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ABSTRACT: A new inhibitory peptide binding exosite on the protease domain of coagulation Factor Vlla
(FVlla) has been identified. A novel series of peptide inhibitors of FVlla, termed the “A-series” peptides,
identified from peptide phage libraries and exemplified by peptide A-183 [Dennis, M. S., Roberge, M.,
Quan, C., and Lazarus, R. A. (200B)ochemistry 409513-9521], specifically bind at a site that is
distinct from both the active site and the exosite of another recently described peptide inhibitor of FVlla,
E-76 [Dennis, M. S., Eigenbrot, C., Skelton, N. J., Ultsch, M. H., Santell, L., Dwyer, M. A., O’Connell,

M. P., and Lazarus, R. A. (2000)ature 404 465-470]. Peptide A-183 prolonged TF-dependent clotting

in human, but not rabbit plasma. Thus, a panel of human FVIla mutants, containing 70 of the 76 rabbit
sequence differences in the protease domain, localized the binding site to residues in the 60s loop and the
C-terminus. The location of the exosite was refined by a series of FVlla alanine mutants, which showed
that proximal residues Trp 61 and Leu 251 were critical for binding. Kinetic and equilibrium binding
constants for zymogen FVII, FVIla and T#VIlla were determined using immobilized N-terminal
biotinylated A-183 by surface plasmon resonance. No peptide binding to nine other human serine proteases
was observed. Key residues on the peptide were determined from binding to FVIla and inhibition of FX
activation using a series of alanine mutants of A-183 fused to the Z domain of protein A. Analysis of the
mutagenesis data is presented in the context of a crystal structure of A-183 in complex with a version of
zymogen FVII [Eigenbrot, C., Kirchhofer, D., Dennis, M. S., Santell, L., Lazarus, R. A., Stamos, J., and
Ultsch, M. H. (2001)Structure 9 627—636]. The shape and proximity of this exosite to the active site

may lend itself towards the design of new anticoagulants that inhibit FVIla.

Enzymes catalyze reactions by lowering the activation residues in the “substrate binding cleft” at the S arid S
barrier for transformation of a substrate to a product. Inherent subsites that, while distinct from the catalytic residues, still
in the nature of enzymes is the active sithe region of an constitute part of the extended active site. The naturally
enzyme that encompasses the residues involved in theoccurring substrates for many serine proteases are themselves
catalytic machinery. Enzymes that catalyze similar reactions often large proteins and as such bring additional binding sites
are generally part of an enzyme family having similar and complexity to the catalytic process.
structural features and, in particular, similar active sites. Interest in modulating the effect of coagulation Factor Vila
Serine proteases catalyze the hydrolysis of peptide bonds(FVlla),* a key serine protease in the coagulation cascade
and are one of the best studied enzyme families. They are(5, 6), has led to the development of inhibitors of this enzyme
divided into two major subfamilies, the chymotrypsin family as potential anticoagulants/<11). This is due to its
and the subtilisin family 1—4). Both of these subfamilies  importance in initiating the coagulation proce$g, (L3) upon
rely upon the same active site amino acid residues to carryexposure to tissue factor (TF), an essential membrane bound
out their function, namely the serine, histidine, and aspartic cofactor for FVlla (4). There are three macromolecular
acid residues that form the catalytic triad. protein substrates for FFVIla—zymogens Factor X (FX),

The catalytic domains of the chymotrypsin family of serine Factor IX (FIX), and Factor VII (FVIB-which are cleaved
proteases are highly homologous-3). While some mem-  to their activated forms. FVlla, FIXa, and FXa are vitamin
bers of this family such as trypsin and chymotrypsin are K-dependent glycosylated serine proteases that share a similar
moderately nonselective in their substrate specificity, most molecular architecture, being composed of an amino-terminal
other serine proteases have a relatively high degree ofy-carboxyglutamic acid-rich (Gla) domain, two epidermal
specificity ). Contributing to substrate specificity are growth factor (EGF)-like domains, and the chymotrypsin-
like serine protease domain.

* The X-ray crystallographic coordinates of the A-1&3% complex
have been deposited in the Protein Data Bank under accession code *Abbreviations: TF, tissue factor; FVlla, Factor Vlla; FIXa, Factor

1JBU. IXa; FXa, Factor Xa; BEGR-FVlla, biotinylated Glu-Gly-Arg co-

* To whom correspondence should be addressed. Phone: (650) 225-valently bound to the FVlla active site; E-76, AccALCDDPRVDRWY-
1166. Fax: (650) 225-3734. E-mail: lazarus.bob@gene.com. CQFVEG-NH; HEPES, N-2-hydroxylethylpiperazind¥'-2-ethane-

§ These authors contributed equally to this work. sulfonicacid; HRP, horseradish peroxidase; A-183, EEWEVLCWTWETCER;

'Current address: Department of Biochemistry, Duke University, PT, prothrombin time; Z, consensus domain of protein A; rF7, a version
Durham, NC 27710. of FVII containing only the EGF2 and protease domains.
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Although the structure of a ternary TVIla-FX complex
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with TF-FVIla as above, followed by the addition of

is not known, FX binding sites have been mapped onto the approximately 18 phage monovalently displaying (g3)
TF-FVIla complex by mutagenesis and antibody competition either A-57 (SEEWEVLCWTWEDCRLEGLE) or E-58
studies. They include determinants on both the Gla and (EGTLCDDPRIDRWYCMFSGV). The microtiter plate was

protease domains of FVII4%—19) and the carboxy-terminal
type Il fibronectin domain of TFZ0—23), all of which are

washed with wash buffer (50 mM HEPES, pH 7.2, 150 mM
NacCl, 0.05% Tween 20) and bound phage were detected as

remote from the active site. In the case of FVlla, studies of above. Peptides were synthesized as previously described
these so called “exosites”, i.e., regions that are distinct from (30).

