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Abstract

Three-dimensional structural analysis of physiologically important serine proteases is useful in identifying func-
tional features relevant to the expression of their activities and specificities. The human serine protease anticoag-
ulant protein C is currently the object of many genetic site-directed mutagenesis studies. Analyzing relationships
between its structure and function and between naturally occurring mutations and their corresponding clinical phe-
notypes would be greatly assisted by a 3-dimensional structure of the enzyme. To this end, molecular models of
the protease domain of protein C have been produced using computational techniques based on known crystal
structures of homologous enzymes and on protein C functional information. The resultant models correspond-
ing to different stages along the processing pathway of protein C were analyzed for structural and electrostatic
differences arising during the process of protein C maturation and activation. The most satisfactory models in-
cluded a calcium ion bound to residues homologous to those that ligate calcium in the trypsin structure. Inspec-
tion of the surface features of the models allowed identification of residues putatively involved in specific functional
interactions. In particular, analysis of the electrostatic potential surface of the model delineated a positively charged
region likely to represent a novel substrate recognition exosite. To assist with future mutational studies, binding
of an octapeptide representing a protein C cleavage site of its substrate factor Va to the enzyme’s active site re-

gion was modeled and analyzed.
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The human plasma factor protein C provides an important feed-
back regulator of thrombosis because deficiencies of protein C
can result in severe recurrent venous thrombotic disease (Griffin
et al., 1981) treatable with protein C concentrates (Dreyfus et al.,
1991). At least 2 clinical phenotypes are recognized. The most
common form is autosomal dominant with variable penetrance
(reviewed by Greengard and Griffin, 1988). Symptomatic pa-
tients with this form of hereditary protein C deficiency most of-
ten present with venous thrombosis in young adulthood; some
family members, however, are symptom-free lifelong. Labora-
tory workup of symptomatic heterozygous deficient patients re-
veals ~50% level of activity of plasma protein C, either
accompanied by a proportionate reduction in the antigen level
(Type I deficiency) or by the presence of antigen levels that sig-
nificantly exceed activity levels, which implies the presence of
circulating abnormal protein C molecules (Type 1I deficiency).
A recessive form of protein C deficiency has been described in
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homozygous or doubly heterozygous deficient infants who
present with purpura fulminans or venous thrombosis shortly
after birth (Branson et al., 1983; Seligsohn et al., 1984). The he-
terozygous deficient relatives of these infants are usually clini-
cally unaffected. Genetic analyses of DNA mutations in patients
with these 2 clinical phenotypes of protein C deficiency have
failed to reveal a genetic or an implied structural basis for the
differences in clinical presentation (Reitsma et al., 1993).
The biochemical regulation and action of protein C, a trypsin-
like serine protease zymogen (Gardiner & Griffin, 1985; Esmon,
1987), is complex. Activated protein C exerts its antithrombotic
effect through proteolysis of specific peptide bonds in the co-
agulation cofactors factors Va and VIIla (Vehar & Davie, 1980;
Walker, 1981; Marlar et al., 1982; Fulcher et al., 1984), usually
with the help of its nonenzymatic protein cofactor, protein S
(Walker, 1980). In doing so it requires calcium ions and phos-
pholipid surfaces or membranes for optimal activity (Walker,
1981; Bakker et al., 1992). Activated protein C is also known
to bind to platelets and endothelial cells in the presence of pro-
tein S (Suzuki et al., 1984; Harris & Esmon, 1985; Hackeng
et al., 1993). Protein C is synthesized as a single-chain zymo-
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Table 1. Nomenclature for models of protein C zymogen and activated protein C?

Model

Residues included

I (single-chain PC zymogen)
IT (2-chain PC zymogen, des156(2)-157(3))

111 (hypothetical 3-chain APC, 158(4)-169(15) noncovalently bound)

IV (major 2-chain form of APC)
V (meizo APC)

133-408(243)

133-155(1), 158(4)-408(243)

133-155(1), 158(4)-169(15), 170(16)-408(243)
133-155(1), 170(16)-408(243)

133-169(15), 170(16)-408(243)

apC, protein C; APC, activated protein C.

gen in the liver. It is processed by an unknown intracellular pep-
tidase analogous in action to the PACE, furin, and yeast kex-2
proteases (Foster et al., 1990) with the release of the dibasic pep-
tide Lys 156(2)-Arg 157(3).! Most of the circulating zymogen
in blood is thus processed to a 2-chain form (Miletich et al.,
1983; Marlar, 1985; Heeb et al., 1988). The remaining single-
chain form has been suggested to have activity equivalent to the
2-chain form (Marlar, 1985; Foster et al., 1990; Yan et al., 1990).
The protein C zymogen is cleaved at the Arg 169(15)-Leu 170(16)
peptide bond by thrombin bound to the endothelial cell recep-
tor, thrombomodulin (Esmon, 1989), presumably releasing the
protein C activation peptide consisting of residues 158(4)-
169(15) from the 2-chain zymogen. This limited proteolysis gen-
erates an active serine protease in a process analogous to the
activation of chymotrypsinogen and trypsinogen (Wright, 1973;
Bode, 1979). The protease activity of activated protein C is phys-
iologically controlled mainly through reaction with 4 different
serine protease inhibitors: «-1-antitrypsin, a,-macroglobulin,
the heparin-stimulated protein C inhibitor (PAI-3), and
a,-antiplasmin (Heeb et al., 1989, 1991). Understanding the
structure-function relationships responsible for the regulation
of the steps involved in activating and inactivating protein C may
shed light on the mysteries surrounding the pathophysiology of
protein C.

