a multistep association in which botff, and kops vary
hyperbolically with [l]. Both schemes can be analyzed by a

common equation (eq 3) describing the progress of product

formation, provided that pseudo-first-order conditions prevalil

Gould et al.

whereV, represents the initial velocityys is the steady-
state velocity following the establishment of an equilibrium
between the enzyme and inhibitor, akgls represents the
observed overall first-order rate constant describing the rate
of onset of inhibition resulting from association between the
enzyme and the inhibitor.

Progress curves monitoring the association of the enzyme
inhibitor complex were analyzed by eq 3, fitting fid, Vs,
andk,ps Using nonlinear regression analysis with the software
package Prism 2.01 (Graphpad Software Inc., San Diego,
CA). The values obtained fdg,s were subsequently plotted
against the varying concentrations of PD0313052. A linear
relationship allowed for the use of eq 1 for linear fitting to
obtain the parametég, and an estimate d¢x. As with most
slow, tight-binding inhibitors Scheme 2 is used to fully
describe the system. However, the relative rates of dissocia-
tion between the E and |, the EI complex, and the EI*
complex were such that the inhibition of human factor Xa
and prothrombinase by PD0313052 could be described by
the more simple system represented by Scheme 1.

Analyses of dissociation experiments were performed as
previously described?(l), using global curve fitting to eq 3
substituting the values described in eq 1 and taking into
account the dilution factor of 100 necessary to carry out the
experiments. Dissociation experiments of the inhibition of
human prothrombinase by PD0313052 were not carried out
to determine a more accurate estimate forkthes the large
dilution necessary to observe dissociation also alters the
equilibrium of the components of the enzyme complex. Thus,
the ko value obtained from analyses of the association
experiments is reported.

Determination of the @erall Dissociation Constant, K
Initial velocity measurements were obtained at a fixed
concentration of enzyme following incubation with the
inhibitor PD0313052 according to eqs 4 andb)(to obtain
fitted values forK*, v, and ve.

Nl + E+ K* — /(nl + E + K*)? — 4nlE
E= 5 4)

Ei)
1-2 ®)
The total concentrations of the enzyme, prothrombinase,
and the inhibitor, PD0313052, are described byand I,
respectivelyE; is the concentration of the inhibited enzyme;
Ki* is the overall dissociation constant for the binding
interaction between the slow, tight-binding inhibitor and the
enzyme; anch is the moles ofl bound per mole oE at
saturation. The stoichiometry valug,was held constant at
a value of 1.

Additionally, Ki* was calculated from the equation

o o _
I kon,app kor/(l + S)/Km)

where theK,, of substrate turnover was experimentally

Uobs = UeE T UOE(

(6)

in that unappreciable substrate depletion occurs and thegetermined as 178M. The independently measured values

concentration of E is much less than the concentration of |
(22, 25):

P=Vg+ (V, — V(L — & )k C)

of kon andkey provided estimates df*.

Crystallization of PD0313052/Factor Xa, Structure Solu-
tion, and Refinemen€Co-crystals of human des Gla Factor
Xap protein were produced by hanging drop vapor diffusion
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Table 1: Crystallographic Data of the FX8D0313052 Binary A 700, 020 .
Complex EM #""'
data collection 2BJ5 (PDB code) o ] H f"'-
space group P212,2; = 30 -
unit cell dimensions (A) a=55.815 S5001 £, -
b=71.855 3 i -
c=77.813 g 00
resolution range (A) 50:62.0 83 4001 Time (sec)
observations 98053 s
unique observations 20674 i 300
completeness (outermost shell) 94.1(71.1) @
Rsym (%) (outermost shell) 6.1 (29.0) g
I/6(1) (outermost shell) 27.65 (2.47) R
refinement
resolution (A) 50.6-2.0 100
[Fl/o(IF) >0
R/ R 20.8/25.2
reflections (working/test) 17777/1948 0 0 250 500 750 1000 1250 1500
protein atoms 2229 T
solvent molecules 192 B ime (sec)
rmsd bond lengthigA) 0.005 0.01787
rmsd angles(deg) 1.25
rmsdB values (A) (mc/sc) 1.6/2.1 0.0150-
BLprotein (A2 38.4
Bsolvent (&) 46.8 00125
@ Root-mean-squared deviation (rmsd) from ideal bond lengths and
angles and rmsd iB-factors of bonded atom8mc, main chain; sc, ‘-.':
side chain. g 001007
. . . é 0.0075-
using a reservoir solution composed of 25% PEG 600, 0.3
M NaCl and 0.1 M MES buffer (pH= 5.9). Des Gla Factor 00050
Xap protein (8 mg/mL) complexed with 0.1 mM PD0313052 .
was mixed with an equivalent volume of reservoir solution 00025
and equilibrated over 250L of reservoir solution. Single, ' .
rod shaped crystals (68 60 x 240um) grew in 6 weeks 0.0000