the active site yet play an important role in the molecular

Production of Peptide-Z Fusion®eptides expressed as

recognition of substrates and inhibitors, has led to a betterfusions to the amino terminus of the Z consensus domain of

understanding of both their function and mechanig# 25).

protein A were secreted into the culture fluid frdgscheri-

In a previous study, we identified a new class of potent chia coli27C7. Oligonucleotides were designed to insert the
FVlla inhibitors by selecting peptides from phage-displayed coding sequence for the phage-peptides between the stll

libraries (L0). These “E-series” peptides bound to FVlla at

signal sequence and the Z domain in the plasmid pZ1). (

an exosite and inhibited FX activation by both steric and MutantsofA-100-Z(EEWEVLCWTWETCERGEGGGGSGG-
allosteric mechanisms. The E-peptide binding exosite was Z) were constructed in pA-100-Z using Kunkel mutagenesis
located via FVlla domain swaps, FVlla mutagenesis, calcium and verified by DNA sequencinde. coli 27C7 expressing
dependence, and ultimately, X-ray crystallography of the A-100-Z mutants were grown in phosphate limiting media

FVlla-E peptide complex. Interestingly, the exosite on FVlla
was in a topographically similar region as exosite | in
thrombin, the fibrinogen recognition exosit@6( 27). In
addition to binding fibrinogen, the thrombin receptor, throm-
bomodulin, and heparin cofactor Il, thrombin exosite | is
also the binding site for hirugen2§), a dodecapeptide
inhibitor of thrombin derived from the carboxy terminal tail
of the leech protein hirudin20). Thrombin also contains a

and peptide-Z fusions were purified using an IgG affinity
column as described for A-100-3@). Each mutant protein
was quantified using a calculated extinction coefficient.
Further analysis included FAB mass spectrometry and SDS-
PAGE.

A-183b Peptide Binding Assayeptide A-183 (EEWEV-
LCWTWETCER), obtained by trypsin digestion of A-100-Z
(30) was specifically biotinylated at the amino terminus using

second exosite termed exosite Il or the heparin binding NHS-biotin (Pierce Chemical, Rockford, IL) according to

exosite which also binds prothrombin fragment28,(27).

In this paper, we report on the binding site for the
“A-series” peptides, a new class of peptide inhibitors of
TF-FVlla, which were discovered by phage displ@@)( The

the manufacturer to generate A-183b. The ability of peptide-Z
fusions to compete with A-183b for binding to FVlla was

monitored using a solid phase binding assay. Dilutions of
A-100-Z mutants in sorting buffer were added to microtiter

A-series peptides bind at a new exosite on the proteaseplates coated with FVIla. A-183b (2.5 nM) was then added

domain of FVlla, which is distinct from both the active site
and the E-peptide binding exosite; it is also distinct from
the topographical region corresponding to exosite Il in
thrombin @6, 27). We also present data on the important

and the plate was incubated at room temperature for 1 h.
The microtiter plate was washed with wash buffer and the
A-183b bound to FVlla was detected with Streptavidin/HRP.

The amount of HRP bound was measured using ABTS (or

binding determinants and characteristics of the A-series TMB)/H,O, substrate and monitoring the change at 405 nm
peptides and rationalize interactions of both the peptide and(or 450 nm).

protein using the crystal structure of their complex. To our

In experiments to determine the effect of?Car NaCl

knowledge, this binding site represents a previously unknown on binding, 10 nM A-183b was added to wells coated with

exosite on serine proteases.

EXPERIMENTAL PROCEDURES

Phage Binding ELISAPolyvalently displayed (g8) phage
clone A-53 was tested for its ability to recognize immobilized
TF, FVlla, TFFVIla, TF-FVlla containing 8uM TF71-C
(7), or TF with active-site blocked FVlla (BEGR-FVIIa).
Proteins were immobilized as described previousl);(TF
refers to Th—216 TF bound to BEGR-FVlla was prepared
by adding BEGRCK-06 (Haematologic Technologies, Inc.,
Essex Junction, VT) to TFVlla following immobilization.
Approximately 10! phage displaying A-53 (SAEWEVL-
CWTWEGCGSVGLYV) were added to each well in sorting
buffer (50 mM HEPES, pH 7.2, 5 mM Cagb mM MgCl,
150 mM NaCJ 1 % bovine serum albumin). After 1 h, the

FVlla and the sorting buffer was modified to contain various
concentrations of G4 ranging from 0 to 10 mM or NaCl
ranging from 0 to 1 M. Experiments to determine the effect
of pH on binding also used 10 nM A-183b added to wells
coated with FVlla. The sorting buffer was modified so that
HEPES was replaced with 25 mM low ionic strength buffers
between pH 2.0 and 12.0 (Hampton Research, Laguna
Niguel, CA).

TF-FVlla Activity Assays.Assays characterizing the
inhibition of the TFFVIla catalyzed activation of FX were
performed as previously describet).

Kinetic Analysis of FVII and FVlla Binding to Peptides.
Rate and equilibrium binding constants of FVII and FVlla
binding to peptide were obtained by surface plasmon
resonance using a model 2000 BlAcore instrument (Biacore,

microtiter plate was washed with sorting buffer and bound Inc., Piscataway, NJ). Binding kinetics were performed in
phage were detected with a HRP/Anti-M13 conjugate (Phar- duplicate in 20 mM Tris, pH 7.5, 100 mM NacCl, 5 mM
macia Amersham Biotech, Piscataway, NJ). The amount of CaClk, and 0.01% Tween 20 at a flow rate of LQ/min

