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ABSTRACT

The catalytic activity of the aspartic proteinases, and proteolytic enzymes in
general, must be tightly controlled by cells to prevent unwanted protein degradation.
The human digestive enzymes, pepsins and gastricsins, are synthesized as inactive
precursors (or 'zymogens') with an inhibitory N-terminal extension, or 'prosegment’
(1p-43p; the suffix “p” denotes the prosegment), by mucosal cells that line the
stomach. The zymogens are secreted into the low pH environment of the gastric juice
where the prosegment is removed by an autocatalytic and stepwise mechanism to
generate the ~320-residue mature enzyme. In these studies, an activation intermediate
of human gastricsin that is transiently formed during the conversion pathway has been
crystallized and its structure determined. The structure reveals that a part of the
prosegment, residues 27p-43p, has been cleaved and removed. Large conformational
changes are observed in loops adjacent to the active site, and the overall studies
suggest an activation pathway that may be common to all gastric aspartic proteinases.

Once proteolytic enzymes are activated, their prosegments are generally poor
inhibitors. However, interest in the development of inhibitors against aspartic
proteinases has been sparked by their role in a variety of human pathogens. In
addition to the optimization of chemical interactions between the enzyme and
inhibitor, the binding affinity can be increased by constraining the inhibitor to the
conformation that is recognized by the enzyme, thus lowering the entropic barrier to
complex formation. A new phosphonate-based peptide inhibitor (PP7; K; = 0.10
nM) was previously synthesized against penicillopepsin, a fungal aspartic proteinase.
The inhibitor was designed with a covalent bridge between the P2 and P1’ sidechains
(nomenclature of Schechter & Berger, 1967) in order to reduce the conformational
flexibility of the inhibitor and thereby enhance the binding affinity. This thesis will
present the crystal structures of the P2-P1’ macrocyclic inhibitor, along with a control
acyclic compound (PP8; K; = 42 nM), in complexes with penicillopepsin.
Comparisons of the two crystal structures reveal that the conformations of the
inhibitors and their interactions with the enzyme are similar. The 420-fold increase in
the binding affinity of PP7 over PP8 is attributed to a reduction in its conformational
flexibility, thus providing the first rigorous measure of the entropic contribution to the
binding energy in a protein-ligand complex.
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CHAPTER 1

INTRODUCTION

Proteolytic enzymes are found in organisms across all of the kingdoms of life.
These enzymes catalyze the cleavage of peptide bonds in protein and peptide
substrates, consuming water molecules in the process. Perhaps the most fundamental
role of proteolytic enzymes is the non-specific digestion of other proteins to provide
nutrients for living organisms. However, they also perform regulatdry roles with
narrow substrate specificities, and are implicated in such diverse biological processes
as blood coagulation and fibrinolysis (Davie et et al., 1991), the immune response
(Groettrup et al., 1996), tumour invasion (Edwards & Murphy, 1998), regulation of
sodium balance and blood pressure (Vallet et al., 1997), cellular differentiation
(Weinmaster, 1998), and programmed cell death (Greenburg, 1996).

Proteolytic enzymes are classified by the International Union of Biochemistry
(IUBMB) according to their mechanism of peptide hydrolysis TUBMB, 1992). The
serine proteinases utilize a catalytic serine residue for the cleavage reaction; the
metalloproteinases have a Zn2* ion that is essential for catalysis; the cysteine
proteinases have a catalytic cysteine residue at their active site; and finally, the aspartic
proteinases have two catalytic aspartate residues that are involved in the reaction
mechanism. This thesis will focus upon the aspartic proteinases for which the

archetypal member is the digestive enzyme pepsin.

A. Biological Functions and Historical Perspective of the Aspartic Proteinases
The aspartic proteinases (EC 3.4.23.-) comprise a superfamily of endo-
proteolytic enzymes that are found in a variety of organisms in nature. These

enzymes perform essential roles in retroviruses, yeast, fungi, plants, and mammals.



The aspartic proteinases are named after the two catalytic Asp residues that form the
active site, and their overall structure has been conserved across the evolutionary
spectrum. Many members of this superfamily have optimal activity at low pH, hence
they are also termed ‘acid proteases' in the literature. Some of the biological roles of
these enzymes include (1) site-specific proteolysis of the retroviral polyprotein
precursor to generate the structural, regulatory, and enzymatic proteins that are
necessary for replication of the virion (e.g., HIV-1 proteinase, Wlodawer &
Erickson, 1993); (2) a role in tissue invasion and virulence for fungal pathogens of
humans (Cutfield et al., 1995); (3) cleavage of hemoglobin in the digeétive vacuoles
of the malarial parasite (plasmepsins, Francis et al., 1997); and (4) regulation of
blood pressure (renin, Sielecki et al., 1989; Table 1A.1). The aspartic proteinases
also have a long history in the field of human cuisine. The enzyme chymosin has
been an active ingredient in cheese-making for thousands of years, and aspartic
proteinases are also used for the production of soya sauce, a practice that apparently

originated during the Zhou dynasty (Hofmann, 1989; Davies, 1990).

Pepsins and gastricsins. Perhaps the most basic role of aspartic proteinases, and
proteolytic enzymes in general, is the digestion and catabolism of other proteins.
Mammals secrete the ‘gastric’ aspartic proteinases into the low pH environment of the
stomach, where they function as digestive enzymes that degrade dietary proteins.
Most proteins are denatured in the stomach (pH < 2) and are susceptible to digestion
by 'pepsin’ and 'gastricsin’, a pair of aspartic proteinases that function optimally at
low pH (Fig. 1A.1). Pepsin is the archetypal aspartic proteinase, and was originally
named in the 1830s by Schwann after the Greek word pepsis, meaning 'digestion'.
A century later, porcine pepsin figured prominently during the early attempts to
characterize the structure of proteins. The enzyme was the first protein for which the

diffraction of X-rays was demonstrated in the crystalline state (Bernal & Crowfoot,



Table 1A.1: Biological functions of the Aspartic Proteinases

Sub-family Physiological Biological

location function
Mammalian gastric stomach digestion of dietary
enzymes proteins

fungal enzymes

renin

retroviral enzymes

cathepsin D

plasmepsin

secreted from
fungi (extracellular)

secreted into blood

HIV and other
retroviruses

lysosomes

digestive vacuoles of
malarial parasite

tissue invasion

cleaves angio-
tensinogen during
blood co-agulation

cleavage of viral
polyprotein precursor

protein degradation
antigen presentation

cleavage of hemoglobin




Exdocrine cell

Clief cell

Figure 1A.1: A sketch of the mucosal wall lining
the stomach. Acid is secreted by the parietal cells.
The mucosal and chief cells secrete pepsinogens and
progastricsin, respectively, which are the precursors
of pepsins and gastricsin. The figure was taken from
Fusek & Vetvicka (1995).



1934), suggesting that the elusive structures of proteins might be determined using

crystallographic diffraction techniques.

Biology of penicillopepsin and other fungal enzymes. Extracellular and intracellular
proteinases have been implicated as virulence factors for several fungi and yeast-like
fungal pathogens that infect mammals (Kothary et al., 1984; Kwon-chung et al.,
1985). For example, the genus Candida comprises a family of yeast-like fungi that
are a major cause of infections in immunocompromised humans (Fusek & Vetvicka,
1995). Although the precise role of aspartic proteinases remains ambiguous, it is
suspected that these enzymes may provide metabolic nutrients to the growing fungus
(Thangamani & Hofmann, 1965). In addition, proteolytic activity may be important
for degrading mucosal surfaces during the invasion process (Monod et al., 1994).
Although the relative importance of aspartic proteinases during the various stages of
parasitic infections remains a matter of dispute (Germaine & Tellefson, 1981; Togni et
al., 1994), there is general agreement that they are associated with higher
aggressiveness in human infections.

The secreted aspartic proteinase from Penicillium janthinellum is an
evolutionary homologue of the gastric aspartic proteinases, sharing about 30%
sequence identity and a similar three-dimensional structure (Sodek & Hofmann, 1970;
Hsu et al., 1977). The 323-residue enzyme 'penicillopepsin' was originally identified
by Kunitz (1938), who speculated that the proteinase may directly induce sporulation
since its appearance coincides with this process. However, later biochemical studies
showed that there is no direct relationship between penicillopepsin activity and
sporulation (Thangamani & Hofmann, 1966). Penicillopepsin was later among the
first aspartic proteinases to be characterized by X-ray crystallography (Hsu et al.,
1977; James & Sielecki, 1983). In recent years, it was noticed that the crystals of

penicillopepsin are of exceptional quality, diffracting to about 1.3 A using laboratory



X-ray generators (Ding et al., 1998). Modern day crystallographic resources at the
synchrotron, including sensitive and rapid data acquisition instruments and high
intensity X-ray sources, have now permitted data collection and characterization of
penicillopepsin to beyond 1.0 A resolution (Chapter 2).

In summary, aspartic proteinases are essential for diverse biological
processes. They are relevant to human diseases such as Acquired Immunodeficiency
Syndrome (AIDS), malaria, and fungal infections. Also, they have commercial
importance to the food industry, for example, in the fermentation processes that
generate cheese and soya sauce. This thesis will address several questions related to
the structure, mechanism and inhibition of the aspartic proteinases using
penicillopepsin and the mammalian gastric proteinases (pepsin, gastricsin) as model

enzymes.

B. Structure and Catalytic Mechanism of Aspartic Proteinases

Aspartic proteinases have a bilobate shape resembling a ‘croissant' or
'kidney'. They consist of two B-barrel domains that are connected by a central six-
stranded B-sheet. A long hydrophobic groove between the two domains forms the
substrate binding cleft (Fig. 1B.1). The two catalytic aspartate residues (Asp32 and
Asp215 in pepsin numbering) reside on two similarly-folded loops at the base of the
hydrophobic groove, in front of the central B-sheet. There is a pseudo two-fold
symmetry in human pepsin that is also reflected in the approximate two-fold
symmetry at the active site residues and the loops upon which the Asp32 and Asp215
reside. Upon division of the two lobes of penicillopepsin at the central p-sheet, they
can be superimposed with a root-mean-square (rms) deviation of 1.91 A for 70
equivalent Cy atoms (James & Sielecki, 1983). The viral aspartic proteinases have
evolved as a compact single B-barrel domain that dimerizes to form the active enzyme

(Miller et al., 1989; Navia et al., 1989). Each monomer contributes one of the two



Figure 1B.1: Ribbon model of human pepsin (Fujinaga et al., 1995).
The various B-sheets in the structure are colour coded. The
N-terminal B-barrel is yellow; the central six-stranded B-sheet is
purple; and the C-terminal B-barrel, which is topologically
equivalent to the N-terminal fB-sheet, is blue. The nucleophilic
water molecule is represented by a sphere. The N-terminal B-strand
(residues 2-8) is coloured green. Asp32 and Asp215 are

represented as red stick models. The figures in this chapter were
drawn using BOBSCRIPT (Esnouf, 1997).



aspartates which comprise the active site of the dimer, and this is consistent with the
prediction that cellular aspartic proteinases have emerged by gene duplication of a
single domain (Tang et al., 1978).

There is consensus that peptide hydrolysis by aspartic proteinases involves a
non-covalent general acid-base mechanism, as was originally proposed by Fruton
(1976). This hypothesis was supported by the inability to isolate covalent
intermediates in the reaction (Dunn & Fink, 1984; Fruton, 1976; Hofmann et al.,
1984), and by isotope exchange experiments with 180 water (Antonov et al., 1981).
The structures of all active aspartic proteinases contain a water molecule that is
hydrogen-bonded to the two catalytic Asp residues (Fig. 1B.2,3). In the proposed
hydrolytic pathway, this central water is de-protonated and subsequently attacks the
carbony! carbon of the scissile bond of substrates to form a tetrahedral intermediate
(Suguna et al., 1987; Davies, 1990; James et al., 1992).