Molecular homology modeling provides a useful approach to
addressing structure-function questions, as demonstrated in the
chymotrypsin exosite loop study of Hedstrom et al. (1992) and
the tissue-type plasminogen activator mutants designed using a
homology-based model structure by Madison et al. (1989, 1993).
The current study describes 3-dimensional molecular models of
the serine protease domain of protein C based on the coordinates
derived from the thrombin, chymotrypsin, chymotrypsinogen,
trypsin, and trypsinogen crystal structures and discusses the dif-
ferences among the various protein C models for the single-chain
and 2-chain zymogens and for the active serine protease in terms
of substrate accessibility to the active site and in terms of struc-
tural features, electrostatic surface potential, and specific func-
tional sites.

Results

Models for structures of the protease domain of protein C that
exist at various steps along the activation pathway of the pro-

! Residue numbering according to the chymotrypsin sequence is
given in parentheses following the protein C numbers throughout the
text based on the alignment in Figure 1.

tein C zymogen were constructed. The relevant characteristics
of each model are summarized in Table 1. The initial mode! for
the serine protease domain, model V, was constructed from a
combination of serine protease crystal structures. The intact zy-
mogen (model 1) was created from pieces of model V and the
chymotrypsinogen structure. The peptide bond broken between
Arg 169(15) and Leu 170(16) in model V was computationally
rejoined (see below).

In vivo, residues 156(2) and 157(3) are usually proteolytically
cleaved from the majority of protein C molecules before they
enter the blood circulation. A model of this intermediate, model
II, was generated by deleting the appropriate residues from
model I. Models of activated protein C in which both the acti-
vation peptide and residues Lys 156(2) and Arg 157(3) were re-
moved (model IV), or in which residues 156(2) and 157(3) were
removed but the activation peptide remained noncovalently
bound (mode! 11]) were generated from V, again by deletion of
appropriate residues.

Construction of protein C model V

The X-ray crystal structures for the 3 serine proteases chymo-
trypsin, trypsin, and PPACK-thrombin were aligned by super-
imposing the charge-relay systems of the active site and highly
conserved contiguous residues (residues 55-57, 100-102, and
195-197 in chymotrypsin). Areas with 3-dimensional structural
conservation (mainly a-helices and $-strands) and divergence
(mainly surface loops or turns) among the 3 structures were
noted.

The sequence of the serine protease domain of human pro-
tein C (residues 173(19)-408(243)) was aligned to the homologous
sequences of the protease domains of bovine chymotrypsinogen
(residues 19-243), bovine trypsinogen (residues 10-227), and hu-
man prothrombin (residues 336-618) in the areas of high struc-
tural conservation found above, using the alignments of Greer
(1990) as guidelines. The final sequence alignment is shown in
Figure I, with sequence identities of 32% for chymotrypsino-
gen, 33% for trypsinogen, and 38% for thrombin.

Because chymotrypsin had the fewest number of insertions
and deletions relative to protein C, the first molecule (molecule
A) of its dimeric X-ray crystal structure was used as the primary
template. The differences between the 2 molecules of the dimer
were insignificant compared to the margin of uncertainty in
homology-based modeling and have therefore been neglected in
this study. The nonidentical residues of chymotrypsin within the
highly structurally conserved regions (SCRs) were computation-
ally mutated to the homologous protein C residues, following
original side-chain torsion angles where possible. In the areas
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where the 3 X-ray crystal structures diverged, the chymotrypsin
structure was still used as a template if the number of residues
in the range was equivalent (see Fig. 1). If the number of resi-
dues in chymotrypsin did not match but the number in throm-
bin did, the A-chain of the PPACK-thrombin X-ray crystal
structure was used as a template. The structures of residues
225(70)-235(80) were taken from trypsin because this stretch
contains several residues involved in calcium binding and is more
strictly homologous to protein C than the corresponding stretch
in chymotrypsin or thrombin.

At this point, 4 remaining loops in the protein C protease
domain had not been modeled: residues 214(60)-217(62A) (se-
quence DESK), 281(126)-290(131D) (sequence SGLAERELNQ),
349(185A)-352(187) (sequence LGDR), and 302(143)-315(152)
(sequence YHSSREKEAKRNRT). The program Sequery was
used to find matching sequences in the Brookhaven Protein Data
Bank for the first and third of these loops. To obtain a confor-
mation of residues 214(60)-217(62A), the stretch of residues 76~79
(sequence DDSR) from the azurin (entry 1AZU) structure (Ad-
man & Jensen, 1981) was found to fit best between residues
213(59) and 218(63) of protein C. An exact sequence match was
found for residues 349(185A)-352(187) in residues 15-18 of the
R19.9 immunoglobulin Fab fragment (entry 1F19) structure
(Lascombe et al., 1989).

Sequery was unable to find a reasonable fit for the long pep-
tide chain of residues 302(143)-315(152). An alternative ap-
proach was taken by inserting 4 residues into the 10-residue
stretch in this region of chymotrypsin. The first 5 of these chy-
motrypsin residues were replaced to yield YHSSR and the latter
5 to give KRNRT, and the peptide bond at the halfway point was
broken. A search through Sequery was used to find a match for
the remaining 4 residues, EKEA. Using thrombin’s 15-residue
loop in this region as an overall template, the residue stretch
from 218 to 221 (DKEG) from the second subunit in the tryp-
tophan synthase (entry 1WSY) X-ray crystal structure (Hyde &
Miles, 1990) provided the most reasonable available loop struc-
ture, with the results that residues previous to and after the
4-residue piece (DKEG) superimposed well with the ends of the
backbone of the chymotrypsin-derived residues forming the be-
ginning and end of the loop and that the consequent 14-residue
loop (302(143)-315(152)) closely mimicked the fold of the
thrombin loop in this region.

