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ABSTRACT

The crystal structure of the complex of porcine pancreatic
elastase with a chymotrypsin/elastase inhibitor from Ascaris suum has
been solved to 2.4 A by the molecular replacement method. The C/E-1
inhibitor displays a novel folding motif, confirming that serine
proteinase inhibitors produced by Ascaris are structurally distinct

from any other known protein inhibitor families.

The crystal structures of the complexes of Streptomyces griseus
proteinase B (SGPB) with three P, variants of turkey ovomucoid
inhibitor third domain (OMTKY3), Leu!®?, Alal® and Gly'® , have been
determined and refined to high resolution. These structures have
revealed that water molecules are redistributed in adjusting to the
size and shape of the P, side-chains in the S, binding pocket of SGPB.
There are extensive water-mediated hydrogen bonds in the interfaces of
the complexes. For a homologous series of aliphatic straight side-
chains (0 to 5 methylene/methyl groups), Gly'®, Ala!®, Abul®, Ape!®, Ahx!®
and Ahp!® variants, the binding free energy is a linear function of the
hydrophobic surface area buried in the interface of the corresponding
complexes. The correlation constant gives a reliable estimate of the

hydrophobic effect of 34.1 cal mol™! A2,

The ionizable P; residues Glul8I and Aspl8I of OMTKY3 display
unusually high pK, values (8.7 and 9.4 respectively) when complexed
with SGPB. The 1.8 A crystal structures of the Glu!®, Gln!®, Asp!® and
Asn'® variants of OMTKY3 have been determined in complex with SGPB at

PH 6.5 and at pH 10.7 (Asn!® at pH 6.5 only). A potassium ion has been



identified in the pH 10.7 structures of the Glu!® and Asp'® variants,

but not in any other structures. Apparently the K' ion has been

recruited to the S, pocket to balance the negative charge of the P,
residue at pHs above its pK,. This K' ion forms a salt bridge with the
carboxyl groups of the P, side-chains. The energy cost of burying the
salt bridge is approximately 5.6 Kcal/mol, as estimated from the pH-

induced decrease in the association constants.
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CHAPTER 1

INTRODUCTION

The limited proteolytic activity of proteinases is central to many
physiological processes. 1In addition to their role in normal processes
such as digestion, blood-coagulation, processing of protein precursors
(zymogens and prehormones, etc.) and degradation of defective and
exogenous proteins, proteinases are also involved in viral infection,
apoptosis, tumor invasion and metastasis. Excessive proteolytic
activity is implicated in many diseases such as arthritis, emphysema,
hypertension, ulcer and pancreatitis. Therefore, the inhibition of
proteolytic activity is sometimes more desirable than the proteolytic
activity itself. Whereas microorganisms produce small non-proteinaceous
inhibitors of proteinases, mammalians always produce proteinaceous
inhibitors to reqgulate and prevent unwanted proteolysis. It is
estimated that about 10% of the proteins in plasma are proteinase

inhibitors.

How inhibitors inactivate proteinases has been a focus of research
for many chemists, biochemists and structural biologists, using a
combination of kinetic, thermodynamic, site-directed mutagenesis and
structural approaches. The investigations into the inhibition of
proteinases by their inhibitors have led to the identification of the
catalytic residues in various enzymes. The multiple approaches have led
to an understanding of the catalytic mechanisms of proteinases, and the

basis for enzymatic rate enhancement in general. The highly specific
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interactions between proteinases and inhibitors, as demonstrated in
these studies, have provided important information about the nature of
molecular recognition and the free energy of association. In a more
practical sense, structure-based drug design has greatly benefited from

the structural studies of complexes between proteinases and various

inhibitors.

Classically, proteinases are divided into four superfamilies
according to the chemical nature of their catalytic residues. These
four families are serine proteinases, cysteine proteinases, aspartic
proteinases and metallo-proteinases, each utilizing a distinct catalytic
apparatus (Reviewed by James, 1994). Serine proteinases, aspartate
proteinases and metallo-proteinases have similar active site geometries
despite sequence and structural dissimilarities, providing a classic
example of convergent evolution for similar catalytic processes (James,
1994) . Recently, a Thr residue has been implicated as a nucleophile in
the proteasomes. It is likely that new proteinase families will emerge

and modify the classical way of classification.

Proteinase inhibitors can be separated into three major classes.
The first class are transition state analogs, of which the best studied
inhibitors are peptide aldehydes, ketones, boronic acids and
organophosphorus inhibitors. These inhibitors react with the nucleophile
of a cognate enzyme, either reversibly or irreversibly, and form a non-
productive transition-state adduct with the enzyme. The second class
are ground-state substrate analogs, such as protein inhibitors and
cyclic peptides. These substrate-like inhibitors form a very stable

Michaelis complex with their cognate enzymes, and are cleaved at
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extremely slow rates. The third class are mechaniam-based, or suicidal
inhibitors. The interactions of such an inhibitor with a cognate enzyme
unmask a reactive group present in the inhibitor, which can then

irreversibly inactivates the enzyme.

Protein inhibitors are ground-state substrate analogs, comprising
thousands of naturally-occurring proteins of various lengths. They are
produced by all kinds of organisms for various physiological purposes.
Laskowski and Kato first introduced the rational nomenclature to
classify protein inhibitors into separate families, on the basis of
their sequence homology, disulfide bond topology, target proteinases and
inhibition mechanism (Laskowski & Kato, 1980). The majority of protein

inhibitors characterized so far are directed toward serine proteinases.

The main theme of this thesis is the study of how protein
inhibitors interact with serine proteinases. A total of 11 crystal
structures of 8 different complexes between a serine proteinase and a
protein inhibitor have been determined and analyzed herein. The
“"Introduction™ tends to provide a general survey of serine proteinases
and protein inhibitors. For more exhaustive coverage, several excellent
reviews are recommended below:

Books:

Proteinase inhibitors

Barrett AJ and Salvensen G, eds, Elsevier, Amsterdam, 1986.

Proteolysis and protein turnover

Bond JS and Barrett AT, eds, Brookfield, VT: Portland press, 1994.

Review papers:

On proteinases: Perona and Craik, 1995.
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On proteinase inhibitors: Laskowski and Kato, 1980:; Bode and Huber,

1992.

Serine proteinases

Serine proteinases are among the best studied enzymes, both
enzymatically and structurally. Serine proteinases are characterized by
an unusually reactive serine residue that is essential for its activity.
A conserved histidine and an aspartate are also critical for catalysis.
The essential role of the serine was established from the observation
that diisopropyl fluorophosphate inhibits chymotrypsin by esterifying
the Ser (Hartley, 1960). The importance of a histidine was shown by the
use of tosyl-phenylalanyl-chloromethane (Schoelman & Shaw, 1963), which
initially reacts with and forms a tetrahedral intermediate with the

catalytic Ser, and subsequently alkylates the catalytic His.

Classically, serine proteinases were divided into two
superfamilies, the chymotrypsin family and the subtilisin family
(Hartley, 1970; James, 1976). The crystal structures of bovine
chymotrypsin (Matthews et al., 1967) and of subtilisin (Wright et al.,
1969), the prototypes of the two families, were among the first crystal
structures of enzymes. It was found that the two enzymes displayed
completely different tertiary structures. Chymotrypsin adopts a bilobal
fold, consisting of two fB-~barrel domains. Subtilisin has a single-
domain structure, with a-helices packed against a central P-sheet. 1In
both enzymes, the catalytically important residues, Ser, His and Asp are
clustered in a surface crevice of the enzyme, and the spatial
arrangements of these residues in the two enzymes are strikingly

similar. 1In addition, both enzymes have an oxyanion binding site called
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the "oxyanion hole®", which comprises two nitrogen atoms. As an element
of the catalytic apparatus, the oxyanion hole is essential for

stabilizing the reaction intermediates.

With the ever increasing discovery of new serine proteinases, it
has been realized recently that proteins are not limited to the
chymotrypsin-fold or subtilisin-fold in order to achieve proteolytic
activity. The crystal structure of wheat serine carboxypeptidase II
(Liao et al., 1990) revealed conservation of the essential features of
the catalytic apparatus within a third distinct protein fold - an a/B
hydrolase fold. Furthermore, it has been proposed that the
immunoglobulin fold might represent a fourth structural family of serine
proteinases. The crystal structure of an antibody capable of catalyzing
the hydrolysis of diesters revealed the presence of a Ser-His catalytic
dyad structurally similar to other serine proteinases (2hou et al.,
1994). The similar design of the active site geometries displayed by
the above four different structural families of serine proteinases
represents an excellent example of convergent enzyme evolution,
suggesting that the design is essential for serine proteinases to
achieve high proteolytic efficiency (high keae) and specificity (high
Keoe/Kp) - It is very likely that new serine proteinases with novel folds
will be discovered which assume the characteristic active site geometry

of the known serine proteinases.

Chymotrypsin~like serine proteinases

There is a wealth of structural information about chymotrypsin-like
serine proteinases. Crystal structures are available for bovine

chymotrypsin (Matthews et al., 1967), bovine and rat trypsins (Ruhlmann
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et al., 1973; Sprang et al., 1987), porxrcine pancreatic and human
leukocyte elastases (Watson et al, 1970; Navia et al., 1989), thrombin
(Bode, 1989a), factor Xa (Padmanabhan et al., 1993), complement factor D
(Narajana et al., 1994), kalikrein (Bode et al., 1983), rat tonin
(Pujinaga & James, 1987) and rat mast cell protease II (Remington et
al., 1988). 1In addition, structures have been determined for five
bacterial serine proteinases: Streptomyces griseus trypsin and
Streptomyces griseus proteinase A, B, E (SGT, Read & James, 1988; SGPA,
Delbaere et al., 1975; SGPB, Delbaere et al., 1979; SGPE, Nienaber et
al., 1993) and the Lysobacter enzymogenes a-lytic protease (Brayer et

al., 1979).

Members of the chymotrypsin family display homologous sequences and
a similar tertiary structure that is typified by bovine chymotrypsin.
These enzymes possess a bilobal PB-barrel structure with the active site
cleft located in the junction. The substrate polypeptide spans across
the cleft, with the catalytic Ser and His overlooking the scissile bond.
On either side (the C-terminal domain) of the catalytic residues are a
set of specificity pockets, that are preformed cavities to accommodate
the side-chains of the bound peptide segment. By convention, the
nomenclature of Berger and Schechter (Berger and Schechter, 1970) is

used to identify the substrate specificity pockets (Figure 1.1). They

are numbered S,, S, etc., going away from the catalytic site towards the

N-terminus of a bound peptide substrate and S,', S,', etc., towards the

C-terminus of the peptide. The substrate residues are correspondingly

numbered P,, P, and P,', P,' with the cleavage bond (scissile bond)

between P, and P,'. A good substrate is complementary to the active
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site cleft, so that its sidechains can fit into the respective

specificity pockets without causing any steric collisions.
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Figure 1.1 Nomenclature of the substrate binding subsites.

Catalytic mechanism of serine proteinases

On the basis of the conserved active site geometry, it was proposed
(and subsequently confirmed experimentally) that all serine proteinases
act by an identical mechanism. Serine proteinases cleave peptide bonds
by forming a covalently attached tetrahedral transition intermediate
with the substrate. 1In the proposed mechanism (using the example of
chymotrypsin), Serl95 acts as a nucleophile, and His57 as a general base
in removing the proton from Serl95 OY. The oxyanion hole stabilizes the
developing negative charge on the carbonyl oxygen atom of the scissile
bond. The reaction involves the formation of a Michaelis complex,
followed by a tetrahedral intermediate, an acyl-enzyme intermediate, a
second tetrahedral intermediate with the attack of a water nucleophile

and finally a deacylation step.

The reaction is initiated by the formation of a Michaelis complex
between the enzyme and the bound substrate. The substrate forms a five-

residue antiparallel B-sheet with the enzyme, through backbone hydrogen
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bonds, mostly on the N-terminal side of the scissile bond. The complex
is further stabilized by inserting the substrate sidechains into the
respective specificity pockets. These interactions serve to orient the
carbonyl carbon in a position that is ideal for nucleophilic attack by
Serl195 O'. The carbonyl oxygen forms hydrogen bonds with the nitrogen

atoms constituting the oxyanion hole.

The reaction proceeds to nucleophilic attack of the carbonyl carbon
by the Serl95 O'. The nucleophilicity of Serl195 OT is thought to be
enhanced by the hydrogen bond to His57 N%, as well as by the partial
positive charge of the carbonyl carbon. The polarization of the C=0
bond is enhanced by positioning of the carbonyl oxygen in the oxyanion
hole, where it forms hydrogen bonds with backbone nitrogen atoms of
Serl%S5S and Glyl193. Upon nucleophilic attack, the carbonyl carbon
undergoes rehybridization from sp? to sp®, resulting in a tetrahedral
intermediate that is covalently linked to Serl95 0. The C=0 double
bond becomes a single bond, so that the oxyanion forms stronger (shorter)
hydrogen bonds within the oxyanion hole. The proton of Serl95 07 is
transferred to His57 N%, and the resulting imidazole ion is stabilized
by forming a hydrogen bonded ion pair with Aspl02. Thus the first

tetrahedral intermediate of the reaction is formed.

The proton on His57 N®2 is then transferred to the leaving group,
causing the cleavage of the scissile bond. An acyl-enzyme intermediate
is formed while the first product is released from the active site. It
is believed that the carbon maintains a partly pyramidal configuration,

and carries a partial positive charge (James et al., 1980). The partial
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negative charge on the carbonyl oxygen is stabilized by interactions

with the oxyanion hole.

The deacylation step is almost the reverse of the acylation
process, except that the nucleophile is a water molecule rather than the
Serl9S O'. An incoming deacylation water approaches the carbonyl carbon
from the just-vacated leaving group side. This water serves as the
nucleophile in the deacylation reaction. The nucleophilicity of the
water is proposed to be induced by the partial positive charge of the
carbonyl carbon and the hydrogen bond to His57 N¥. This water molecule
transfers one of its protons to His57 N®® and the resulting strong
nucleophile OH™ attacks the carbonyl carbon. A second tetrahedral
intermediate is formed, with the negative charge which develops on the
carbonyl oxygen again stabilized by the oxyanion hole interactions.
Finally, the His57 N® transfers the proton back to Serl195 O, and the

second product is released.

The proposed mechanism is supported by substantial structural
evidence. Some of the reaction intermediates have been observed
crystallographically. The crystal structures of the complexes between
serine proteinase and the canonical protein inhibitors resemble the
Michaelis complex. Structures of bound transition state analogs shed
light on why a tetrahedral intermediate binds a cognate enzyme more
tightly than a ground-state substrate (James et al., 1980; Matthews et
al., 1975; Poulos et al., 1876; Stroud et al., 1974). Acyl-enzyme
adducts have been observed crystallographically in Yy-chymotrypsin and
SGPA (Dixon et al., 1991; Harel et al., 1991; Blanchard et al., 1994).

The enzyme-product complex observed in a crystal structure of SGPA and a
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tetrapeptide aldehyde mimics the second tetrahedral intermediate in the
deacylation step, but the distance from Serl95 O to the carbonyl carbon

(2.6 A) is not a covalent bond (James et al., 1980).

Mutational analyses of both subtilisin and trypsin have confirmed
the essential role of Serl9S5 and His57 in providing rate acceleration.
Replacement of the catalytic Ser221 and His64 residues of subtilisin
with alanine results in decreases of 10' to 10° fold in k,, (Carter &
Wells, 1987). Similar results were obtained by analogous mutations of
Ser195 and His57 in rat trypsin (Corey & Craik, 1992). The catalytic
triad imparts a total rate enhancement of a factor of ~10° over the

uncatalyzed reaction (Carter & Wells, 1987).

The essential role of the oxyanion hole should also be emphasized
here. There is considerable residual activity in the absence of the
catalytic triad (k../Ky,,. = 10°) (Carter & Wells, 1987). This activity
has been attributed to the remaining binding determinants, particularly

the oxyanion hole, that stabilize the transition state complex.

The involvement of Aspl02 in the catalysis has been verified by the
Aspl(02-Asn mutation in rat trypsin, where 100 fold reduction was
observed (Craik et al., 1987). However, it is noticed that when
chymotrypsin, subtilisin and wheat carboxypeptidase are superposed, the
aspartate residues are in different positions with respect to the Ser-
His pair and the hydrogen bonds between the Asp and the His are not the
same in the three enzymes. It is then proposed that the “catalytic
triad™ should be regarded as two diads, a His-Asp diad and a His-Ser
diad, and the relative orientation of one diad with respect to the other

is not significantly important (Liao, 1992).
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The position of the deacylating water molecule is debatable. The
time-resolved Laue crystallography on trypsin and a slowly hydrolyzed
substrate has suggested that the water molecule approaches the His57 N%
from the amino terminal side of the carbonyl carbon, and is located 3.7
A from the carbonyl carbon (Singer et al., 1993). As opposed to this,
Perona et al. have suggested that the deacylating water is expected to
approach the His 57 N*2 from the leaving group side, which is
geometrically favorable (Perona et al., 1993). The deacylating water
they have suggested, which is in a conserved site in five crystal
structures of peptide transition state analog inhibitor complexes with
human leukocyte elastase, trypsin and a-lytic protease, sits on the
leaving group's side and at a distance of 3.5-3.7 A from the carbonyl
carbon. Two additional positions have also been suggested from the
studies of acyl-enzyme adducts of Y-chymotrypsin (Dixon et al., 1991)
and SGPA (Blanchard & James, 1994); both occur at the leaving group side
of the inhibitor, but at different distances and angles to the carbonyl

carbon.

Substrate specificity

Serine proteinases of the chymotrypsin family display a diverse

substrate specificity. The primary specificity determinant is the

chemical nature and the volume of the S; pocket, which accommodates the
P, residue. Enzymes displaying trypsin-like specificity have an Asp at
the bottom of the S; pocket, thereby preferring Arg or Lys at the P,
position. A histidine triad identified in the bottom of the S, pocket

of the bacterial serine proteinase Streptomyces griseus E has been found

to modulate specificity towards P, Glu. Enzymes exhibiting
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chymotrypsin-like specificity possess a large hydrophobic pocket, thus

large hydrophobic side-chains are favored. The S; pocket in elastase-~

like proteinases is relatively small, so that small aliphatic P,

residues are favored. Other than the charged or the hydrophobic
residues, polar residues such as Gln and Asn, are not particularly
favored or rejected by any proteinases. Usually proteinases are very
discriminating, showing strict specificity due to the rigid nature of
the S, pocket. Interestingly, a collegenase from crab is highly active
towards hydrophobic residues and Arg (Tsu et al., 1994). The underlying
molecular recognition mechanism has yet to be elucidated by crystal

structure studies.