Since the location of hydrogens cannot be determined at the resolution of the
structures of aspartic proteinases that have been characterized, the detailed pathway
for the reaction remains a matter of debate. However, one model of catalysis
considers Asp215 to have a negative charge, whereas Asp32 is protonated prior to the
reaction (Suguna et al., 1987; James et al., 1992). During the first step in hydrolysis,
Asp215 acts as the general base, extracting a proton from the nucleophilic water
molecule (Fig. 1B.4). The water proceeds to attack the carbonyl carbon of the
scissile bond, thereby forming a tetrahedral intermediate. The nucleophilic attack and
subsequent breakdown of the tetrahedral intermediate is assisted by the side chain of
Asp32, which acts as the general acid and forms hydrogen bonds with the negatively-
charged oxyanion carbonyl oxygen. Furthermore, there are additional hydrogen
bonding interactions between the catalytic Asp residues and neighbouring amino acids
that likely influence the distribution and orientation of protons and electrons at the

active site (James et al., 1992).



Figure 1B.2: Close-up of the active site of human pepsin, shown in divergent
stereo. The catalytic aspartate residues (Asp32, top; Asp215, bottom) are shown as
ball and stick models. The nucleophilic water molecule is represented by a sphere.
Hydrogen bonds are shown as dashed lines.



Figure 1B.3: Backside of the active site of human pepsin. The molecule has been
rotated 180° around the vertical axis of the previous figure in order to provide a clear
view of the central six-stranded B-sheet. The N-terminus of pepsin forms the first
strand of this anti-parallel -sheet, and the active is partially obscured on the opposite
side. Asp32 is on top; Asp215 is on the bottom.
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Inhibitors of aspartic proteinases. ~Many peptide-based inhibitors have been
characterized in complex with aspartic proteinases, thus providing clues to the
mechanism for cleavage of substrates. For example, the peptide mimic ‘pepstatin’
from Streptomyces filtrates is a potent inhibitor of most aspartic proteinases,
supporting the view that these enzymes share a common catalytic mechanism.
Pepstatin contains an unusual ‘statine’ moiety [(3S,4S)-4-amino-3-hydroxy-6-
methylheptanoic acid] at the P1 position (notation of Schechter & Berger, 1967; see
below, Substrate binding and specificity). The 3S-OH group in the backbone of
statine replaces the nucleophilic water at the active site, and the overall complex
resembles the tetrahedral intermediate of the hydrolytic pathway of a good substrate
(Davies, 1990; Fig. 1B.5).

Synthetic phosphorus-containing analogues of peptides have also been
analyzed in complex with aspartic proteinases. Originially, phosphorus-containing
peptide mimics were observed to be excellent inhibitors of another class of enzymes,
the zinc metalloproteinases. Characterization of their interactions with the zinc
enzymes revealed that some of these inhibitors mimic the cleavage transition state
(Weaver et al., 1977; Bartlett & Marlowe, 1983; Tronrud et al., 1987). Since the zinc
enzymes cleave peptide bonds in an analogous manner to the aspartic enzymes,
namely via the activation of a water nucleophile, phosphorus-containing oligopeptides
were synthesized and tested against several aspartic proteinases (Bartlett & Kazer,
1984; Bartlett et al., 1990). These inhibition studies proved that phosphorus-based
peptides are indeed inhibitors of enzymes such as pepsin (Bartlett & Kazer, 1984),
renin (Allen et al., 1989), HIV protease (Dreyer et al., 1989) and penicillopepsin
(Bartlett et al., 1990). Subsequently, our lab crystallized penicillopepsin in complex
with several of these inhibitors in order to characterize the inhibitory interactions and
to provide insight into the catalytic mechanism (Fraser et al., 1992). In Chapter 2,

these studies will be extended to novel “second-generation” inhibitors of



Figure 1B.5: Structure of the complex of pepsin with pepstatin (Fujinaga
et al, 1995). The inhibitor resides at the active site in an extended
conformation (the N-terminus of the inhibitor is at the right, beginning
with Iso-Val). The (§)-3-hydroxyl of the P1-statine residue

hydrogen bonds to Asp32 and Asp215 (shown as dashed lines).
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penicillopepsin that have been designed to address several questions arising from the

initial work by Fraser et al. (1992).

Substrate-binding and specificity. The typical substrate-binding cleft of aspartic
proteinases is sufficiently long to accornmodate a minimum of 6 amino acids, such
that four residues extend towards the N-terminal side of the cleaved peptide bond
(P1—>P4) and two residues are present on the C-terminal side (Pl'—P2';
nomenclature of Schechter & Berger, 1967). The corresponding enzyme specificity
pockets that interact with these residues are S1—S4 and S1'—S2'. Crystallographic
studies of enzyme complexes with pepstatin and other peptide-based inhibitors have
revealed that substrates bind to the active site in an extended conformation (Fig.
1B.5). The extended substrate-binding cleft allows selective cleavage of target
peptides, and the effect of strain energy in twisting the P1-P1' scissile bond away
from its normal planar conformation may also contribute to the cleavage reaction
(Fruton, 1976; Davies, 1990). In support of this notion, elongation of peptide
substrates (from four to six amino acids) on either side of the peptide bond increases
kcat by several orders of magnitude, while having limited effects upon the Ky,
(Fruton, 1976).

Extensive kinetic experiments using peptide substrates and inhibitors have
characterized the substrate-binding pockets and specificities of these enzymes. Many
aspartic proteinases have a preference for large hydrophobic residues flanking the
scissile peptide bond, at the P1 and P1' positions. The structural basis for this
preference is the predominantly hydrophobic nature of the corresponding S1 and ST’
specificity pockets. Based upon these obervations, Ben Dunn’s group synthesized a
library of peptide inhibitors that were built around a core of Phe-NPhe at the P1-P1'
positions (Nphe = p-nitro-phenylalanine). These inhibitors were designed to probe

the differences in specificity of the aspartic proteinases at binding pockets that are
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distal from the scissile bond (Dunn et al., 1998; Rao & Dunn, 1995; Dunn et al.,
1994). It was concluded that the 'secondary specificity' of the enzymes may have a
significant impact upon the kinetics of cleavage, and could be exploited to develop
specific inhibitors of biologically important enzymes. However, not all aspartic
proteinases have a preference for hydrophobic residues at the P1 and P1' positions.
Mammalian 'yapsin’, a newly-characterized aspartic proteinase that specifically
cleaves peptide pro-hormones to their active counterparts, cleaves with a positively-
charged residue at the P1 position (Olsen et al., 1998). Comparative modeling of the
three-dimensional structure of yapsin predicted a cluster of negatfvely charged
residues at the S1, S2' and S3' sites that likely interact with positively charged
substrate residues at the P1, P2' and P3' positions (Olsen et al., 1998).

Finally, in addition to the substrate-binding cleft, aspartic proteinases contain
a B-hairpin loop that hangs over the active site, and it is often termed the “flap" in the
literature (Fig. 1B.5; residues 70-80 of pepsin). The tip of the flap in the cellularly-
derived enzymes contains an invariable Tyr residue (Tyr75 in pepsin), and the flap is
flexible in the native (uncomplexed) structures of the enzymes, as evidenced by the
high B-factors of the backbone atoms. However, in the structures of aspartic
proteinase complexes, the flap clamps down upon substrates and becomes ordered,
forming van der Waals and hydrogen bond interactions with segments of the peptide
(e.g., human pepsin, Fujinaga et al., 1995; penicillopepsin, James & Sielecki, 1985).
In summary, the aspartic proteinase structures contain an extended substrate-binding
cleft that is generally hydrophobic and accommodates peptides with an approximate §-
strand-like conformation. The precise substrate specificities reflect the composition of
the various binding subsites on the enzyme, and interactions that are distant from the
scissile peptide bond may have a significant influence upon the efficiency of cleavage.
For example, hydrogen bonds between the enzyme and subsites S2° and S3 may

facilitate the distortion of the scissile pepstide bond toward a productive enzyme-
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substrate complex (Hofmann et al., 1988; Pearl, 1987; Suguna et al., 1987; Fruton,
1976).

C. Aspartic Proteinase Zymogens and their Activation Pathways

Aspartic proteinases are initially synthesized within cells as inactive precursors
(or 'zymogens'), with an inhibitory N-terminal extension (or 'prosegment’). In fact,
the prosegments of cellular enzymes have an additional extension, the 'pre-sequence’
(or signal sequence), which targets the enzyme precursor to the secretory pathway.
The activation process of the precursor enzyme requires successive removal of the
signal sequence within the secretory pathway, followed by limited proteolysis and
removal of the prosegment within the appropriate biological compartment, thus
generating the active enzyme. Many other classes of proteolytic enzymes are also
synthesized as zymogens, with an inhibitory N-terminal prosegment (e.g., serine
proteinases, cysteine proteinases, metalloproteinases; reviewed by Khan & James,
1998). The broad function of the prosegment is to prevent proteolysis until the
zymogen is targetted to the appropriate compartment in which the active enzyme
exerts its biological activity. However, the prosegments of aspartic proteinases may
also serve other functions, such as providing a molecular recognition motif during
intracellular sorting (yeast pro-proteinase A, Klionsky et al., 1988; Westphal et al.,
1996). Since Chapter 3 will address the activation pathway of the gastric aspartic
proteinases, this sub-family of enzymes will be the focus of the ensuing discussion.

(endoplasmic
reticulum) (secretion to stomach)

pre-pro-enzyme-—->-—-—-——>—pro-enzyme———————y—enzyme
(e.g., pepsin)

At this point, it is important to clarify the terms ‘conversion’ and ‘activation’.

Although these terms will be used interchangeably, it is essential to point out that the
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zymogen forms of gastric aspartic proteinases are “active” in the sense that the
catalytic machinery (referring to the active site aspartates and substrate cleft) is
preformed and is capable of hydrolyzing peptide bonds. Indeed, this is a prerequisite
for the autocatalytic mechanism leading from the zymogen to the mature enzyme.
Therefore, the terms ‘activation’ and ‘conversion’ refer to the events that resuit in the
cleavage and removal of the inhibitory prosegment and formation of the mature

enzyme.

Activation studies of the gastric enzymes. The mammalian gaétric aspartic
proteinases, gastricsins and pepsins (which share 50% sequence identity), are
synthesized in the chief cells of the stomach as zymogens, and contain an inhibitory
N-terminal prosegment of 43 to 47 residues in length. The mature segments of these
enzymes are between 320 and 330 residues in length. Conversion to the active
enzymes occurs by limited proteolysis and removal of the prosegment upon secretion
of the zymogens into the low pH (about 1.5) environment of the gastric juice. These
enzymes have optimal activity at low pH, and digest dietary proteins that become
acid-denatured in the stomach. The table below summarizes the frequencies of
charged residues in the zymogens, showing clearly the enrichment of positively-
charged amino acids in the prosegments and the preponderance of negatively-charged
residues in the mature segment. As will be discussed shortly, salt bridges between
the prosegment and the mature segment are essential for stabilizing the zymogen at
neutral pH, and it is the weakening of these interactions at low pH that initiates the

conversion to the active enzyme.
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Prosegment Mature Segment
Asp/Glu Arg/Lys Asp/Glu Arg/Lys

pepsinogen 3/44 11/44 42/326 3/326
progastricsin 5/43 11/43 26/329 3/329

The overall distribution of pepsinogen vs. progastricsin in the stomach is
different; pepsinogen A is localized mainly to the stomach, whereas progastricsin is
found throughout the stomach (Samloff & Liebmann, 1973). Also, human
pepsinogens can be separated into at least five distinct bands by polacrylamide gel
electrophoresis (Samloff, 1969). The heterogeneity is attributed to multiple copies of
the zymogens (‘isozymogens’) that differ slightly in amino acid sequences, and to
differences in post-translational modifications (Defize et al., 1985; Taggart et al.,
1985). In one case, a single amino acid substitution in the prosegment (Lys43p to
Glu43p) confers the ability to resolve the isozymogens by electrophoresis (Athauda et
al., 1989). The biological significance of the distinct location of pepsin in the
stomach, as well as the genetic polymorphism of human pepsinogens, is not
understood.