as a result of microseeding 2 days after setup. Crystals were 0.0 05 1.0 15 20 25 3.0
quickly dipped in oil (70% Paratone-N (Hampton Research, [PD0313052] nM
HR2-643) and 30% light white mineral oil (Sigma, M-3516) Figure 1: (A) Inhibition of human factor Xa by PD0313052.
and flash-cooled in liquid nitrogen. The crystal diffracted Progress curve analyses were started by the addition of human factor
X-rays to 2.0 A resolution under cryogenic conditions at the ?ﬁa (|50 pM final) to mithUg%S 8%53?65250(2% finglli an'sl VariguSS
IMCA-CAT 17-ID beamline at the Advanced Photon Source 'nal concentrations o nM, 4 0.1 nM, v O.
(Arcon(r:1e Nationatl)eLzboraet(?rieseArd oinCeEO:L) 2:0 st?i(ljsu;ri nM, @ 0.8 M, 1.25 nM, A 1.5 "M, v 2 nM, © 2.5 nM, ando

9 . » Arg o 1L). LIy 3 nM in assay buffer. Slow-onset inhibition is marked by the
of the orthorhombic space 9r0m12121 [a=55.82 Agb = decrease in the rate of product formation over time. (Inset) Progress
71.86 A, andc = 77.81 A with one molecule in the

curves of the inhibition of human factor Xa by the simple
asymmetric unit (Matthews coefficient of 2.09%/Ra and competitive inhibitor DX-9065a. Final concentrations of DX-9065a
41.15% solvent content)] (Table 1).

werel 0 nM, a 100 nM, v 200 nM, ¢ 300 nM,® 500 nM, A 1

uM, andO 2 uM. The linear rate of product formation indicates a
rapidly developed equilibrium between DX-9065a and factor Xa.
(B) Dependence d,,son the concentration of PD0313052. Values
for kops Were obtained by fitting the data presented in panel A to
Mechanism of Factor Xa Inhibition by PD031305Po eq 3. Values are representative of nine independent experiments.

determine the mechanism of inhibition of human factor Xa The data were fit to eq 1 to obtain the valugs= (1.0+ 0.1) x

by PD0313052, progress curves resulting from measurementdt® M~ s7t andker = (1.9+ 0.5) x 107 s™%,

of the turnover of the small fluorescent peptidyl-substrate describing a more simple, single-step association process
FS-2765 were obtained. Factor Xa was added to reaction(Figure 1B).

mixtures containing the indicated concentrations of PD0313052 Equation 1 was used to determine values for the relative
in substrate. Measurements of product formation over time association and dissociation rate const&gtandk of (1.0
yielded rapid initial rates, followed by a transient phasetoa + 0.1) x 10/ M~ st and (1.9+ 0.5) x 108 s
second, slower rate of hydrolysis representing a slow-onsetrespectively (Figure 1B). These values indicated a fast, nearly
equilibrium between factor Xa and PD0313052 (Figure 1A). diffusion limited, association between factor Xa and
These progress curves were fitted to eq 3 to generate fittedPD313052, with the relatively slow dissociation producing
values forV,, Vs, andk.,s The initial rate,V,, was wholly the overall slow onset of equilibrium. Comparative experi-
independent of PD313052 concentration, while the observedments carried out using the competitive factor Xa inhibitor
second-order rate constarkt,s increased linearly as the DX-9065a demonstrated the expected fast-binding character
concentration of inhibitor was increased, suggesting that the (Figure 1, inset) Z7, 28).