Protein engineering aimed at modifying the activity and specificity
of proteinases have greatly extended our understanding about the
structure-function relationship of these proteins. Firstly, it is found
that specificity and rate enhancement are closely related, as mutants
designed to change an enzyme's specificity also changed the rate of
catalysis and vice versa (Hedstrom et al., 1992). It has been further
demonstrated that the specificity of an enzyme is expressed in the
chemical steps of the reaction rather than in ground-state substrate
binding (Hedstrom et al., 1994). Secondly, it has been realized that
modification of the S, pocket is not the only component necessary and
sufficient to change the enzyme's specificity. Regions that have no
direct contact with the substrate also have great impact on the

specificity (Hedstrom et al., 1994).

Canonical inhibitors of serine proteinases
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Figure 1.2 is a nearly-complete list of the protein inhibitor
families of serine proteinase that have been characterized so far, and
at least 13 of these have one or more crystal structures determined to
date. Most of these inhibitors follow a standard mechanism proposed by
Laskowski and Kato, and are thus termed as “canonical inhibitors®
(Laskowski & Kato, 1980). Some inhibitors, such as the serpins and the

hirudins are known to act by different mechanisms.

According to the standard mechanism, canonical inhibitors bind to a
cognate enzyme in the same manner as a good substrate, but are cleaved
at an extremely slow rate. Structural information is available for a
number of canonical inhibitors from various families, in free form or in
complex with their cognate enzymes. These inhibitor are small proteins
with from 20 to 190 amino acid residues. 1Inhibitors from different
families display unrelated sequences and structures. A relatively
comprehensive summary of the various folds of the inhibitors is given by
Bode & Huber (1992). The hallmark of a canonical inh ibitor is an
exposed binding loop of a characteristic canonical conformation. The
binding loop is complementary to the active site cleft of a target
enzyme, and an extremely tight Michaelis complex is formed upon the

binding (Reviewed by Read & James, 1986; Bode & Huber, 1992).

Kinetic studies have shown that the specificity constant of a

canonical inhibitor k., /K, is comparable to that of a good substrate.
However, the individual values of the k_,, and K, are extremely small
relative to that of a good substrate. The inhibitor binds to a cognate

enzyme much better than does a good substrate for the following reasons:
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Protein Inhibitors of Serine Proteinases

Animals

BPTI (Kunitz) family~
PSTI(Kazal) family™
Ascaris family~*
Chelonianin family*

Antistasin family

Hirudir family~*

Serpin family™*

TAP family?

(Silkworm family)

Figure 1.2

Canonical inhibitors are in bold;

Plants

Bowman-Birk family~*
STI(Kunitz)family~*
Squash family*
Potato I family~
Potato II family~*

Barley family

(Ragi I-2 family)
(Thaumatin family)
(Arrowhead family)

(Rape family)

known not to obey the

Microorganisms

SSI family~*
Ecotin family~*

Marinostatin family

Classification of Serine Proteinase inhibitors.

families that are

standard mechanism are

italicized; provisional families are in parentheses;

question-marked are families whose mechanism is in

doubt;

structures available.

families followed by "*" have X-ray crystal
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1. The favorable entropic component to binding free eneryy. The
reactive loop of the inhibitor is relatively rigid, partly due to
extensive interactions with the protein core. There is 1little
conformational entropy loss upon binding to the enzyme. 1In contrast,
substrates are much more flexible, capable of adopting many
conformations in solution but only one or a few in the Michaelis
complex. Thus, there is a large unfavorable entropic component to the

binding free energy of a substrate.

2. The enthalpic contribution. There are extensive interactions
between the bound inhibitor and the enzyme. The contact surface area is
large, involving about a dozen residues from the inhibitor and more from
the enzyme. The contact area is significantly larger in inhibitor-
proteinase complexes than that in substrate-proteinase complexes. For
example, the contact area between turkey ovomucoid inhibitor third
domain (OMTKY3) and Streptomyces griseus proteinase B (SGPB) is about
1300 A?, as opposed to 1100 A? between SGPB and a octapeptide substrate
with the sequence of the P; to P,;' residues of OMKTY3. The highly
complementary interface is closely packed, with residual space filled by
bound water molecules which introduce indirect interactions between the
enzyme and the inhibitor. An antiparallel B-sheet is formed between the
inhibitor and the enzyme, characterized by four strong hydrogen bonds.
The dipole of the C=0 bond is stabilized by two factors: the oxyanion
hole and the close proximity of C to Serl95 OY (2.7 A). 1In addition,

the favorable interactions in the specificity pockets, particularly the

P,~S, interactions, further stabilize the complex significantly.
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The exceptionally low k., of canonical inhibitors is closely
related to the low K. As depicted in Figure 1.3, the inhibitor
experiences a higher activation energy for hydrolysis than that of a
substrate. The exceptionally tight Michaelis complex forms an energy
sink, which is equivalent to increasing the activation energy toward the

tetrahedral transition state. To undergo the deformation (from trigonal

EI*

------ Substrate

Canonical Inhibitor

EI

Figure 1.3 Mechanism of inhibition
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planar carbonyl carbon atom to a tetrahedral carbon, i.e.,
rehybridization from sp? to sp’) that is necessary for forming the
transition state intermediate, some hydrogen bonds have to be disrupted.
Furthermore, the reactive-site loop is very rigid due to multiple
interactions with the enzyme and with the core structure of the
inhibitor. Steric strains will have to be introduced to the inhibitor
to achieve the tetrahedral transition state, thus elevating the energy
level of the transition state intermediate. A high activation energy
arises from the combination of the low energy Michaelis complex and the

high energy tetrahedral intermediate.

A second factor is that there are extensive interactions at the P!
sites, which make it difficult for the leaving group to leave even if
the scissile bond can be cleaved. The retention of the leaving group is
equivalent to increasing the concentration of product, thus shifting the
reaction towards the substrate side. Laskowski and colleagues have
shown that the scissile-bond cleaved inhibitors of OMTKY3 associate with
the cognate proteinases to form the same stable complex as the virgin
species, and utilized this property to synthesize OMTKY3 variants from

two peptide fragments (Aldelt & Laskowski, 1983; Bigler et al., 1993).

Canonical inhibitors have great potential in gquiding structure-
based drug design, because substrate-like inhibitors display much higher
specificity toward their cognate enzymes than do transition state

analogs.
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Elastase and Ascaris inhibitor

Porcine pancreatic elastase consists of 240 amino acids. Its
physiological function is to digest protein in intestines. Excessive
and premature activity of pancreatic elastase is linked to pancreatitis.
It shares 40% sequence homology with human leukocyte elastase. Human
leukocyte elastase has been associated with a number of inflammatory
disorders including emphysema and other degenerative lung diseases

(reviewed by Bode et al., 1989).

With regards to substrate specificity, elastase prefers small
aliphatic residues, such as Ala and norvaline (Harper et al., 1984).

The S, pocket is small due to the presence of two bulky residues, Val2lé

and Thr226 at the edge of the pocket.

Elastase has been the subject of extensive structural studies.
More than 20 crystal structures of elastase, in free state and in
complex with various small inhibitors, have been determined (reviewed by
Bode et al., 1989). The structural studies have been facilitated by the
fact that porcine pancreatic elastase crystallizes in a crystal form
such that its active site was accessible to small inhibitors (up to 6
amino acid residues or their equivalent) when soaked with the crystals.
It was also aided by the fact that elastase has a relatively rigid
active site and there is little conformational change upon the inhibitor
binding. Introduction of inhibitors to the native enzyme does not
disrupt crystal contacts. It is particularly interesting that three
homologous inhibitors of elastase show surprisingly different binding
modes with the enzyme (Mattos et al., 1994). It is worthy mentioning

that a non-peptide inhibitor against human leukocyte elastase has been
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developed on the basis of porcine pancreatic elastase structure, and

showing sufficient oral bioavailability to warrant further studies

(Brown et al., 1994).

The Ascaris inhibitor used in this study is isolated from Ascaris
suum (Peanasky et al., 1984). Ascaris suum is a parasitic worm that
infects hog intestines. The worm produces a variety of protein
inhibitors that are directed to the host's digestive enzymes (reviewed
by Peanasky et al., 1987). The obvious physiological role of these
inhibitors is to protect the worms from being degraded by host
proteinases. It is interesting that the worm does not secrete the
inhibitors, but rather takes up the host proteinases to its intestine
where they are inactivated (Martzen et al., 1985). Understandably this
is the most efficient way to protect itself, given the small weight of
the worm and the large amount of digestive enzymes present in the

intestines.

Among the protein inhibitors that Ascaris suum produces, five are
found to inactivate chymotrypsin and elastase (Peanasky et al., 1984a),
and three inactivate trypsin (Goodman & Peanasky, 1982). These
inhibitors of 62 to 65 residues share 30% to 40% sequence identity
(Babin et al., 1984). 1In the absence of any sequence homology to other
known protein inhibitors, the Ascaris inhibitors represent a distinct
inhibitor family called the "Ascaris inhibitor family™. It has been
demonstrated that the inhibitors follow the standard mechanism of

inhibition (Peanasky et al., 1984b).

Chapter 2 reports the structure of the complex between porcine

pancreatic elastase and a 63-residue inhibitor from Ascaris suum. The
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structure was determined at 2.4 A resolution, by the molecular
replacement method. The inhibitor exhibits a novel folding motif
characterized by two B-sheets and five disulfide bridges. The structure
has revealed the correct linkage of the five disulfide bridges, and
reassured the previous prediction that the Ascaris inhibitors directed
towards serine proteinases indeed belong to a distinct family.
Curiously, the inhibitor does not have a hydrophobic core. The overall
tertiary structure is stabilized mainly by five disulfide bridges,
hydrogen bonds and electrostatic interactions. It is intriguing that,
without the assistance of a hydrophobic core, the inhibitor can assume

correct linkage of the five disulfide bonds and the final fold.

Prior to this crystal structure, there had been no crystal
structures of members of the Ascaris family. An NMR structure was done
on a closely related inhibitor directed against trypsin (Gronenborn et
al., 1990). The reported structure of the complex is the first crystal
structure of pancreatic elastase inhibited with a large, protein
inhibitor. The only other large inhibitor-elastase complex, the complex
of human leukocyte elastase and ovomucoid inhibitor third domain, has
been solved to 1.8 A resolution (Bode et al., 1986); but the atomic
coordinates have not been made available, presumably because of

commercial interest.

Streptomyces Griseus proteinase B

SGPB 1is a serine proteinase isolated from pronase, the
extracellular culture filtrate of Streptomyces griseus. The amino acid
sequence was determined in the laboratory of Dr. L.B.Smillie (Jurasek et

al., 1974). The X-ray structure of native SGPB was solved previously in
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the laboratory of Dr. James (Codding et al., 1974; Delbaere et al.,
1979). SGPB displays low sequence identity with chymotrypsin (~20%) and
is highly homologous to another bacterial serine proteinase,
Streptomyces griseus A (62% identity). SGPB also displays a

chymotrypsin~-like specificity, preferring bulky hydrophobic P, residues

such as Leu, Met, Phe and Tyr.

Crystal structures are known for free SGPB at pH 4.5 (orthorhombic
crystal form, Delbaere et al., 1979) and at pH 7.0, the optimal pH for
enzymatic activity (cubic crystal form, Blanchard & James, 1995). 1In
addition, crystal atructures are available for complexes of SGPB with
OMTKY3 (Read et al., 1983) and with a chymotrypsin inhibitor from potato
tubers (Greenblatt et al., 1989). The recombinant OMTKY3 variants that
will be reported in this thesis are different from the previously
determined OMTKY3 in that the first five residue of the N-terminus have
been truncated to facilitate expression and purification. Measurements
of association constants indicate that the truncation has no effect on

the reactivity of the inhibitor (Wieczorek, et al., 1987).

Turkey ovomucoid inhibitor third domain

OMTKY3 is a paradigm of canonical inhibitors of serine proteinases.
It is one of the 153 types of ovomucoid inhibitors from various species
of birds that Laskowski and colleagues have isolated, sequenced and
characterized over a period of 20 years. Avian ovomucoid inhibitors
usually comprise three homologous domains. OMTKY3 is the third domain
comprising 56 amino acids and three disulfide bonds, with lLeul8 at the

P, position. The wild-type OMTKY3 is a potent inhibitor of

chymotrypsin, subtilisin, pancreatic elastase, human leukocyte elastase,
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SGPB and SGPA (Bigler et al., 1993). The specificity of the inhibitor

is primarily determined by the P, residue. OMTKY3 can be directed to
inhibit trypsin when the P, Leul8 is mutated to Lys (Lu, 1994) and

inhibits SGPE when the P, residue is mutated to Glu (Komiyama, et al.,

1991). A triple variant developed on the scaffolding of OMTKY3, Arg'®-
Lys'’-arg'®, becomes a strong inhibitor of furin, a subtilisin-like
prohormone convertase which prefers basic residues at the P, and P,
positions (Lu et al., 1993). It has been shown that the reactive-site
loop of OMTKY3 has certain flexibility, so that it can adjust to the
small difference in structure in the substrate binding cleft (Fujinaga

et al., 1987).

The idea of establishing a “sequence-reactivity algorithm"™ has
motivated a collaborative study involving three groups: Dr. S. Anderson
at Rutgers University, Dr. M. Laskowski Jr. at Purdue University, and
Dr. M. James at the University of Alberta. The gene encoding a

recombinant OMTKY3 (residues 6 to 56) has been cloned in the laboratory

of Dr. S. Anderson, where the 20 P, variants have been generated with
each of the 20 coded amino acids introduced to the P, position. 1In
addition, five non-coded amino acid P, variants, Abu, Ape (norvaline),
Ahx (norleucine), Ahp and homoserine, were produced by enzymatically
linking two peptide fragments (Wieczorek & Laskowski, 1983; Wieczorek,
et al., 1987; Bigler, et al., 1993). Of the two fragments, the N-
terminal 13-amino acid peptide was chemically synthesized, with the non-
coded amino acid at the C-terminus; whereas the C-terminal fragment was
isolated from the scissile-bond cleaved OMTKY3 (with SGPB, at pH 1.5).
The two fragments were cross~linked by the three disulfide bonds.

Correct disulfide linkages yield a modified inhibitor in which the
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scissile bond was cleaved. The modified inhibitor was then incubated
with proteinase K to complete the closure of the scissile bond, and an

intact OMTKY3 was generated.

The reactivity of each variant (represented by K,), was tested in

Dr. Laskowski's Lab a* Purdue University. For a canonical inhibitor

interacting with a cognate proteinase, ideally

k,, koze ]
E+I = ET = E~ I
koff ke;n

K, (association constant) and K,°®* (observed association constant)

can be defined as

K = [EI] = [Eo] - [E]
2" (Elx[I] [(E1x([I,] -[E,] ~[E])

oks _ (ETI] _ K,
* U Ex(ID+17) 4, 17

where (E], [I], [I'] and [EI] are the equilibrium concentrations
of the enzyme, the virgin inhibitor, the modified inhibitor and the
enzyme-inhibitor complex, respectively; ([E ] and [I|] represent the
total concentrations of the enzyme and the inhibitor. For the vast
majority of canonical inhibitors, the hydrolysis occurs extremely slowly
at neutral pH. During the period of incubation with the enzyme

(typically from a few minutes to a few days), [I'] is virtually

undetectable. Hence K,°®® = K, when [I'] = 0.
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After enzyme and inhibitor at known concentrations are mixed and
the equilibrium is established, the free enzyme concentration [E] can be
determined by measuring the remaining proteolytic activity. The value
of K, can be obtained by measuring (E] at various [I ] concentrations.
The current technique developed in Dr. Laskowski's Lab is able to
measure binding constants from 500 to 10! M™!, with an estimated error

of £+ 20% (Bigler et al., 1993; Lu, 19%4).

The equilibrium association constants have been measured for all
the 25 P, variants interacting with six well-studied serine proteinases,
chymotrypsin, subtilisin, SGPB, SGPA, pancreatic elastase and human
leukocyte elastase. The thermodynamic data are summarized in Table 1.1

(Bigler et al., 1993; Lu, 1994). These thermodynamic measurements have

systematically characterized the preference of the S, pocket in the six

enzymes. The K, for the Gly'® variant provides an indication as to how

much binding free energy is attributable to the scaffolding of the

inhibitor. When OMTKY3 interacts with SGPB, it has been shown that

aliphatic hydrophobic P, residues provide additional stabilization to
the complex. The K, increases as the number of side-chain carbon atoms
increases, and reaches the maximum at Ahp. In contrast, positively-

charged, negatively charged and P-branched residues (Val, Ile and Thr)

show destabilizing effects on the binding. The S; pocket of SGPB is

sulfur-philic, since replacement of a carbon by a sulfur (Abu to Cys,

Ahx to Met) elevates the K,. Polar residues, such as Ser, Thr, Asn and

Gln binds less tightly than comparable aliphatic residues.