Residues 133-145 and 147-169(15), corresponding to a
C-terminal portion of the protein C light chain 133-155(1), the
connecting peptide 156(2) and 157(3), and the activation pep-
tide 158(4)-169(15) were modeled on the homologous portion
of the PPACK-thrombin structure (36 residues from 1H-18).
Lys 146 was inserted into the structure after a Sequery search



Serine protease domain models of human protein C

of the Protein Data Bank gave a match of the 4-residue segment
72-75 (PHKK) of myohemerythrin structure 2MHR (Sheriff
et al., 1987) to the sequence of residues 144-147 (PWKR) in pro-
tein C. The 4 residues were replaced appropriately, residues 144,
145, and 147 in the model were deleted, and this 4-residue re-
placement was inserted into the model in positions 144-147. For
the last loop to be modeled, residues 281(126)-290(131D) (se-
quence SGLAERELNQ), the structure of thrombin (residues
126-131, sequence RETAASLLQ), which is helical in this re-
gion, was used to model residues 281(126)-289(131C). Residue
290(131D) was inserted manually, using the backbones of chy-
motrypsin and thrombin as a guide.

To minimize the potential energy of the model, hydrogens
were added to all atoms in the activated protein C model V. All
arginines, lysines, and aspartic and glutamic acids were assumed
to be uncharged, except Glu 225(70), Glu 232(77), and Glu
235(80), which we speculate to be ligating residues to a bound
calcium ion, and Asp 359(194), which interacts with the amino-
terminus of the positively charged (+1e) Leu 170(16). These
acidic residues were assigned charges of —1e. All histidines were
assumed to be neutral and protonated on Ne, except His 211(57),
which was protonated on N§ to form the proper active site hy-
drogen bond with Asp 257(102). Disulfide bonds were specified
between cysteines 141 and 277(122), 196(42) and 212(58),
331(168) and 345(182), and 356(191) and 384(219). An acetyl
group was added to the N-terminal amino group of Cys 133
and an amino group added to the model’s C-terminal carbonyl
of Arg 408(243). Several severe side-chain collisions were cor-
rected, following the torsion angles from a rotamer library
(Ponder & Richards, 1987) where possible. Where conflicts
still existed, small adjustments were made with InsightIl. The
calcium ion in the trypsin structure was included in the model,
chelated to homologous residues Glu 225(70), Glu 232(77), and
Glu 235(80) in protein C. For purposes of molecular mechan-
ics calculations, the calcium was assumed to have a charge of
+2e. As most of the groups were neutralized, inclusion of sol-
vent was not critical. The similarity of the final model structure
to the crystal structures of other serine proteases confirms that
omission of solvent did not cause severe distortion during
minimization.

Several areas of the model had long bonds both at insertion
and deletion points and at breaks between one template struc-
ture and another arising from deviations in the superposition of
the multiple structures. These could not be repaired by hand:
peptide bonds between residues 144/145, 147/148, 172(18)/
173(19), 213(59)/214(60), 217(62A)/218(63), 224(69)/225(70),
235(80)/236(81), 280(125)/281(126), 289(131C)/290(131D),
290(131D)/291(132), 306(147)/307(147A), 310(147D)/311(148),
348(185)/349(185A), 352(187)/353(188), 358(193)/359(194),
and 390(225)/391(226), and an overly long distance for disul-
fide formation between cysteines 356(191) and 384(219). These
areas were first individually, then jointly, energy-minimized using
Discover by holding all parts of the protein and the calcium ion
fixed except residues 145-150, 170(16)-175(21), 211(57)-219(64),
223(68)-237(82), 277(122)-293(134), 303(144)-314(151), 347(184)-
360(195), and 380(215)-391(226). Residues 133-169(15) were then
allowed to move as well. Following the minimization procedure
outlined in the Materials and methods section resulted in 2 model
with a total potential energy of 948 kcal mol~! and maximum po-
tential energy derivative of 0.95 kcal mol~! A", The RMS devi-
ation from chymotrypsin of the backbone atoms of the final model
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in the structurally conserved regions was 1.07 A. Following mini-
mization, the lysine and arginine residues were protonated and the
aspartic and glutamic acid residues deprotonated to generate the
final model. A ribbon diagram of the model backbone is shown
in Figure 2.

Construction of protein C zymogen model I

The intact protein C zymogen protease domain (model I), in
which residues 169(15) and 170(16) are covalently joined, was
constructed from sections of both the chymotrypsinogen X-ray
crystal structure and model V. In the same fashion as that out-
lined above for model V, the sequence-conserved core of the zy-
mogen as well as most areas where the residue ranges were
equivalent were built on the chymotrypsinogen structure. In the
areas where the sequence alignment suggested that chymotryp-
sinogen was not appropriate, the corresponding pieces from
model V were inserted, which provided initial structures for res-
idues 133-169(15), 214(60)-217(62A), 225(70)-235(80), 281(126)-
290(131D), 307(147A)-310(147D), and 349(185A)-358(193).