second association step of slow, tight-binding inhibitors is  PD0313052 Associated with Human Factor Xa in a
kinetically hidden and allowing for the use of equations Reversible MannerTo decipher whether PD0313052 inter-

RESULTS
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Ficure 2: The inhibition of human factor Xa by PD0313052 is 0 250 500 750 1000 1250 1500
reversible. Human factor Xa (5 nM) was incubated for 60 min at Time (sec)

ambient temperature with increasing concentrations of PD0313052B 00175,
(mO0nM, v 0.1nM, ¢ 0.5nM,® 1 nM,0O 1.5 nM, A 2 nM, and

final concentrations following dilution). The equilibrated reaction 0.01504
mixtures were then diluted 100-fold into FS-2765 (304 final)

to start the reaction, and progress was monitored over the course

of time. Global analyses using eq 3 with the appropriate substitu- 0.0125
tions Q1) yielded ko = (1.0 + 0.3) x 1073 s1, in excellent

agreement with values obtained in experiments monitoring the onset

of inhibition of factor Xa by PD0313052 (Figure 1A,B). Data are 4 %0100
representative of three independent experiments. <

0 1000 2000

acted with factor Xa reversibly, dissociation experiments %™

were performed as described in Experimental Procedures.
Progress curve analyses in which factor Xa was preincubated  0.0050
with PD0313052 for 60 min, followed by a 100-fold dilution i
into FS-2765, demonstrated increased rates of substrate  o0.0025
cleavage recovered over time indicating that the interaction
between PD0313052 and factor Xa was reversible (Figure g0 . . . . .

2). Fitting the dissociation experiments by global analyses 0.0 05 10 15 20 25 3.0 35

to eq 3 with the appropriate substitutioridl) yielded akos [PD0313052] nM

of (1.0£ 0.3) x 103 s7%, in agreement with the estimated Ficure 3: (A) Inhibition of human prothrombinase by PD0313052.
value of (1.9+ 0.5) x 1073 s obtained in analyses of the  Progress curve analyses were started by the addition of human
association experiments. prothrombinase (50 pM factor Xa, 20 nM factor Va, and;2@

L . - PCPS vesicles (final)) to solutions containing FS-2765 (20D
PD0313052 Inhibits Human Prothrombinase Indistin- final) and varying final concentrations of PD03130:0 nM, A

guishably from Factor Xa.The catalytic efficiency of 0.1nM,v 0.2 nM, ¢ 0.3 nM,® 0.5 nM,1 0.75 nM, A 1.0 nM,
prothrombin turnover by factor Xa increase800000-fold v 1.25 nM,< 1.5 nM, 0 2 nM, andx 3 nM in assay buffer. The

following its incorporation into prothrombinaseé, @). Thus, concentrations of factor Va and PCPS vesicles were such that

significant structural alterations may occur in factor Xa due J/€ater than 99% of the factor Xa was bound in prothrombinase.
Slow-onset inhibition is marked by the decrease in product

to interactions with factor Va and phospholipid that may  formation rate over time. (B) Dependencekgf, on the concentra-
modify the interactions of PD0313052 with the protease tion of PD0313052 for the inhibition of prothrombinase. Values
active site. Thus, the association of PD0313052 with pro- for koys were obtained by fitting the data presented in panel A to
thrombinase was ana|yzed' Similar to solution phase factoreq 3. Values ar.e representative_ of five independent experiments.
Xa, the inhibition of prothrombinase by PD0313052 was (1 fata were fit o eq 4 1o obtain he valdgsanidias of (0.7£