HRP bound was measured using ABT &K substrate and
monitoring the change in absorbance at 405 nm.
To investigate peptide inhibition of phage binding, serially

following capture of N-terminal biotinylated A-183 on a
streptavidin-derivatized sensor chip. Association of FVII,
FVlla, TF_2190FVII, or TR FVIla was monitored during

diluted A-57 or E-58 peptides were added to plates coatedinjection of a series of concentrations ranging from 16 to
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500 nM. Dissociation from the peptides was observed over determined by addition of Spectrozyme FXa to the quenched
10 min. After each analysis, bound analyte was completely samples and measuring the change in absorbance at 405 nm.
eluted with 10 mM HCI. Thek,, was calculated from the  The specific activity of the FVlla alanine mutants in the
concentration dependence of the association rate constant andbsence of A-183 was the same as that for wild-type FVlla.

the ks was determined from the early portion of the  Clotting Assays.Prothrombin time (PT) assays were
dissociation phase following injection utilizing software performed in citrated pooled normal plasmas (human or
provided by the manufacturer. The equilibrium binding various animal species) as previously descriliél Clotting
constantKy, equals the ratio okokon. When dissociation  times were determined using an ACL 300 Automated
was measured in the presence of TF, the kinetics wereCoagulation Analyzer (Coulter Corp., Miami, FL) using
analyzed in the presence of 1 TF;—19to ensure that  |nnovin (human relipidated TF and &3 obtained from Dade
separation of TF from FVII did not influence the measure- |nternational Inc. (Miami, FL) to initiate the PT.

were subjected to SDSPAGE to confirm that FVIlwas still - getaijls of the crystallization, data collection, structure solu-
in the zymogen form. tion, and refinement are found in Eigenbrot et 86)( The

Human serine proteases were tested for binding to A'183bworking and freeR-values for data 35-2 A are 20.4 and
on the streptavidin-derivatized sensor chip described above.p2 794 respectively.

Binding was assessed by individual injections of a single

high concentration of each enzyme (in parentheses). Throm-RESULTS AND DISCUSSION

bin (350u4M), FXa (200uM), FIXa (150 «M), FXla (6.8 _ _ _ _ _

uM), activated protein C (9@M), and plasmin (16Q:M) A-Series Peptides Bind to a Unique Exosite on FVlla.
were obtained from Haematologic Technologies, Inc. (Essex Since sorting the A-series library was carried out against the
Junction, VT). Plasma kallikrein (5,2ZM) and FXlla (5.8  TFFVllacomplex 80), we first wanted to assess the specific
uM) were purchased from Enzyme Research LaboratoriesProtein responsible for enrichment. The initial polyvalent
(South Bend, IN). t-PA (14:M) was from T. Lipari at  A-series peptide phage clone, A-530, was tested for its
Genentech, Inc. ability to bind immobilized FVlla, TF, THVIla, active-

FVlla/FIXa Chimeric ProteinsPlasmids encoding Fvil/ ~ Site blocked FVila (BEGR-FVIla), or T#Vila in the
FIX chimeric proteins 82) VIFEGF2/IX (FVlljght chaidl presence of saturating TF71-C, a Kunitz domain active site
FIX proteasy and IX-EGF2/VII (FVlyoteastF I Xiight chain) Were inhibitor (7). We found that A-53 phage bound to FVlla,
transiently transfected into 293 cells (ATCC CRL 1573). TF-FVlla, BEGR-FVlla, and TFFVlla in the presence of
Proteins were captured using TF or a FVII antibody. Specific TF7I-C; however, we could not detect any binding of A-53
binding of monovalent phage displaying the peptide se- Phage to TF. This suggested that the A-peptide binding site
quences from A-65 (WEVLCWTWETCER) or E-76 (Ac- esides on FVlla, but at a site distinct from the active site.
ALCDDPRVDRWYCQFVEG-NH) were detected using In addition, A-peptide phage could bind to a Fy/L/FIXign
HRP conjugate-anti-M13 (Amersham Pharmacia Biotech, chain Chimera, but not to a FVildu chaifFIXprotease Chimera
Piscataway, NJ). E-76 peptide phage have a Val-Glu insteadSuggesting that the binding site on FVlla could be further
of the acetyl group at the N-terminus. localized to the 254-residue serine protease domain.

FVlla Mutagenesis.Substitution of 14 selected rabbit These results were similar to those obtained for the E-series
sequences into the protease domain of human FVlla by site-0f peptides derived from a G peptide phage motiflQ).
directed mutagenesi83) was followed by expression in 293  Although A-53 was derived from a GK motif and bore
cells, western blot analysis of FVII, and characterization of no sequence similarity to E-76, we investigated whether these
their ability to bind monovalently displayed A-65 and E-76 peptides were binding to the same site. Two phage clones
peptide phage. The corrected sequence of rabbit FVII haswere identified following soft randomization of the initially
been deposited in GenBank, accession no. U7733y ( selected A-53 and E-56 sequences and peptides correspond-