The activation process of the aspartic proteinases has been extensively studied
using biochemical and biophysical techniques, and has a rich place in the history of
biochemistry. During the late 1930s, Roger Herriott analyzed the kinetics of the
conversion of porcine pepsinogen to pepsin at low pH and observed a first-order rate
constant during the initial events (Herriott, 1938/1939). Furthermore, he identified an
intermediate compound, noting that the initial loss of pepsinogen was not immediately
accompanied by an increase in pepsin (Herriott, 1939). These classical experiments

revealed that the conversion of pepsinogen—pepsin at low pH is an autocatalytic

18



reaction, and that the pathway involves the formation of transient intermediate(s),

pepsinogen—[intermediate],—pepsin.

Structural studies of zymogens. Whereas the structures of the active enzymes are
known from many organisms, the only zymogen structures that have been determined
are from mammalian sources. These zymogens are porcine pepsinogen (pPGN),
human pepsinogen A (hPGA), and human progastricsin (hPGC), which are all
components of the gastric juices of the respective species (James & Sielecki, 1986;
Bateman et al., 1998; Moore et al., 1995). The zymogen forms of gastfic proteinases
contain a positively-charged N-terminal prosegment that wraps around the central
portion of the enzyme, forming salt-bridge interactions with the negatively-charged
mature segment. The prosegments of the gastric zymogens vary between 43 to 47
residues in length and are related in both sequence and structure (Fig. 1C.1). The
prosegment is not an independently-folding unit, and once removed, the peptide is
autocatalytically degraded by the active enzyme.

The structure of porcine pepsinogen, the first published structure of a
zymogen (James & Sielecki, 1986), revealed that a Lys residue (Lys36p in pPGN;
“p" suffix denotes the prosegment) forms hydrogen-bonded salt bridges to the active
site Asp residues, Asp32 and Asp215 (Figs. 1C.2,3). These interactions position the
prosegment region Pro33p-Pro39p (a 3,4-helix) in front of the preformed active site,
thereby preventing the approach of substrates. The conversion process is initiated by
disruption of these salt bridges at low pH and subsequent limited proteolysis of the
prosegment, as originally proposed by Bent Foltmann (1981). No other accessory
molecules are required for conversion. Comparisons of the structures of the
zymogens (pepsinogen and progastricsin) with active enzymes have shown that upon
proteolytic removal of the prosegment, the N-terminus (approximately residues 1-10)

of the mature segment undergoes a major conformational re-arrangement. In the
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Figure 1C.2: Ribbon model of human pepsinogen. The prosegment is highlighted
by the darker shading. Hydrogen bonds and salt bridges are represented as dashed
lines. The prosegment contains three helices (alp-o3p), and it is Ly36p from o3p
that forms salt bridges with the active site aspartate residues and prevents access to
substrates. The N-terminus of the prosegment forms the first strand of the central six-
stranded B-sheet, a position that will eventually become occupied by the N-terminus of
the mature segment in the active enzyme.
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Figure 1C.3: Close-up of the active site of human pepsinogen, looking directly into
the active site (top) and from behind (bottom). The prosegment is emphasized in
darker shading, as in the previous figure. Tyr37p and Tyr9 form hydrogen bonds
with Asp215 and Asp33, respectively, in a pseudo two-fold symmetric fashion.
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zymogen, this portion of the mature segment consists of a loop and 3, helix that
protrudes into the active site cleft. However, in the mature enzyme, residues Serl-
Met10 swing around to the back of the molecule, forming the first strand of the six-
stranded B-sheet. In the zymogen, prosegment residues Alalp to Lys10p comprise
the equivalent B8-strand (Fig. 1C.3), but the prosegment is removed during the
conversion process.

The early steps in the pathway leading to these remarkable structural changes
have also been characterized indirectly using spectroscopic techniques in the 1970s
and 1980s (McPhie, 1972; Auer & Glick, 1984). Upon initial exi)osure of the
zymogen to acid, a conformational change occurs without proteolytic cleavage in the
Sms to 2s timescale (Auer & Glick, 1984). These studies involved stopped-flow
fluorescence experiments using intrinsic and extrinsic fluorescent-tagged porcine
pepsinogen. The conformational changes were inferred from fluorescence changes
upon incubation of pepsinogen at pH < 3, and the timescale attributed to these
changes was an order of magnitude faster than the dissociation of the prosegment
from the mature segment (Twining et al., 1981). In addition, intermediates that form
upon partial cleavage of the prosegment at much longer time scales have been
characterized using various biochemical techniques in the labs of Bent Foltmann in
Copenhagen (Nielsen & Foltmann, 1993), Kenji Takahashi in Japan (Kageyama et
al., 1989), and Jordan Tang in Oklahoma (Marciniszyn et al., 1976). In Chapter 3,
the first X-ray crystallographic structure of an intermediate aspartic proteinase
('intermediate 2' of human gastricsin) will be presented. The structure has properties
resembling both the zymogen and the active enzyme, and has broad implications for

the nature and biological significance of the conversion process.
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D. Research Goals
The broad aim of this research project is further structural and functional
characterization of aspartic proteinases and their zymogens. The specific goals are

listed under the corresponding Chapters, below:

Chapter 2. The structures of penicillopepsin in complex with two newly-synthesized
phosphonate inhibitors will be described. One of the inhibitors has been bridged at
the side chains corresponding to the P2 and P1' positions in order to reduce the
conformational flexibility of the peptide. Structural and kinetic comparisons of this
"macrocyclic" inhibitor with its acyclic analogue will provide an estimation of the

entropic cost of binding a flexible peptide to the enzyme active site.

Chapter 3. The structure of activation 'intermediate 2' on the pathway to human
gastricsin will be presented. The structure of the intermediate will complement the
previously determined structures of zymogens (human progastricsin, human
pepsinogen) and the active enzymes (e.g., human pepsin), thus providing molecular
details of various stages in the activation pathway of gastric aspartic proteinases.
Analyses of these structures will enable an understanding of the biological

significance of the conversion process.

Chapter 4. General Discussions. A section will be devoted to inhibitory mechanisms
that are employed in the context of zymogens vs. the active enzymes. In many cases,
the active sites of both the zymogen and the active enzyme are competent for
performing the cleavage reaction. For example, the catalytic aspartate residues in
gastric zymogens are observed in the active conformation and position that is
necessary for catalysis. However, the inhibitory interactions between the prosegment

and the active site (Chapter 3) are distinct from the mechanism utilized by peptide-
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based competitive inhibitors (Chapter 2) that bind tightly and often mimic the cleavage
transition state.

A brief section of Chapter 4 will touch upon the importance of the high
resolution crystal structure of PP7-penicillopepsin. The structure is the highest
resolution that has been obtained for an aspartic proteinase, and the ~3000 atoms in
the model represent one of the largest structures that has been determined in the
protein database. Consequently, the structure provides a wealth of information that
will require detailed analyses of the conformation, geometry, bond lengths/angles,
and disorder. However, such in-depth analyses will not be presented in this thesis.
This work is currently being performed in concert with studies of native
penicillopepsin and other inhibitor-penicillopepsin complexes at atomic resolution

(Fraser et al., unpublished work).
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CHAPTER 2

STRUCTURES OF CYCLIC AND ACYCLIC PEPTIDE-BASED
PHOSPHONATE INHIBITORS WITH PENICILLOPEPSIN

A. INTRODUCTION

The synthesis of potent and specific inhibitors of biologically important
proteolytic enzymes is a widespread approach for rational drug design. In this
strategy, a “lead" compound that inhibits an enzyme of interest is typic.ally identified
by a combinatorial search of small molecules, or by past experience with related
enzymes and their inhibitors (Salemme et al., 1997). Subsequently, an important step
is the improvement of the inhibitor against the proteolytic enzyme by inspection of the
X-ray structure of the enzyme-inhibitor complex. The inhibitor can be rendered more
potent by optimizing the hydrophobic, hydrogen bonding, and electrostatic
interactions with the enzyme active site.

A further enhancement of the binding constant can be achieved by stabilizing
the structure that the inhibitor adopts upon binding the active site, assuming that the
inhibitor is more flexible in aqueous solution. As previously mentioned, peptide-
based inhibitors of aspartic proteinases typically interact with the active site cleft in an
extended B-strand conformation. The entropic cost associated with the loss of
conformational flexibility for these inhibitors would be minimized upon stabilization
of this conformation in solution. These energetic considerations have led to the
development of phosphonate-based inhibitors of penicillopepsin that are covalently
linked at their side chains in order to constrain their conformation and enhance the
binding affinity (Meyer & Bartlett, 1998; Smith & Bartlett, 1998). The design of

these inhibitors was guided by the structure of penicillopepsin in complex with an
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acyclic phosphonate-based peptide analogue, hereafter referred to as 'PP2'

(penicillopepsin phosphonate inhibitor 2; Fraser et al., 1992: Fig. 2A.1).

Structure of the complex PP2-penicillopepsin. Previous crystallographic analysis of
the phosphorus-containing peptide-mimic PP2 revealed that the inhibitor binds in an
extended fashion across the catalytic cleft of penicillopepsin (Fig. 2A.2). The
phesphonate moiety of PP2 is co-ordinated between the two catalytic Asp residues,
Asp33 and Asp213, and is unable to be hydrolyzed by the enzyme. The measured
inhibition constant, K;, for the complex of PP2 with penicillopepéin is 2.8 nM
(Bartlett et al., 1990). The tetrahedral geometry at the phosphorus atom resembles the
cleavage transition state that would be expected for a genuine substrate. The pro-S
oxygen atom (O4) makes a 2.4 A hydrogen bond to Asp33(031), shorter than the
minimum 2.5 A (and average 2.8 A) hydrogen bonded contacts that are typical of
proteins (Baker & Hubbard, 1984). The short contact distance and the geometry of
the interaction has been interpreted as a hydrogen bond with a symmetric single-well
potential energy function (Fraser et al., 1992), similar to very short hydrogen bonds
that have been reported in the structures of thermolysin and carboxypeptidase in
complex with phosphonate inhibitors (Holden et al., 1987; Kim & Lipscomb, 1991).
The pro-R oxygen atom of PP2 is the recipient of a hydrogen bond (2.6 A) from
Asp213(061) of penicillopepsin, suggesting that this side chain is fully protonated
(Fraser et al., 1992).

PP2 is involved in extensive hydrophobic and hydrogen bonding contacts
with the substrate-binding cleft. Non-polar contacts include interactions between the
side chains of P4, P2, P] and P1' and the corresponding subsites S4, S2, S1 and S1'
of penicillopepsin. In addition, main-chain hydrogen bonds between PP2 and
penicillopepsin [P1(NH) and Gly215(CO), P1'(CO) and Gly76(NH)] stabilize the

complex further, and are indicative of the intimate contacts that are characteristic of

36



PP2 "~ PI'Phe
K; =2.8 1M
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Figure 2A.1: Chemical drawing of PP2, the phosphonate-based
peptide inhibitor of penicillopepsin.
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Figure 2A.2: Active site structure of the PP2-peniciliopepsin complex (Fraser et al.,
1992; PDB code 1ppl). The inhibitor is distinguishable from the enzyme by the
lighter shading of bond vectors. The side chains of PP2 are labelled according to the
nomenclature of Shechter and Berger (1967). Hydrogen bonds are shown with
dashed lines. The side chain Og atom of Thr216 (unlabelled) forms a hydrogen bond
with Asp213 at the active site. The figures in this chapter were produced by
BOBSCRIPT (Esnouf, 1997).
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aspartic proteinases with their inhibitors (reviewed by Davies, 1990). As a
consequence of the B-strand conformation of PP2, it was noticed that alternating pairs
of side chains (P1---P3, P2---P1') are relatively close together in space. These two
pairs of side chains interact with hydrophobic parts of the substrate-binding cleft at
opposite sides of the peptide, and there is sufficient space to connect each pair
together. This strategy was first suggested by Blundell and co-workers to improve
the potency and selectivity of renin inhibitors (Blundell et al., 1986), although the
proposal was never followed through experimentally. These considerations have led
to the development of ‘second-generation' phosphonate inhibitors with covalent
bridges at alternating side chains to reduce their conformational freedom and thereby
enhance the binding affinity. The macrocyclic inhibitors, along with their acyclic
analogs (Fig. 2A.3), were designed to differentiate the entropic cost of binding a
peptide to the active site from the favorable hydrophobic and polar interactions. In
order to derive a valid quantitative estimate, it was necessary to demonstrate that the

cyclic and acyclic inhibitors bind penicillopepsin in an identical manner.