In the cleaved form of the protein in model V, residues 169(15)
and 170(16) are 33 A apart and residue 170(16) is deeply embed-
ded in the protein core. The structures for chymotrypsinogen
and trypsinogen are not similar enough in sequence to replace
their residues with the protein C equivalents directly. The ini-
tial model constructed to generate the zymogen model I there-
fore had the bond between 169(15) and 170(16) cleaved and the
residues located 33 A apart, with residues 133-169(15) adopting
the conformations of the corresponding residues in the cleaved
thrombin. The 170(16)-172(18) tail was placed on the surface
rather than being inserted into the protein, following the con-
formation found in chymotrypsinogen. Experimental evidence
indicating enhanced activation by thrombin of a triple site-
directed mutant of the protein C zymogen involving residues
167(13), 172(18), and 313(150) (Richardson et al., 1992) suggests
that these 3 residues may be in close proximity to one another.
This situation is feasible if the tail of 133-169(15) including
Arg 169(15) is substantially moved to join Leu 170(16) on the
surface. Direct minimization with a tethering force between
the 2 ends to form the peptide bond was impractical because of
the twisted conformation of the tail containing Arg 169(15) and
because of the presence of other protein structure in the direct
path between the 2 ends. Manual manipulation of the Arg 169(15)
tail by rotation around the Glu 163-Asp 164(10) peptide bond
was accomplished with the program FRODOQ. The REFI mod-
ule within FRODO was used to shorten the Arg 169(15)-Leu
170(16) peptide bond (400 cycles) to produce a crude starting
structure. Employing the procedure outlined in the Materials
and methods section, residue ranges 139-143, 145-150, 211(57)-
219(64), 223(68)-237(82), 275(120)-293(134), 303(144)-314(151),
347(184)-360(195), and 380(215)-391(226), then residues 133-
174(20) were independently, then jointly, minimized with tem-
plate forcing. After unconstrained minimization, the final model
(model I) had an energy of 764 kcal mol~! and a maximum po-
tential energy derivative of 0.79 kcal mol~! A~!. The RMS devi-
ation from chymotrypsinogen of the structurally conserved
region backbone atoms of the final model was 1.08 A. As above
for model V, lysine and arginine residues and aspartic and glu-
tamic acid residues were then protonated and deprotonated, re-
spectively, for the final model I.
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Discussion

Overall structural features

The resulting models -V (Fig. 2) had 2 g-barrel domains con-
taining 6 8-strands each, typical of the trypsin-like serine pro-
teases (Freer et al., 1970). Ramachandran plots indicated that
virtually all of the peptide backbone torsion angles of all mod-
els lay within allowable regions. The protein core consisted
mainly of residues with hydrophobic side chains. There were 6
buried charged residues found in all models. Three (Asp 158(4),
161(7), and 189(35)) were near positively charged residues on the
surface and would likely have formed salt bridges if charged res-
idues had been used in the minimization. The other 3 are critical
to substrate interaction: the catalytic triad residue Asp 257(102)
(close to and pointing toward the protein solvent-accessible sur-
face, which formed hydrogen bonds with the hydroxyl hydro-
gens of Tyr 249(94) and Ser 379(214)), the substrate binding
pocket residue Asp 354(189) (a highly internalized residue point-
ing toward the catalytic site, which formed hydrogen bonds with
the amide hydrogens of Ile 348(185) and Ala 355(190)), and
Asp 359(194) (an internalized residue that formed an ion pair
interaction with the inserted a-amino group of the N-terminal
Ile 170(16) upon activation of the protein C zymogen, analogous
to the process of activation of other serine proteases, and also
formed hydrogen bonds with the amide hydrogens of Cys
356(191)). The orientation of the catalytic triad residues (His
211(57), Asp 257(102), and Ser 360(195)) was conserved. The
oxyanion hole was found above Ser 360(195), properly placed
for the incoming P1 carbonyl of the substrate.

Experimental results lend support to the general model struc-
ture. Competitive activity and antipeptide antibody studies re-
veal that some or all of the residues in the segments 142-155(1)
(Mesters et al., 1993b), 311(148)-325(162) (Mesters et al.,
1993a), and 390(225)-404(239) (Mesters et al., 1991) are surface-
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Fig. 2. Ribbon diagrams of the protein
C serine protease domain models de-
scribed in Table 1. Model numbers
are indicated below the corresponding
structure. Location of the dibasic peptide
Lys 156(2) and Arg 157(3) is indicated in
white, the EGF domain connector resi-
dues 133-155(1) in magenta, and the ac-
tivation peptide, residues 158(4)-169(15),
is colored yellow. Helices are represented
by flat coils, 8-strands and their N- to
C-terminal directions are represented by
flat arrows, and loops by tubes. Figure
constructed with the program Ribbons
(written by M. Carson).

exposed. In the models, peptides overlapping these synthetic
peptides comprising residues 142-155(1), 311(148)-317(154),
and 395(230)-404(239) all lie on the surface. None of these se-
quences is in the proposed epidermal growth factor (EGF) in-
teraction site on the protease domain described below.

As with all homology-modeled structures, interpretations
must be appropriate to the limitations of the technique. The hy-
drophobic cores of the serine proteases retain a high degree of
structural conservation; thus, structural predictions relating to
the core are about as reliable as the crystal structures used to
construct the model. Although the loop conformations are con-
strained at their N- and C-termini by the requirements of the
more structurally conserved core, they are inherently more vari-
able among serine proteases. Therefore the loop regions in the
models can only be reasonable estimates based on a variety of
criteria (see above) and may potentially differ from the in vivo
structures.