These thermodynamic measurements comprise one of the most thorough

investigations into enzyme-inhibitor interactions. Crystal structures



Table 1.1

The equilibrium constants for the association of 25 turkey
ovomucoid P; variants with six different serine proteinases

CHYM PPE SUBT SGPA SGPB HLE

0 GLY | 66E+06 9.0E+08 64E+08 45E+07 126407  226+07
6.1E+07  42E+10  20E+10 19E+09  36E+08  1.0E+09
2 ABU | 1.1E+09 1.0E+11  1.0E+10  23E+«09  1.4E+10
SER | 42E+07 B86E+08 24E+09  16E+08 506407  3.3E+07
CYS | 248+09  25E+10 33E¢11  98E+0S  7.1E+09
3 APE | 22E+10  24E+11 14E+11  83E+10  1.2E+10 1.0E+10
VAL | 1.4E408 88E+09 B9E+08 21E+0S  3.3E+08  1.4E+10
HSE | 2568+09 7.5E+09  56E+10 6.5E+09  1.7E+09-  26E+08
THR | 9.8E+07 29E+10  26E+10 20E+09  25E+08  1.3E+09
PRO | 6.7E+04 59E+05  7.9E+04 4.6E+04  3.6E+04  1.9E+0S
4 AHX | BOE+10  19E+11  67E+10  23E+11  21E+10  9.9E+08
LEU | 19E+11  42E+10 34E+10 30E+11 [568¢10| 6.1E+09
ILE | 99E+07 59E+09  14E+08  1.56+08 29E+07 | 2.1E+10
MET | 1.06+11  1.3E+10 8.1E+10 26E+11  27E+10  7.3E+08
ASN | 66E+08 69E+07  27E+09 26E+08  18E+08  9.0E+0S
ASP | 1.0E406 7.36+04 16E+07 S1E+06  39E+06  3.2E+03
5 AHP | 33E+11  24E+08  B.9E+10 286410 136408
LYS | 1.0E+08  46E+04  12E+08 S56E+07  26E+08  3.8E+05
GLN | 1.3E+09 43E+07  1.3E+10 12E+09 69E+08  2.3E+07
GLU | 256406 8.4E+04  86E+08 7.9E+06  23E+06  4.1E+04
6 EIS | 12E+0S 37E+04  1.3E+i0 26E+09 3.1E+08  1.1E+G5
7 PHE | 24E+12 49E+04  12E+10 1.8E+11  S55E+09  9.9E+05
ARG | 226408 48E+03 24E+08 82E+07  19E+08  3.3E+04
§ TYR | 8.1E+12 | 75E+03  16E+10 1.0E+11  33E+09  B.3E+04
10 TRP | 336+12 25E+04 26E+09 B8.9E+09 24E+09  1.8E+04

>
3

CHYM: a-chymotrypsin; PPE: porcine pancreatic elastase; SUBT,

subtilisin Carlsberg; SGPA and SGPB: Streptomyces grieus
proteinase A and B; HLE: human leukocyte elastase. The largest K,

in each column is boxed; the smallest K, in each column is

underlined.
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have shown that enzyme-inhibitor interfaces are as densely packed as the
residues in the interior of a protein. Therefore, factors stabilizing
or destabilizing a complex can be extrapolated to estimate the effect of

substituting a buried residue on protein stability.

To relate these thermodynamic data to detailed structural
information, the crystal structures of the complexes between SGPB and
the 20 coded P1 variants of OMTKY3 are being determined and analyzed in
our laboratory. I have chosen to determine the structures of 10 of the
complexes, namely the Gly'®, Alal!®, Leu!®, Glu'®, Gln!®, asp®, Asn!®, Pro!?,

Phe!® and Tyr!® variants in complex with SGPB.

Chapter 3 of this thesis reports the structures of the Gly'?, alal®
and Leu!® variants in complex with SGPB. These high resolution (Leu!®
and Gly!'® at 1.8A, Ala!® at 1.44), very well refined structures (R-
factors of 13.2%, 13.9% and 17.1% respectively) provide important
insights for understanding the sequence-reactivity relationship of
OMTKY3. Detailed comparisons among the three structures have revealed

that water molecules redistribute themselves in adjusting to the size

and the shape of the P, side-chain in the S, binding pocket of SGPB.
Complexes of SGPB and four non-coded P, variants (Abu, Ape, Ahx and Ahp)
have been modeled on the basis of the Alal® structures. The homologous
series of straight aliphatic side-chain (from 0 to 5 methylene or methyl
groups) P, variants, Gly'®, Ala!®, abu!®, Ape!®, Ahx!® and Ahp'®, display a
linear correlation between the free energy of binding and the
hydrophobic surface area buried in the enzyme-inhibitor interface. The
resulting correlation constant, 34 cal/mol/A?, has suggested that a

modified value of hydrophobic strength, rather than that determined from
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mutagenesis studies of protein cores (45-60 cal/mol/A?), should be

applied to the S; pocket, and probably to other protein-protein

interfaces, because they are partially hydrated. By applying the
correlation constant, the thermodynamic property of the complexes, K,,
can be related the structural property of the complex, the buried

hydrophobic surface area, in a quantitative fashion.

Chapter 4 of this thesis describes the complexes of SGPB with the

Glu!®, G1n!® and Asp!® variants at pH 6.5 and 10.7, and Asn!® at pH 6.5.

Experimental measurements of K, have shown that the P, Glul8 and Aspl8
display unusually high pK,, 8.7 and 9.4 respectively, when bound in the
very hydrophobic S, pocket of SGPB (Qasim et al., 1995). The structures
of these complexes have been determined at the specified pHs, in an
attempt to understand how the S, pocket copes with the negatively-
charged carboxylate group. We unexpectedly found a K' ion in the high
pH complex of the Glul® and Asp!® variants. It forms a salt bridge with
one of the oxygens of the P, carboxyl group. The energy cost for
accommodating this ion-pair in the hydrophobic pocket is about 5.6
Kcal/mol, as estimated from the difference in free energy of binding
between the protonated and the negatively-charged Glu!® variant. The
observed destabilizing effect of buried salt-bridges is contrary to the
previously accepted view that buried salt-bridges stabilize proteins
(Fersht, 1972; Anderson et al., 1990), and supports the recent results
from a theoretical calculation (Hendsch & Tidor, 1994) and mutagenesis
studies on the Arc repressor (Waldburger et al., 1995). Comparisons
have alsoc revealed the redistribution of water molecules to adjust to

the subtle change of hydrophilicity of the P, side-chain in the s,

pocket. The electrostatic effects on the free energy of binding of
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these ionizable (Glu'®, Asp'®’) and polar (Gln!®, Asn!®) P, variants are

analyzed by the interactions the P, side-chains involved.

The crystal structures of the Pro'®, Phe!® and Tyr!® variants have
also been solved and refined at 1.8 A resolution, although they will not
be included in this thesis. As expected, the Pro!® variant is the worst
inhibitor among all the P, variants, presumably due to the
conformational peculiarity of this amino acid. However, as confirmed by
the crystal structure, there is no frame-shift in the complex. The
enzyme is still able to recognize the framework of the inhibitor despite
the unfavorable Pl residue. Therefore, it is an issue of molecular
recognition and a test of the flexibility of the enzyme and the

inhibitor. The crystallization of the complex, which is fairly weak (K,

~ 10*M!), was a challenge in itself.

Crystallographic aspects

X-ray crystallography is the most powerful technique yet available
for visualizing macromolecular structures at the atomic level. The
technique and its applications have been described in depth in several

excellent books:

Glusker JP and Trueblood KN, Crystal structure analysis. A primer.
New York: Oxford press, 1985; an introductory text for non-

crystallographers.

Blundell LT and Johnson LN, Protein crystallography. Academic

Press, 1976; a classic text on protein crystallography.
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Stout GH and Jensen LH, X-ray structure determination. New York:

Macmillan, 1968; on small molecular crystallography.

The spatial positions of protein atoms in a crystal are revealed by
the X-ray diffraction of the crystal. The X-ray reflections are the the
moduli of the Fourier transforms of the atomic arrangement in that
crystal. The major task in crystallography is to determine the phase of
each reflection. There are three conventional ways to determine the
phases. Multiple Isomorphous Replacement (MIR) and Multiple Anomalous
Dispersion (MAD) both involve the introduction or presence of heavy
atoms to the protein of interest. The heavy atoms serve as references
and the identification of the heavy atom binding sites leads to the

identification of coordinates of protein atoms.

The Molecular Replacement method (MR) is the third common approach
to determine phases (Rossmann, 1972). This is the technique by which
the structures reported in this thesis were determined. The molecular
replacement method utilizes the known structure of a protein, which is
homologous to the protein of interest, to find out the orientation and

position of the unknown structure in the crystal unit cell.

The Molecular replacement methods involve a rotation function
search and a translation function search, in which the homologous
protein of known structure is used as a search model. The rotation
function search is used to find the orientation of the unknown structure
in the unit cell, by doing an interatomic vector-pattern match. It is
based on the assumption that the positions of protein atoms relative to

one another (or the interatomic vectors) are similar in the two
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proteins. The search model is rotated in the crystal unit cell until

the maximum overlap of the two patterns is observed.

Knowing the orientation of the unknown structure, a translation
search in the unit cell is carried out, in order to obtain the correct
position for the unknown molecule. The optimal position is found when
the crystallographic R-factor (an indication of the agreement between
the observed and calculated structure factors) is at minimum and below
an acceptable value (usually around 40%). It has to be further proven
by an interpretable electron density map from which the entire
polypeptide chain(s) can be traced unambiguously, and the resulting

molecular model can be refined to a good R-factor and stereochemistry.

In practice, there are many technical modifications to help to
distinguish the correct solution from the wrong ones. Quite often the
molecular replacement method fails to give a correct solution, or does
not permit a complete tracing of the polypeptide chain(s), mainly for

the following reasons:

1. There is an insufficient degree of similarity between the model
and the unknown protein. The interatomic vector pattern of the model is
inconsistent with that of the unknown structure, so that a good match

can not be possibly found or discerned above background.

2. There is significant inter-domain movement in the unknown
structure relative to the search model, resulting in an interatomic

vector pattern that is no longer homologous to that of the search model.

3. The search model is considerably incomplete relative to the

unknown structure, where a significant portion of the molecular mass is
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not represented by the search model. Hence large errors exist in the

phase information derived soclely from the search model.

In the determination of the structure the complex between elastase
and the Ascaris inhibitor, native elastase was used as the search model
for the molecular replacement. This model provided a correct solution,
which resulted in an electron density map showing clear density for
elastase molecules. However, only a small portion of the inhibitor (in
the active-site region) could be identified, whereas the majority of the
inhibitor could not be found in the electron density map. This is
because the inhibitor, which constitutes about 20% of the molecular mass
of the entire complex, was not accounted for by the search model. The
phases determined solely from the elastase model were thus severely
biased. The problem was overcome by using the electron density
averaging technique (Vellieux et al., 1993), assisted by the fact that
there are two copies of the complex in each asymmetric unit. By
averaging their electron density, the signal to noise ratio of the
density peaks was significantly elevated. Continuous density was
revealed in previously featureless regions of the map, thereby allowing
the unambiguous tracing of the entire inhibitor (except for the final

three residues on the C-terminus).

In refining and interpreting the complexes of SGPB with the Glul!®
and the Asp!® variants, one of the limitations of protein
crystallography, the resolution limit, became a big concern. The charge
state of the Glul8 and Aspl8 could not be determined from looking at the
electron map, since one can not differentiate a -OH group from an oxygen

atom, which differs by only one proton, at 1.8 A resolution. The
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difference in bond length between the C=0 and C-0 bonds, which is only
0.1 A, is comparable to the coordinate errors of a well-refined 1.8 A
resolution structure. Thus it is difficult to distinguish if the
electron density peak is associated with a -OH group or an oxygen atom.
The final decision has to be assisted by other available information,

such as the interactions with other atoms.
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CHAPTER 2

The Molecular Structure of the Complex of the
Chymotrypsin/Elastase Inhibitor from

Ascaris Lumbricoides Suum with Porcine Elastase®

INTRODUCTION

Ascaris is a parasitic nematode that resides within the
intestines of infected humans (Ascaris lumbricoides) and hogs (Ascaris
suum) . The two species are morphologically indistinguishable but show
species specificity. The presence of this parasite in children can be
an important cause of malnutrition. Ascaris produces small proteins,
between 60 and 150 residues, which inactivate chymotrypsin and
elastase (Peanasky et al., 1984a), trypsin (Goodman & Peanasky, 1982),
pepsin (Abuereish & Peanasky, 1974) and carboxypeptidase (Homandberg &
Peanasky, 1976). The physiological roles of these inhibitory proteins
is to protect the worms from proteolytic degradation by the host's
digestive enzymes. Studies have shown that the worms do not secrete
the inhibitors; instead, they take up the host's proteinases through
their intestine (Mart et al., 1985). The host's proteinases are
present inside the worm as inactive enzyme-inhibitor complexes.

Ascaris cannot inhibit plant cysteine proteinases such as papain and

*A version of this chapter has been published. Huang et al., 1994.
Structure 2: 679-689.
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ficin. Incubation of live worms with papain destroys their intestinal

tract and then the entire worm (Peanasky et al., 1987).

Eight different proteins from Ascaris lumbricoides suum have been
identified as inhibitors of serine proteinases; there are five
chymotrypsin or elastase inhibitors and three trypsin inhibitors.
These inhibitors have between 62 and 65 residues, and share 30 to 40%
sequence identity with each other (Babin et al., 1984). There are
five disulfide bonds present in each inhibitor. These inhibitors can
be grouped into a novel family of Ascaris inhibitors, as they display
no sequence identity with the other ten or more inhibitor families of
serine proteinase (reviewed by Laskowski & Kato, 1980). Much is known
about the protein inhibitors from other families. Detailed
thermodynamic association constants for ovomucoid inhibitor variants
with several serine proteinases have been determined (Bigler et al.,
1993). Crystal structures have been reported for bovine pancreatic
trypsin inhibitor (Kunitz-Kunin family; Marquart et al., 1983;
Wlodawer et al., 1987), avian ovomucoid inhibitor third domain (Kazal
family; Read et al., 1983; Fujinaga et al., 1987; Bode et al., 1986;
Papamokos et al., 1982; Bode et al., 1985), Streptomyces subtilisin
inhibitor (SSI family; Hirono et al., 1984), soybean trypsin inhibitor
and Erythina trypsin inhibitor (STI-Kunitz family; Sweet et al., 1974;
Onesti et al., 1991), barley seed chymotrypsin inhibitor 2 (McPhalen
et al., 1985a; McPhalen & James, 1987) and leech inhibitor eglin-C
(PI-1 family; McPhalen et al., 1985b; McPhalen & James, 1988;
Bolognesi et al., 199%0; Dauter & Bet, 1991), polypeptide chymotrypsin

inhibitor from potato (PI-2 family; Greenblatt et al., 1989), acid-



stable inhibitor from human mucous secretions (Chelonianin family;
Grutter et al., 1988), Bowman-Birk inhibitors (Chen et al., 1992;
Tshuogae et al., 1986; Lin et al., 1993), squash seed trypsin
inhibitor (squash seed inhibitor family; Bode et al., 1989a), serpins
(Lobermann et al., 1984; Delarue et al., 1990; Baumann et al., 1991;
Wright et al., 1990; Stein et al., 1990; Schreuder et al., 1994;
Carrell et al., 1994) and hirudin (Rydel et al., 1990; Grutter et al.,
1990). The inhibitors from these different families have a common
conformation for the reactive-site loop, while displaying completely
different overall structures (reviewed by Read & James, 1986; Bode &

Huber, 1992).

An NMR study has reported the secondary structural features of
one of the trypsin inhibitors from Ascaris (ATI) (Gronenborn et al.,
1990). In it, two regions of P-sheet were identified. In order to
provide a complete tertiary structure and to establish conclusively
the disulfide bridge connections, we have undertaken the crystal
structure determination of one of the chymotrypsin/elastase
inhibitors, designated as the C/E-1 inhibitor. The C/E-1 inhibitor
has 63 amino acids and shares 40% sequence identity with ATI. It
forms very tight complexes with chymotrypsin and pancreatic elastase,
with dissociation constants of 3.8 x 10°!2 M and 6.3 x 10°11 u,
respectively (Peanasky et al., 1984a). It has been demonstrated that
the reactive-site peptide bond (the scissile bond) is between Leu3l

and Met32 (Peanasky et al., 1984b).
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The C/E-1 inhibitor has been cocrystallized with porcine
pancreatic elastase (PPE). Elastase is an important enzyme in several
regards (Bode et al., 1989b). Pancreatic elastase is of medical
relevance, being implicated in pancreatitis. The closely related
human leukocyte elastase (40% sequence identity with PPE) has been
associated with a number of inflammatory disorders including pulmonary
emphysema, acute respiratory distress syndrome, rheumatoid arthritis
and cystic fibrosis. The crystal structure of PPE was among the first
serine proteinase structures to be determined (Shotton & Watson,
1970). The difficulty we experienced in crystallizing the C/E-1
inhibitor alone was overcome by co-crystallizating it with PPE. In
addition, the molecular replacement technique using native elastase
{Meyer et al., 1988) as the search model, greatly facilitated the
structure determination of the C/E~1 inhibitor and obviated the need

for any heavy atom derivatives.

RESULTS AND DISCUSSION

Overall Structure of the C/E-1 Inhibitor

There are two copies of the enzyme-inhibitor complex, displaying
nearly identical conformations, in the asymmetric unit of the crystals
studied. Pair-wise superpositions of the C® atoms of the two elastase
molecules (240 atoms) and the two inhibitor molecules (61 out of 63
atoms) give root mean square (rms) differences of 0.35 A and 0.38 A,

respectively. An rms difference of 0.4 A for all C®* atoms is obtained
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by superimposing the two copies of the entire complex, indicating that
the binding modes of the two inhibitors are virtually
indistinguishable. Therefore, the discussion of the structure will

not discriminate between each complex unless otherwise stated.

The C/E-1 inhibitor folds into a wedge-shaped disc as
illustrated in Figures 2.1 and 2.2a. The diameter of the disc is
approximately 30 & and the thickness is about 15A on the thicker edge.
The secondary-structural elements and the covalent pairings of the
five disulfide bridges are shown schematically in Figure 2.2b. In
these figures and resulting discussion the inhibitor residues are
labeled with an "I™ following the sequence number to distinguish them

from the residues of elastase.