Structures of cyclic and acyclic phosphonate inhibitors with penicillopepsin. The first
series of inhibitors were designed to assess the effects of a covalent link between the
P3 and P1 side chains (Meyer & Bartlett, 1998). The chemical structure of the P3-P1
macrocyclic inhibitor (PP6) and its acyclic control compounds (PP4, PP5) are shown
in Fig. 2A.3, together with the corresponding K; values. The program "CAVEAT"
was implemented to identify structural frameworks that would ideally link the side
chains, followed by modeling and energy minimization procedures to evaluate the
resulting possibilities (Lauri & Bartlett, 1994; Meyer & Bartlett, 1998). The
naphthalene bridge shown in Fig. 2A.3 (PP4) was selected for its synthetic
accessibility and rigidity, while the corresponding acyclic derivatives PPS and PP6

lacked the methylene link at P3 and P1, respectively. Kinetic analyses revealed that
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the most conformationally constrained compound, PP6, was the most potent inhibitor
(Kj = 800 nM). The K; values for the control acyclic analogues, PP4 (7.6 uM) and
PP5 (110 uM), were significantly higher, suggesting that binding affinity increases
with decreasing conformational freedom (Meyer & Bartlett, 1997).

The inhibitors were synthesized in sufficient quantities to enable co-
crystallization with penicillopepsin for structural analyses (Ding et al., 1998). Table
2A.1 gives a brief account of the resolution and quality of the various structures. The
structure of PP6-penicillopepsin revealed that the macrocyclic inhibitor interacts with
the enzyme in an almost identical manner relative to PP2, the acyclic parent compound
(Fig. 2A.4). The phosphonyl oxygen atoms of PP6 form hydrogen bonds to Asp33
and Asp213, and the flap is in a 'closed’ position such that P2-Val(O) receives
hydrogen bonds from Asp77(NH) and Gly76(NH). Despite these similarities, the
naphthalene ring that links the P1 and P3 side chains was located in a more polar
environment relative to PP2, making several contacts (< 3.6 A) with water molecules
and polar residues within the flap (Tyr75, Asp77, Ser79).

Unfortunately for the proof of the concept, the structure of the PP4-
penicillopepsin complex, in which the P1(C¢) atom of the acyclic inhibitor branches
into a naphthylmethyl substituent, revealed significant structural differences when
compared to PP6 (Ding et al., 1998). The bound naphthalene ring of PP4 was
rotated at the X2 angle by -60° relative to PP6, thereby adopting a x> angle of 30°
(Fig. 2A.4). This side chain conformation is relatively unfavourable when compared
to X2 angles that are typically observed for aromatic residues (Phe, Tyr, Trp) in the
protein database (Schrauber et al., 1993). However, adoption of the unfavorable ) &)
value was compensated by additional hydrophobic interactions between the naphthy!
ring and Phel12, thus bringing the P1 residue into more intimate contacts with the S1
binding pocket (Ding et al., 1998). Omitting the naphthalene and phenyl rings, a

least-squares superposition of the equivalent backbone atoms of PP4 and PP6 yielded
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Table 2A.1: Structures of Cyclic and Acyclic Phosphonate
Inhibitors in Complex with Penicillopepsin

Inhibitor PDB code Resolution (A) Temp (°K) TR-factor (R-free)
PP2  Ippl 1.70 295 13.1%
PP4 2wea 1.25 110 15.5% ( 19.2)
PP5 2web 1.50 295 16.2% (19.0)
PP6 2wec 1.50 295 16.5% (21.2)

TR=2 | IF HF | /=F I x 100%



(a)

(b)

D33 D33

D213

Figure 2A .4: Structures of the P3-P1 macrocyclic inhibitor and its acyclic
control with penicillopepsin. (a) Stereoview of the PP6-penicillopepsin
complex at the active site (from Ding et al., 1998). The enzyme is lightly
shaded, relative to the inhibitor. Hydrogen bonds are represented by
dashed lines. The P1’-Phe ring is shown as two alternate conformers. (b)
Superposition of PP6-penicillopepsin (solid lines) with acyclic PP4-
penicillopepsin (dashed lines). A rotation of the naphthyl ring of PP4 is
apparent, placing it in two very different environments. However, the
architecture of the enzyme active site is unchanged.
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a relatively low rms displacement of 0.309 A for 22 atoms. Similarly, a least-squares
superposition of penicillopepsin in the two complexes resulted in an rms difference of
only 0.205 A for 1248 backbone atoms (Ding et al., 1998). Comparisons of the
substrate-binding clefts revealed negligible changes in the enzyme structure between
the two complexes, so that the major difference between the two complexes was the
conformation of the side chain naphthyl moiety of the inhibitors. Overall, these
observations suggest that the enzyme provides a rigid framework at the active site, but
the inherent flexibility of the inhibitors leads to significant differences in their bound
structures as multiple conformations are sampled during formation of the complex.
Attention was switched to the remaining acyclic control, PP5, in which the
naphthalene ring is linked to the P3 residue, leaving a glycine at the P1 position.
Disappointingly, the structure of PP5-penicillopepsin revealed even more profound
differences in relation to PP6-penicillopepsin (not shown). Superposition of the
bound structures of PP5 and PP6, following alignment of penicillopepsin, yielded an
rms deviation of 2.08 A for 32 common atoms (Ding et al., 1998). Surprisingly,
analysis of the PP5-penicillopepsin structure showed that the phosphonyl group was
shifted about 3 A away from the two catalytic aspartate residues, Asp33 and Asn213
(Ding et al., 1998). Instead, a water molecule was observed between the two catalytic
Asp residues, in the equivalent position that is assumed by the catalytic water
molecule in native penicillopepsin (James et al., 1983). The naphthyl moiety of PP5,
which should reside in the S3 pocket of pencillopepsin, had moved into the S4
pocket. These overall structural changes resulted in fewer hydrogen bonding and
hydrophobic contacts, and likely contributed to the poor inhibition constant for PP5
(Kij =110 uM). It was speculated that perhaps the complex was an “intermediate”
along the binding pathway such that the presence of the large naphthyl group
prevented the peptide from sliding into the thermodynamically favored position that is

usually observed for phosphonate inhibitors (Ding et al., 1998). While the unique



position of PP6 at the active site was intriguing, this acyclic inhibitor failed to provide
an adequate control for the PP4-penicillopepsin complex.

In summary, the first series of cyclic and acyclic inhibitors designed around
linking the P3 and P1 side chains were sufficiently variable in their interactions with
penicillopepsin to be rendered inappropriate for quantitation of the entropic cost of
peptide binding. Consequently, a second macrocyclic inhibitor was designed and
synthesized (Smith & Bartlett, 1998) to exploit the spatial proximity of the P2 and P1'
side chains (Fig. 2A.5). The complex PP7-penicillopepsin and its acyclic control
PP8-penicillopepsin have been crystallized and their structures refined. The striking
similarities of these two structures, and with their parent complex PP2-
penicillopepsin, demonstrate that these inhibitors are suitable for quantifying the

effects of conformational constraints on the binding affinity.
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Figure 2A.5: Chemical drawing of P2-P1' macrocycle and
its acyclic control.



B. MATERIALS AND METHODS

Crystallization of PP7-inhibitor complex. The macrocyclic peptide-based inhibitor
PP7 {Methyl Cyclo[(2S)-2-[[(1R)-1-(N-L-N -(3-methylbutanoyl)valyl-L-aspartyl)
amino)-3-methylbutyl]—hydroxyphosphinyloxy]—3—(3-arninomethyl)phenyl-
propanoate] lithium salt} and its acyclic derivative PP8 were synthesized as published
previously (Smith & Bartlett, 1998). The inhibitors were obtained by our laboratory
as lyophilized powders. Penicillopepsin was obtained as a powder preparation from
Professor T. Hofmann, University of Toronto (Fraser et al., 1992).

The powder samples were solubilized in separate aqueous solutions
containing 20 mM sodium acetate (pH 4.6). The solutions were then mixed to form a
stock solution of the enzyme-inhibitor complex, with a penicillopepsin:PP7 molar
ratio of 1:6. Crystallization of the complex was performed using the hanging drop
technique following mixture of equivalent (~5 pL) volumes of the enzyme-inhibitor
solution with a solution containing ammonium sulfate as the precipitant. The final
concentrations in the drop were about 12 mg/mL of protein, 35% saturated
ammonium sulfate, and 100 mM sodium acetate (pH 4.6). Micro-crystals appeared
within 24 hours, and these were used as seeds to obtain larger crystals. Typically,
one further round of macro-seeding was employed to increase crystal size, producing
monoclinic plate-like crystals (0.15 x 0.5 x 0.5 mm) within 2 weeks.

A similar procedure to that described above was followed to grow crystals of

the PP8-penicillopepsin complex (Dr. Jonathan Parrish, unpublished).

Data collection and processing. Low temperature data collection involved transfer of
the crystals to a cryoprotectant containing 25% glycerol. The procedure involved a
careful mixing of the drop containing the crystal with an equal amount of the
precipitant solution that was supplemented with glycerol. The transfer was performed

gradually over 30-40 minutes, in 5% v/v increments of glycerol up to 25% v/v, with
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several transfers at each concentration. This protocol was found to be ideal for
preventing the crystal from cracking and thereby maintaining the excellent quality of
diffraction. Crystals were mounted onto nylon loops (Cryoloops, Hampton
Research) and placed in a stream of nitrogen gas maintained at 105°K.

In the laboratory, X-rays were generated using a Siemens rotating anode X-
ray generator operating at 40 kV and 150 mA, and reflections were recorded with a
Siemens X 1000 multiwire area detector system. Data to 1.43 A resolution were
processed with XENGEN (Howard et al., 1987), and scaled using SCALA (CCP4
package; Evans, 1993). Synchrotron data to a maximum of 0.90 A resolution were
collected at the Cornell High Energy Synchrotron Source (CHESS, Ithaca, New
York), processed using MOSFLM (Leslie, University of Cambridge), and scaled
using SCALA (Evans, 1993). In the case of the initial refinement using X-PLOR,
structure factor amplitudes and standard deviations were obtained using TRUNCATE
(French & Wilson, 1978), as implemented in the CCP4 package. Details of the

crystal parameters and quality of the data are provided in Table 2B.1.