Site-directed mutagenesis was performed on human FVII ing to these clones, designated A-57 and E-58, respectively,
DNA in plasmid pRKCT31 using the Kunkel metho83j were synthesized. The peptides were tested for their ability
and mutations were confirmed by DNA sequencing. Produc- to block either A-57 or E-58 monovalently displayed on
tion of FVII mutants was achieved by transiently transfecting phage from binding to immobilized FFVlla. As expected,
293 cells. FVII concentration was quantified by a FVII both peptides blocked phage bearing their corresponding
ELISA. Briefly, expressed FVII was captured on a;Tho sequence from binding to FFVIla. By contrast, neither
coated well. The well was washed and polyclonal rabbit anti- Peptide was able to block phage bearing the other sequence
human FVII was incubated in the well for 1 h. The presence (Figure 1). Thus, A-57 binds to the protease domain of FVlla
of FVII was dectected with a goat anti-rabbit IgG-HRP at an exosite that is distinct from the exosite utilized by the
conjugate. Specific activities for FX activation by FVila E-series peptides.
mutants and subsequent inhibition of FX activation were  Location of the A-Peptide Binding Exosikreviously, we
determined essentially as describ&@)( Briefly, cell culture showed that the recombinantly derived A-series peptide,
supernatants were added to 50 pM relipidated T4 in 20 A-183 (EEWEVLCWTWETCER), specifically prolonged
mM HEPES, pH 7.2, 5 mM Cagl 150 mM NacCl, 0.1% the TF-dependent clotting time in normal human plasma as
PEG-8000 for 30 min at room temperature in the presencemeasured in the prothrombin time (PT) assag)( Since
or absence of varying concentrations of A-183. FX (100 nM) we were interested in testing the anticoagulant effects of
was added to initiate the reaction, and aliquots were removedA-183 in vivo, we screened plasmas from several species to
at various times and quenched by mixing with an equal determine any species-dependent clotting effects. We found
volume of 50 mM EDTA. The rate of FX activation was that A-183 also prolonged the PT in chimpanzee and baboon
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0.7 : : : : : negated any possibility of using rabbit thrombosis models.
The lack of activity in the rabbit PT assay could be due to
B 08 a lack of inhibition of rabbit FVlla or simply a lack of
S os binding.
> Since phage bearing peptide A-65, which lacks the two
§ 0.4 N-terminal Glu residues but has essentially the same affinity
22 03 for human FVlla as A-18330), did not bind to rabbit FVIla
> (L. Santell and R. A. Lazarus, unpublished results), we
T 4, reasoned that the lack of activity in rabbit plasma was due
to one or more of the 76 amino acid sequence differences in
0.1 the protease domains of rabbit and human FVlla and that
o . these differences could be utilized to identify the exosite
10 102 907 10° 10t 10? where A-183 bound (Figure 3). A total of 70 solvent
Peptide Concentration (M) accessible residues that were different in the human and

rabbit FVlla protease domains were initially incorporated

08 ' ' ' ' ' into a series of 14 “rabbitized” mutants of human FVlla
07 (Figure 3). A-65 phage binding was used as a qualitative
D§0_6 measure to screen whether these amino acid sequence
o differences contributed to binding. All “rabbitized” variants
Pos of FVlla supported A-65 phage binding except FVlla-rl,
E 04 FVlla-r3, and FVlla-r14, each of which contained multiple
Py amino acid changes. The multiple sequence differences
g 03 introduced by these mutants were then subdivided into
* 02 smaller groups of changes from which only FVlla-r3a and

FVlla-rl4b no longer supported binding of A-65 phage

0.1 (Figure 3). In contrast, subdivision of mutant FVlla-rl led

0 : to variants rla-c that were all capable of binding A-65 phage

107 107 107 100 10' 10 (Fi i i i
i , gure 3). It is noteworthy that an N-linked glycosylation
Peptide C M e . , ,
. epice ?ncemrat'on (“_ ) o ) site is present in FVlla-rl at residue 3%yhich was not
&(;USES%: dA'F?ep.“de %”d E‘pe%!delphag? b'”‘mld'it'”"t e?gs'tes- present in any of the subsequent FVIla-rl mutants. This
-58 displaying phage are displaced from-FW¥lla by peptide . :
E-58 (J), but not peptide A-57@). (B) A-57 displaying phage Slrj]ggesfted that glycosylat]on at th;1s Lo_cus prevelnted r,1A—65
are displaced from T#VIla by peptide A-57 @), but not peptide ~ Phage from binding. Consistent with this proposal, we have
E-58 (0). determined that rabbit FVII is glycosylated at this site (L.

Santell and R. A. Lazarus, unpublished results). The proximal
' ' ' location of the changes defined by the variants mentioned
above suggests a likely peptide binding region defined by
the six residues at positions 60b-61 and 250-251.
21 _ To further define the A-peptide binding exosite, individual
alanine substitutions were introduced at specific residues in
this vicinity. The ability of A-100-Z, a recombinant protein
comprising A-183 and the Z domain of Protein A for rapid
purification and having the same affinity for FVlla as A-183
(30), to inhibit FX activation by these FVlla alanine mutants
was then determined (Figure 4). The specific activity of these
mutants for FX activation was generally the same as that
for wild-type FVlla (data not shown), consistent with several
of these FVIla mutants published previoushf). A loss in
inhibitory activity by the peptide with a given FVlla mutant

2.5

Fold Prolongation

0.5 I 1 I
107 107 107 10° 10° thus corresponds to the importance of that particular residue
[A-183] (uM) for binding A-100-Z. Inhibition of FX activation by A-100-Z
FiGURE 2: Effect of A-183 on the prothrombin time (PT) in different Was most affected when Trp 61 and Leu 251 were changed
species. The fold prolongation of the clotting times upon initiation to alanine. Alanine sustitutions at residues Phe 59, lle 60b,
by Innovin (human relipidated TF and €3 in the PT assay is  and Ile 90 also impaired A-100-Z activity. It is noteworthy

plotted versus the concentration of A-183 in citrated pooled normal ; ; P —cari :
plasma from human®), chimpanzee¥), baboon 4), and rabbit that those residues involved in binding the A-series peptide

(m). Uninhibited clotting times for human, chimpanzee, baboon and @€ distinct from those at the E-peptide binding exosite and
rabbit were 9.6, 9.3, 10.0, and 8.9 s, respectively. the active site (Figure 4). Furthermore, they appear to be