The secondary structure assignment is based on the criteria of
Kabsch and Sander (Kabsch & Sander, 1983) as well as on the main-chain
hydrogen-bonding patterns. The criteria used to define a hydrogen-
bonding interaction were: the maximum donor to acceptor distance was
3.4A and the maximum hydrogen to acceptor distance was 2.4A; the angle
defined by the donor atom-hydrogen atom-acceptor atom should be
greater than 135°. The major secondary structures of the C/E-1
inhibitor are two P-sheets. p-sheet 1 comprises three strands, strand
2 (Metl9I to Cys2lIl), strand 4 (Gly45I to Thr49I) and strand S5 (LysS53I
to Ala57I). 1In fact, strands 4 and S form a twisted B-hairpin, while
strand 2 runs parallel to strand 4. Only two hydrogen-bonds are
formed between the B-hairpin and the otherwise isolated strand 2. The

hydrogen-bonding pattern for this B-sheet is shown in Figure 2.3. B~
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Schematic representation of the C/E-1 inhibitor. Arrows
represent B-strands. Disulfide bridges and the side-
chains of the P; and P;' residues Leu3ll and Met32I are
shown. The peptide bond Leu3lI-Met32I is the scissile
bond. (Diagram generated using MOLSCRIPT, Kraulis,
1991).
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(a). An all-atom representation of the C/E-1 inhibitor,
from approximately the same view as Figure 2.1. Main-
chain atoms are shown in thick lines, side-chain atoms
are shown in thin lines. Every fifth residue is labeled.
The carboxy-terminal residues, Glu62l and His63I have
poor electron density and are shown here in an arbitrary

conformation.

(b) . Sequence, secondary structure and disulfide bridges
of the C/E-1 inhibitor. Residues in P-strands are
enclosed in arrow-shaped boxes. The two single turn 3j¢9-
helices (Pro42I to Arg44I and AlaS7I to G1lnS9I) are
denoted by the helical symbol above the sequence letters
of the residue involved. The vertical arrow indicates

the scissile peptide bond.
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Figure 2.3

atoms are shown in thick lines,
shown in thin lines. Dashed lines represent possible

hydrogen bonds.

(b) . Schematic representation of the inter-strand

hydrogen bonds of B-sheet 1
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sheet 2 consists of strand 1 (VallOI to Thrl2I) and strand 3 (Ser37I
to Glu39I). 1In total, four hydrogen bonds are formed between the two
antiparallel B-strands. Immediately adjacent to P-sheet 2, there is a
single-residue P-ladder (ThrlSI and Arg34I), having two hydrogen-bonds
formed between these two residues. Details of the hydrogen-bonding
interactions in P-sheet 2 and the small B-ladder are shown in Figure

2.4.

In contrast to most inhibitors of known structure, there are no
extensive helical regions in the C/E-1 inhibitor. Instead, only two
single-turn 3;5-helices can be identified. One such 3;5-helix (AlaS71
to Gln59I) is located near the C-terminus of the C/E-1 inhibitor. The
other (Pro42I to Arg44I) is between B-strands 3 and 4. Interestingly,
B-structures are more commonly observed than a-~helices among protein
inhibitors of serine proteinases. While there are no all-a
structures, there are all-B structures, such as Erythina trypsin
inhibitor (Oneesti et al., 1991), Mung bean trypsin inhibitor (Lin et
al., 1993), mucous proteinase inhibitor (SLPI; Grutter et al., 1988)

and squash seed trypsin inhibitor-1 (CMTI~I; Bode et al., 1989a).

The crystallographically-determined hydrogen-bonding patterns in
the C/E-1 inhibitor agree in general with those of ATI as observed by
the NMR studies (Cronenborn et al., 1990). The sequence alignment of
the C/E~1 inhibitor with ATI is shown in Figure 2.5. The two
hydrogen-bonds defining the two 3,3-helices are not reported for ATI by
the NMR studies, nor are the two hydrogen bonds defining the small B-

ladder between Thrl5I and Arg34I in the C/E-1 inhibitor (equivalent
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Figure 2.4 (a). Hydrogen-bonding patterns in f-sheet 2 and the small
B~-ladder. Main-chain atoms are shown in thick lines,
side-chain residues are shown in thin 1lines. Dashed

lines represent possible hydrogen bonds.

(b) . Schematic representation of inter-strand hydrogen

bonds in B-sheet 2 and the P-ladder.
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residues GlylS5I and Lys34I in ATI). In addition, the peptide oxygen
of Asp49I and the peptide nitrogen of AsnS3I form a hydrogen bond in
ATI, but the corresponding atoms from Thr49I and Lys53I diverge apart
in the C/E~1 inhibitor. Nevertheless, it seems that the molecular
scaffold of the C/E-1 inhibitor is already established in its free
form in solution, and is largely retained in the crystal lattice of

the enzyme-inhibitor complex.

The other major secondary structural features present in the
C/E-1 inhibitor are reverse turns. Three turns are present including
two type I turns and one type II turn. A type I turn (Glu2I to CysSI)
and a type II turn (Glu6I to GluSI) are located at the N-terminus:;

the other type I turn (T49I to GS52I) connects B-strands 4 and 5.

Solvent accessible surface calculations reveal that there is no
clustering of hydrophobic atoms to form a fully buried hydrophobic
core in the C/E-1 inhibitor. The absence of a hydrophobic core is
understandable given the fact that only 25% of the residues of the
C/E-1 inhibitor are hydrophobic residues, and half of these are
proline. The relatively large number of disulfide bridges thus serves
as an alternative to a hydrophobic core for maintaining a well-defined
tertiary structure. The pairing of the 10 cysteine residues is shown
in Figure 2.2b. 1Interestingly, except for the disulfide bridge formed
by Cysl1l7I and Cys29I, which is proximal to the N-terminal side of the
reactive-site peptide bond (L31I-M32I), the other four disulfide
bridges are all involved in cross-linking potentially flexible loops

to the relatively well-defined P-sheet scaffold (Figure 2.1). For
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example, Cys38I from strand 3 forms a disulfide bridge with Cys5I from
a type I turn near the N-terminus, thereby imposing constraints on the
conformation of the N-terminus. Similarly, the single-turn 3;5 helix
near the C-terminus is clamped to strand 2 by the disulfide bridge
Cys21I to Cys60I. The stabilizing effects of this disulfide bridge on
the conformation of the C-terminus can be appreciated by the fact that
Pro6lI, the residue immediately following Cys60I, has only weak
electron density and the two carboxyl-terminal residues, Glu62I and
His63I, have no recognizable electron density associated with them.
The disulfide bond Cys40I-Cys54I attaches the loop between Glu39I and
Gly4SI to strand S. The disulfide bridge connecting Cysl4I to Cys33I
brings ThriS5I and Arg34I of the small f-ladder close in space, so as
to resume the inter-~strand hydrogen-bonding interactions interrupted

by Pro36I following p-strand 3.

Such disulfide bridge-enhanced structures are also observed in
the squash seed trypsin inhibitor (Bode etal., 198%a) and the mucous
proteinase inhibitor (Clore et al., 1991). 1In C/E-1, CMTI-I and SLPI
the frequency of occurrence of cysteine residues is approximately
equal. However, the disposition of the disulfide bridges are
completely different in these three inhibitor families, as are the

overall tertiary structures.

In addition to the interconnections between secondary structural
elements introduced by the disulfide bridges, electrostatic and
hydrogen-bonding interactions involving side-chains also contribute

substantially to maintain the integrity of the overall structure. The
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hydrogen-bonding potentials of side-chains are well satisfied for most
residues in the C/E-1 inhibitor. Prominent interactions are made by
Arg48I (Figure 2.6) and Arg44I (Figure 2.7). Projecting out of strand
4, the side-chain of Arg48I forms hydrogen-bonds and/or salt-bridges
with the peptide oxygen of Gly52I and the carboxylate oxygen atoms of
Glu9I and Glul8I. These glutamate residues also form hydrogen bonds
to the peptide nitrogen atoms of Gly6I and Cys40I, respectively.
Through this electrostatic/hydrogen-bond network, connections are
established among the PB-sheets and the three loops, i.e. the loop
preceding strand 1, the loop between strand 1 and strand 2 and the
loop linking strand 3 and strand 4. On the obverse face of the disc,
Arg44I links a reverse turn (Serd4lI to Arg44I) to strand 3 by salt

bridges or hydrogen-bonds to Glu39I and Ser4lI.

Geometry of the Reactive Site Loop

A close~-up view of part of the reactive-site loop of the C/E-1
inhibitor and the active site region of elastase is shown in Figure
2.8, superimposed onto the electron density map computed with
coefficients derived from SIGMAA (Read, 1986). As expected, the
reactive-site loop (residue Asn26I to Cys33I) of the C/E-~1 inhibitor
aexhibits an extended conformation, closely resembling those of other
protein inhibitors. Figure 2.9 shows the superposition of the
reactive-site loops from several protein inhibitors of serine
proteinases. The rms differences in main-chain atoms from residues P,

to P,;' (nomenclature of Schechter & Berger, 1967) are summarized in

Table 2.1.



Figure 2.6 The salt bridge/hydrogen-bond network centered on Arg48I.
The side-chain of Arg48I, and the peptide nitrogen atoms
of Gly6I and Cys40I are shown in light grey. The side-
chains of Glu9I and Glul8I and the peptide oxygen of
Gly52I are shown in dark grey. Dashed lines represent
hydrogen bonds or salt bridges within 3.2 A.



Figure 2.7

The salt bridge/hydrogen-bond network centered on Arg44I.

The side-chains of Arg44I, Glu39I and Ser4lI are shown.

Dashed lines represent possible hydrogen bonds or salt
bridges within 3.3 A.
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Electron density in the active site of the complex,
showing the catalytic triad His57, Aspl02 and Serl95 of
elastase and residues Asn26I to Cys33I of the reactive-
site loop of the C/E-1 inhibitor. The map was calculated
with coefficients (2m|{Fol1-d|F.|) and calculated phases
(Read, 1986), contoured at 2.0 ¢ level, and was displayed
on a Silicon Graphics workstation using a 1locally

modified version of the program FRODO (Jones, 1985).
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Superposition of residues P3 to P,' of the reactive-site
loops from a selection of protein inhibitors of serine
proteinases. The C/E-1 inhibitor is shown in green,
bovine pancreatic trypsin inhibitor (BPTI) in yellow,
ovomucoid inhibitor third domain from turkey (OMTKY3) in
red, chymotrypsin inhibitor-1 from potato (PCI-1l) in
cyan, leech inhibitor eglin-C in purple and Bowman-Birk

inhibitor from beans in pink.



Table 2.1

Comparisons of residues in C/E-1 from P3 to P2' of the
reactive site loop with equivalent residues in a selection of
protein inhibitors of serine proteinases.

rms difference

Inhibitor P3 P2 Pl Pl* P2 of the 20
main-chain
atoms
Cc/E-12 ] P 1311 M C
BPTI® P o K151 A R 0.87 A
OMTKY 3¢ c T 181 E Y 0.89 A
pcI-1¢ o] P 1,381 N o] 0.76 A
EG-C® v T 591 D L 0.74 A
B-Birk® c T K261 S M 0.73 A

aThe C/E-1 inhibitor from Ascaris suum.
PBovine pancreatic trypsin inhibitor.
¢Ovomucoid inhibitor third domain from turkey.
dChymotrypsin inhibitor-1 from potato.

eLeech inhibitor eglin c.

fBowman—-Birk inhibitor from Adzuki beans.



61

The distance from the carbonyl-carbon of Leu3lI (P; residue) to
OY of Serl95 is 2.9A in one C/E-1 inhibitor and 3.1A in the other C/E-1
inhibitor in the asymmetric unit. These distances are 0.2-0.4A longer
than the unusually short (2.7 % 0.1A) non-bonded contact distances
observed in other serine proteinase-inhibitor complexes, including
OMTKY3-SGPB (Read et al., 1983), OMTKY3-Cymotrypsin (Fujinaga et al.,
1987), OMTKY3-HLE (Bode et al., 1986), PTI-BT (Marquart et al., 1983)
and PCI-1-SGPB (GreenBlatt et al., 1989), etc. These longer distances
in the C/E-1 complexes may reflect a less-than-ideal complementarity
between the reactive-site loop of the C/E-1 inhibitor and the active
site of elastase or the relatively limited resolution (2.4A) of the

present determination.

Enzyme-Inhibitor Complex

A unique feature of the C/E~1 inhibitor and elastase complex is
their mutual penetration. This is characterized by the penetration of
the P; residue, Leu3lI, into the S1 substrate specificity pocket, and
by Arg2l7A (Arg2l7A is an insertion in the elastase structure relative
to the sequence of chymotrypsin) from elastase penetrating through a
pore in the C/E-1 inhibitor (Figure 8). The latter penetration has
not been observed in any other protein inhibitor-proteinase complex.
The pore in the C/E-1 inhibitor is about 5A in diameter, encircled by
the long loop enclosing the disulfide bridge of Cysl7I to Cys29I. The
side-chain of Arg2l17A inserts into the pore, and in so doing it makes

a total of 14 interactions with residues lining the pore.
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A schematic representation of the penetration of Arg2l7a
of elastase through the pore of the C/E-1 inhibitor.
The van der Waals surface of elastase is shown in white.
Arg217A, whose van der Waals surface is finger-shaped,
projects from the main-body of elastase. The backbone of
the C/E-1 inhibitor is depicted as a red tube. The five
disulfide bridges are shown in yellow. The side-chains
of Leu3ll and Met32I are shown in green and orange,
respectively. (Diagram generated using GRASP, Nicholls
et al. 1991).
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Consequently the side chain atoms of Arg2l7A are better ordered in
this complex than they are in the native elastase, as they display
significantly lower B-factors in the complex. This pore is probably
preformed, since the free C/E-1 inhibitor, as shown by the NMR study
on the related trypsin inhibitor (ATI, Gronenborn et al., 1990),
displays a very similar (albeit limited) secondary structure to the
molecular complexes in this crystal structure. On the other hand,
association with a cognate enzyme can induce conformational changes in
the inhibitor, as in the case of chymotrypsin inhibitor-2 from barley
seeds (McPhalen & James 1987). Since chymotrypsin does not have the
residue corresponding to Arg2l7A, the structure of the complex of

chymotrypsin with the C/E~-1 inhibitor should help to clarify this

point.

The intermolecular interactions between the C/E~1 inhibitor and
elastase are similar to those observed in other complexes of protein
inhibitors with their cognate proteinases. The C/E-1 inhibitor has
secondary binding subsites elongated on both sides of the scissile
bond. In total, 105 contacts (within 4 A) are present between the
C/E-1 inhibitor and elastase (see Table 2.2). Equal numbers of
residues (20 from elastase and 20 from the C/E-1 inhibitor) are
involved in these enzyme-inhibitor interactions. By comparison, only
11 residues of ovomucoid inhibitor third domain from turkey (OMTKY3)
are involved in interactions in OMTKY3~Streptomyces griseus protease B
(SGPB) complex (Read et al., 1983), and 10 residues of OMTKY 3 are
involved in the OMTKY3-chymotrypsin complex (Fujinaga et al., 1987).

Also, 10 residues of polypeptide chymotrypsin inhibitor-1 (PCI-1)
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are involved in the PCI-1-SGPB complex (Greenblatt et al., 1989).
Apart from those residues interacting solely with Arg2l7A from
elastase, residues at positions P;, P,s, Ps' and P;;' of the C/E-1
inhibitor are also involved in intermolecular contacts in the complex.
These intermolecular interactions were not observed in any of the

previously determined complex structures.

Comparison of Elastase in the Free and Complexed States

The structure of elastase in the complex agrees closely with
that of elastase in the native, uncomplexed state (Meyer et al.,
1988) . Pairwise superpositions of the native elastase structure with
this complexed elastase show that 212 out of the total 240 C% atoms
fit within 1.0 A, while 28 C* atoms deviate greater than 1.0 A. The
rms deviation for the 212 C* atoms is 0.56 A and 0.55 A, respectively
for the two copies of elastase in the complex. The two copies of
elastase in the asymmetric unit are more similar, having an rms
deviation of only 0.35 A for all main-chain atoms. Almost all the 28
residues exhibiting deviations greater than 1.0A are located on
surface loops, except for two of the residues on one of the loops in
the substrate binding pocket. Most of these displacements may be
attributed to the difference in crystal packing environment between
the native crystal and the complex crystal, and to the binding of the
inhibitor to elastase. Close examination of each displacement showed
that indeed the intermolecular-interaction pattern in that region is

different in the complex relative to that in the native state. A
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significant change takes place in the calcium-binding loop (Asn74 to
Gly78). Consequently, the expected six-coordination geometry for ca?*
binding is disrupted. In the complex, there is a five-coordinated
water molecule occupying the expected calcium-binding site of native
elastase. The corresponding 1loop (Ser75 to Lys79) in the
chymotrypsin-OMTKY3 complex also undergoes considerable shifts in
respect to the native chymotrypsin. There is a minor conformational
readjustment in the polypeptide chain bordering the elastase active
site (Cysl9l to Glnl92). Residues Cysl9l1l to Glnl92 have moved by an
average of 1.2A relative to the native elastase, presumably to allow

favorable contacts with the bound C/E~1 inhibitor at Leu31lI.

Chemical Determination of Disulfide Bond Pairing

To learn as much as possible about the structure of Ascaris
serine proteinase inhibitors, Bernard and Peanasky in South Dakota
began a study to assign the pairing of the 10 half-cystine residues by
chemical methods (Bernard and Peanasky, 1993). Native inhibitors were
found to be resistant to both chemical and enzymatic fragmentation.
Collaborations with laboratories in Edmonton (X-ray crystallography)
and at the NIH (NMR spectroscopy) were initiated. Samples of native
Ascaris suum serine proteinase inhibitors were made available; the
same preparations were sent to both laboratories. In our laboratory
we studied the C/E-1 inhibitor; the NMR group studied Ascaris trypsin

inhibitor~1 (ATI) (Gronenborn et al., 1990).
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Treatment of methionine-containing inhibitors (C/E-inhibitors)
with cyanogen bromide inactivated the inhibitors, cleaved the
molecules at expected peptide bonds, but did not release cystine-
containing peptides. A variety of proteinases were unable to release
cyatine containing peptides even though they were able to hydrolyze
some peptide bonds. Cleavage with cyanogen bromide was then combined
with hydrolysis by glycyl endopeptidase (Gly-C) from the latex of
Carica papaya and followed by hydrolysis by Staphylococcal serine
proteinase (Glu-C). All three steps, employed in sequencing, were
required to release cystine containing peptides. The peptides were
resolved by HPLC, repurified, analyzed for amino acid composition and
then sequenced using a manual double coupling method (Chang, 1981).
When this study was completed, it was submitted for publication.
Within weeks after the chemical study was published, the X-ray
laboratory solved the C/E-1 structure and made an assignment of the
disulfide bonds. Regrettably, the published disulfide bond assignment
made using chemical methods supports neither the structure determined
by X-ray nor disulfide bond assignments made by calculations from the
NMR-spectra of the Ascaris trypsin inhibitor [M. Clore, personal
communication]. The disulfide bond assignments by X-ray analysis and

by calculations from the NMR spectra agree with each other.