Potential sites for EGF domain interaction

Delineation of portions of the activated protein C serine protease
domain that remain constant among models I-V may aid in iden-
tification of potential areas of interaction with the other struc-
tural domains of protein C, i.e., the 2 EGF domains and the
N-terminal vy-carboxyglutamic acid (Gla) domain. Moreover,
areas with hydrophobic residues on the surface are likely can-
didates for such intramolecular domain-domain interactions.
Surrounding the most N-terminal residue modeled, Cys 133,
there are several hydrophobic residues that are exposed to solvent
on the surface (see Fig. 3 and Kinemage 1): Phe 139, 244(89),
368(203), 373(208); Trp 145, 205(51), 402(237); Leu 269(114),
283(128), 400(235); Pro 135, 140, 203(49), 266(111); Val 137.
The proximity of this hydrophobic patch to Cys 133 makes it
a strong candidate for an area that interacts with the second EGF
domain. In addition, this area is diametrically opposite to the
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Fig. 3. The hydrophobic residue cluster around Cys 133 on 1 face of
the protein C serine protease domain (model V). Large hydrophobic
residues (Trp, Leu, Ile, Phe, Pro) contributing to the hydrophobic patch
are colored in yellow and labeled. The locations of known EGF-
interacting residues in factor Xa are indicated in green. The Ca trace
of the remainder of the molecule is in magenta.

active site and can thus interact with the EGF domain without
impeding active site access.

The hydrophobic patch on the surface of the protease domain
(Fig. 3; Kinemage 1) is bisected by the polypeptide chain con-
sisting of residues 133-145 and in fact contains several of these
residues. Thus, some portion of the 133-169(15) chain may be
sandwiched between the EGF and catalytic domains. The diba-
sic Lys 156(2)-Arg 157(3) and the activation peptide lie outside
of the hydrophobic patch described above, suggesting that their
cleavage and removal will not affect the interaction between the
protease and C-terminal EGF domains.

An X-ray crystal structure of human des(1-45) factor Xa was
recently reported that provides an opportunity to analyze in a
closely related protein some of our predictions for protein C.
A comparison of the serine protease domain residues of protein
C that are homologous with those in factor Xa that interact with
the factor Xa C-terminal EGF domain, corresponding to pro-
tein C residues Gly 179(25), Asp 180(26), Pro 203(49), Thr
272(117), Pro 275(120), Leu 278(123), Pro 279(124), Asp 280
(near 124A in factor Xa), Gly 282(127), His 369(204), Gly
370(205), Trp 372(207), and Phe 373(208), shows that the inter-
acting area on factor Xa generally lies within and to 1 side of
the hydrophobic patch on the surface of the protease domain
of protein C (Fig. 3; Kinemage 1). Although the interacting sur-
faces predicted for protein C and demonstrated for factor Xa
are generally spatially coincident, very few of the specific salt
bridges or hydrogen-bonded residues in factor Xa are conserved
between the 2 proteins, implying that there are some significant
differences in the local details of interdomain interactions. Three
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of the serine protease domain residues found to interact with the
EGF domain in factor Xa lie outside of the hydrophobic patch
of protein C depicted in Figure 3 and Kinemage 1 and extend
the probable area of interaction, suggesting that the EGF do-
main of protein C might cover Lys 146 in addition to the se-
quence containing residues 133-145. Several large hydrophobic
residues exposed in the protein C protease domain, namely Pro
135, Trp 205, Phe 244, and Trp 402, are not covered by the
C-terminal EGF interaction site found in factor Xa. The hydro-
phobic surface defined by these residues (Fig. 3; Kinemage 1)
may instead be involved in intramolecular interactions with the
N-terminal EGF or the Gla domain of protein C.

Alterations of surface due to enzyme activation

Changes in the serine protease domain of protein C that oc-
curred on the surface of the molecule on going from zymogen
to activated enzyme were analyzed using the models described
above. The change from the 1-chain zymogen (model I) to the
2-chain zymogen (model II), exposed several residues: Glu
160(6), Asp 161(7), Lys 174(20), Phe 320(157), and Lys 322(159).
Phe 320(157) and Lys 322(159) were the only residues not al-
ready on the surface in the 1-chain model. A similar effect was
seen on going from model I11 to model V (portions of residues
174(20), 320(157), 322(159), and Ile 321(158) were exposed).
Cleavage of the Arg 169(15)-Leu 170(16) peptide bond in model
I to yield model V (found also in going from model II to model
I11) exposed Gly 292(133), Lys 322(159), Pro 324(161), and Asp
351(186) and inserted residues 170(16)-172(18) into the interior
of the protein such that they were no longer surface-accessible.
In addition, residues 166(12)-169(15) were exposed as they swung
away from their previous location and across the surface over
Gln 293(134) to form a tail on the activation peptide helix.

When the activation peptide (residues 158(4)-169(15)) was re-
moved from model I11 to give the 2-chain model of activated pro-
tein C (model 1V), a previously shielded groove was exposed to
the surface. Portions of the following residues were exposed in
2-chain activated protein C (model 1V) that are not exposed
in models III or V: His 154, Leu 155(1), Arg 286(131), Glu
287(131A), Gln 293(134), Glu 294(135), Leu 296(136), Lys
322(159), Ser 367(202), His 369(204), and Trp 372(206) (edge
of indole ring). This set of residues represents extensive and sig-
nificant differences in surface exposure for the major form of
activated protein C.