distinct from residues involved in binding FXL§). Upon
plasmas with a similar dose dependence to human plasmathe basis of the available crystal structures for FVlla and
although there are differences in the maximal fold-prolonga- TF-FVlla, we can also place these residues in a structural
tion (Figure 2). This is presumably due to the incomplete context, where we find that these residues cluster to form a
inhibition of the rate of FX activation30). Importantly,
A-183 did not prolong the PT in rabbit plasma, which 2The chymotrypsinogen numbering system is used throughout.
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16 17 18 19 20 21 22 23 24 256 26 27 28 20 30 31 32 33 34 35 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56
FVlla.human [ VGGKVCPKGECPWQVLLVNGAQTI NI
FVlla.rabbit AAL MNGSTL s Lol |H
FVlla.chimera AAE)r1 AA MNGSTL ”2% LD H
(A+E-)r1a A A
(A+E-) r1b M S L
{A+E+) ric N G T
57 58 59 60 60 6C B0 60 61 62 63 64 65 66 67 B8 69 70 71 72 73 74 75 76 77 78 79 BO 81 82 83 84 B85 86 B7 88 89 90 91 92
FVlla.human HCFDK|I KNWRNL]I A|VLGEHDLSEH|D|GDEQ|S R[V A Qv ! S
FV!la.rabbit LSSL T E vl |H L im |D
FVila.chimera (A-E-) 13 LSS L T 4 E 15 D
(A-E+)r3a L § S L
(A+E-) rab T
93 94 95 96 97 98 99 100 101 102 103 104 105 106 107 108 109 110 111 312 113 114 115 118 117 118 119 120 121 122 123 124 125 126 127 128 129 129 129 129
FVlla.human TIYVPG|TN|HD ] ALLRLIHVVDHVVPLCLPERTFSERT
FVila.rabbit K K |p L AA N N N s
FVlla.chimera K K D 6 L A A NN 7 N )

130 131 132 133 134 135 136 137 138 139 140 147 142 143 144 145 146 147 149 150 151 152 153 154 155 156 157 158 159 160 161 162 163 164 165 166 167 168 169 170

FVlla.human LAFVIRFSILIVSGWGAQLL|DIRGA|T|A[LIELMVLNVPRLMTAQDC|LOQ
FVlla.rabbit T R Y L R AlLD V E
FVlla.chimera 8 R Y 9 L R AlLD

170 170 170 170 170 170 170 170 170 175 176 177 178 179 180 187 182 183 184 184 185 186 167 188 188 189 190 191 192 193 194 195 196 197 198 199 200 201 202 203

FVila.human RKVGDSPNITEYMFCAGYSDGSKDSCKGDSGGPHATHY
FVila.rabbit EHNPG EVl|GN L A s
Mo L A

FVlla.chimera rnt s

204 205 206 207 208 209 210 211 212 213 214 215 216 217 219 219 220 22 222 223 224 225 226 227 228 220 230 231 232 233 234 235 236 237 238 239 240 241 242 243

FVlla.human RWYLTGIVSWGQGCATVGHFGVYTRVSQYIEWLQKLMR
FVila.rabbit H - v E R v RDT
H - M2 E R

SR
FVlla.chimera M3RDT SR

Fuilaratit Blk Ca Rl s Al
FVila.chimera (A-E+) M4 K L HH I -Q H
(A+E+) M4a K L H
(A- E+) r14b I -Q
(A+E+) rl4c Q
Ficure 3: Sequence alignment of the human and rabbit FVlla protease domains. The amino acid sequences from the serine protease
domain of human and rabbit FVII&4) are shown. Identical sequences are boxed and differing sequences are in bold. FVIla “rabbitized”
chimera incorporating rabbit FVIla sequence into human FVlla background are depicted as r1, r2, r3, etc., with the specific rabbit residues
incorporated shown to the right of r1, r2, r3, etc., and the phenotyp&f¢r binding; “—" for no binding) of A-65 phage binding and E-76
phage binding shown in parentheses to the left. Both A-65 and E-76 phage bound to wild type FVlla and all other mutants where no
phenotype is indicated.

Table 1. Kinetic and Equilibrium Constants for A-183b Binding to
Zymogen FVII or FVlla in the Presence or Absence of TF

] Kon X 10°° Kot X 104 Kqg

] (M~s™) (s (nM)

] FVII 1.7+0.1 24+0.1 1.4+ 0.1
] FVila 0.9+0.1 25+0.1 2.8+0.2
] TF-FVII 1.24+0.1 120+ 1.4 10.0£ 1.2
] TF-FVlla 2.0+0.2 11.0£ 0.1 55+ 0.5
E TF-FVlla + E-76 0.7+ 0.1 6.8+ 0.3 9.7+ 0.5

a Errors refer to the standard deviation.

B E76

domain of FVIla contains a single €abinding site in the
[ A-100-Z

70s loop previously shown to be important for the binding
of E-76 (10). Consistent with the mutagenesis data which
defined the A-peptide binding exosite, we found that varying
C&" or Mg?" concentrations from 0 to 10 mM had no

significant effect on A-183b peptide binding to immobilized

FVlla.

Binding SpecificityDirect peptide binding was monitored
using surface plasmon resonance. The N-terminus of A-183
was biotinylated (A-183b) enabling its capture on a strepta-
vidin coated chip. The kinetic and equilibrium binding
constants of A-183b with various proteins are described in
Table 1. A-183b bound to zymogen FVII, FVlla and ‘TF
Ficure 4: Relative inhibition of the TH-VIla-catalyzed activation FVlla with fairly similar Kq values of 1.4, 2.8, and 5.5 nM,

of FX by A-series and E-series peptides with FVlla alanine mutants. . . . :
The relative IG, values for the inhibition of FX activation rates  €SPectively. In addition, there was essentially no difference

by either A-100-Z or E-76 with FVlla alanine mutants complexed N the association rate constanks,| and a small 45-fold

to TF is shown. increase in the dissociation rate constanits)( which
corresponds to the small decrease in the affinity of A-183b,

binding site for the A-peptide, distinct from both the active in the presence of TF (Table 1). Zymogen FVII was still

site and the E-peptide binding site (vide infra). The protease intact following passage over immobilized A-183b as judged

FVlla Alanine Mutant
4723
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A-100-Z Mutant