Refinement of the models. The structure of the PP7-penicillopepsin complex was
initially refined using the model of PP2-penicillopepsin [Fraser et al., 1992; Protein
DataBank (PDB) code 1ppl]. The starting model was retrieved from the database and
all waters, sugars and other small molecules were deleted from the atom coordinate
list. Prior to the first step, 10% of the reflections were randomly assigned an 'R-free'
flag and excluded from the refinement process. The polypeptide (residues 1-323)
was subjected to rigid body minimization and simulated annealing using a least-
squares target function implemented in X-PLOR (Brunger, 1993), using data between
8-2.5 A resolution. At this stage, a SIGMAA-weighted electron density map (Read,
1986) was calculated using the program from the CCP4 package. The 2F,-F. and

Fo-Fc maps revealed clear density for all of the atoms corresponding to the inhibitor
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Table 2B.1: Crystal Data for PP7 and PP8

Complexes with Penicillopepsin

PP7-penicillopepsin -

PP8-penicillopepsin

(a) CHESS, 100°K (b) Lab, 295°K Lab, 105°K
Space Group
a (A) 96.98 97.86 96.24
b (A) 46.65 46.57 46.47
c(A) 65.71 66.57 65.38
B (°) 115.57 115.93 115.58
X-rays 0919 A 1.5418 A 1.5418 A
detector 2x2CCD DIP image Siemens multiwire
plate detector area detector
max resolution 0.90 A 1.55 A 1.45A
on detector
number of 430728 115357 107304
measurements
number of unique 160142 39959 45997
reflections
TRmerge 5.3% 6.5% 7.4%
Completeness 98.0% 97.3% 94.8%
(20-0.95 A) (20-1.55 A) (8-1.44 A)
51.7% 74.0% 66.3%
(0.97-0.95 A) (1.58-1.55 A) (1.46-1.44 A)
<F>/<cF> 39.1% 66.5% 39.1% .
greater than 3.0 (0.97-0.95 A) (1.58-1.55 A) (1.46-1.44 A)

TR merge=Thij | Thij<Inki> | Zhitj<lhkr> x 100%
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PP7, which was therefore included in the model. A set of distance and angle
restraints derived from the topology and parameter files of standard amino acids
(Engh & Huber, 1991), and the geometry corresponding to the previous structure of
PP2-penicillopepsin (Fraser et al., 1992), were used to restrain the model of the PP7
macrocycle. Subsequently, several rounds of map fitting, restrained energy
minimization (X-PLOR), and B-factor refinement were performed in concert with a
gradual increase in resolution to include data between 10-1.1 A. A bulk solvent
correction in X-PLOR was applied to approximate the scattering by diffuse waters
and its contribution to the low angle reflections. During these iterative cycles, water
molecules, sulfate ions, and glyerol molecules were added to the model using the
graphics program O (Jones & Kjeldgaard, 1995).

Upon reaching a reasonable crystallographic residual using X-PLOR
(R=18.6%, R-free=19.6%), the program SHELXL (Sheldrick, 1997) was used for
further refinement including all data between 10-1.1 A (156181 reflections). Initially,
two rounds of restrained conjugate gradient least-squares (CGLS) minimization were
performed, each consisting of 10 cycles of positional and isotropic B-factor
refinement. The minimization was performed against diffraction intensities that were
obtained from SCALA (Evans, 1993). Water molecules that contained excessively
high B-factors were removed. Folowing these two rounds, the conventional R-factor
and R-free, corresponding to the structure factor amplitudes, were 17.86% (140539
data) and 19.2% (15642 data). Further rounds of refinement in SHELXL consisted
of 10 cycles of positional and anisotropic B-factor refinement. After each round,
2Fo-Fc and Fo-Fc maps were calculated and the model was examined using XtalView
(McCree, 1992). Alternate side chain conformations, additional waters, sulfate ions,
and glycerol molecules were gradually included in the model. The various steps in

the refinement are summarized in Table 2B.2.

50



51

sasenbs-1se9] X1eW-{[n} Jo 9[040 u0-
(e1ep [[e) STIDD jo.spunol -

(3e8ns payuil-1y [, ‘18z-LLz dooy)
suo13a1 paroplosip 10§ sdew jrwo-
SOU .uo mﬁczo._ —Eo>om-

§10)0J-g ordoljosiue aonpoxul-

syead oje[nojEs-21 ‘SI9)EM JAOWOI-
uopnjosal

puaixs pue ‘Sumy dew g 3uarpeisd
91e3nfuoo Jo (punoy/saohd Q) spunol
[e19A9s wuopiad ‘“T-X THHS O 9AOW-

"|0Sa1 puaIXo ‘siedns ‘suoljeurIojuod
s[dnfnw ‘(019043 ‘sayejins ppe-

uonnjosal pualxa ‘“YO1dx
ut Juswouyal [euonisod ‘siajem ppe-

$10j08J-¢ [ENpIAIpUI
‘Burjesuue paeinuils YOIIX-
Jojquyul oy pue ‘siedns ‘siojem

Jo paddins ‘uisdadojpioued-z 44
‘(ddy o[y gQd wodj Juswaulyes pejs-

WBLYTI

%9v vl

%T 61

%961

%6°0C

%TLT

%9°'6¢

%586
%166

%veTl

%YLl

%v81

%¢61

%TST

%66

l6v
16y

0LE
16T

18¢

0¢?

181 961
181 961

181 951
181 961

£ST 01

c18v9

SeT Ty

A XAy

Y060-01 8
Y060-01 L

YO060-01 9

Y0600l S

yorror v

YOEI8 ¢

YOS'1-8 T

Yyos1-8 1

SJUWWOY)

Nljy

Ay oty

suonoapyal

uoynjosay 23wl

utsdadoyqiotuad-/ dd Jo Jusuoulyay Y ut sade1s 174z dqel



Refinement of the structure of PP8-penicillopepsin was initiated using a
partially-refined model of PP7-penicillopepsin. The starting model was stripped of
the waters, sulfates and glycerol prior to a rigid body minimization (X-PLOR, 8-2.5
A data) that treated PP7 and penicillopepsin as separate molecules. Upon inspection
of the 2Fo-Fc and Fo-Fc maps, the PP8 inhibitor was observed to be in a similar
position at the active site cleft, relative to PP7. However, a break in continuity
between the P2 (Asn) and P1' (Phe) side chains was evident, as expected for this
acyclic analog. In addition, a rotation of the P2-Phe side chain, corresponding to
about 30° in X2, was also observed. Map fitting (using the program O, Jones &
Kjeldgaard, 1995; XtalView, McCree, 1992) and further refinement was performed
as described for PP7-penicillopepsin, using all data between 8-1.43 A. In the latter
stages of refinement, several rounds of CGLS minimization (SHELXL) were
performed using all data.

Finally, water molecules in the models of PP7-penicillopepsin and PP8-
penicillopepsin were chosen from peaks greater than 40(I) and their proximity to
hydrogen-bonding partners. Isotropic B-factors were refined for all waters with their
occupancies fixed at 1.0. However, several waters in PP7-penicillopepsin showed
“split peaks” that were refined as alternate positions having partial occupancies in the

model.



C. RESULTS

Qualiry of the models. The structures of the enzyme-inhibitor compiexes have been
refined to low crystallographic residuals and good geometry and stereochemistry.
Details of the final results in the refinement of PP7 and PP8 in complex with
penicillopepsin are described in Table 2C.1. The average value of the isotropic B-
factors is 6.67 A2 for the acyclic inhibitor, PP8 (all atoms). In comparison, the
averaged B-value for the backbone atoms of the enzyme is 10.5 A2, showing that
PP8 is tightly associated with the active site. Similarly, the isotropic-equivalent B-
factors corresponding to the inhibitor PP7 are small, relative to penicillbpepsin in the
complex. The co-ordinate error was estimated to be less than 0.13 A for the PP8-
penicillopepsin structure using a SIGMAA plot (Read, 1986) and from the Luzzati
method (Luzzati, 1952). For the high-resolution structure of PP7-penicillopepsin, a
restrained full-matrix least-squares cycle was initially performed on a DEC Alpha
clone running a 600 Mhz Alpha 21164 chip in order to obtain accurate coordinate
errors from the inverse matrix. However, due to the excessive memory requirement
for ~3000 atoms, the single cycle continued for over one month without finishing, at
which point the calculation was terminated manually. To reduce memory
requirments, the full-matrix cycle was performed by dividing the coordinates into four
overlapping and equal blocks. The block matrix cycle is currently being performed
and should give results that approximate the full-matrix refinement (George

Sheldrick, personal communication).

Structure of PP8-penicillopepsin. The complex of the acyclic inhibitor with the
enzyme reveals that the phosphonate moiety of PP8 resides between the active site
residues, Asp33 and Asp213 (Fig. 2C.1,2a). The phosponate oxygens make several
hydrogen bonds and contacts with the Asp residues, and the tetrahedral geometry of

the phosphorus atom mimics the cleavage state of substrates at the scissile carbonyl-
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Table 2C.1:Refinement Statistics for the Penicillopepsin-

Phosphonate Inhibitor Complexes

parameters PP7 PP8
resolution range (A) 10.0 — 0.90 8.0 — 1.45
reflections (no cutoff) 156181 30576
Rcryst¥ 9.91% (140539) 16.1% (27728)
Rfree (10%) 12.47% (15642) 19.9% (2848)
no. of parameters 27767 11596
model:

no. of protein residues 1-323 1-323

no. of inhibitor atoms 44 43

no. of waters 491 412

no. of sulfate anions 2 2

no. of glycerols 2 2
rms deviations (SHELX-97)

bond lengths (A) 0.017 0.010

1,3 distances 0.034 0.029
rms co-ordinate error <0.051 0.138
average isotropic B-factors (A2):

backbone 18.5 10.5

inhibitor (all atoms) 14.8 6.67

waters 28.1 234
Ramachandran plot

most favorable regions 91.7% 93.0%

additional regions 8.3% 7.0%

¥R=% | IFHFI | /ZIF,| x 100%

8Estimated using SIGMAA (Read, 1986)

TEstimated from a Luzzati plot (Luzzati, 1952). A full-matrix cycle
is currently being performed to obtain the estimated standard
deviations (esds) of the coordinates.
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carbon. The pro-S oxygen atom (O4) of the phosphonate group makes a very short
hydrogen bond (2.40 A) to Asp33(062). The length and stereochemistry of this
active site interaction is consistent with a hydrogen bond having a symmetric single-
well potential energy function (Fraser et al., 1992; Dingetal,, 1998). Table 2C.2isa
list of the hydrogen bonds between the enzyme and the inhibitors, and Table 2C.3 is a
detailed analysis of the surface area that is buried upon association of the inhibitors
with the enzyme. Table 2C.4 lists the conformational torsion angles of the various
inhibitors in their complexes with penicillopepsin. Finally, Table 2C.5 provides the
results of least-squares superpositions between the enzyme-inhibitor cémplexes ina
matrix format. For completeness, the parent compound PP2 is also included in the
analyses. As will be discussed shortly, the hydrogen-bonding and hydrophobic
interactions, as well as the conformations of the three inhibitors bound at the active
site of penicillopepsin are remarkably similar.

The side chains of PP8 (P4-P1') are observed in their corresponding enzyme
subsites (S4-S1%), and both the side chains and the backbone of the inhibitor are
involved in hydrogen-binding interactions with the enzyme (Fig. 2C.2). The "flap”
region of penicillopepsin (residues 72-78) is observed in the "down" position, thus
clamping the substrate to the active site. For example, Gly76(NH) of the flap makes
a hydrogen bond to the carbonyl carbon of the P1' residue, which is a common
interaction among complexes of aspartic proteinases with inhibitors (Ding et al.,
1998; James et al., 1992; Fraser et al., 1992; Suguna et al., 1987; Davies, 1990). In
addition, the P1-Leu side chain makes hydrophobic contacts with the hydrophobic S1
pocket, part of which is formed by the flap residue Tyr75. Overall, greater than 80%
of the solvent-accessible surface area of PP8 is buried upon association with
penicillopepsin. Interestingly, the side chain of P2-Asn(N&2) makes a 2.82 A
hydrogen bond to Thr216(Ovy1), which in turn is involved in a hydrogen bond via the

Oyl atom with Asp213(082). This network of hydrogen bonds is indicative of the
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intimate contacts between the inhibitor and the enzyme active site. A water molecule
(W501) also participates in the association of PP8 with the enzyme through its
hydrogen bonds with the carbonyl oxygen of P3-Val (2.89 A) and with the backbone
nitrogen of Asn218 (3.02 A).

In summary, the structure of PP8-penicillopepsin reveals that the position and
conformation of the inhibitor is consistent with its parent compound, PP2-
penicillopepsin (Fraser et al., 1992; discussed in detail below). The tight binding of
PP8 is a consequence of the extensive hydrogen bonding and hydrophobic
interactions, as well as the transition-state mimicry of the non-cleavable phosphonate
moiety at the active site. Thus, the structures of the majority of these second-
generation phosphonate inhibitors in complexes with penicillopepsin have achieved
these aspects of their design. The only exception is the complex of PP5-
penicillopepsin (containing Gly at the P1 position), in which the phosphonate group
has shifted away from the catalytic Asp residues and therefore the bound inhibitor

does not resemble the binding of a transition-state analog.