. . L . 1) Msland (1.7+ 0.8) x 1073 s71, respectively.
described by a slow-onset mechanism of inhibition (Figure
3A) with ko linearly dependent on the concentration of  Additional experiments were carried out to decipher the
PD0313052, indicating a single-step mechanism of associa-overall dissociation constantd(*, for the binding of
tion between prothrombinase and PD0313052 (Figure 3B). PD0313052 to both factor Xa and prothrombinase. Steady-
Analyses of the dependence lgfs on the concentration of  state binding measurements of small peptidyl substrate
PD0313052 by eq 1 yielded rates fiar, and ko of (0.7 & turnover were performed at increasing concentrations of
0.1) x 10 M~tstand (1.7+ 0.8) x 103s™1, respectively. PD0313052 following a 60 min incubation. The inhibition
The high error value fok.s demonstrates the difficulty of  of both factor Xa and prothrombinase by PD0313052
inferring this value from experiments analyzing association exhibited significant tight-binding character with no observ-
of the enzyme inhibitor complex. Nonetheless, these valuesable difference in the overall dissociation constant for the
are virtually identical to that of factor Xa in solution and inhibitor binding to either protease, resultinghit = 0.29
suggest that the assembly of factor Xa into prothrombinase+ 0.08 nM and 0.17+ 0.03 nM for factor Xa and
did not appreciably alter the S154 pocket of the protease. prothrombinase, respectively (Figure 4A,B). Additional
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A @ measurements of the ability of PD0313052 to inhibit the
turnover of the physiological substrate prothrombin indicated
that the presence of prothrombin does not appreciably alter
the binding interactions of PD0313052 with prothrombinase,
producingKi* = 0.25+ 0.05 nM (Figure 4C). Comparative
experiments to determine the dissociation constant for the
factor Xa/DX-9065a interaction were performed, producing
Ki = 35.7+ 2.8 nM (data not shown), in excellent agreement
with other investigators2(7). The indistinguishable values
for Ki* and ko, observed with the inhibition of factor Xa
and prothrombinase by PD0313052 (Table 2) implies similar
mechanisms of association and dissociation with the pro-
teases and suggests structural resemblance of the two active
1 sites.
[PD0313052] nM PD0313052 Inhibits Human Prothrombinase Efficiently
in Human PlasmaTo determine the effects of PD0313052
B on prothrombinase catalyzed thrombin generation in plasma,
experiments were performed monitoring continuous thrombin
generation over time. Due to the nature of this assay system,
no inhibition of factor Xa is observed prior to the addition
of CaCl, and tissue factor to start the reaction. The presence
of PD0313052 showed a considerable increase in the time
required to generate 10 nM thrombin, the amount generally
thought to be necessary for in vitro clot formation (Figure
5A). Additionally, increasing concentrations of PD0313052
1 led to a decrease in both the peak level of functional thrombin

Relative Fluorescence Units/sec

Relative Fluorescene Units/sec
N
h

. available and the total thrombin generated over the course

. of the reaction. Analyses of the decrease of total thrombin

0 —— generated as a function of PD0313052 concentration yielded
TR A an IGsp = 3844 42 nM in human plasma (Figure 5B). This

PD0313052] nM . .
[ " value is 1300-fold greater than th€* generated in the

purified system and may more accurately reflect the con-

C ™ centration necessary for inhibition of prothrombinase in vivo.
0T Crystal Structure of the Factor Xa/PD0313052 Complex.
901 As the kinetic parameters describing the association of

o 5 PD0313052 with factor Xa and prothrombinase indicated
E 701 virtually identical active site structures, we sought to
T el determine the residues within factor Xa that are responsible
5 s for binding PD0313052. Therefore, we solved the co-crystal
§ N structure of PD0313502 with factor Xa and have deposited
E the coordinates in the Protein Data Bank (ID code: 2BJ5).
] A schematic of the noncovalent interactions mediating the
207 binding of PD0313052 to factor Xa is presented in Figure
101 6A. Factor Xa proteolyzes prothrombin at the amide bond
T T T T T T T o . C-terminal to Arg271 and Arg319. The structure of