The experiments and data on which the chemically determined
disulfide bond assignments were based were reviewed. It appears that
the fragmentation data obtained permit the assignments reported by
Bernard and Peanasky (1993). There is no clear explanation for the

discrepancy. It is possible that the inactivation with cyanogen
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bromide and the unique arrangement of the five disulfide bonds in
native inhibitors may have permitted the disulfides to rearrange
either to some intermediate folding form or a dead-end product which

was unwittingly determined.

Biological Implications

It has been proposed (Laskowski & Kato, 1980) that most protein
inhibitors of serine proteinases act by a common mechanism; they bind
very tightly to their cognate enzymes, but are hydrolyzed very slowly.
This tight binding has been explained by crystallographic studies,
which have revealed extensive surface complementarity between the
reactive-site loops of the inhibitors and the active-site clefts of
the enzymes. Thus, the protein inhibitors recognize and bind to their
cognate enzymes in the manner of a good substrate. Presumably, the
excellent fit throughtout the enzyme-inhibitor interface (marked by a
large area of contact of 1200-1800 Az, as calculated with the program
MS of Connolly, 1983) results in a remarkably deep minimum in the
free~enery profile, thereby presenting a very high activation energy
barrier to hydrolysis and to dissociation. In the complex of elastase
with the C/E-1 inhibitor, the complementarity is extremely good
throughout the reactive-site loop as well as for more peripheral
regions (the area of contact between the enzyme and the inhibitor is
~2100 A?). For example, the side chain of Arg217A of elastase fits
neatly into a preformed pore in the inhibitor, without any collision.
The reactive-site loop of the C/E-1 inhibitor is similar in

conformation to those of most typical proteinase inhibitors,
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indicating that the C/E-1 inhibitor probably conforms to the standard

inhibitory mechanism.

The structure of the C/E-1 inhibitor presented here confirms
that this inhibitor indeed differs from the other known inhibitor
families in tertiary structure and topography of disulfide bridges,
and thus represents a novel family of inhibitors. On the basis of the
high sequence identity and the conserved positions of cysteine
residues, it is likely that the other seven known serine proteinase
inhibitors of the Ascaris family will also adopt a structure similar

to that of the C/E-1 inhibitor.

Hydrophobic interactions are believed to be the main driving
forces in the protein folding process. The absence of a hydrophobic
core in the C/E-1 inhibitor is an exception to the general rule,
thereby challenging the current folding algorithms. The five
disulfide bridges, as well as the elaborate network of electrostatic
and hydrogen-bonding interactions, appear to be the major stabilizing
forces in the C/E-1 inhibitor. Mutagenesis of each disulfide pair
would readily reveal its significance in the folding process, and in
maintaining the structure and function of the C/E~1 inhibitor. an
analogous observaticn was made with an acid-stable human mucous
proteinase inhibitor (SLPI) (Grutter et al., 1988), which is also rich
in disulfides and lacks extensive secondary structure. Buried charged
residues, other than hydrophobic residues, comprise the molecular core

of SLPI. These small proteins may provide valuable model systems with
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which to study how the primary sequence of a protein dictates its

tertiary structure.

MATERIALS and METHODS

Crystallization of the Complex

Porcine pancreatic elastase (Lot 31013C; Serva Feinbiochemica
GmbH and Co.) was used without further purification (Lot. 31013C).
The C/E-1 inhibitor was purified as described previously (Peanasky et
al., 1984). The complex was prepared by mixing the C/E-1 inhibitor
with elastase in a 1 to 1.1 molar ratio of enzyme to inhibitor.
Crystals of the complex were grown from solutions of 10 mg/ml protein
and 12% PEG 6000, buffered with 50 mM sodium citrate at pH 6.5. Two
crystal forms were observed from growth at different temperatures.
Extremely thin plate-shaped crystals (dimensions 0.6 x 0.2 x 0.001 mm’)
were obtained at room temperature; they belong to space group P2;2;2,
with unit cell parameters a = 70.45A, b = 114.33A, c = 74.55A. Growth
at 4°C yielded large chunky crystals (dimensions 0.4 x 0.3 x 0.2 mm°)
which belong to space group P3,21, with a = b = 84.024, c = 190.93A.

Both crystal forms have values of V, (Matthews, 1968) that suggest two

sets of molecular complexes per asymmetric unit.

Data collection

The trigonal crystal form was chosen for the present structure

determination because of its better diffracting ability. Crystals
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were mounted into glass capillaries at 4°C. Diffraction data were
recorded at room temperature, with a Siemens area detector, X-1000,
mounted on an 18 kW Siemens rotating anode X-ray generator. Graphite
monochromatized Cu Kg radiation was used for data collection. Three
data sets were collected from three crystals; each is nearly complete
to 2.4A. All three data sets were merged and used for the structure
solution and refinement. The data processing and merging were
performed with the Xengen package (Howard et al., 1987). Data

collection statistics are given in Table 2.3.

Structure determination

The initial phases were determined by the molecular replacement
method, using the native porcine pancreatic elastase (Meyer et al.,
1988) as the search model. Reflections between 20-3.5A were used for
the rotation function search that was conducted with the program
ROTING (Fujinaga & Read, 1987). The highest peak given by the Navaza
rotation function search was 8.50 above the mean; the second highest
peak was significantly lower (4.206). This suggested that the two sets
of complex molecules were in nearly the same orientation in the
asymmetric unit. The translation search was done using BRUTE
(Fujinaga & Read, 1987), with the two elastase molecules in an
identical orientation in the unit cell. It gave two peaks, one for
each elastase molecule. Rigid-body refinement in X~-PLOR (Brunger et
al., 1987) was used to optimize the molecular replacement solution.
The R-factor that resulted was 41.8%, the correlation coefficient was

54.3%, with two elastase molecules in one asymmetric unit.



Table 2.3

Data collection and refinement

Space group P3221
Cell dimensions a=b=84.02A, c=190.93A

Data collection

Maximum resolution 2.4A

No. of crystals used 3

Total observations 192,689

Unique reflections 29,261

Average redundancy 6.58

Completeness of data 20A-2.5A: 99%

2.5A-2.4A: 71%

Rmerge? 7.00%

Refinement statistics

No. of protein atoms 4538

No. of solvent atoms 100
Missing residues I62, 163
Reflections used 29,261
Resolution range 20A-2.4A
R-factor 19.1%

rms deviation from ideal

bond distance 0.021A
bond angle 3.8°
planar groups 0.026A

*Rmerge = X (BI-<I>)/XL)
hkl i i
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An initial 2.4 A electron density map computed after the rigid-
body refinement showed very good electron density for the two elastase
molecules. So the remaining task was to build the C/E-1 inhibitor
into the complex. The presence of two sets of molecular complexes per
asymmetric unit made electron density averaging feasible. The DEMON
package was used for this purpose (Vellieux et al., 1993). A local
correlation map was calculated to generate the initial molecular mask
embracing a single copy of the complex. This defined the region where
averaging should take place. After several cycles of two-fold
averaging and solvent flattening, 85% of the residues of the C/E-1
inhibitor could be built into the resulting electron density map. The
molecular envelope was then adjusted accordingly for further averaging
cycles. Eventually 61 residues of the C/E-1 inhibitor could be built
into the density unambiguously. The last two residues at the carboxyl
terminus, Glu62I and His63I, were not well defined in this or

subsequent electron density maps.

Refinement

The complex model was subjected to energy minimization and
simulated annealing molecular dynamics refinement using the X-PLOR
package. Reflections between 10-2.4 A with intensities greater than
3a(I) were used in the X-PLOR refinement. The model was then refined
with the program TNT (Tronrud, 1992), using all reflections between
20-2.4 A with no a cut-off. The initial B-factors of the elastase
residues in the complex were taken from the native elastase structure

(Meyer et al., 1988); the initial B-factors of the C/E-1 inhibitor
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residues were assigned as 15.0A2. The positional parameters and the B-
factors were refined at the same time while the occupancy factors were
kept at 1.0 for all atoms. About 50 ordered solvent molecules have
been added to each complex. The current model contains two copies of
elastase, two copies of the C/E-1 inhibitor (from which the last two
residues are missing), and 100 solvent molecules. The present quality

of the complex structure is summarized in Table 2.3.
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CHAPTER 3

Water Molecules Participate in Proteinase-
Inhibitor Interactions: Crystal Structures of the
Leul!®, Ala!®* and Gly'* vVariants of Turkey Ovomucoid
Inhibitor Third Domain Complexed With Streptomyces

Griseus Proteinase B®

INTRODUCTION

In recent years many proteins from diverse sources have been shown
to be inhibitors of a variety of proteinases. Thus far, twenty or so
families of protein-proteinase inhibitors have been identified (reviewed
by Bode & Huber, 1992). Proteinase inhibitors are classified into
different families on the basis of their target enzymes, their
inactivation mechanisms, their primary sequences and their tertiary
structures. Protein inhibitors of the serine proteinases exhibit a
standard mechanism of inhibition (with the serpin and hirudin families
as the only known exceptions), despite their unrelated sequences and
three-dimensional structures (Laskowski & Kato, 1980). These so-called
canonical inhibitors bind to their cognate enzymes in the same manner as
a good substrate but are cleaved extremely slowly. The inhibitors

resemble good substrates in two aspects: they display extremely tight

binding (with K, up to 102 M!) and have very strict specificity (as

*A version of this chapter has been accepted for publication. Huang et
al., 1995. Protein Science.
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measured by k. ./K,) for their cognate enzymes. X-ray structures of
these substrate-like inhibitors have revealed that the reactive-site
loops of the inhibitors are chemically and geometrically complementary
to the active sites of their cognate enzymes and that the complexes are
non~covalent (reviewed by Read & James, 1986). These intrinsic
structural features of protein inhibitors confer them with exceptionally

high binding affinities for their cognate enzymes.

The primary specificity determinant of a given inhibitor is the
residue at the P, position, the residue contributing the carbonyl
portion to the reactive-gsite peptide bond (nomenclature of Schechter &
Berger, 1967). Substitution of the P, residue results in a dramatic
change in K,, by six orders of magnitude in some cases, corresponding to
free energies of binding of up to 8 Kcal/mol, as displayed by the
variants of the ovomucoid inhibitor third domain from turkey (Bigler et
al., 1993; Lu, 1994). OMTKY3 is one of the best~-studied protein
inhibitors. Native OMTKY3 has 56 amino acids; the peptide bond between
Leul8 and GlulS is the scissile bond and thus is termed the reactive-
site bond. OMTKY3 is a potent inhibitor of chymotrypsin (K,=1.9 X 10!
M1). When the P, residue, Leul8, of OMTKY3 is replaced by lysine, the
resulting variant becomes a strong inhibitor of trypsin. Similarly, the
Glu!® variant is a strong inhibitor of the Glu-specific SGP
(Streptomyces griseus proteinase) (Komiyama et al, 1991). The Arg!S-
Lys!’-Arg!® variant of OMTKY3 is a good inhibitor of human furin (Lu et

al, 1993).

A wealth of kinetic and thermodynamic data makes OMTKY3 an

attractive model to study the inhibitory mechanism used by protein
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inhibitors. An overexpression system for OMTKY3 has been established
(Lu, et al, 1993). This facilitates the generation and purification of
various mutants of interest. So far the P, residue, which is Leul8 in
the naturally occurring OMTKY3, has been substituted by the other 19

coded amino acids and 5 non-coded aminoc acids (Hse, Abu, Ape, Ahx and

Ahp). The K, (equilibrium constant for association) of all these

recombinant P; variants were measured for six proteinases: SGPA

(Streptomyces griseus proteinase A), SGPB (Streptomyces griseus
proteinase B), chymotrypsin, porcine pancreatic elastase, human
leukocyte elastase, and subtilisin (Bigler et al., 1993; Lu, 1994).
These data have established an extensive characterization of the P,
preference of the six well-studied enzymes. Thorough analysis and
correlation of these valuable data to detailed X-ray structures will
greatly extend our knowledge about proteinase-inhibitor interactions and

subsequently will benefit inhibitor design.

SGPB is a chymotrypsin-like proteinase with respect to its

substrate specificity. Measurements of the binding equilibrium

constants have shown that leucine is most-favored at the P, position of
OMTKY3, with a K, of 5.6 X 10'° M (Bigler, 1993; Lu, 1994). Proline is
least-favored with a K, of 3.6 X 10* M. 1In addition, the P, position
prefers amino acids with straight and Y-branched side~chains over those
of P-branched of an equal number of atoms. The S, binding pocket (the
preformed cavity in the enzyme into which the P, residue inserts) of
SGPB is charge-phobic, as the introduction of positively- or negatively-~

charged residues at the P, position shows deleterious effects on K,.

Interestingly, valine and lysine have completely different polarities

and volumes, but display comparable K, values and are essentially
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®"isofunctional™ as the P, residues of OMTKY3. While modeling may
provide insights for some of the results, most interpretations are far

from quantitative and convincing.

Crystal structures of OMTKY3 have been determined in complexes with
SGPB (Read et al., 1983), a-chymotrypsin (Fujinaga et al., 1987) and
human leukocyte elastase (Bode et al., 1986). The crystal structures of
two closely related inhibitors, ovomucoid inhibitor third domains from
Japanese quail (OMJPQ3) and from silver pheasant (OMSPV3), have been
solved both in free, intact form (Weber et al., 1981; Papamokos et al.,
1982; Bode et al., 1985) and in the scissile bond cleaved form (Musil et
al., 1991). We have undertaken crystal structure determinations of all
the recombinant P, variants of OMTKY3 (excluding non-coded amino-acid
variants) in complex with SGPB. The scope of our project is to provide
detailed structural data to assist in the explanation of the kinetic and
thermodynamic data. One of our ultimate objectives is to be able to
predict the free energy of binding for a given inhibitor and proteinase
by computational simulation, and thereafter to evaluate the contribution
of each individual residue involved in the complex formation. Accurate
prediction of binding constants demands correct modeling of the
conformational change induced by the protein-ligand association and
realistic estimation of the interaction energy in that system (reviewed
by Kollman, 1994). Therefore precise information concerning possible
conformational changes and the solvation state of interacting residues
is required and thus far can only be obtained reliably from detailed X-

ray crystallographic studies.
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In this study, we report the crystal structures of three OMTKY3
variants, Leu!®, Alal® and Gly'®, in complex with SGPB. These variants

span a large range of K, values (4.7 X 103 fold change) in their

association with SGPB (5.6 X 10 M!, 3.6 x 10° M! ¢ 1.2 x 10" ™I,
respectively). 1In addition to the substitutions at the P, position,
these recombinant variants differ from native OMTKY3 in that the first
five residues of the N-terminus have been removed. Kinetic measurements

have shown that the deletion of the first five residues has no effect on

K, (Wieczorek et al., 1987). The previously reported structure of

a
native OMTKY3 in complex with SGPB also showed that the first six
residues could not be located reliably in the electron density map,
presumably because they were disordered or highly mobile (Read et al.,
1983) . We have also redetermined the structure of the recombinant Leu!®
variant (residues 6 to 56) to ensure that small structural differences
in the active site regions displayed by the different variants were not
due to the truncation of the N-terminus. We show that there are small
but important conformational changes in the active site of SGPB upon the
association with the OMTKY3 variants. In adjusting to the size of the
P, residue, water molecules bound in the S, pocket are redistributed,
presumably to optimize the enzyme-inhibitor interactions. Water-
mediated hydrogen-bonding networks, as observed in the complexes of DNA
with DNA-binding proteins (Shakked, et al, 1994; Kim & Burley, 1994),
peptides with MHC class I molecules (Madden, et al., 1992), and peptides
with oligopeptide binding protein OppA (Tame et al., 1994), are also

present in our enzyme-inhibitor complexes.



88

RESULTS

Quality of the complex structures

The crystallographic R-factors and the final stereochemical
parameters of the current models are listed in Table 3.1. The final R-
factors for the complexes of SGPB with the Leu!®, Ala'®, and Gily'®
variants are 13.9% (1.8 A), 17.1% (1.4 A) and 13.2% (1.9 &)
respectively. Figure 3.1 is a representative electron density map at
1.4 A resolution, showing the reactive-site loop and water molecules

bound in the S, binding pocket in the complex of SGPB and the Alal®

OMTKY3 variant.

N-terminal truncation of OMTKY3 has no effect on the reactive-site

conformation

All the 51 residues of the OMTKY3 variants can be located in the
electron density map. Figure 3.2 shows the superposition of the main-
chain atoms of native OMTKY3 (residues 1 to 56, Read et al., 1983) with
the Leul® variant of OMTKY3 (residues 6 to 56). The root-mean-square
(rms) deviation for the 200 common main-chain atoms (residues 7 to 56)
is 0.18 A. There are significant shifts (greater than 2 times the rms
difference) in the region of the N-terminus (Asp7 to Prol2) and the
neighboring residues of the a-helix (Cys38 to Glu43) disulfide-bridged
to the N-terminus. The largest shift is 0.8 A at the N atom of residue

Asp7. Elsewhere there are virtually no noticeable changes in other



Statistics of structural refinement

Table 3.1
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No. of Reflections used

Resolution range (A)

R~factor ) (%)

No. of protein atoms

No. of water atoms

No. of phosphate anions

rms deviation from ideal stereochemistry

bond distance (A)
bond angle (o)

planar groups (A)

Leul® complex

17,165
20.0 - 1.8

13.9

1697

169

0.022
2.4

0.022

Alal® complex

30,412
20.0 - 1.4

17.1

1694

182

0.023

0.022

Glyl8 complex

13,120
20.0 - 1.9

13.2

1693

168

1

0.023

0.021

*R-factor = I%kl | IF

o

IFl 1/ E,, IF,



Figure 3.1. Electron density map showing part of the active site of the
complex of SGPB with the Ala!® variant of OMTKY3. The map
shows the catalytic His57 of SGPB, the residues flanking the

scissile bond of OMTKY3 and four water molecules bound in

the S; binding pocket. The map is computed with coefficients
(2m|Fol - diFcl)exp(iGca)) (Read, 1986) and calculated

phases and is contoured at the 1.50 level.
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CysS61  CysSeI
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Leul8I

Prat4l

Figure 3.2. Superposition of the Leu!® variant of OMTKY3 (thick lines)
with native OMTKY3 (thin lines) (Read et al., 1983). Only
main-chain atoms and disulfide bridges are shown. The rms
deviation for the 200 common main-chain atoms is 0.18 A.