Structure of PP7-penicillopepsin. The macrocyclic inhibitor PP7 has one of the
lowest K; values (0.10 nM) against an aspartic proteinase that has been reported in the
literature. The complex PP7-penicillopepsin was refined to 0.95 A resolution, with
excellent agreement between observed and calculated structure factors (Reryst =
9.85% for all 156,181 reflections, see Methods). The data extend to 0.90 A
resolution, and in fact one of the larger crystals showed reflections near 0.80 A
resolution. However, the data set is incomplete within the 0.95-0.90 A resolution
bin, so that the resolution should be considered 0.95 A. Nevertheless, the quality of
the data is unprecedented given the 35 kDa size of the protein, and a more detailed
structural analysis will be provided in the ‘Discussion’ (Chapter 4). Crystals of PP8-

penicillopepsin are also exceptional, and future studies will no doubt involve
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Figure 2C.2: Ball-and-stick models of PP7 and PP8 at the active site of
penicillopepsin, shown in divergent stereo. (a) Structure of PP8-penicillopepsin. The
inhibitor is distinguished by the lightly-shaded bond vectors. Hydrogen bonds are
shown as dashed lines. (b) Structure of PP7-penicillopepsin. In this figure, the
inhibitor is distnguished by the darker shading of bond vectors, relative to the
enzyme. The hydrogen bonds are preserved in this complex, but the P2 and P1' side
chains are bridged by an amide bond and methylene carbon atom.
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Figure 2C.3: Superpositions of PP7 and PP8 at the active site of penicillopepsin.
The superposition of PP7 and PP8 was performed using the backbone enzyme atoms.
PP7 is represented by the darker shading. Four conserved water molecules are
represented by spheres. Thr216 and most of the flap residues have been excluded to
clearly show the similarities among the two complexes. The rotation of the phenyl
ring at P1' is apparent in the figure.
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characterization of this complex beyond 1.0 A resolution. Although many alternate
conformations are observed for both PP7-penicillopepsin (30 residues) and PP$-
penicillopepsin (12 residues), it is important to note that they occur in regions remote
from the active site and do not affect the discussions below.

The position and conformation of PP7 in the complex with penicillopepsin is
virtually identical to PP8 (Figs. 2C.2,3). Comparisons of the hydrogen bond
distances, the surface areas buried, and the root-mean-square (rms) deviations of the
complexes reveal very similar binding of these two inhibitors (Tables 2C.2-5). In
addition, 11 of 13 water molecules in the vicinity of PP8 (< 4.0 A) have structural
equivalents in the complex of PP7-penicillopepsin. Upon superposition of the
enzyme backbone, the rms deviation of these 11 waters is 0.31 A.

The most pronounced conformational difference between PP7 and PP8 is a
36° rotation at the y2-angle of PI'-Phe (Fig. 2C.3). In PP7-penicillopepsin, %2
adopts a favorable value of -73° (Dunbrack & Karplus, 1994; Schrauber et al., 1993),
whereas the X2-value of PP8 is -37°. Rotation of the pheny! ring in PP8 is likely due
to the close approach of P2-Asn. The side chain of P2-Asn is firmly held in its
position by a hydrogen bond between its N32 atom and Thr216(Oyl1) in both PP7 and
PP8. In the cyclic PP7 structure, the P1’-Phe(Cel) atom is situated 2.52 A from N&2
of P2-Asn because of the methylene group that binds them together; removal of the
methylene group to form acyclic PP8 would lead to a severe steric clash were the
phenyl ring not rotated slightly, as observed in Fig. 2C.3a. The overall
conformational change is also attributed to a relative 12° rotation of the phsophoester
linkage between P1 and P1’, such that the largest co-ordinate difference is 1.29 A
(Cel of P1'-Phe) upon superposition of the penicillopepsin backbone. The positions
of the atoms of penicillopepsin that form the substrate clefts in the two complexes are

identical in spite of the conformational difference observed at P1’-Phe.
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The w-angle corresponding to the amide bridge linking P2-Asn and P1'Phe is
168.6°, which is significantly distorted from an ideal value of 180°. The distortion
from ideality is likely attributed to the favourable hydrogen bond between the N52
atom of P2-Asn and the Oyl atom of Thr216. Such a deviation from planarity
corresponds to a cost of about 1.0 kcal/mol (MacArthur & Thornton, 1996) and is an
important consideration when tabulating the energetics of the binding process (see
Discussion, below).

The conformation of PP7 in the complex is similar to the solution structure
that was determined by a combined nuclear magnetic resonance (NMR) .and modeling
approach (Smith & Bartlett, 1998), suggesting that the macrocycle is not significantly
distorted upon formation of the complex (Fig. 2C.4). However, an interesting
structural difference is observed in the ‘puckering’ of the macocycle. The structural
change is attributed to the geometry of the amide bridge, which is flipped 180° in the
NMR model relative to the crystal structure. Least-squares superposition of all 44
common atoms of PP7 gives an rms deviation of 1.19 A between the two structures.
Neglecting the 10 atoms that comprise the phenyl ring and amide bridge, the rms
deviation is reduced to 0.88 A.

It is not evident why the orientation of the amide bridge is different in the
structures. The cyclization step was performed subsequent to the assembly of the
peptide backbone during synthesis of PP7 (Fig. 2C.5; Smith & Bartlett, 1998). In
principle, the peptide coupling step should result in the formation of both geometric
forms of PP7. However, there is no evidence from the electron density maps that the
inhibitor with the peptide-bond orientation observed in the NMR structure is bound at
the active site of penicillopepsin. Upon modeling of the NMR structure into the active
site of PP7-penicillopepsin, the O31 atom of P2-Asn resides only 1.4 A away from
the Oyl atom of Thr216. Therefore, it is possible that this geometric isomer of PP7

has a lower binding affinity and is unable to compete for the enzyme active site. Our
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Figure 2C.4: NMR solution model of PP7. (a) Ball and stick representation of the
solution structure derived from NMR and modeling studies (Smith & Bartlett, 1998).
(b) Superposition of the NMR and crystal structures of PP7. The atoms comprising
the P1’ phenyl ring and the amide bridge were excluded from the calculation. If the
NMR model were placed into the active site of penicillopepsin, the O51 atom of P2-
Asn would protrude down to within 1.4 A of the Oyl atom of Thr216 (not shown),
thus resulting in severe steric clashes.
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Figure 2C.5: The synthetic step leading to cyclization of PP7. The figure was
adapted from Smith & Bartlett (1998). The reagents are ethyl dimethylaminoethyl
carbodiimide (EDC) and hydroxybenzotriazole (HOBt). This peptide coupling step
was performed in a dilute solution of tetrahydrofuran (THF), giving a yield of 20-
50% for the reaction. The methyl substituent ‘R’ of the phosphonate methy! ester was
removed in the subsequent step to form the final product, PP7.



collaborators at the University of California (Berkeley) are re-investigating the
solution structure of PP7 in light of the crystal structure in order to determine whether

the NMR data are consistent with the alternative peptide bond geometry.

Evaluation of the rational design strategy. The structures of PP7- and PP8-
penicillopepsin can be compared to the 1.8 A structure of PP2-penicillopepsin (K; =
2.8 nM), the parent complex from which the inhibitors were designed (Fig. 2C.6;
Tables 2C.2-5). This is an important analysis since it permits an evaluation of the
extent to which the rational design of the macrocycle PP7 was successful. As
expected from the design strategy, the conformations of the PP7 and PP8, their
chemical interactions with the enzyme, and the overall surface area buried in their
complexes with penicillopepsin are virtually identical to PP2-penicillopepsin. The
water molecule that bridges the carbonyl oxygen of P3-Val to the backbone nitrogen
of Asn218 is conserved in all three complexes. However, PP2 is more hydrophobic
as a consequence of the valine residue at P2. The less intrusive sidechain of P2-Val
also permits the x2-angle of P1'-Phe to adopt a favorable value of -82° without steric
clashes. The close structural similarities among the three enzyme-inhibitor complexes
indicate that the attempt at rational design of macrocyclic PP7 was successful. The
15-fold lower K; of PP2 relative to PP8, both of which are acyclic, may reflect the
preference of the hydrophobic S2 pocket for P2-Val, thus contributing only to
enthalpic differences.

The water structure in the vicinity of the active site reveals the most variability
when comparing PP2-penicillopepsin to the second-generation inhibitor complexes
(Fig. 2C.6). However, it is important to note that the programs used in refinement
and the resolution of the data sets are quite different. Nevertheless, the water
molecules tend to cluster in distinct areas, such as the region near the P2 and P1’ side

chains, which are more solvent exposed relative to the P1 and P3 side chains.



D213 D213

D213

Figure 2C.6: Evaluation of the rational design strategy. (a) Superposition of PP2-
penicillopepsin (light shading) with PP7-penicillopepsin (dark). Water molecules are
shown as spheres. The water molecules in this region are mostly conserved in the
two structures. The darkly shaded water in PP7-penicillopepsin that lies behind the
P2 side chain obscures the conserved lightly shaded water of PP2. (b) Superposition
of PP2-penicillopepsin (light shading) with PP8-penicillopepsin (dark). These
models show the greatest variability in their active site water structures.
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Table 2C.2: Possible Hydrogen-bonding Contact Distances
Between Phosphonate Inhibitors and the Active Site

distances (A)
site inhibitor  penicillopepsin PP2 PP7 PP8

P3 CO Thr217 (NH) 3.03 3.04 3.04
NH Thr217 (Ovyl) 2.88 294 3.15
P2 NH Asp77 (0d1) 293 2.89 283
N&2 (Asn) Thr216 (Oyl) - 3.02 2.97
CO Asp77 (NH) 3.00 3.14 3.09
Pl NH Gly215 (O) 322 3.06 3.03
POH Asp33 (0d1) 240 242 2.39
PO Asp33 (082) 321 3.17 3.16
PO Asp213 (O81) 260 254 251
P1'  CO (ester) Gly76 (NH) 2.89 292 295

Conformational ¥2-angles for P1'-Phe
PP2 =-82° PP7 =-73° PP8 =-37°
TLargest deviations between PP7 and PP8

C3 of Phe-P1:A=1.15A ]
Methyl-group of ester: A= 1.10 A

TThese distances were determined following least-
squares superposition of the backbone atoms of the
enzyme (excluding the inhibitors).
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Table 2C.4: Conformational angles (deg) of Phosphorus-
Based Peptide Inhibitors Bound to Penicillopepsin

site  angle PP2 PP7 PP8
P4y« -140 -122. -121
w* -174 -176 -172
Y 1* 59 52 55
P3 0] -123 -125 -131
v 162 162 160 .
0] 179 -175 -174
x1 -57 -58 -58
P2 ¢ -132 -142 -139
v 99 82 81
(6] -180 -172 -175
y1 -176 -177 177
x2 — -153 -148
P1 (0] -123 -116 -108
v 73 72 64
® 147 147 142
1 -48 48 -59
$2 159 175 160
Pl' ¢ -113 -127 -113
v 174 -175 -169
%1 63 67 73
$2 -83 73 -38

Torsion angle definitions for isovaleryl at P4:
y* = CB-Ca-C-N
o* = Co(Iva)-C-N-Ca
x1* =Cyl-CB-Ca-C



Table 2C.5. Least-Squares Superpositions of

Enzyme-Inhibitor Complexes

PP2 PP7 PP8
PP2 - 0.28 0.30
(1260) (1260)
PP7 0.30 - 0.19
(34) (1260)
PP8 0.25 0.17 -
(34) 37)

The values given are rms deviations in A units. The upper
right portion of the matrix is a superposition of the enzyme
backbone. Residues 1-2,278-281, and 322-323 were
disordered and therefore excluded from the calculations.
The bottom left region of the matrix is a superposition of
the inhibitor atoms. The P1'-Phe ring atoms were excluded
from these calculations. The numbers in brackets indicate
the number of common atoms used in the superposition.
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Figure 2C.7: Electron density at the active site of PP7-penicillopepsin. The refined
2F,-F; map has been contoured at 2.5a, revealing the density around individual atom
positions.