Ficure 5: Inhibition of TFFVlla-catalyzed FX activation and A-183b peptide binding to FVlla by peptide analogs of A-100-Z. The
relative 1Gy values for inhibition of FX activation by T#VIlla or competition with A-183b binding to FVIla are shown for a series of
A-100-Z mutants. All the A-series peptide residues were changed to alanine except for the two cysteinaad@ss). Amino acids

that were shown to be important by alanine substitution were substituted with additional residues as indicated to further assess their structure/
function relationship.

by SDS-PAGE analysis. No binding was detected to TF or which contains only the EGF2 and protease doma®. (
a number of other serine proteases including thrombin, FXa, It is well known that structures of the chymotrypsin family
FIXa, FXla, FXlla, plasma kallikrein, activated protein C, of serine proteases are comprised of fisoarrel subdomains
t-PA, and plasmin. Binding of T#Vlla to immobilized (3). Since A-183 binds to the firgi-barrel of rF7 85), which
A-183b was minimally affected by the presence of saturating undergoes relatively minor changes upon activation and
E-76 which binds at the E-peptide binding exosil&)( A-183 binds to FVII or FVIla in the presence or absence of
consistent with earlier observations that the A- and E-peptidesTF with similar affinities (Table 1), we feel it is appropriate
bind at distinct exosites. Note that tKe value for TFFVIla to discuss A-183 binding to rF7 in the context of either FVII
is ca. 25-fold higher than thi€; value of 200 pM determined  or FVlla. Here we discuss the structural aspects of A-183
under equilibrium conditions3Q). We ascribe this difference  complexed with rF7; a discussion of the zymogen aspects
to solution versus solid phase binding as well as the of this complex is presented elsewheB&)(
possibility that biotinylated A-183 immobilized to strepta- Consistent with the FVlla mutagenesis data (Figure 4),
vidin may result in adverse steric consequences which leadsA-183 binds at an exosite on the firgtbarrel, and not in
to a weaker affinity for FVila. the active site substrate binding cle®5. The A-peptide
Individual A-Peptide Side Chain Contribution&lanine binding site is formed on three sides by residues-6t13
substitutions were introduced into A-100-Z and mutants were 90—96, and 247 252. When compared to previous structures
analyzed for their ability to bind to FVlla and inhibit FX of FVlla or TFFVlla (10, 36—39), significant changes in
activation (Figure 5). The loss in inhibition of FX activation the first5-barrel caused by A-183 are found only for residues
was well correlated with a loss in binding to FVlla. This 60a—62 where there is ashift of 5 A at Trp 61 (Figure
suggests that binding and inhibition are inseparable despite6A).
the fact that the peptides bind at an exosite and could All peptide side chains except Glu 2P, Thr 9P, Thr 12P,
conceivably bind to FVIla without inhibiting its enzymatic  and Glu 14P lose more than 25 &f accessible surface area
activity. While many positions showed a strong preference each upon complexation with rF7. The greatest effects are
for a specific amino acid during maturatioB0j, most of seen for Trp 3P, Trp 10P, and Arg 15P, which lose 185,
these tolerated alanine substitutions. The disulfide in A-100-Z 210, and 151 A respectively. On a fractional basis, Trp
is critical as evidenced by the replacement of the two 3P, Cys 7P, Trp 10P, and Cys 13P retain less than 10% of
cysteines with alanines, which resulted in a variant that was the accessible surface they would have in the middle of an
more than 16fold weaker in binding and inhibiting FX  extended tripeptide. On the protein side, the rF7 residues
activation. Six additional amino acid positions, Trp 3P, Val losing more than 25 Aof accessible surface area are lle
5P, Leu 6P, Trp 8P, Trp 10P, and Arg 15P, resulted in a 60b, Trp 61, Lys 240, Arg 247, Pro 248, Gly 249, Val 250,
greater than 50-fold decrease in affinity when changed to Leu 251, Leu 252, Arg 253, and Pro 255.
alaniné (Figure 5). Of these, Trp 10P appears to be the most  peptide A-183 adopts an elongated conformation with an
important; an alanine substitution at this position caused ajrregular disulfide loop (Figure 6B). There is an extended
more than 1000-fold decrease in both binding and inhibition conformation for residues Glu 1P to Leu 6P. The disulfide
of FX activation (Figure 5). between Cys 7P and Cys 13P adoptsddgt) conforma-
Structure of the A-188F7 ComplexWe have crystallized  tion (40), enclosing a loop that, when viewed from the side,
A-183 in complex with a zymogen form of FVII termed rF7, looks hook-shaped with its point at Trp 10P. Glu 14P and
Arg 15P are in an extended conformation and interact with

3 A-100-Z or A-183 residues are designatedit P following the ~ the N-terminal residues of the peptide through a van der
residue number. Waals contact between Arg 15P and Leu 6P side chains.
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A B

A%
FIGURE 6: Structure activity relationship of the A-1887 complex. (A) The large structural shift of Trp 61 caused by A-183 binding to
rF7 is shown. A-183 (green) is complexed with rF7 (grey); FVlla (red) fronFMfla (36) is superimposed onto the rF7 structure. (B) The
structure of A-183 (green) complexed with rF7 is shown. The fold increases in thgdlDes for A-100-Z inhibition of FX activation for
individual alanine substitutions of selected surface-exposed residues of FVlla are depicted=as5@d yellow (-20), and blue €1).
A-183 side chains are color coded by the fold-increase in theft€ inhibition of FX activation for alanine substitution of A-100-Z (red
> 1000 , orange= 50—100 , yellow= 10, blue= 1—3). Approximate positions of active site residues His 57 and Ser 195 (not colored)
are shown for reference.