There is no noticeable difference in the reactive-site loop.
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regions including the reactive-site loop. The three variants used in
this study show better agreement with one another. The rms difference
of the 200 backbone atoms is 0.15 A for Leu!® versus Ala!® variants (the
largest difference is 0.52 A at Prol4 O), 0.14 A for Leu!® versus Gly'®
variants (the largest difference is 0.50 A at Prol4 0), and 0.12 A for
Ala!® versus Gly'® variants (the largest difference is 0.27 A at Ser9 O).
These rms differences are close to the experimental positional errors of
crystallographically-determined structures at the corresponding
resolutions. It is interesting to note that although the first six
residues of the N-terminus are disordered in the previously reported
structure, their presence, however, has an impact on the conformation of
the inhibitor. Nevertheless, the conformations of the reactive-site
loops are not affected by the N-terminal truncations, which is
consistent with the fact that the K,'s for native OMTKY3 and the

truncated Leu!® variant of OMTKY3 are virtually identical (Wieczorek et

al., 1987).

Conformational changes of one substrate binding loop of SGPB

Figure 3.3 is a main-chain atom superposition of the uncomplexed
SGPB (crystallized at its enzymatically optimal pH, pH7.4, in a cubic
crystal form; refined at 1.8 A resolution) (James, et al., 1973;
Blanchard & James, 1995), with SGPB in the complexed state with the
Leu!® variant of OMTKY3. The rms difference for the 740 main-chain
atoms of SGPB is 0.27 A. The most significant difference between the

two structures is the shift of the residues forming one side of the S,

specificity pocket (Gly215 to Ser217). This segment of polypeptide
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Figure 3.3 Superposition of the uncomplexed SGPB (thin lines) (Blanchard
& James, 1995) with SGPB in complex with the Leu!® variant
(thick lines). Residue Gly216 is labeled to highlight the
conformational change of the segment Gly215 to Ser2l7.
Gly216 C® of SGPB moves 0.7 A towards the side-chain of

Leul8 of OMTKY3.
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makes only a few direct contacts with the P, residue (the closest
contact is 3.8 A between Gly215 C® of SGPB and Leul8 C% of OMTKY3). 1In
response to the binding of the inhibitor, this loop moves from the
native position in a concerted manner closer to the side-chain of Leul8
of OMTKY3 as if drawn by it. The C atom of Gly21l6 of SGPB makes the

largest shifts, 0.7 A toward the side-~chain of Leul8 of OMTKY3.

It should be noted that this conformational change in SGPB takes
place only in the Leu'® variant complex. There are two SGPB molecules
per asymmetric unit in the uncomplexed SGPB, in them the conformations
of the S, binding loop (Gly21l5 to Ser2l7) are virtually identical. 1In
the complexes of SGPB with the Ala!® and Gly'® variants, loop Gly215 to

Ser217 remains in the same position as in the uncomplexed SGPB.

A phosphate binding site in the interaction region

A difference map (coefficients (|Fy| - [Fcl)exp(iac,y1), where |Fql
and |F.| are respectively the observed and calculated structure factor
amplitudes, and @.,} the calculated phases) unambiguously indicates that
a phosphate binding site is present (Fig. 3.4). It is identified in all
the three complexes, in the peripheral region of the complex interface,
at a position equivalent to W32 in the previously determined structure
(Read et al, 1983). The phosphate is refined with a half occupancy and
B factors around 40 AZ. Figure 3.4 shows the coordination of the
phosphate anion. The phosphoryl oxygen atoms form hydrogen bonds to O"
of Tyr32, N°® of Arg42 of SGPB, and to water molecules W146 and W147. It

should be noted that the observed phosphate binding site may merely be
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Figure 3.4 The phosphate binding site in the Leu!® variant complex,
superimposed on a difference electron density map. The map
contour level is 30. Dashed 1lines represent possible
hydrogen bonds. Residues of OMTKY3 are labeled with a "I
following the sequence number to distinguish them from those

of SGPB.
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an artifact of the crystallization conditions (50 mM of phosphate buffer
was used). Phosphate was not present in the measurement of the binding
constants (Bigler, 1993; Lu, 1994). The presence of a partially
occupied phosphate anion in the complex should not have a significant
effect on the strength of the binding affinity, since it is relatively
far from the reactive site. In addition, its presence in these

structural studies should have little if any effect on the active site

conformations.

Comparison of common water molecules in the complexes

In order to compare solvent structures in the §S; pocket of

different complexes, it is necessary to set up a distance criterion
within which water molecules from different crystal structures are
considered equivalent. For this purpose, crystallographically
determined water molecules were grouped into three groups on the basis
of their refined thermal factors (B-factors). The three B-factor shells
include all water molecules, those with B-factors lower than 1.5 B,yerage
and those with B-factors lower than B,yeragesr respectively. Water
molecules within the same B-factor shell were then compared in a
pairwise manner. Table 3.2 gives the rms differences of the
superpositions. The average B-factors are approximately 13.5 A? for
main-chain atoms, 17.5 A? for side-chain atoms, and 37 A? for solvent

molecules of the three complexes respectively.

To facilitate pairwise comparisons of water molecules, the
numbering of water molecules in the three complexes was unified,

following that of the previously reported structure (Read et al, 1983).
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A water molecule was assigned if there was associated density for it at
a 1.00 level on the refined 2|F,| - | Fc| map and if it had a refined B-
factor lower than 60.0 A%, If a water molecule was present with an
identical ID in all the three complexes, it was considered as a common
water molecule in the three complexes. There are 146 such common water
molecules that are observed in all the three complexes, with the largest
rms difference of 0.41 A (Ala!? versus Gly!'® variants, Table 3.2).
Therefore a positional difference of 0.8 A (2 times the rms difference)
is significant enough and will be used as the distance cutoff in the
following analysis of solvent structures. When comparing two
structures, water molecules that superimposed within 0.8 A are
considered bound to an identical site and assigned an identical 1ID;
differences greater than 0.8 A are considered bound to different

positions if different hydrogen-bonding patterns are also observed.

Redistribution of water molecules in the S, binding pocket

Comparisons among the three complexes and of each with the
uncomplexed SGPB structure (Blanchard & James, 1995) reveal significant

differences in the solvent distributions in the S; binding pocket.

Figure 3.5 represents the superposition of the four structures,
centering on the S; binding pocket. Water molecules bound in the S,
binding pocket are summarized in Table 3.3. The numbering system for
the solvent molecules of the uncomplexed SGPB follows that of Blanchard
& James (1995), which is independent from that of the three complexes.

In the S, binding pocket of the uncomplexed SGPB, there are five water

molecules, B438, B440, B471, B529 and B543. These five water molecules
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Figure 3.5

Redistribution of water molecules bound in the §; binding
pocket. Superposition of four structures: the uncomplexed
SGPB (in cyan), complexes of SGPB with the Leu!® variant (in
green), the Ala!® variant (in magenta) and the Gly'® variant
(in yellow). Residues of OMTKY3 are labeled with a "I"

following the sequence number to distinguish them from those

of SGPB. The picture is centered on the S; binding pocket to
show the different positions of bound water molecules in

each SGPB structure.



101

are conserved in the two non-crystallographically related molecules in
the asymmetric unit of the uncomplexed SGPB (the rms difference for the
five water molecules is 0.46 A), therefore only one of the two SGPB
molecules has been used in the structural comparisons and following

discussion.

Upon binding of the Leu'® variant of OMTKY3, three water molecules
(B438, B471 and B543) of the uncomplexed SGPB are excluded from the S,
pocket by the side-chain of Leul8 of OMTKY3 (Fig. 3.5). The remaining
two water molecules (B440 and B529) are actually equivalent to W42 and
W71 of the Leu!®? variant complex. In addition, two water molecules, W15
and W67 of the Leu!® variant complex, that were not observed in the
uncomplexed SGPB, are present in the S, binding pocket. The complexes
of the Ala!®? and Gly!® variants display an almost identical solvent
structure in the S, binding pocket (Fig. 3.5). Upon binding of the Alal®
(Gly'®) variant to free SGPB, three water molecules (B471, BS29 and
B543) are excluded from the S, binding pocket. Water molecule B438,
which was excluded by the Leu!® variant of OMTKY3, is in a position
identical to W202 of the Ala'® and Gly!® variant complexes. Whereas
water molecules W42 and W67 are conserved among the Leu!?, Ala'® and Gly*®
variant complexes, W15 and W71 are not observed in the Alal® and Gly!®
variant complexes. Three water molecules (W20l, W203 and W204), none of
which is observed in either the Leul!® variant complex, or the
uncomplexed SGPB, are newly introduced to the Ala'® and Gly!® variant
complexes. W42 (B440) is the only water molecule that is conserved in

the uncomplexed SGPB and the three complexed SGPB molecules.
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Water molecule B438 of the uncomplexed SGPB, which is also present
in the Ala!® and Gly'® variant complexes (equivalent to W202), is
excluded from the Leu!®? variant complex (Fig. 3.5). This event may be
coupled with the relatively small conformational change of loop Gly215
to Ser217 of SGPB in the Leu'® variant complex. Gly216 C of SGPB
advances by 0.7 A towards the side-chain of Leul8 of OMTKY3 in the
complex. Consequently B438 is excluded from the S, binding pocket to
avoid the otherwise too close contact (< 3.0 A) with the C atom of
Gly216. An alternative explanation might be that the exclusion of water
molecule B438 by the side-chain of leul8 of OMTKY3 results in a vacant

space thereby triggering the inward shift of that loop of SGPB.

Water molecules participate in the enzyme-inhibitor association

In an attempt to appreciate the redistribution of water molecules

in the S; binding pocket, we have examined the possible hydrogen bonds

involving these water molecules. We found that all the water molecules

that are newly introduced to the S; binding pocket are engaged in

bridging hydrogen bonds between SGPB and OMTKY3. Table 3.4 lists all
the possible hydrogen bonds observed in the interface of the complexes
of SGPB and OMTKY3 variants, as well as those observed in the S, binding
pocket of the uncomplexed SGPB. Figure 3.6 shows the possible hydrogen
bonds between the Leu!®? variant of OMTKY3 and SGPB, bridged by water
molecules W15, W67 and W71l. Asn36 N*2 of OMTKY3 forms indirect hydrogen
bonds with the carbonyl oxygen of Gly2l6 of SGPB, via water molecule
W15. Asn36 0% of OMTKY3 forms indirect hydrogen bonds with the

carbonyl oxygen atoms of Alal%2 and Gly218 of SGPB, via water molecules
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Table 3.4
The hydrogen-bonding and non-bonded interactions (within
4.1A) in the interface of the complexes of SGPB and OMTKY3

variants
H-bond distance (1)

BE-bonding partners Leu®* ala'* cly'’

8GPB OMTKY3
Thr 39 O Arg 211  N™ 3.16 2.93 2.95
Arg 41 N Tyr 20I O 3.10 3.00 3.13
Arg 41 O Tyr 20I N 2.96 2.89 3.00
Tyrl7l O Lys 131 N° 2.88 3.19 3.18
Glyl93 N X 181 o} 2.50 2.61 2.47
Aspl94 N X 181 o} 3.3 3.23% 3.29°
Ser195 N X 18I o} 3.05 2.94 3.12
Ser195 of X 181 N 2.83 2.91 2.89
Gly216 N Cys 161 O 2.98 2.96 3.13
Gly216 O Cys 16I N 2.99 2.83 2.80

SGPB Water
Alai92 N w42 o} 2.82 2.89 2.85
Ala192 o©O W42 ) 3.12 2.80 2.84
Alal92 o W71 0 2.59 N/aP N/A®
Alal32 O W202 o} N/A 3.71 3.54
Alal92 o© W203 o N/A 3.23 3.65
Gly216 O W15 o} 2.99 N/A N/A
Gly216 O W204 o} N/A 3.1 3.04
Gly216 N W202 o} N/A 3.48 3.49
Ser217 O W42 o 2.82 3.02 2.99
Ser217 O w202 o N/A 3.57 3.87
Ser217 N W202 o} N/A 3.38 3.56
Gly218 o W67 o 3.08 3.03 2.92
Gly218 o] W71 (o} 2.74 N/A N/A
Gly218 O W42 o 3.99 3.28 3.43
Asn219 N W42 o} 4.03 3.29 3.41
Thr225 O W202 o} N/A 3.08 3.42
Thr226 o9 w42 o) 3.45 2.81 3.96



Table 3.4/contd.

OMTKY3
Asn 36I

Asn 36I
Asn 39I

Water
W15
W15
W26
w42
W67
w201
w202
W204

0O O O 0O 0 0O 0O O

Ndz
Asn 361 N%¥

o4l

N

Water
W15
w201
w67
W26

Uncomplexed SGPB

Alal92
Alal92
Alal92
Glul92A
Ser2l?
Gly218
Thr225
Thr226
B438 (W42)
B438 (W42)
B438 (W42)
B543

B543

Q 0 0 0 0 0 0 =
]

0O O 0 O

0

0O O O ©O

0O 0O 0O 0O 0O 0O 0O O

Watex

B440
B440
B529
B471
B440
B529
B438
B438
B440
B529
B543
B471
B529

(W42)
(W42)
(W71)

(W42)
(W71)
(W202)
(W202)
(W42)
(W71)

(W71)

3.17
N/A

2.86
3.40

3.17
2.90
N/a
N/A
2.85
N/A
N/A
N/A

N/A

2.93
2.79
3.40

N/Aa
N/A
3.18
3.20
N/A
2.69
2.75
3.41

H-bond distance

3.
.20
.14
.21
.72
.61
.16
.91
.70
.36
.39
.39
.98

W N W D N W D DN W Wwuw

N

03

(X)

104

N/A

N/A
3.31
3.25

N/A
2.56
2.52
3.29

* The Aspl94 N of SGPB is in close contact with the X18I O of OMTKY3,

but the value of the N-H:-*O angle precludes the formation of a hydrogen

bond.

P N/A refers to distances that are longer than 3.6 A.



Figure 3.6
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Water-mediated hydrogen bonds in the complex of SGPB with
the Leu!® variant of OMTKY3. Dashed lines represent possible
hydrogen bonds. Residues of OMTKY3 are labeled with a "I"
following the sequence number to distinguish them from those
of SGPB. The Leu!®? variant complex (shown in yellow) is
superimposed with the uncomplexed SGPB (shown in cyan), to
emphasize that water molecules W15, W67 and W71, which are
not present in the uncomplexed SGPB, are all engaged in

bridging hydrogen bonds between SGPB and Asn36 of OMTKY3.
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W67 and W71l. Both W15 and W67 are newly introduced to the S; binding
pocket upon the binding of the Leu!® variant. W71, which is equivalent
to BS529 of the uncomplexed SGPB, migrates by a distance of 0.5 4,

presumably to optimize these hydrogen-bonding interactions.

Figure 3.7 shows the probable hydrogen bonds observed in the Ala!®
and Gly'® variant complexes, focusing only on those mediated by water
molecules in S, binding pocket. The indirect hydrogen bonds between
Asn36 of OMTKY3 and the carbonyl-oxygen atoms of Gly216, Alal92 and
Gly218 of SGPB, as observed in the Leu!® variant complex, are also
present in the Ala'® and Gly'® variant complexes. They occur via water
molecules W201, W202, W203, W204 and W67. Note that water molecules
W201, W203 and W204 are only present in the Ala'® and Gly'® variant
complexes; there are no equivalent solvent sites in either the
uncomplexed SGPB or the Leu!® variant complex. These water molecules
are introduced to the S, binding pocket to fill the vacant space
resulting from the small side- chains of Alal8 and Glyl8 and perhaps
more importantly, to bridge the hydrogen-bonding interactions between

SGPB and OMTKY3.

Correlation of binding free energy with the hydrophobic surface

area buried in the complex interface

SGPB is a chymotrypsin-like serine proteinase with respect to its

substrate specificity. The S, binding pocket in SGPB is hydrophobic in
nature and relatively large in size. Therefore P, residues with bulky
hydrophobic side-chains are preferred over those with small or polar

side-chains. Non-coded amino acids, Abu, Ape, Ahx and Ahp were
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Figure 3.7

Water-mediated hydrogen bonds in the complex of SGPB with
the Alal® variant of OMTKY3. Dashed lines represent possible
hydrogen bonds. Residues of OMTKY3 are labeled with a “I©
following the sequence number to distinguish them from those
of SGPB. The Alal® variant complex (shown in magenta) is
superimposed with the uncomplexed SGPB (shown in cyan), to
emphasize that water molecules W201, W203 and W204, which
are not present in either the uncomplexed SGPB or the Leu!®
variant complex, are all engaged in bridging hydrogen bonds

between SGPB and Asn36 of OMTKY3.
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introduced into the P; position of OMTKY3 to probe systematically the
binding profile of the S, pocket. The negative binding free energy (-

AAG®) increases with the increasing number of side-chain atoms of the P,

residue (Lu, 1994; Table 3.5). Due to the relatively low yields and
high cost of chemical synthesis, the available quantity of the non-coded
amino acid wvariants (Abu, Ape, Ahx and Ahp) was not sufficient for
conducting crystallization trials. Therefore we have resorted to atomic

models of the complexes of SGPB with these non-coded variants, in an

effort to understand the S; specificity profile of SGPB. The torsion
angles with which the P; side-chains were constructed are listed in

Table 3.5. The P, side-chains of these variants can adopt favorable

rotamers without causing any unacceptably close contacts with SGPB. The
models were built on the basis of the Ala!® variant complex. The inward
shift of residues Gly214 to Gly216, as observed in the Leu!® variant
complex, does not cause any unfavorable contacts and has negligible
effects on the subsequent calculation of accessible surface area. A few
water molecules bound in the S, pocket, such as W15 and W71 in the Leu'®
variant complex, or W201l, W203 and W204 in the Ala'®/Gly!® variant

complex, are expected to be displaced by Ahp and possibly by Ahx.