D. DISCUSSION

There are many enthalpic and entropic contributions to the binding of a peptide
to a protein. For example, the entropic terms include the desolvation and
rigidification of those residues in the ligand and the protein that mediate formation of
the complex, as well as the loss of global rotational and translational degrees of
freedom in the bimolecular association. In the complexes of PP7- and PPS8-
penicillopepsin, the similarities in the chemical interactions (hydrogen bonds, van der
Waals contacts) and the amount of surface areas buried (82%) suggest that many of
these energy terms are almost identical. There is only the slight movement of the
phenyl ring at P1'-Phe that could represent a small enthalpic difference in their
binding energies. It is apparent that the 420-fold difference in binding affinity
between inhibitors PP7 and PP8 can mostly be attributed to the entropy that is

associated with internal bond rotations. The overall free energy is given by,
AAG® = -RT[In (Ki,cyc/Ki.acy)] (1)

where R is the universal gas constant, T is the temperature (in Kelvin) and K; is the
inhibition constant (moles/litre) for the cyclic and acyclic inhibitors. The AAG® value
of 3.6 kcal/mol derived from equation 1 represents the entropic penalty required to
freeze out the enzyme-bound conformation from the flexible conformations of PPS,
relative to PP7, during the binding process.

The entropic cost of conformational mobility can be estimated on a per-bond
basis, as described previously (Smith & Bartlett, 1998). Briefly, a linear chain of n-
atoms has (n-1) independent rotations. When the termini are linked, an additional
rotatable bond is added, but 6 degrees of freedom are lost because the bond rotations
become interdependent. In the acyclic analogue PP8, there are 9 single, rotatable

bonds between the P2 side chain carboxamide and the P1' phenyl group; within the
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macrocycle of PP8, there are 11 single, rotatable bonds, corresponding to 5 degrees
of freedom. The 3.6 kcal/mol difference in free energy of binding for these two
inhibitors thus corresponds to an average of 0.9 kcal/mol per degree of freedom due
to bond rotations. This experimental value is well within the range of 0.7-1.6
kcal/mol reported in the literature from studies of small molecules and the
thermodynamic behaviour of helix-forming peptides (Gomez & Freire, 1995;
Williams et al., 1993; Page & Jencks, 1971; Andrews et al., 1984). The distortion
from planarity of the amide bridge linking the P2 and P1’ side chains is an additional
penalty that must be overcome during the binding process. Thus, it }nay have the
effect of underestimating the value of 0.90 kcal/mol attributed to each bond rotamer.
As described in the introduction to Chapter 2, the structure of the parent PP2-
penicillopepsin complex suggested the feasibility of linking the side chains of P3-Val
and P1-Leu. Accordingly, 2 macrocylic phosphonate inhibitor was synthesized in
which the P3 and P1 side chains were linked by a naphthalene bridge. The structure
of its complex with penicillopepsin was determined along with those of two acyclic
analogues, the P1- and P3-naphthyl derivatives (PP4, PPS, and PP6; Ding et al.,
1998). The binding affinities within this series of inhibitors increased as the degree
of conformational freedom decreased, suggesting that the overall strategy was
successful. However, the structures of the enzyme-inhibitor complexes were
sufficiently different to prevent assignment of the free energy entirely to the
conformational flexibility of the inhibitors. In this respect, the success of the
inhibitors described here may be related to the more peripheral location and less

intrusive nature of the amide bridge linking the P2 and P1' side chains (Fig. 2D.1).

Concluding Remarks. The strategy employed here provides the most rigorous and
successful attempt to differentiate the entropy of internal bond rotations from the

remaining free energy binding parameters in a large and complex system. Clearly,



further structural and thermodynamic studies would be required for more detailed
analyses, such as a residue-specific entropy dependence. Such quantitative studies
are a necessary step toward a better understanding of the forces that drive molecular
recognition and accurate predictions of binding affinities (Searle & Williams, 1992).
Recently, macrocyclic inhibitors have been synthesized against proteinases to enhance
their potency and selectivity, but without an accompanying quantitative analysis of the
effect [e.g., renin, (Weber et al., 1992); and HIV proteinase (Ettmayer et al., 1996)].
The large 420-fold increase in the binding affinity observed here provides justification
for pursuing this strategy in drug design, and is widely applicable to eniyme-inhibitor

complexes.
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Figure 2D.1: Stick model of PP7 against the molecular surface of penicillopepsin.
The covalent link between P2 and P1' is more peripherally located relative to the P3-
to-P1 bridge that has been studied previously. The latter would face toward the
enzyme pocket undemeath the flap region of penicillopepsin.
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CHAPTER 3

STRUCTURAL CHARACTERIZATION OF ACTIVATION
'INTERMEDIATE 2' ON THE PATHWAY TO HUMAN GASTRICSIN

A. INTRODUCTION

All known proteolytic enzymes in nature are synthesized as inactive
precursors to prevent unwanted protein degradation within cells. As discussed
previously, the gastric aspartic proteinases are synthesized in the chief cells of the
stomach as zymogens and contain an inhibitory N-terminal prosegment of 43-47
residues. The conversion process is autocatalytic at low pH., and has been studied

extensively using biochemical, kinetic and structural techniques.

Structure of human progastricsin. The crystal structure of human progastricsin
(hPGC; Moore et al., 1995), the second zymogen characterized in the aspartic
proteinase family after pig pepsinogen (pPGN), revealed that the secondary structure
of the prosegment and the overall mechanism of inhibition is identical for these two
zymogens (Figs. 3A.1-3). The N-terminal B-strand and the three a-helices in the
prosegment are conserved, while the largest difference is confined to the loop region
(R39p-E5) following helix 3p. This loop contains the peptide bond that is eventually
cleaved during maturation of the zymogen to the active enzyme. In hPGC, the path of
this loop winds back through the active site cleft, while the corresponding loop in
PPGN leads away from the cleft. Following the loop that contains the pro-mature
junction, the paths of hPGC and pPGN converge at Pro6 of the mature segment. As
a consequence of the intrusion of this region in hPGC, the "flap" (residues 71-81)
and an adjoining loop (residues 125-134) are shifted away from the active site relative

to the equivalent loops in pPGN.
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Figure 3A.1: Ribbon model of human prosgastricsin (Moore et al.,
1995). The prosegment is green, and the regions of the mature
segment that undergo conformational changes during

conversion are pink. Hydrogen bonds are shown as dashed lines.
Lys37p in helix 3p of the prosegment makes salt-bridges to the
active site aspartate residues (Asp32, Asp217), thereby positioning
the inhibitory part of the prosegment in front of the active site and
preventing access to substrates.
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Figure 3A.2: Superposition of human progastricsin with porcine pepsinogen,
shown as Cq vectors in divergent stereo. Progastricsin is shown as solid lines, while
pepsinogen is represented by dashed lines. The prosegment of progastricsin is
emphasized with thick lines. The zymogens were aligned as previously described
(Moore et al., 1995). The rms difference for 1076 common main chain atoms is 1.5
A.
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Figure 3A.3: Superposition of the prosegments of human progastricsin and
porcine pepsinogen, shown as Cq vectors in stereo. Thick lines correspond to
progastricsin; thin lines represent pepsinogen. Hydrogen bonds are shown with
dashed lines. The "p" suffix refers to those residues that reside in the prosegment.
The secondary structure elements (Blp, alp-a3p) are conserved between
progastricsin and pepsinogen. Following o3p, the main chains follow a very
diffferent course leading to the pro-mature junction.
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Figure 3A.4: Analyses of the activation pathway for human progastricsin,
performed by Foltmann and Jensen (1982). The zymogen was incubated at pH 2 and
O°C. Samples were analyzed at various times using non-denaturing agarose gel
electrophoresis. ‘Intermediate 1' migrates slower than the zymogen early in the
activation pathway, although no cleavages have taken place.



The structure of hPGC reveals that a Lys residue (Lys37p) in the prosegment
forms salt bridges with the active site aspartate residues (Asp32 and Asp217), thereby
positioning the prosegment in front of the active site and preventing the approach of
substrates. Secretion of the zymogen from the cytosol into an acidic medium (pH
~2.0) would likely result in the protonation of many aspartate and glutamate residues.
Thus, the activation process is presumably initiated by a weakening of the salt bridges
between Lys37p (helix 3p) and the active site Asp residues. A pair of 3;g-helices
protrude into the active site cleft, one from the prosegment («3p) and one from the
mature segment (Pro6-Met10). Sidechain hydrogen bonds between Tyi38p—Asp217
and Tyr9--Asp32 help to stabilize the position of these two short helices in front of
the active site (Fig. 3A.1,3)

The conversion process has been studied by Bent Foltmann using a variety of
biochemical techniques. Upon incubation in acid, the initial intermediate of human
progastricsin can be detected by non-denaturing agarose gel electrophoresis, and has
been termed 'intermediate 1' (Foltmann & Jensen, 1982). These classical
experiments were performed on ice in order to slow the conversion process from
seconds to several minutes, thus enabling the identification of activation intermediates
(Fig. 3A.4). The transition from hPGC—intermediate 1 can be reversed by rapidly
returning the pH of the solution to neutrality (Foltmann & Jensen, 1982). It is likely
that the helical regions of the prosegment become unravelled in intermediate 1, thus
resulting in altered migration of the protein upon gel electrophoresis under non-
denaturing conditions (Moore et al., 1995). Upon further incubation of progastricsin
in acid, a more stable protein species (‘intermediate 2'; Fig. 3A.4) is always observed
prior to the appearance of mature gastricsin (Foltmann & Jensen, 1982; Nielsen &
Foltmann, 1993). Conversion is predicted to involve partial removal of the
prosegment in the initial stages of activation, and this hypothesis is consistent with the

failure to isolate the full-length (43-residue) prosegment in vitro.
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The enzyme species with altered migrations have been carefully analyzed by
various techniques including amino acid analysis and sequencing, chromatography,
and mass spectroscopy (Foltmann & Jensen, 1982; Nielsen & Foltmann, 1993).
These studies have revealed that the first hydrolytic event during activation of hPGC
is the uni-molecular cleavage of the peptide bond between Phe26p and Leu27p
(Foltmann & Jensen, 1982). Subsequently, intermolecular cleavage at the pro-mature
junction (Leu43p-Serl) results in a transient intermediate (intermediate 2, or hGSi) in
which residues Alalp-Phe26p are non-covalently associated with the mature enzyme
(Ser1-Ala329), while the remainder of the prosegment (Leu27p-Leu43p) is removed.
The intermediate complex can be stabilized by transfer to neutral pH, thereby
preventing further activation events and inhibiting proteolytic activity (Foltmann &
Jensen, 1982). The nature of the interaction between the prosegment peptide and
mature gastricsin in hGSi, and the mechanism of inhibition, have not been determined
previously.

These observations are interesting when comparing the activation pathways of
progastricsin and pepsinogen. Stepwise cleavages within the prosegment also take
place during acid activation of porcine pepsinogen to form the equivalent ‘intermediate
2'. In this case, the initial bond cleavage takes place between Leul6p and Leul7p,
resulting in a transient intermediate that has been termed ‘pseudopepsin’ (residues
17p-326; Dykes & Kay, 1976; Al-Janabi et al., 1972). However, the full-length
prosegment of pepsinogen (1p-44p) can also be isolated during conversion
(Kageyama & Takahashi, 1984), suggesting that multiple and concurrent pathways
lead to the mature enzyme. As described below, the ability to isolate a discrete
intermediate of progastricsin has allowed a structural characterization of the activation
pathway of aspartic proteinases for the first time.