Local positive charge

Activated protein C is known to interact with heparin, a highly
negatively charged glycosaminoglycan (Kazama & Koide, 1992).
Heparin will thus be attracted to areas of positive charge. The
charged groups in these areas are also likely candidates for in-
teractions with other proteins (e.g., thrombin-thrombomodulin
complex, substrate, or inhibitors). Most of the positive charges
in all of the protein C models were concentrated on 1 face of
the molecule, almost 180° opposite the hydrophobic patch men-
tioned above. The remarkable concentration of positive charge
in this area marks it as a potential heparin binding site (see
Fig. 4 and Kinemage 2). The region was composed of arginines
143, 147, 152, 157(3), 177(23), 178(24), 222(67), 229(74),
230(75), 306(147), 312(149), 314(151), and 352(187) and lysines
146, 150, 151, 156(2), 174(20), 191(37), 192(38), 193(39),
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Fig. 4. The highly positively charged region evidenced on protein C ser-
ine protease domain model IV. Positively charged residues contribut-
ing to the positive patch are labeled and indicated in blue. The calcium
ion is represented by a white sphere. The C« trace of the remainder of
the molecule is in magenta.

217(62A), 233(77A), and 311(148). This area also included the
hypothesized calcium binding loop (see below), which, when cal-
cium is bound, would contribute to the positive charge of the
area.

C.L. Fisher et al.

Alterations of surface electrostatic potential
due to enzyme activation

Electrostatic surfaces were calculated for each model with the
program DelPhi (see Fig. 5). On going from 1-chain zymogen
(model I) to 2-chain zymogen (model II), the expected loss of
positive charge by model II in the area previously occupied by
Lys 156(2) and Arg 157(3) was seen as an increase in negative
potential in the area where the 2 residues previously existed. This
effect continued upon cleavage of the activation peptide in
model III and its removal in model I'V. The greatest amount of
negative potential overall for all of the models was seen in model
II followed by that for model I. From the 2-chain zymogen to
the hypothetical 3-chain form of activated protein (model III),
where the Arg 169(15)-Leu 170(16) peptide bond is cleaved but
the noncovalently bound activation peptide remains in place, a
relatively large increase in positive charge was seen.

Upon removal of the activation peptide (residues 156(2)-
169(15)) in model 1V, which contains 6 acidic residues, a large
negative lobe in the potential disappeared. Model IV therefore
had the highest overall positive potential. Finally, in meizo ac-
tivated protein C, in which Lys 156(2), Arg 157(3), and the ac-
tivation peptide remain but the Arg 169(15)-Leu 170(16) bond
is broken (model V), the same large increase in positive charge
upon cleavage between residues 169(15) and 170(16) (as in model
[V) was seen, whereas the positive potential due to Lys 156(2)
and Arg 157(3) and the negative lobe around the activation pep-
tide were retained.

Activated protein C is known to bind heparin more tightly
than the zymogen does (Kazama & Koide, 1992). The increase
in positive potential seen upon activation by cleavage of the pep-
tide bond between Arg 169(15) and Leu 170(16), due to a gen-
eral compacting of the positive charges and largely contributed
to by movement of Arg 230(75) and Arg 312(149), may help ex-
plain this phenomenon.

Fig. 5. Electrostatic potentials around
the 5 protein C models. The orientation
of the structures are as in Figure 2. Loca-
tion of the dibasic peptide Lys 156(2)-Arg
157(3) is indicated by a white circle in
model 1. The Arg 169(15)-Leu 170(16)
peptide bond is located at the left side of
the arrow in model I. Positive potential
is indicated in blue, negative potential in
red. Isocontours are drawn at +1 and —1
kT/e, respectively. The Ca trace of the
molecule is indicated in yellow.



Serine protease domain models of human protein C

Calcium binding site

Calcium influences several steps along the processing pathway
of protein C (McClure et al., 1992) and is known to enhance ac-
tivation of protein C by the thrombin-thrombomodulin complex
(Esmon et al., 1983). Although calcium is traditionally believed
to bind to the Gla and EGF domains, an additional Gla-domain-
independent high-affinity calcium binding site exists that is re-
quired for thrombin-thrombomodulin recognition of protein C
as substrate (Esmon et al., 1983). A calcium-dependent confor-
mational change in protein C is thought to be necessary for the
protein to interact with thrombin effectively (Johnson et al.,
1983). Studies using a monoclonal antibody against the activa-
tion peptide in protein C suggested that the calcium-induced con-
formational change occurs within the activation region (Stearns
et al., 1988).