PD0313052 in the active site of factor Xa demonstrated
significant interactions that may be well represented by
Ficure 4: Determination of the overall dissociation constat, interactions with the P2P4 residues in prothrombin (Figure

for the inhibition of human factor Xa and prothrombinase by @B). The S1 site of factor Xa contains an aspartic acid at
53%33?%%263%63%%;’grzg"((tA“)refzcctg?tig"?gggen'&?zcg‘;%foﬂﬂfgmfa position 189, and the negatively charged side chain of this
binase (0.4 nM Xa, 5 nM plasma-derived factor Va, andu®0 residue is expected to make two strong hydrogen bonds with
PCPS vesicles) in assay buffer or (C) prothrombinase utilizing pro- the positively charged guanidine end of the arginine in

thrombin as substrate were incubated for 60 min at ambient prothrombin. PD0313052 appeared to mimic the arginine of
temperature. Reactions were initiated with (A and B) FS-2765 (200 the sybstrate with a positively charged amidine fragment that

uM final) or (C) a mixture of prothrombin and DAPA (1.3&M . . S .
and 3uM respectively final) in assay buffer. Steady-state velocity paired with the acid side chain of Asp189 of factor Xa,

measurements for each reaction type were obtained as describedorming a bridge making hydrogen bonds Where the amidine
in Experimental Procedures, and the data were analyzed by non-donates four strong hydrogen bonds respectively to Gly2190
linear least squares regression analysis using eq 4. The representg3.3 A), Asp1890D1 (2.6 A), Asp1890D2 (2.80 A), and a
tive value ofKi* = 0.29+ 0.08 nM was obtained for the inhibition  \yster molecule (2.9 A). The binding affinity of PD0313052

of factor Xa. PD0313052 also displaye&g of 0.17 &+ 0.03 nM S . - .
and 0.25t 0.05 nM for the inhibition of prothrombinase using the was significantly strengthened by this salt bridge since

substrates FS-2765 and prothrombin, respectively. Data display thelidands that lack this amidine fragment bind to factor Xa
results of three independent experiments each. with ~100-fold less affinity (data not shown). The phenyl

[PD0313052] nM
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Table 2: Kinetic Constants Derived from Experiments Monitoring the Association and Dissociation of PD0313052 and DX-9065a with Human
Factor Xa and Prothrombinase

enzyme substrate inhibitor mechanfsm Ki* (nM) Kon (x10'M~1s1) Kot (x1073s7Y)
Xa FS-2765 DX-9065a competitive 35472.84
Xa FS-2765 PD313052 slow 0.290.08 1.0+ 0.1 1.0+ 0.2
prothrombinase FS-2765 PD313052 slow 0#10.03 0.7+ 0.1 1.7£ 0.8
prothrombinase prothrombin PD313052 slow 0428.05

aSlow: slow, tight-binding inhibition® Value reported from dissociation experiments.

A 4004 between factor Xa and PD0313052 were found in the
heterocyclic diazaquinolinone ring of the inhibitor that bound
in the SP pocket of the enzyme. The carbonyl oxygen
accepts a hydrogen bond (inter heavy atom distance 3.0 A)
from the Gly216 amide in factor Xa. Studies of small
X molecule serine protease inhibitors have suggested that this
N interaction is important for ligand complexing to serine
200 SRS proteases?9, 30) and is present in most serine protease
. o, peptide complexes utilizing the P3 residue of the substrate.
The alkyl chain of PD0313052 made a van der Waals contact
e with the surface of the enzyme and positioned most of the
dimethyl piperidine in the S4 pocket of factor Xa. Three
aromatic rings, those of Tyr99, Phel74, and Trp215, sur-
rounded this site. The presence of these three aromatic rings
il e T and theirz-electrons makes this an attractive region for
0 10 20 30 40 50 60 cationic moieties to bind. In the tick anticoagulant peptide
Time (min) bound structure, the side chain guanidine of Arg503 binds
in this pocket 81), highlighting the preference for cationic
groups to interact with this region in factor Xa. The dimethyl
S piperidine of PD0313052, which is most likely protonated
and therefore cationic, should bind with high affinity in this
site. The sum total of the interactions of PD0313052 and
factor Xa, where the S1, S3, and S4 sites were filled with
high affinity fragments that largely mimic substrate-like
features, produced this subnanomolar ligand.