Besides the cystine link, other intrapeptide interactions Peptide and Protein Structure-Acily RelationshipsThe
include a hydrophobic contact between side chains of Val mutational analysis of A-100-Z identified eight functionally
5P and Trp 8P, and a hydrogen bond between side chains ofand/or structurally important residues that significantly affect
Thr 9P and Thr 12P. There are also water mediated binding and inhibition when mutated to alanine. These
interactions between the amide nitrogen of Trp 8P and the residues are Trp 3P, Val 5P, Leu 6P, Cys 7P, Trp 8P, Trp
carbonyl oxygen of Thr 12P, and between carbonyl oxygen 10P, Cys 13P and Arg 15P of which the two cysteines and
atoms of Leu 6P and Glu 14P. The sum of these intrapeptideTrp 10P are the most important (Figure 5). By comparison,
interactions is insufficient to provide a well-ordered solution a similar set of residues was identified during the soft
structure for the peptide alone (N. Skelton, unpublished randomization step of the maturation proce38).(During
results). peptide maturation, residues Trp 3P, Glu 4P, Val 5P, Cys
Between A-183 and rF7 there are hydrophobic, polar, and 7P, Trp 8P, Trp 10P, Glu 11P, and Cys 13P were invariant,
charged interactions, including six main chain to main chain suggesting their importance for binding. Although these two
hydrogen bonds (Figure 7). We found that A-183b bound to sets of residues are not identical, the fact that six of eight
FVlla with a pH optimum between pH 5 and 10, consistent residues appear in both supports our view that soft random-
with the lack of titratable groups in this pH range at the ization identifies key residues that can be held invariant in
interface; furthermore, the addition of NaCl (up to 1 M) had later rounds of selection.
no significant effect on binding (data not shown). The residue  The importance of Trp 10P in binding to rF7 is derived
closest to the active site is Arg 15P which hydrogen bonds from its placement in a pocket lined with the nonpolar side
to the Phe 59 main chain carbonyl oxygen (Figure 7A). The chains of several residues (Figure 7B). Of these, alanine
succeeding rF7 residues 6062 show the largest change substitutions for Trp 61 and Leu 251 have the largest effects
relative to those in FVlla, experiencing both water mediated on inhibition of FX activation by A-100-Z (Figure 4). The
and direct main chain to main chain interactions with A-183 Trp 10P binding pocket is absent in prior FVlla structures.
(Figures 6 and 7A). The large shift of Trp 63% A) creates Here, it is formed largely as a result of the shift by Trp 61,
a deep pocket that accommodates the Trp 10P side chairwhich, in an approximate way, is replaced by Trp 10P. The
(Figure 6), which has numerous non-polar contacts with Trp size and/or aromatic nature of a tryptophan side chain seems
61, lle 64, Val 88, Val 250, and Leu 251 as well as a to be important, since Phe substitution for Trp 10P has only
hydrogen bond with the main chain of Val 85 (Figure 7B). a 65-fold decrease in activity, while a Leu substitution has
There are four hydrogen bonds in a roughly anti-parallel a 380-fold decrease (Figure 5).
[-sheet arrangement between residues Glu 4P to Cys 7P and Trp 3P is found in what appears to be a beneficial
Val 250 to Arg 253 (Figure 7C). Trp 3P has hydrophobic arrangement with the side chain of Arg 247 (Figure 7D),
contacts with residues lle 89, Leu 241, Leu 252, and Ala consistent with the 120-fold effect of an alanine substitution
254, and also a-stacking arrangement with Arg 247 (Figure of Trp 3P and the negligible effect of a Phe substitution.
7D). Additional hydrophobic contacts exist between Val 5P Although there is also a hydrogen bonding interaction
and Leu 252, between Leu 6P and residues Leu 251 andbetween the Arg 247 side chain and the carbonyl oxygen of
Arg 253, between Trp 8P and Pro 248, between Cys 13PGlu 1P, substitution of Arg 247 with alanine surprisingly
and lle 60b, and between Arg 15P and lle 60b. had a negligible effect. Additionally, none of the protein side
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Ficure 7: Selected interactions between A-183 and rF7. A-183 (green) and rF7 (grey) are depicted with relevant hydrogen bonds (yellow
dashes); nitrogen atoms are blue and oxygen atoms are red. (A) Interactions of the C-terminal section of A-183 with the shifted segment
of rF7 containing Trp 61, which is close to the enzyme catalytic triad of Asp 102, His 57, and Ser 195. The amide nitrogen atoms of
residues Asn 60d and Trp 61 each have a water mediated interaction with the carbonyl oxygen of Cys 13P. The amide nitrogen and the
carbonyl oxygen of lle 60b hydrogen bond to a C-terminal carboxylate oxygen and the amide nitrogen of Arg 15P, respectively. The Arg
15P side chain hydrogen bonds to the carbonyl oxygen of PhéB33he Trp 10P side chain hydrogen bonds to the carbonyl oxygen of

Val 85 and is otherwise surrounded by non-polar side chains. (C) Main chain to main chain hydrogen bonds are present between residues
Glu 4P, Leu 6P, Cys 7P, and rF7 residues Val 250, Leu 251, and Arg 253. There is also a salt bridge between Glu 4P and Arg 253. (D)
The Trp 3P side chain is parallel to and 3.4 A from the guanidinium moiety of Arg 247. A salt bridge is also formed between Glu 1P and
Lys 240.

chains near Arg 247 had large effects when changed to Alanine substitution for Arg 15P decreased inhibitory
alanine. We hypothesized that Arg 247 to Ala substitution activity by 85-fold. The Arg side chain hydrogen bonds to
led to relatively larger conformational changes that in some the carbonyl oxygen of Phe 59 (Figure 7). The C-terminal
way compensated for the loss of the Arg side chain. We carboxylate of A-183, which would not be present during
therefore made additional substitutions for Arg 247 and the selection process, hydrogen bonds with the main chain
nearby Ala 254. Changing Arg 247 to Glu and Ser resulted nitrogen of lle 60b. There are also contacts between the Arg
in a 32- and 12-fold decrease in activity, respectively. The 15P side chain and side chains from lle 60b, lle 90, and Leu
close contact seen between Trp 3P and Ala 254 is manifested®251. These protein side chains are among the most important
in a 5- and 15-fold decrease in A-100-Z inhibitory activity for peptide binding. The dominant nonpolar nature of these
upon changing Ala 254 to Ser and Thr, respectively. These contacts is indicated by the negligible effect of substitution
results tend to confirm the arrangement seen in the crystalof Trp for Arg 15P (Figure 5). This constellation of nonpolar
structure and leave the behavior of the Arg 247 to Ala contacts also includes the side chain from Leu 6P, consistent
substitution as an open question. with the 70-fold decrease in activity upon alanine substitution
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and the negligible effects of its substitution by lle, Met, or
Val. The 50-fold effect of alanine substitution for Val 5P

probably relates both to peptide conformational stability, by
virtue of the intrapeptide contact with Trp 8P, and to protein
interactions with Leu 252.