We (Greengard et al., 1993) and others (Persson et al., 1993)
have proposed that there is a calcium binding site in the prote-
ase domain of protein C that is structurally equivalent to that
found in the trypsin crystal structure and have constructed our
models to include this site. The calcium binding loop in trypsin
(residues 70-80) has the sequence -Glu-Asp-Asn-Ile-Asn-Val-
Val-Glu-Gly-Asn-Glu- (ligating side chains in boldface); the ho-
mologous loop in protein C (residues 225(70)-235(80)) has the
sequence -Glu-Tyr-Asp-Leu-Arg-Arg-Trp-Glu-Lys-Trp-Glu-.
Thus, the 3 carboxylate ligands in trypsin are conserved in pro-
tein C. These acidic residues are also conserved in human blood
coagulation factors VII (residues 210-220, -Glu-His-Asp-Leu-
Ser-Glu-His-Asp-Gly-Asp-Glu-) and IX (residues 235-245, -Glu-
His-Asn-lIle-Glu-Glu-Thr-Glu-His-Thr-Glu-). Factor VII has
been found to contain a calcium binding site in its protease do-
main involving residues 210 and 220 (Wildgoose et al., 1993).
The carboxylate oxygens of glutamates 235 and 245 were shown
to ligate to calcium in factor 1X, and backbone carbonyl oxy-
gens from Asn 237 and Glu 240 were proposed as ligands as well
(Bajaj et al., 1992). Both of these zymogens appear to require
calcium in order to be activated by other proteases. Thrombin,
which does not contain a glutamate equivalent to protein C res-
idue 225(70) and lacks both Gla and EGF-like domains, does
not bind calcium.

The calcium included in all protein C models was coordinated
by carboxylate oxygens from glutamates 225(70), 232(77), and
235(80) and backbone carbonyl oxygens from Asp 227(72) and
Arg 230(75) (the last 2 corresponding to residues 237 and 240
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of factor IX) with distances ranging from 2.69 A to 3.01 A (see
Fig. 6). This calcium binding site resembled that found in tryp-
sin and presumably those speculated to exist in blood coagula-
tion factors VII and IX (Bajaj et al., 1992; Wildgoose et al.,
1993). Remarkably, in these protein C models Trp 231(76) and
Trp 234(79) were highly solvent-exposed when calcium was
bound. These tryptophan residues may contribute to fluores-
cence changes observed upon calcium binding (Rezaie et al.,
1992). Moreover, these 2 residues may provide important sites
for calcium-dependent protein-protein interaction.

Catalytic site

The active site of activated protein C is much like that of tryp-
sin and chymotrypsin; indeed, several of the residues forming
the pocket are conserved. As seen in thrombin-like serine pro-
teases, activated protein C specifically cleaves proteins contain-
ing an arginine at the P1 site. One known substrate, factor Va,
contains such a cleavage site with the sequence -Leu-Asp-Arg-
Arg-Gly-lle-Gln-Arg- (factor V residues 503-510), which is
cleaved at the peptide bond between the arginine and glycine res-
idues (Jenny et al., 1987). A model of this 8-residue substrate
fragment was fitted into the active site cleft of activated protein
C based on the crystal structure of a known protease-protease
inhibitor complex. For this purpose, the structure of bovine chy-
motrypsinogen A inhibited by human pancreatic trypsin inhib-
itor was used (Hecht et al., 1991) (entry 1CGI in the Protein
Data Bank, version of July 1992). The backbone atoms of the
catalytic triad of chymotrypsinogen were superimposed onto
those of the activated protein C model IV and the 8 residues of
the trypsin inhibitor (residues 115-122, -Gly-Cys-Thr-Tyr-Glu-
Tyr-Arg-Pro-) corresponding to positions P4’ through P4 were
mutated to the corresponding residues (-Leu-Asp-Arg-Arg-Gly-
Ile-GIn-Arg-) found in this cleavage site in factor Va. Small ad-
justments to the fragment placement improved the fit to the
solvent-accessible surface contours and oxyanion hole of the ac-
tivated protein C model, and the P1 arginine was inserted into
a narrow opening encircled by Ala 355(190), Gly 381(216), and
Gly 391(226) to form an ion pair interaction at the bottom of
the binding pocket with Asp 354(189) (see Fig. 7). This residue
is also an Asp in trypsin and thrombin and known to be essen-
tial in conferring selectivity toward arginine and lysine residues
(Graf et al., 1987).

Fig. 6. Postulated calcium binding
loop from model I. The calcium ion
is indicated by a dark gray sphere.
Glutamate residues 225(70), 232(77),
and 235(80) all ligate through carbox-
ylate oxygens, whereas backbone car-
bonyl ligands are contributed by Asp
227(72) and Arg 230(75). Trp 231(76)
and Trp 234(79) are solvent-exposed.
. [ Figure rendered with the program
AVS with tubes generated by the
modules ELBOW and POLYTUBE
(written by Y. Chen & A. Olson).
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Fig. 7. Model of substrate binding to active site of activated protein C
(model IV). A: Schematic representation of the interactions between a
recognition sequence in factor Va known to be cleaved by activated pro-
tein C. Salt bridge and hydrogen-bonding interactions are indicated by
ellipses. Van der Waals interactions are indicated by curves. B: Active
site solvent-accessible surface of activated protein C model with factor
Va substrate bound in the same orientation shown in A. Substrate is
shown in white, with side-chain oxygens indicated in red, nitrogens in
blue. Ca trace of protein C is shown in white, with catalytic triad resi-
dues indicated in yellow, hydrophobic residues indicated in magenta,
and acidic residues indicated in red. The substrate arginine protruding
into the protein in the upper right is interacting with the red Asp
354(189). Surface generated with the program PQMS by M. Connolly.
Figure rendered with the program AVS, with tubes generated by the mod-
ule MCS TUBES (written by Y. Chen & A. Olson).