The solvent accessible surface area was calculated for each
complex, the free SGPB and the free OMTKY3 variants using the
corresponding coordinates. The coordinates for the free SGPB and the
free OMTKY3 variants were extracted from their complexes. The total

solvent accessible surface area that is buried in the enzyme-inhibitor

interface is defined as: (S; + S; - Sg;) A?, where S;, S; and S;; are the
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total solvent accessible surface areas of the free SGPB, the free OMTKY3

and the SGPB-OMTKY3 complex, respectively.

Figure 3.8 is a plot of the binding free energy (-AAG®°, relative to
that of the Gly'® variant) versus the buried hydrophobic surface area,
for the six variants having straight aliphatic side-chains. The
increase in -AAG° is directly correlated with the increase in the
hydrophobic surface area buried in the complex interface. The resulting
constant of proportionality (the slope of the fit) is 34 cal mol™! A~2
for hydrophobic atoms (carbon and sulfur). Given the estimated error of
+20% for -AAG® (Lu, 1994), and the difference of +6% in calculated
solvent accessible surface areas between that of Connolly (Connolly,
1983) and that of Lee and Richards (Lee & Richards, 1971), the combined
estimated error of #21%, ie, %7 cal mol™! A2 for the constant of

proportionality.

As expected, similar correlations are also found for complexes of
the same set of variants with QG-chymostrypsin and SGPA (Streptomyces
griseus proteinase A) and have comparable constants of proportionality
(37 cal mol™! A"? for a-chymotrypsin and 40 cal mol™* A2 for SGPA, data
not shown). SGPA exhibits a substrate specificity very similar to that
of SGPB. The observed strong correlations attribute the K, variations
to the amounts of the hydrophobic surface areas that are in contact in
the enzyme-inhibitor interface. It indicates that the primary
determinant of the binding free energy is the desolvation energy of the
hydrophobic P, side-chain of the inhibitor and the hydrophobic s,
binding pocket in these enzymes, when no conformational strains are

involved.
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Linear correlation of the binding free energy -AAG® with the
hydrophobic surface area buried in the interface of a
selection of complexes of SGPB with OMTKY3 variants. The
constant of proportionality is 34.1 cal mol™!a™2. The Leu!®
variant (position shown by an "*") was not included in the

line fitting.
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DISCUSSION

The combination of the available thermodynamic data with the atomic
structures showing the interactions of the P, variants of OMTKY3 with
SGPB provides an excellent system to study the contribution of
hydrophobic interactions to protein-protein associations. The
currently-used measurements of the hydrophobic strength, by cavity-
creating substitutions of interior residues, suffer from the
complication of potential conformational disturbance of the protein

structure (reviewed by Matthews, 1993; Fersht & Serrano, 1993). In

contrast, the transfer of the P, residue to the preformed, relatively
rigid S; pocket involves only displacement and redistribution of water
molecules, thus providing a clean measurement of the unit contribution
of hydrophobic interactions (hydrophobic strength) to protein and

protein-complex stability.

There has been a large discrepancy (reviewed by Fersht & Serrano
1993; Matthews, 1993) over the value of the hydrophobic strength between
the microscopic measurements (20 to 30 cal mol™! A2 as derived from
solute partition experiments, Chothia, 1974; Eisenberg & McLachlan,
1986) and macroscopic measurements (70 to 75 cal mol™! A"? by surface
tension measurement, Aveyard & Haydon, 1965). Substitutions of residues
in the hydrophobic cores of proteins and subsequent assessments of the
unfolding energy of the mutant proteins gave an estimate of 45 to 60 cal
mol™! A"? (Kellis et al., 1989; Shortle et al, 1990), which is close to
the macroscopic value. Theoretical calculations applying size-
difference correction (De Young & Dill, 1990; Sharp et al., 1991) and

curvature-effects (Nicholls et al, 1991) tend to support the macroscopic
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measurement. Our estimate (34 to 40 cal mol™! A™?) is higher than the
solvation parameters (20 to 30 cal mol™! A™?) for hydrophobic atoms that
were derived from experimental measurements of transferring free amino
acids from water to a organic solvent (Chothia, 1975; Eisenberg &
McLachlan, 1986), but lower than the hydrophobic strength (49 to 61 cal
mol™? A"?) estimated from substitutions of interior residues of barnase
(Kellis et al, 1989). It would appear, therefore, that the S, pocket of
SGPB is not as hydrophobic as the interior cavity in the core of a
protein. This phenomenon can be understood by the unique chemical
nature of the enzyme-inhibitor interface. Unlike the substitution-
created interior cavities that are usually completely depleted of water

molecules, the S, binding pocket is partially hydrated, as ordered water

molecules are observed crystallographically. This partial hydration may
account for the reduced hydrophobicity of the S; pocket. On the other
hand, the apparently reduced hydrophobicity may also have to do with the
fact that when an interior residue is substituted by a smaller amino
acid, the surrounding residues tend to relax to fill the substitution-
resulting cavity, a process in which the change of free energy may be
considerable. Consequently, the substitution-resulting change of the
unfolding energy is highly position-dependent. For example, the changes
in the unfolding energies associated with the Leu to Ala substitutions
in T4 lysozyme vary considerably from site to site, ranging from 1.9
Kcal/mol to 6 Kcal/mol (Eriksson et al, 1992). In the case of the SGPB-~

OMTKY3 complex, burial of the P, side-chain brings only displacement

and/or redistribution of water molecules and minor, if any,

conformational disturbances in the S, binding pocket. For this reason,

the SGPB-OMTKY3 system should provide one of the most realistic
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measurements of the hydrophobic strength. The constants of
proportionality determined for SGPB, a-chymostrypsin and SGPA are
comparable (34 to 40 cal mol™! A™?), indicating that our assessment of

the hydrophobic strength is reliable.

The homologous series of aliphatic, straight-chain P, variants,

Gly'®, Ala'®, Abu!®?, Ape!?, Ahx!® and Anp!® provides a good system to
estimate the contribution of a methyl group to protein-protein
association and stabilization. The energetic contribution of a methyl
group estimated from Gly to Ala substitution is higher than that
estimated from Ala to Abu substitution (2.0 Kcal/mol versus 1.1
Kcal/mol). The discrepancy of 0.9 Kcal/mol may be due to the additional
conformational flexibility of the P, glycine residue relative to those
amino acids having side-chains. However, the observed correlations
between the binding energy and the buried surface area suggest that the
effect of the additional conformational variability of glycine 1is
actually minimal. Otherwise, the Gly'® variant would be off the
correlation curve by a considerable amount. The crystal structures of
the Gly!® and the Ala!® variant complexes are virtually
indistinguishable, glycine does not seem to behave differently from the
other amino acids. It is mainly the relatively large increase in the
buried hydrophobic surface area (an 8.6% increase for Gly to Ala
substitution versus the 3.6% increase for Ala to Abu substitution) that
accounts for the increase in binding energy with the addition of a

methyl group to glycine.

The observed differences in the solvent structures for the

different complexes lead to the conclusion that during the process of
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SGPB-OMTKY3 complex formation bound water molecules in the S, binding
pocket are not simply displaced by the inhibitor, but that there is an
accompanying redistribution of solvent binding sites, synchronous with
the conformational change of loop Gly2lS to Ser2l7 of SGPB. We believe
that these two events are to avoid unfavorable non-bonded contacts and
perhaps more importantly, to compensate, to the maximum extent, for the
entropic cost of ordering water molecules by introducing hydrogen bonds
between SGPB and OMTKY3. Water-mediated hydrogen-bonding interactions
are implicated in stabilizing a variety of other molecular complexes.
Water-mediated hydrogen bonds have been observed in the recognition and
formation of the DNA and trp repressor complex (Shakked et al., 1994),
DNA and TATA binding protein complex (Kim & Burley, 1994). 1In these
protein-DNA complexes bound water molecules become part of the
recognition motif of the DNA sequence. In the case of protein and
peptide association, it has been shown that water molecules play
important roles in forming stable complexes of the OppA protein, an
oligopeptide binding protein, with peptides of varying sequences and
lengths (Tame et al., 1994). In the study of L-arabinose-binding
protein, it was found that bound water molecules can modulate the
specificity and affinity of the protein towards different sugar
substrates (Quiocho et al., 1989). Additionally, Madden et al. (1992)
have observed that a few conserved water molecules participate in
forming key hydrogen bonds between the class I MHC molecule HLA-B27 and
its bound peptide. Furthermore, Arnez and Steitz have proposed that
pseudo-uridinylation may stabilize tRNA®!"™ through water-mediated linking
of the pseudo-uridine to the backbone phosphate. The absence of these

bound water molecules in the unmodified tRNA(®!™ structure may account
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for the reduced thermal stability of the unmodified tRNA®!® (Arnez &
Steitz, 1994). In our study, we have demonstrated that water molecules
provide key interactions linking SGPB and the several OMTKY3 inhibitors.
Taken together, the roles played by water molecules in protein-ligand
recognition and association are extensive and should not be

underestimated.

The water-mediated hydrogen bonds observed in the three complex
structures show that Asn36 of OMTKY3 is invariably involved in forming
water-bridged hydrogen bonds to residues of SGPB. Thus a mutation of
Asn36 to the isosteric amino acid leucine could provide a measure of the
impact on binding by the observed water-mediated hydrogen bonds.
However, the energetic contributions of these bound water molecules are
not expected to be high. Comparisons among avian ovomucoid inhibitor
third domains from different species indicate that mutations Asn36 to
Asp, Asn36 to Ser, and Asn36 to Ala do not result in much variation in
the binding with SGPB (less than 0.9 Kcal/mol; Lu, 1994). The functions
of these bound water molecules perhaps are to fill the vacant space left
in the interface and to satisfy the hydrogen-bonding potentials of
protein atoms. The gain of favorable enthalpic energy by forming
hydrogen bonds may be comparable to the loss of unfavorable entropic
energy by ordering the water molecules in the interface. The most
desirable situation would be that the 1ligand displaces all the
previously bound water molecules (entropically favorable), while
concomitantly forming hydrogen-bonds or van der Waals contacts with the

enzyme (enthalpically favorable).
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Protein-protein associations usually involve large contact surface
area (600 to 1800 A?) and from 10 to 30 residues from either side.
Mutagenesis studies in many systems have demonstrated that not all
residues involved in the associations are energetically important.
Usually, only a few of the residues are critical for tight binding. For
example, two tryptophan residues constitute the “functional epitope™ of
the human growth hormone receptor, accounting for nearly three-~quarters
of the binding free energy (Clarkson and Wells, 1995). The functional
epitopes of the hormone receptor are analogous to the specificity
determinant, the P, residue of OMTKY3, in terms of energy contributions
as well as their geometrical disposition relative to the main-body of
the protein (Trpl04 and Trplé9 project from two adjacent loops). Large
hydrophobic amino acids are increasingly implicated in protein-protein
association. The crystal structure of N cadherin suggests that a
tryptophan residue may play an important role in cadherin dimerization,
a process thought to enhance cell-adhesion (Shapiro et al., 1995).
Accordingly, large surface depressions that accommodate those bulky
hydrophobic residues become interesting when improved specificity and/or
enhanced affinity are concerned. Such surface depressions bear a strong
physical resemblance to the S, binding pocket of SGPB. Since functional
epitopes are the primary targets for inhibitor design, knowledge
obtained from OMTKY3 may be applicable to designing ligands targeting
hormone receptor proteins, MHC molecules and other functionally
important proteins. We have demonstrated that the P; substitution-
associated changes in buried hydrophobic surface area are the direct
cause of the variations in the binding energy of OMTKY3 with SGPB, «-

chymotrypsin and SGPA. It is reasonable to believe that the buried
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hydrophobic surface area-binding free energy correlation is general to
other molecular complexes in which large hydrophobic depressions are
involved. It would be very interesting to see what values the constant
of proportionality would be in other systems, to identify the factors
that influence the hydrophobic strength. It will help to resolve the
controversy over the values of the unit contribution of hydrophobic
effect and further our understanding about the nature of hydrophobic

effect to protein stability.

MATERIALS AND METHODS

Crystallization

SGPB, purified according to the procedure of Jurasek et al.(1979), was
kindly provided by DPr. L. B. Smillie. The cloning, overexpression
system and the purification procedures for OMTKY3 have been described
(Lu et al, 1992; Lu, 1994). 1In addition to the P, substitutions, the
recombinant variants are five-amino acids shorter at the N-terminus than
native OMTKY3. The 1l:1 stoichiometric complexes of SGPB-OMTKY3 variants
were prepared by mixing SGPB with each OMTKY3 variant in a 1:1.05 molar
ratio of enzyme to inhibitor. Crystals of the complex were grown by
hanging drop methods, under conditions similar to those previously
reported (Fujinaga et al, 1982). Each drop contained 3 Ul of protein
solution (10mg/ml) and an equal volume of reservoir solution (2% of PEG
6000, SO mM sodium/potassium phosphate at pH 6.5). Seeding was usually
required to get good crystals. The crystals reach their final size (1.0

x 0.3 x 0.1 mm’) in about a week. These crystals are isomorphous to
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those of the complex of SGPB with native OMTKY3. Unit cell parameters
of the crystals of the three complexes (Leu!?, Alal8 and Gly'®) are

listed in Table 3.6.
Data collection

X-ray diffraction data for the Leu!® variant and the Gly'® variant
complexes were collected on San Diego Multiwire System twin area
detectors. Graphite monochromated Cu K, radiation was generated with a
Rigaku rotating anode generator RU-200BH operating at 40 kV and 150mA.
The 1.8 A data set was collected from a single crystal of the Leu!®
variant complex, the 1.9 A data set was collected from a single crystal
of the Gly!® variant complex. The data collections were carried out at
24°C, each lasting about 2 days. The 1.4 A data set of the Ala!® variant
complex was collected at beam-line 18B of the Photon Factory in Japan
(room temperature 18°C), using Weissenberg geometry with a crystal-to-
image-plate distance of 286.50 mm (Sakabe, 1983). The recorded
reflections were indexed and integrated by profile fitting with the
program WEIS (Higashi, 1989). The data-collection statistics for all

these complexes are given in Table 3.6.

Structure determination and refinement

The phases for the complexes of SGPB with the three OMTKY3 variants
were taken from those of the complex of SGPB with native OMTKY3 (Read et
al., 1983). A (2|Fol = IFcl)exp(iag,;) map, where |F,| is the observed
structure-factor amplitudes of the variant complex, [(F.| and a.,; are

the structure-factor amplitudes and phases calculated from the structure
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Statistics of data collection

120

Space group P2,

Cell dimensions a (A)
Leu!® complex 45.53
Ala!® complex 45.38
Gly*® complex 45.48

Data collection

Maxi. resolution (A)

No. of crystals used

Total No. of observations

No. of unique reflections

Average redundancy

Completeness of data
overall (%)

Highest resolution shell (%)

®

Rnerge (%)

b (A)
54.66
54.62

54.68

S1.1
(1.9-1.84)

5.29

c (A) B )

45.59 119.19

45.47 119.20

45.55 118.99
alal* Gly'*
1.4 1.9
1 1
83,250 36,307
30,783 13,125
2.7 2.8
80.3 84.9
56.0 36.5

(1.5-1.44) (2.0-1.94)

7.33 4.29

) Roerge = Znay [(By 1 I = <I> ) E I,]
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of Read, et al. (1983), was calculated with the program SIGMAA (Read,

1986) and displayed with FRODO (Jones, 1986). The P, residue Leul8 was

replaced by the appropriate P, amino acid side-chains to fit best the

observed electron density. The starting R-factor for the Leu!®, alal®
and Gly!® variant complexes were 36.4%, 42.5% and 35.9%, respectively,
and were improved to 20.6%, 22.8% and 20.8% respectively after energy
minimization and simulated annealing with XPLOR (Brunger, 1986). The

model was then subjected to TNT refinement (Tronrud, 1992). All

reflections with dpy, < 20.0 A were used for the refinements. After ten
cycles of TNT refinement, a new 2|F,| - |F.| map was made for visual
inspection. Special attention was given to regions where there were
noticeable conformational disparities with the previously reported
structure and where atoms displayed high thermal factors. Up to this
stage no water molecules were built into the complex model. A (|F,l -
|Fel)exp(iag,;) difference map was made to assign water molecules.
Water molecules that were present in the previously reported structure
were built into the variant complex model if there was associated
densities for it above the 2.50 contour level in the difference map.
The manually-adjusted model was subjected to another 10 cycles of TINT
refinement. Afterwards water molecules with B factors higher than 50 A?
were examined closely. A water molecule would be deleted if there was
no associated density at the 10 contour level on a 2|F,| - | Fc| map and
if the B factor was greater than 60 A?. New water molecules were added
if there was electron density above the 2.506 level on a [Fol - | F.l
difference map. The geometry of potential hydrogen bond donor or
acceptor atoms was also checked to assure that it was meaningful to

introduce a water molecule in that region. Refinement was judged to
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reach convergence typically after a total of 30 cycles of TNT

refinement.

Structure comparison

Superpositions of the several structures were done in a pairwise
manner using the lsq commands in the program “0O"™ (Jones et al, 1991).
The root-mean-square (rms) differences for common atoms were obtained
subsequently from the program. Crystallographically determined water
molecules were grouped into three shells on the basis of their thermal
factors. The three B-factor shells include all water molecules, water
molecules with B-factor lower than the B,yerage and lower than 1.5

Baverager respectively. Water molecules within the same B-factor shell

are compared.