3004

[Thrombin] nM
}

=]

3500+
2500

15004

DISCUSSION

There is great interest in the design of direct inhibitors of
factor Xa for the therapeutic regulation of thrombin produc-
tion and thrombotic event82). The great majority of these
inhibitors are targeted to the active site of factor Xa for the
purpose of competitively inhibiting protease function. How-

Log [PD0313052] nM ever, structural alterations have been proposed to occur in
FiIGURE 5: The inhibition of prothrombinase by PD0313052 in factor Xa following its incorporation into prothrombinase,
normal human pooled plasma. (A) The clotting of pooled normal ,sgiply reducing the validity of drug design directed toward

human plasma was activated by the addition of the extrinsic the struct £ th Iuti h t This stud
activator Innovin (diluted 100-fold) mixed 1:2 with the fluorogenic 1€ Structure or the solution phase protease. [his study

thrombin substrate Gly-Gly-Arg-AMC and various concentrations demonstrates, using a direct active site binding inhibitor of
of PD0313052M 0 nM, A 10 nM, ¥ 20 nM, ¢ 40 nM, ® 80 nM, factor Xa, that the active site of the solution protease is

0160 nM,a 320 nM,v 640 nM,<> 1.28uM, O 2.56uM, x 5.12 kinetically indistinguishable from the actual therapeutic
uM, and + 10.2 uM). The progress of thrombin generation was target, prothrombinase.

monitored over 60 min. PD0313052 showed a dose dependent
inhibition of human thrombin generation. (B) Dose response ofthe ~ Factor Xa acts as a neutral protease between the two
inhibition of total thrombin generated on thQ concentration of extremes of the highly specific protease, thrombin, and the
E;D?egslgggzéngatsae Jere r?”ﬂlrflzfgt 23{3 4”i°”£29r?“3| 'eDegstg sauareshighly prolific protease, trypsin. Factor Xa has the abilty to
regresentative 03? thre)é inde%endsent experiments. ' recognize and cleave factor 83), as well as prothrombin
(7), factor V 34), factor VIl (35), factor VIl (36), and factor
group of PD0313052 occupied the volume which is accessedIX (37), indicating that there is a relatively low degree of
by the side chain methylene atoms of the scissile argininesmacromolecular substrate specificity in the absence of the
in prothrombin. The phenolic hydroxyl group on the ring other prothrombinase components. Additionally, small sub-
para to the amidine accepts a hydrogen bond from the strate probes directed toward the active site of factor Xa have
hydroxyl group on the catalytically important Ser195 (inter demonstrated little sequence specificity with only a small
heavy atom distance 2.6 A), and this hydrogen bond range of catalytic activities toward peptides with a wide range
contributes to the binding affinity. Additional interactions of amino acid substitutions3g). The relative promiscuity

Total Thrombin Generated (nM)

500

0 1 2 3

A -
o
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The ring C=0 oxygen The :
phenolic O H-bonds to
?}‘:I;ezpll; ;H—bond from the Ser195 sidechain OH
7 s
HO.
s}
N\/\/\ N
|
N NHy
Dimethylpiperidine binds in -
$3/84 pocket and is surrounded by ;::::I;ril:pshlenol I etg ent
the aromatic sidechains from Hooe and the amictine makes
Trp215, Tyr99, and Phel74 H-bonds to Asp189
COOH is exposed to solvent C_DSII]-I S d GTDE 190
in the vicinity (4-6 Angstroms) from the and ly.
guanidines of Argl43 and Arg222