Mechanism of Inhibition by A-18®8ur structure does not
present a definitive picture of the mechanism of inhibition
by A-183. The inhibitory effect applies to both macro-
molecular and peptidyl substrates. For inhibition by E-76,
we also observed inhibition of macromolecular and peptidyl \ B
substrates and had evidence to support both steric and ‘(&
allosteric effects10), including a change iWnax likely due b
to an altered oxyanion hole resulting from a modified
hydrogen bonding network. However, the kinetic analysis
of A-183 inhibition does not support a change\Rax for
the smaller chromogenic substra®0), which makes any
effect on the oxyanion hole unlikely. Furthermore, in the
A-183rF7 complex the oxyanion hole is not properly formed
due to the key role of the amino terminus at 1lel16 in FVlla
that is absent in zymogeR%). In any case, such a scenario
seems unlikely because the A- and E-series peptides bind in
different and nonoverlapping exosites.

PeP“d? A'.183 ISa p?‘”'a' (hyperbolic) mixed-type |nh|_b|t0r Ficure 8: FVlla binding sites. The distinct regions of the peptide
of FX activation, affecting both thkm andVmay, and apartial  inging exosites for A-183 (green) and E-76 (blue) are shown with
competitive inhibitor with a smaller chromogenic substrate, the solvent accessible surface of the protease domain of FViia,
affecting only theK, (30). In both cases, peptide binding Whichlwas modeled by combining the firgtbarrel from A-183
affects substrate binding and the inhibition is incomplete. [th7e\g(l:ttri]vteh;tzergo%ﬁ_ft;g:;ﬁlhgoEm}g]/?laEéZanzvlgi &C)’)mgsglgr?t)l-
Taken together, this |mp||es_ thaf[ pe_ptlde binding I_nduces modified withD-Pﬁet-Phet-Arg-chIoromethyF? ketoné (red) is a?/so
subtle changes near the active site, i.e., an allosteric effect.gshown.

The shift of residues lle 66GbArg 62 is clearly caused by

A-183 binding. The @ atom of Trp 61 moves by 5 A, and  macromolecular substrate interactions for both the prothrom-
its side chain by about 6 A. These shifts are toward residuespinase and extrinsic Xase complexes has recently revealed
Val 35 and Leu 41 and have the effect of putting the Trp 61 iy importance for these enzymes8( 24, 25, 46). A

side chain in approximately the position occupied by the side ytential advantage of inhibiting enzymes via exosites
chain of lle 60b in THFVIla. The lle 60b side chain ;| des the ability to regulate inhibition with greater

experignce_s a ?ma”ef shift (2 A abiC-3 A at @) in the specificity. However, the ability to inhibit via exosites is not
opposite direction. These changes may disrupt substrate

subsites on the C-terminal side of a substrate's scissile bondStrictly limited to the enzyme as the target. In a recent
: hoteworthy report on the mechanism of action of recombinant
although these subsites are known only by analogy to

enzymes where they are better formed and more importantnem"’ltOde anticoagqlan_t protein rNAPc?, Befgu.m etal. have
for specificity 3). In addition, the kinetic differences can ShOW_” that rNAPC2 inhibits T¥Vlla by first binding to an

be explained by different interactions at these subsites for €XOSite on the, Substrate zymogen FX or thg product an
the two substrates, where allosteric changes in FVlla could P€fore presenting a canonical inhibitory loop into the active
lead to adverse steric consequences causiig,aeffect for  Site of FVila @7).

the macromolecular substrate FX, but not the smaller peptidyl
substrate Chromozym t-PA. There are also changes in
residues Ser 92 to Asn 100, includia 1 Ashift for the Gx

of Thr 99. Changes here have the potential to influence the
S2 subsite on the N-terminal side of the scissile bond.
However, this section of the protein is between the A-183
exosite and the strongly shifted residues Lys :#Bdo 170i

CONCLUSIONS

Structural comparison of the A-peptide binding exosite
described in this work with either the E-peptide binding
exosite or the active site clearly demonstrates that these three
sites are quite distinct (Figure 8). Functional comparison of

that are part of zymogen-related changes, preventing athese_sites shqws_ us that potent ir_1hibition can _b_e_ ac-
straightforward assignment of cause and effect. complished by binding to any of these sites. We were initially

Exosites as Targets for InhibitiorThe most common :'surpris.ed that the phage diversity approach we to_ol§ resulted
approach to develop enzyme inhibitors has been to attackin Peptides that were such potent and selective inhibifids (
the active site directly. While the notion of allosteric We are even more struck by the fact that there are now
regulation of proteins is well documented, there has beenunrelated peptides acting at novel and distinct binding
relatively little effort directed towards inhibiting enzymes €Xxosites that display both potent and selective inhibition. The
via allosteric mechanisms from exosite$1,( 42). Both success at obtaining a second series of potent and selective
experimental and theoretical aspects of the allosteric modula-inhibitors lends support to the notion that the approach we
tion of serine proteases, and in particular thrombin and FVlla, have taken represents a paradigm for developing inhibitors
have been addressed6( 43—45). The role of exosites in  of serine proteases and perhaps other enzymes as well.
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