Serine protease domain models of human protein C

The protein C S2 and S3 sites are large and accessible as sim-
ilarly seen in trypsin and chymotrypsin. The 60A-601 insertion
loop found in thrombin, which forms its apolar binding site and
restricts access and imparts significant selectivity to the active
site (Bode et al., 1992), does not exist in protein C. Several of
the residues forming the S2 and S3 sites are conserved: His
211(57), Tyr 249(94), Asp 257(102), and Trp 380(215). One sig-
nificant difference is the smaller size and higher polarity of Thr
at position 254(99), which replaces Leu in trypsin and throm-
bin and Ile in chymotrypsin. This results in a slightly greater ac-
cessibility of the site, allowing bulkier residues at P2 and P3 to
be accommodated. In fact, a variety of large residues, usually
hydrophobic but sometimes hydrophilic, are found in the P2 po-
sition of known natural protein C substrates. Smaller and usu-
ally more hydrophilic residues are generally seen in the P3
position. In the probable S84 binding site as defined for throm-
bin (Bode et al., 1992), the major residue substitution is Met
338(175), which replaces an Ile in thrombin. The protein C S4
site, as in thrombin, tends to favor hydrophobic residues.

Conclusions

We have constructed 5 models representing 5 steps along the ac-
tivation pathway of the human antithrombotic plasma enzyme
protein C. Novel information that may be inferred from these
models includes: (1) the presence of a high-affinity calcium bind-
ing site in the serine protease domain of protein C, with the loop
comprising residues 225(70)-235(80) proposed as a candidate lo-
cation for this binding site; (2) the identification of candidate
residues for the docking sites of the protease domain with the
adjacent C-terminal EGF domain; and (3) the identification of
a previously undescribed positively charged region on the sur-
face of activated protein C that gives the molecule a remarkable
dipolar character, suggesting candidate residues important for
interactions of protein C with macromolecular ligands.

Although predictions from homology-based models must be
interpreted with caution for reasons discussed above, models
produced in a similar fashion have correctly predicted the ef-
fects of mutations in tissue-type plasminogen activator (Madi-
son et al., 1989, 1993) and have identified heparin binding
residues in PAI-3 (Kuhn et al., 1990). One use of the models de-
scribed in this work was demonstrated in a study (Greengard
et al., 1994) that analyzed and classified the database of known
naturally occurring protein C mutations (Reitsma et al., 1993).
These models will continue to be useful for future analyses as
new mutations are discovered in protein C-deficient patients.
Other studies based on these models may include the construction
of mutant molecules with alterations in the regions described
above. A calcium binding site and possibly the thrombin-
thrombomodulin recognition site are predicted to be abolished
by mutations in the putative calcium binding loop. Similarly,
correct folding would be abolished by alterations of the EGF-
docking residues listed above and restored by reciprocal muta-
tions in the EGF domain. Mutations of residues in the positive
surface region are predicted to affect functional properties of
protein C. Future work in the docking of the activated protein
C and PAI-3 should yield predictions of complementary inter-
actions between residues of the 2 proteins and allow design of
serpin-resistant protein C mutants, as accomplished with tissue-
type plasminogen activator (Madison et al., 1989).
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Materials and methods

The sequences of human protein C (Foster et al., 1985), bovine
chymotrypsinogen (Brown & Hartley, 1966), bovine trypsino-
gen (Mikes et al., 1966), and human prothrombin (Degen et al.,
1983), as well as factors VII and IX were obtained from the Pro-
tein Identification Resource sequence data bank. The X-ray crys-
tal structures for chymotrypsinogen A (Wang et al., 1985) (entry
2CGA, version of July 1992), chymotrypsin (Tsukada & Blow,
1985) (entry 4CHA, version of October 1991), trypsinogen
(Walter et al., 1982) (entry 1TGT, version of July 1992), and
trypsin (Walter et al., 1982) (entry 2PTN, version of October
1991) were obtained from the Brookhaven Protein Data Bank
(Bernstein et al., 1977). The 3-dimensional structure of PPACK-
thrombin was provided by W. Bode (Bode et al., 1989). Model
construction and analysis were done primarily using the InsightIl
graphics package (BIOSYM Technologies, Inc.). Computational
mutation after sequence alignment was effected with the Homol-
ogy module. The Discover module was used for energy minimi-
zation of resultant models, and the DelPhi module was used for
electrostatic calculations and comparisons. The Sequery pro-
gram package (Collawn et al., 1990) was used to find possible
loop conformations in nonhomologous areas of the structure.

Minimization strategy

The minimization strategy in this work was based on that used
in the construction of PAI-3, a protein C inhibitor molecule
(Kuhn et al., 1990). All portions of the starting model that had
long peptide bonds that could not be satisfactorily adjusted by
hand were allowed to move with template forcing using steep-
est descents minimization first with a force constant of 1,000
kcal A~2 until the maximum derivative was less than 10 kcal
A", then with a force constant of 100 kcal A =2 to a maximum
derivative of less than 10 kcal A", and finally with a force
constant of 25 kcal A2 to a maximum derivative of less than
5 kcal A~'. The entire model structure was then template-
forced with the same 3-step reduction in force constant and de-
rivative criteria with the steepest descents algorithm. Conjugate
gradient minimization was then applied to the unrestricted
model with cross and Morse terms included to a maximum en-
ergy derivative of less than 1 kcal mol~! A~ In all minimiza-
tions for these systems, the calcium ion (see below) was held
fixed.

Data deposition

Coordinates for models I and V of the serine protease domain
of protein C have been deposited with the Protein Data Bank
(Chemistry Department, Brookhaven National Laboratory, Up-
ton, New York 11973), from which copies are available. The ac-
cession numbers are lpct and 1pcu.
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