Ficure 6: The structure of PD0313052 in factor Xa. (A) The chemical structure of PD0313052 is indicated with the appropriate contacts
observed in the factor Xa/PD0313052 co-crystal. (B) Stereodiagram of the structure of PD0313052 in the active site of human factor Xa.
For structure solution details please see Table 1. The solution structure trthetor of 0.2, arR-free of 0.25, and a resolution of 2.0

A. The appropriate hydrogen bonding distances are illustrated in green.

of the protease toward large macromolecular substrates isthe active site of factor Xa in such a way as to position itself
lost following prothrombinase assembly. Attempts to explain securely within the active site pocket of the protease.
substrate specificity of factor Xa from analyses of the active ~ While overall explanation of factor Xa function requires
site of the protease based upon the crystal structure haveanalysis of the protease following its incorporation into
proven problematic. Recent studies have suggested that thgprothrombinase due to the heavily exosite driven mechanisms
high degree of macromolecular substrate specificity of of action, the current study suggests that direct inhibition of
prothrombinase appears to be directed to exosites of theprothrombinase by small active site binding molecules may
protease that provide unique binding sites for prothrombin be estimated on the basis of the mechanisms of inhibition
recognition (0, 11, 39). The initial binding of prothrombin  of factor Xa in solution 41, 42). However, it appears that
to these sites arranges the scissile bonds of prothrombin tocompounds that are lipophilic may be less potent in pro-
promote the two cleavage events necessary for activation tothrombinase compared to factor Xa perhaps due to lipid
thrombin (L0). Additionally, the results presented in this binding reducing the drug concentration available for inhibi-
study correlate well with the lack of increase in the catalytic tion (42).
activity of factor Xa toward synthetic substrates following Furthermore, the apparent loss of potency of PD0313052
its incorporation into prothrombinasé5, 40). for prothrombinase that was observed in a plasma based
Noteworthy reports from other groups have suggested thatassay system cannot be fully explained by high levels of
some minor alterations at the active site of the human plasma protein binding by this compound. PD0313052
protease may exist following its binding to other members demonstrates 15.2% protein binding in human plasma
of prothrombinase. The incorporation of Oregon Gugen  (unpublished results), which cannot account for the nearly
tethered to an active site binding peptide that interacts with 1000-fold decrease in effective concentration. Furthermore,
the active site of factor Xa demonstrates measurable alter-as PD0313052 demonstrates greater than 1000-fold selectiv-
ations in the surrounding chemical environment of factor Xa ity for factor Xa over other serine proteases (data not shown),
following association with factor Va. The current study the difference in observed potency is most likely due to
illustrates an active site probe that, unlike £ was characteristics of the comparative assays. The thrombin
specifically designed to interact with the residues deep within generation assay system is not suitable to identifying kinetic
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characteristics of inhibitors as there are many substrates for
thrombin in the plasma with which the fluorescent substrate
must compete and the concentration of the target enzyme is
not a constant. However, the affinity of PD0313052 for
prothrombinase in plasma as measured by assays of thrombin
generation correlate well with Kgvalues obtained in vivo
(unpublished results). Additionally, similar differences in
potency of direct factor Xa inhibitors in measurements of
tripeptide turnover versus inhibition of prothrombinase in a

plasma based system have been previously observed, sug-

gesting that this property is not unique to PD03130%3).(
Thus, target inhibitor concentrations may be best selected
for use in vivo from studies involving direct measurements
of inhibition in a plasma based system with the direct
measurements of prothrombinase inhibition.

The data presented in the current study kinetically
characterizes the inhibition of both factor Xa and prothrom-
binase by the highly selective compound PD0313052 and
further identifies specific interactions within the active site
pocket of factor Xa that may be maintained during pro-
thrombinase assembly. These results further the understand-
ing of the regulation of factor Xa function and should provide
for significant future benefits to drug design directed toward
this unique protease.
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