Modeling of the non-coded amino acid variants of OMTKY3

The currently available quantities of the non-coded amino acid
variants (Abu, Ape, Ahx and Ahp) were not sufficient for conducting
crystallization trials. Accordingly, we have built models of the four
complexes on the basis of the crystal structure of the complex between
SGPB and the Ala'® OMTKY3 variant. In doing so, the side-chains of the
P, residues were rotated to most favorable rotamer conformations while
maintaining favorable van der Waals contacts. The modeling was very

straight forward, no energy minimization was required or applied.

Calculation of solvent accessible surface area

Solvent accessible surface area was calculated using the program MS

(Connolly, 1983). The probe radius for water molecules was 1.4 A. Van
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der Waals radii for protein atoms are the default of the program.
Sulfur is treated as hydrophobic. Solvent accessible surface areas for
the free SGPB and the free OMTKY3 variants were calculated with the
coordinates extracted from the corresponding complexes, under the valid
assumption that the binding process is close to a rigid-body

association.
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Chapter 4

Estimating the Energetic ERffects of Burying a Salt
bridge in a Hydrophobic Pocket: Crystal Structures of
the Glu'®, Gln!®, Asp'® and aAsn!® variants of Turkey
Ovomucoid Third Domain in Complex with Streptomyces

griseus Proteinase B at Various pHs

INTRODUCTION

The "standard mechanism®™ whereby canonical protein inhibitors of
the serine proteinases inactivate their cognate enzymes by forming a
very tight complex (Laskowski & Kato, 1980) is firstly an issue of
macromolecular recognition. A canonical protein inhibitor is mistaken
for a substrate by its cognate enzyme and is bound uncleaved in a non-
covalent association. The reactive-site peptide bond is positioned,
with the assistance of the inhibitor scaffolding, at a distance that is
too far away from Ser O for nucleophilic attack to take place (Reviewed
by Read & James, 1986; Bode & Huber, 1992). Turkey ovomucoid inhibitor
third domain (OMTKY3) is one of the best studied canonical inhibitors of
the serine proteinases. How OMTKY3 interacts with its cognate enzymes,
such as Streptomyces griseus Proteinase B (SGPB) in our study, will

provide important insights for understanding protein-protein
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associations in general. The binding process of OMTKY3 to SGPB is
basically a rigid-body association, involving only small conformational
changes in either enzyme or inhibitor. Thus it represents a simplified
model with which to relate the binding free energy to structural data.
The binding constants have been obtained by measuring the residual
proteolytic activity of SGPB following inhibition by the OMTKY3 variants
(Bigler, et al., 1993; ©Lu, 1994). The interpretation of the
thermodynamic data will be greatly assisted by the high resolution
crystal structures of the various OMTKY3 variants in molecular complexes
with SGPB (Huang et al, 1995), native OMTKY3 in complexes with SGPB
(Read et al, 1983), a-chymotrypsin (Fujinaga et al, 1987) and human

leukocyte elastase (Bode et al., 1986).

The ovomucoids from avian eggs are multidomain proteins, typically
with three domains each one capable of inhibiting a serine proteinase.

OMTKY3 is the third domain of the ovomucoid from turkey having 56 amino

acids and LeulBI in the P, position. It strongly inhibits serine
proteinases with a hydrophobic S; pocket, such as chymotrypsin,
subtilisin and elastase. The exposed P, Leul8I of OMTKY3 inserts into

the preformed S, pocket of the enzyme upon complex formation (Read et

al., 1983; Fujinaga et al., 1987). In an effort to establish a
sequence-reactivity algorithm for OMTKY3, a series of recombinant

variants of this inhibitor have been generated, in which 20 coded and 5

non-coded amino acids were introduced to the P, position. The
association constants of these 25 P, variants of OMTKY3 have been
measured for SGPB and for five other serine proteinases (Bigler et al,
1993; Lu, 1994). SGPB is a chymotrypsin-like proteinase with regards to

the three-dimensional structure (James et al, 1978) and the substrate
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specificity (Jurasek et al., 1976). Naturally-occurring OMTKY3 (with

Leul8I at the P, position) forms an extremely tight complex with SGPB,

with an association constant (K,) of 5.6 x 10!° M!. This is equivalent

to 14.4 Kcal/mol of binding free energy (Bigler et al, 1993; Lu, 1994).
The molecular scaffolding of OMTKY3 provides about 9.5 Kcal/mol of

binding free energy, as displayed by the Gly'® variant which has no P,

side-chain (Lu, 1994; Huang et al., 1995). The favorable hydrophobic

interactions between the P, leucine side-chain and the §S; pocket thus
provide an additional 4.9 Kcal/mol stability to the complex. In
contrast, polar or charged P; residues destabilize the complex. The
substitution of P, Leu by the isosteric amino acid Asn destabilizes the
complex by 3.3 Kcal/mol; the substitution of P, Asn by the ionizable

side-chain of P, Asp further destabilizes the complex by an additional

2.2 Kcal/mol.

¥X-ray crystallographic studies are underway in our laboratory to
determine and analyze the structures of the complexes between SGPB and
the 20 coded P, variants of OMTKY3. These studies are to understand the
exquisite discriminating ability of OMTKY3 by examining enzyme-inhibitor
interactions. To address the contribution of hydrophobic interactions
to the free energy of binding, we have reported the structures of the
Leul®, ala'® and Gly'® variants of OMTKY3 in complex with SGPB (Huang et
al, 1995). Here we report the structures of the Glu!®, Gln!®, Asp!® and

18 variants in complex with SGPB, in an attempt to understand the

Asn
role of electrostatic interactions in enzyme-inhibitor recognition and
association processes. The association equilibrium constants (measured

at pH 8.3) for these complexes are 2.3 x 10° M! (Glu'® variant), 6.9 x
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10* M! (Gln!® variant), 3.9 x 10° M! (Asp!® variant) and 1.8 x 10° M!

(Asn!® variant).

It has long been recognized that ionizable residues often exist in
the uncharged form when buried in a hydrophobic environment, thus
displaying a large shift in pK, from their solvated state (Rupley et
al., 1967; and recently reviewed by Yang & Honig, 1992). Acquisition of
charge usually triggers an unfolding of the protein or a dissociation of
a molecular complex. As shown in Figure 4.1, the S, binding pocket of
SGPB is highly hydrophobic. Understandably, Glul8I of the Glu!® variant
of OMTKY3 exhibits a huge increase in pK, of 4.2 pH units, from pK, of
4.5 in the free inhibitor, to pK, of 8.7 when complexed with SGPB (Qasim
et al, 1995). Aspl8I of the Asn!® variant exhibits a even larger PK,

shift (5.1 pH units), from pK, of 4.3 in the free inhibitor, to pK, of

9.4 when complexed with SGPB (Qasim & Laskowski, unpublished data). 1In
their experiments, the association constants of SGPB interacting with
the Glu!®, Asp'® and Gln!® variants were measured at various pH points,
ranging from pH 3.0 to 10.5 with an interval of ~0.5 pH unit. The K,s
of the Glu!® and Asp!® variants were calibrated with those of the non-
ionizable Gln'® variant, and the pK, of Glul8I and Aspl8I were derived
from the pH dependent curve of the association constants (Qasim et al,

1995). Wwhen the GlulB8I carboxyl group is protonated both in the free

and in the complexed forms, the K, for the Glu!® variant interacting with
SGPB is about 1 x 10' M, as opposed to the K, of 6 x 10° M! when the
Glul8I carboxyl group carries a negative charge both in free and in

complexed forms (Qasim et al., 1995). It is very surprising that the

complexes between SGPB and the Glu'® and Asp!® variants remain strongly
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Figure 4.1

(a) . The electrostatic potentials on the van der

Waals surface of SGPB. The negative electrostatic
potentials on the molecular surface are show in red,
and the positive potentials shown in blue.

Hydrophobic surface areas are shown in white. The

S;, 8, and §;' binding sites are labeled. The §,

binding pocket of SGPB is predominantly hydrophobic.

(b) . The insertion of the P, side-chain into the S,
binding pocket. Only the P, (Thrl7I), P, (Glul8I)

and P,' (Glul9I) residues of the Glu!® variant of

OMTKY3 are shown.
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associated with an negatively-charged carboxylate buried in the highly

hydrophobic §, pocket.

To visualize the complexes between SGPB and OMTKY3 when the P,
Glul8I and AsplBI side-chains are in the neutral and the charged states
+ and to understand how a negatively-charged P, side-chain can be
accommodated in the hydrophobic S, pocket, we have determined the
structures of the complexes at pH 6.5 and pH 10.7, which are 2.2 pH unit
below and 2 pH unit above the pK, of Glul8I of OMTKY3. The crystals of
these complexes were grown initially at pH 6.5, a value at which the
side-chains of Glul8I and AsplB8I are predominantly protonated (neutral).
The crystals were then soaked with mother liquor buffered at pH 10.7, a
value at which the carboxyl groups of Glul8I and Aspl8I are essentially
completely deprotonated and carry a negative charge. As a control
experiment, the structure of the complexes between SGPB and the Gln!®
variant, the non-ionizable counterpart of the Glu!® variant, was also
determined at pH 6.5 and 10.7. The structure of the complex of Asn!®

variant with SGPB was determined only at pH 6.5.

Interestingly, a potassium ion has found in the pH 10.7 structures
of the Glu!® and Asp!® variants, but not in any of the other structures.

The K' ion coordinates with the negatively-charged carboxylate group of

the P, side-chain in both structures. Given the observed unusually high
pK,s of GlulB8I and Aspl8I in the complexed state, the presence of a
cation, K%', in the pH 10.7 structures and the absence of it in the pH

6.5 structures of the Glu!® and Asp!® variants is a clear indication that

the side-chains of P, Glul8I and Aspl8I are neutral at pH 6.5, and are

ionized (negatively-charged) at pH 10.7. During the deprotonation
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event, the P, side-chain acquires a negative charge and attracts a
counter ion, K' in this case, to form a salt bridge, thereby preventing
the dissociation of the complexes. The energy cost of burying a salt
bridge in a highly hydrophobic environment can be estimated by measuring

the stability of the SGPB-OMTKY3 complexes at various pHs.

In this paper, structures that were determined at pH 6.5 (neutral
pH) will be labeled with an "(N)™, whereas those determined at pH 10.7
(high pH) will be labeled with an " (H)", to distinguish them from one
another. Residues of OMTKY3 are labeled with a "I™ following their
sequential residue number, to distinguish them from the residues of

SGPB.
RESULTS

Quality of the structures of various complexes

The crystal structures of the complexes between SGPB and the
Glu'®, G1n!® and Asp!® variants of OMTKY3 have been determined at pH 6.5
and pH 10.7. The crystal structure of the Asn!? variant has been
determined at pH6.5. These structures were refined with 1.8 A
resolution diffraction data. The crystallographic R-factors, the final
stereochemical parameters and the average thermal factors of the current
refined molecular structures are listed in Table 4.1. The final R-
factors for the pH 6.5 structures of the complexes of the Glu'®, Gln!®,
Asp'® and Asn!® variants are all comparable, at 15.1% , 14.9%, 15.7% and
15.9%, respectively. These are values expected for well refined, medium

to high resolution crystal structures of proteins. On the other hand,
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the current R-factors for the pH 10.7 structures of the complexes of the
Glu!® and Asp!® variants are 19.8% and 19.6%, respectively. These
relatively high R-factors of the pH 10.7 structures are correlated
directly with the relatively poor quality of the diffraction data (See
Table 4.7 in Material and methods). The crystals of the complexes were
initially grown at pH 6.5 and then transferred to a solution of pH 10.7
prior to data collection. The crystal quality appeared to suffer from
the resulting very large change in pH (4.2 units), as the reflections
displayed a high mosaicity. An increased stepsize (0.3° between
consecutive frames) was used later to collect the data for the Gln!®
variant complex. This proved to be partially effective in overcoming
the high mosaicity problem, as the final R-factor of the Gln!® variant

(17.5%) was closer to those of the pH 6.5 structures.

The stereochemical qualities of the structures have been assessed
by the program Y“PROCHECK" (Laskowski et al., 1993). In all the
structures, from 84.6% to 89.4% of the residues fall into the most
favorably allowed regions of a Ramachandran plot. The only residue that
lies in a disallowed region on this plot is Asnl00 of SGPB. The
conformation of Asnl00 is consistent in all the crystal structures of
SGPB. The electron density of this residue is well defined in all the
structures. One possible reason for the unusual dihedral angles is that
Asnl00 is located on a sharp turn that is characterized by a cis-

proline, Pro99a.

The high quality of each structure can also be appreciated by the
representative electron density maps shown in Figures 4.3, 4.7, 4.10 and

4.15.
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The overall structure of the complexes

In general there are virtually no conformational changes in either
the enzyme or the inhibitor among the various complexes determined at
the two extremes of pH. Figure 4.2 is a superposition of all seven of
the complexes, showing the main-chain atoms of SGPB and OMTKY3, and all
atoms of the P, residues. The root mean square (rms) differences of
main-chain atoms among these structures are listed in Table 4.2. The
observed rms differences of the main~chain atoms are no larger than 0.22
A (between the Gln!'®(N) and Asp'®(H) structures). The rms differences
among those structures determined at pH 6.5 are the smallest, ranging
from 0.11 A to 0.15 A. The experimental error in the coordinates of a
well defined, 1.8 A structure is usually around 0.1 A. Therefore, the
substitution of the P, residue does not induce significant structural
perturbations to the complexes at the level of the backbone atoms. The
overall structures of the complexes are virtually identical among the

various complexes.

Table 4.3 presents rms differences in position of common solvent
molecules among these complexes. The largest rms difference is 0.47A,
as observed between the Gln!®(N) and Asp!®(H) structures. Therefore, a
positional difference of 1.0 A (~2 times the rms difference) for a
equivalent water molecule in two complexes is considered a reliable
indication of migration. The pH 6.5 structures show relatively small rms
differences (between 0.31 A and 0.41 &) and share a relatively large
number of common water molecules. When the pH 10.7 structures were
compared with the pH 6.5 structures and among themselves, there are many

fewer common water molecules and the rms differences are slightly
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Figure 4.2.

Superposition of all the seven complexes. The seven
structures are: Glu'®(N), Glu'®(H), asp®(N), Asp!®(H),
G1ln'® (N), Gln!®(H) and Asn!®. The main-chain atoms of SGPB
with each OMTKY3 variant and the P; residues are shown.
The N- and C- termini of SGPB and OMTKY3 are labeled.
The remaining s8ix complexes were superposed by least

squares onto the Glul®(N) variant complex.
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higher. The differences in solvent structures of the complexes may be
related to the very large pH change in the crystallization environment.
Nevertheless, the majority of the solvent molecules are conserved among

the these structures at both pHs.

The solvent structure in the S, pocket region of each complex,

however, differs significantly, each being characteristic of a
particular complex at that particular pH. The solvent molecules bound
in the S, pocket have been compared in a pair-wise manner, Glul® (N) wvs.
Glul®(H), Glul®(N) vs. Gln!®(N), Glul®(H) vs. Gln!®(N), asp!®(N) wvs.
asp'®(H), Asp'®(N) vs. Asn'®, asp'®(H) vs. asn!®, Glu!®(N) vs. asp!®(N),
Glu!®(H) vs. Asp!®(H), and Glnl®(N) vs. Asnl®. As shown in Table 4.4, the

composition and disposition of the bound solvent molecules vary from one

complex to another. In general, the solvent molecules in the S, pocket
are very sensitive to the subtle differences in the polarity of the P,

residues. There is a rearrangement of solvent structure upon the

substitution of the P, residue, as will be discussed below.

Structure of the Glu!® variant at pH 6.5

Figure 4.3 is a representative electron density map, showing the
interface between SGPB and the Glu!® variant of OMTKY3 at pH6.5. There
are only three water molecules (W42, W67 and W204) bound in the S,
pocket; each is secured by forming hydrogen bonds with residues from
SGPB and from the inhibitor. The hydrogen-bonding interactions are

shown in Figure 4.4. The bonding distances are listed in Table 4.5.

It is unclear if the Glul8I carboxyl group is ionized in this

structure, solely by looking at the associated electron density. The
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Figure 4.3

A representative portion of the electron density map
of the Glu'®(N) structure. The map is centered on
part of the interface between SGPB and the Glu'®
variant at pH 6.5. The map was computed with
coefficients of (2m|F,l -~ d|Fcl) and calculated
phases (Read, 1986), and is contoured at the 1.5 C

level.
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Figure 4.4
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,(om Rsn33I ,@n Rsn33I

1

Proi92B : fen361
Glutsl s

The hydrogen-bonding interactions in the Glul®(N)
structure. Dashed lines represent possible hydrogen
bonds. The hydrogen-bonding distances are given in
Table 4.5.
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bond distances for a C=0 double bond and a C-0 single bond are 1.22 A
and 1.32 A, respectively, as determined from small molecular structures
at very high resolution. The small difference of 0.1 A is insignificant
at 1.8 A resolution. It is only by inference from the Glu!®(H)
structure that the Glul8I carboxyl group is protonated in the Glu!®(N)

structure.

The distinction between the -OH and the carbonyl oxygen of the
Glul8I side-chain can not be made in the absence of any obviously
polarized hydrogen bonds. There are only two atoms, Gly216 N and
Prol92B N , that are within the 3.4 A of hydrogen-bonding distance to
the Glul8I carboxyl group. However, Gly2l1l6 N donates its proton to
Cysl6I O as part of an antiparallel P-sheet, and Prol92B N can not form
a hydrogen bond. Thus their interactions with the Glul8I carboxyl group
are interpreted as normal van der Waals contacts rather than hydrogen
bonds. The next nearest neighbor is w204 (3.8 A), which can not form
diagnostic hydrogen bonds with the Glul8I carboxyl oxygen atoms.
Therefore, the -OH group and the carbonyl oxygen (C=0) are assigned

arbitrarily.

Structure of the Glu!® variant at pH 10.7

The most striking feature of the Glu'®(H) structure is the presence
of a metal ion-associated, electron-dense peak in the S; pocket. Figure
4.5 is a difference map computed with coefficients of (|Fql(g) -
|Fol (ny))and phases @c,)(n), where |Fol(y) are the observed structure
factor amplitudes of the pH 10.7 structure of the Glu!® variant complex,

IFol (n) and Qca31(n) are respectively the observed structure factor