In summary, zymogens from the gastric aspartic proteinases share sequence
and structural similarities in their prosegments. Consequently, the mechanisms by

which the zymogens are converted to active enzymes at low pH are likely to share
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common features. However, the detailed activation pathways and the kinetics of the
conversion process are variable, as evidenced by studies of progastricsin and
pepsinogen. Here, the structure of 'intermediate 2' of human progastricsin has been
determined with a view to understanding the molecular details and biological
significance of the conversion process. Despite the variations in the kinetics of
activation and the identities of intermediate species, it will be argued that some
essential features of the activation pathway are conserved among all gastric aspartic

proteinases.
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B. MATERIALS AND METHODS

Purification and crystallization. The intermediate was prepared by Dr. N. Tarasova
from human progastricsin by auto-activation, essentially as described by Bent
Foltmann (Foltmann & Jensen, 1982), and is termed "Intermediate 2" in his paper.
Briefly, human progastricsin was extracted from gastric mucosa at pH 6.3. Auto-
activation of the zymogen was performed at pH 2.0 for 20 min, and subsequently all
solutions were maintained above pH 5.0. The intermediate was initially fractionated
from the crude extract by anion exchange and gel filtration chromatography, purified
by FPLC, and was >99% pure as judged by SDS-polyacrylamide gel electrophoresis
and electro-spray mass spectrometry (data not shown). The intermediate was
crystallized in 4M sodium formate, 100 mM Bis-Tris-propane (BTP), pH 7.8, using
the hanging drop vapour diffusion method. Crystals grew in the monoclinic space

group C2, with the unit cell dimensions shown in Table 3B.1.

Data collection and structure determination. Data were collected at 100K at the DESY
in Hamburg, and processed using the program DENZO and Scalepack (Otwinowski,
1993). The structure was solved by AMoRe (Navaza, 1994) using the previously
determined structure of hPGC as the search model (Moore et al., 1995). Residues
Alalp-Leu23p and Met7-Ala329 were used in the rotation and translation search.
Two solutions were obtained and subjected to rigid body refinement in AMoRe.
Refinement was performed using a maximum likelihood target function (Pannu &
Read, 1996), implemented in X-PLOR (Brunger, 1993), using data between 20 A
and 2.36 A (F/F > 2.0). Non-crystallographic symmetry restraints (in X-PLOR)
and density averaging (AVERAGE in the CCP4 package, 1994) were used
throughout model building and refinement. Manual intervention, display and map
interpretation were performed using the program O (Version 5.11; Jones &
Kjeldgaard, 1995). The final model includes Alalp-Gly21p of the prosegment, Val2-

Ala329 of mature gastricsin, 312 water molecules and one Na* ion. Electron density
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Table 3B.1: Statistics of Data and Refinement

Space group C2
Unit cell parameters a=1563A b=504A c=1252A p=117.6°
Completeness (20.0-2.36A) 95.5%
Completeness (2.40-2.36A) 80.8%
Multiplicity (20.0-2.364) 4.1
er:rge:1 6.6%
<I/o(I)> (20-2.364) 9.2
Unique reflections 34523
Reflections with F/sigF > 2.0 34124
Atoms in asymmetric unit 5207
Molecules in asymmetric unit 2
R-factor2 (20-2.36A) 22.4%
R-free3 27.1%
R.m.s. deviations from ideal geometry
Bond lengths (A) . 0011
Bond angles (°) 1.8
Dihedral angles (°) 26.7

lRme:rge = thljuhklj'<1hkl>|/2hklj<1hkl>
R-factors (below) were calculated using data with F/sigF > 2.0
2R-Factor = ZIIFOI-IFCII/ZIFOI where IFOI and chl are observed and calculated

structure factor amplitudes, respectively.

3 R-free was calculated from a random set containing 10% of the observations
that were omitted during refinement.



for residues Tyr75 and Gly76 was poor. There was no observed density for the loop
Asnl57-Ser162, which is poorly defined in all aspartic proteinase structures.

The refined structure of hGSi was superimposed with the zymogen, excluding
the residues Alal24-Thri35 and Val2-Alal2, which had experienced major
conformational changes (see succeeding pages). The rms displacement was 1.14 A

using a total of 1284 backbone atoms in the calculation.
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C. RESULTS AND DISCUSSION

The overall structure of hGSi (Alalp-Phe26p and mature gastricsin) consists
of two B-sheet domains that are typical of the aspartic proteinase family (Fig. 3C.1).
The catalytic Asp residues (Asp32, Asp217) are located on two loops at the base of a
central hydrophobic groove, in front of a six-stranded anti-parallel B-sheet.
Strikingly, the structure of hGSi reveals that the prosegment no longer obstructs
access to the catalytic cleft, as it does in the zymogen. The excised prosegment
(Leu27p-Leud3p) has vacated the active site region. A water molecule -(Wall 1) now
resides between Asp32 and Asp217, characteristic of a mature enzyme containing a
nucleophilic water that is poised for catalysis. Watl1 replaces the eNH3* side chain
of Lys37p that has been removed as part of the C-terminus of the prosegment during
the formation of hGSi. However, the first 20 residues of the prosegment are held in
the same position and conformation as was observed in the structure of the zymogen.
This region consists of a f-strand (Val3p to Lys7p) that makes antiparallel B-sheet
hydrogen bonds with a strand of the mature gastricsin moiety (Gly163-Phe168), and
a subsequent o-helix (Ile13p to Lys20p; Fig. 3C.2). Aspll of mature gastricsin
forms a salt bridge with Argl4p, located in the helical prosegment of hGSi, as it does
in hPGC.

In the zymogen structure, the loop Alal24-Thr135 is flipped away from the
active site and has high temperature factors due to the proximity of the C-terminal
region of the prosegment (Fig. 3A.1). In hGSi, this loop is ordered and closely
resembles the corresponding region in human pepsin (Fujinaga et al., 1995), with a
root-mean-square deviation of 0.6 A for 48 backbone atoms. This loop is structurally
conserved among all active aspartic proteinases; it had an unusual conformation in
progastricsin. In the structure of hGSi, hydrogen bonds (not shown) are observed
between Tyr125(0) and Ser36(Oy), as well as Vall30(O) and Asn37(031); these
interactions are not observed in the zymogen. Ser36 and Asn37 are located on the

reactive site loop that contains Asp32. A second loop that contains a B-hairpin (the
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Figure 3C.1: Structure of ‘intermediate 2’ of human gastricsin, or
hGSi. The remaining prosegment, 1p-21p, is green; the regions of
the mature segment that undergo conformational changes (1-13,
72-80, and 124-135) are pink. The nucleophilic water molecule is
a sphere and is a hallmark of active aspartic proteinases. Hydrogen

bonds are represented by dashes.
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“flap”, Phe71-Thr81) also shifts toward the active site upon ejection of the C-terminal
part of the prosegment. The flexibility of the flap region is apparent frum the
structures and the crystallographic B-factors of active aspartic proteinases. Structures
of aspartic proteinases with bound inhibitors have shown that the flap closes to bind
the inhibitor more tightly (Davies, 1990). The structure of the intermediate also
demonstrates this flexibility during the activation process; the flap is "open" in the
zymogen to accommodate the prosegment, and closes upon its removal in hGSi (Fig.

3C.3).

Mechanism of inhibition. The intermediate complex is inactive because Tyr9 of
mature gastricsin forms a hydrogen bond with the carboxylate of Asp32 and partially
blocks the S1 binding pocket, as it does in the zymogen (Fig. 3C.1,3). The first 8
residues of the mature segment in the zymogen consist of a loop (Ser1-Tyr4) and 3;¢-
helix (Glu5-Metl10) that reside in the active site. However, the 31g-helix is
presumably disrupted during the first two cleavage events. Residues Val2-Ala8 have
moved by up to 30 A to form the intermediate, hGSi (Figs. 3C.3). This segment
now has an extended conformation that is directed away from the active site, and is
stabilized by symmetry contacts (Fig. 3C.4). The overall movement is the result of
an uncoiling of the 31¢-helix, and a pivot preceding the Ala8-Tyr9 peptide bond. In
the absence of crystallographic contacts, this region is likely to be flexible. During
conversion, residues Ser1-Metl10 eventually form the first B-strand as part of the six-
stranded B-sheet common to all cellular aspartic proteinases, replacing residues Alalp-
Lys1Op in the zymogen (Fig. 3C.5-7). However, the N-terminus is prevented from
inserting into the B-sheet in hGSi because the prosegment B-strand presumably
remains fixed during the first two cleavages, preventing this re-arrangement until the
final stages of conversion. Although the structure of mature gastricsin has not been
determined, this assumption is supported by the position of the equivalent residues in

mature pepsin. Furthermore, the position of the N-terminus is structurally conserved
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Figure 3C.3: Superposition of the zymogen (blue) and hGSi (red and grey),
shown as ribbon models. The region of the prosegment of the zymogen that is
cleaved and removed during the initial stages of activation is shaded in

dark blue. The N-terminus of mature gastricsin in the zymogen and hGSi

are separated by about 30 angstroms. Several loops in the vicinity of the
active site, coloured in red (residues 2-13, 72-80 and 124-135) undergo major
conformational re-arrangements during activation. The part of the prosegment
that is coloured green (residues 1p-21p) is identical in the zymogen and hGSi.
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in the fungal enzymes (Yang et al., 1997; Cutfield et al., 1995), which share only
about 25% sequence identity to pepsin and gastricsin. In summary, the remaining
prosegment peptide (Alalp-Phe26p) in hGSi indirectly obstructs the substrate binding
cleft by preventing the insertion of the N-terminus of gastricsin into the p-sheet at the

back of the enzyme.

Activation Mechanism. A mechanism is proposed for the acid activation of
progastricsin that is consistent with the biochemical observations and with the
structure of the intermediate. Exposure of the zymogen to low pH results in
protonation of one of the Asp residues (Asp32 or Asp217) at the active site. The
inhibitory salt bridges between Lys37p and the catalytic aspartate residues are thereby
disrupted, leading to conformational changes that uncover the active site. Lys37p is
located on a well-ordered 3,¢-helix in the zymogen (Pro34p-Arg39p), but the
flanking regions are highly mobile and have no interactions with mature gastricsin
(Moore et al., 1995), suggesting that disruption of these several salt bridges will
destabilize the entire region. In contrast to the 3g-helix in hGSi, the prosegment B-
strand (Val3p-Lys8p) is tethered to mature gastricsin by hydrogen bonds and
hydrophobic interactions that are pH independent, and would be initially stable upon
exposure to an acidic medium. In an insightful paper, Bent Foltmann predicted that
the B-strand remains fixed during the formation of the analogous "intermediate 2" of
porcine pepsin (Leulp-Leul6p and mature pepsin; Foltmann et al., 1995). This
hypothesis was supported by the inability to reconstruct the complex of the peptide
with mature pepsin subsequent to the exchange of B-strands (Nielsen & Foltmann,
1993).

While the prosegment B-strand remains fixed in the zymogen, the three helices
in the prosegment uncoil. A fourth helix at the N-terminus of the mature segment,
spanning residues Glu5-Metl0, is also disrupted. All of these helical regions are

structurally conserved in porcine pepsinogen (James & Sielecki, 1986). This initial

96



conformational change results in the formation of 'intermediate 1' in the absence of a
proteolytic cleavage. 'Intermediate 1' is detected by non-denaturing agarose gel
electrophoresis upon brief acid activation of the zymogen on ice (Foltmann & Jensen,
1982). The conformational changes eventually result in the access of the Phe26p-
Leu27p peptide bond to the active site (a movement of ~18 A) and its cleavage by an
intramolecular reaction. The newly formed N-terminus at Leu27p is flexible, and the
second cleavage occurs at the pro-mature junction (Leu43p-Serl), likely by an
intermolecular mechanism (Foltmann & Jensen, 1982). The C-terminal prosegment
peptide (Leu27p-Leu43p) is removed and hGSi is thus formed. The cdmplex can be
stabilized by re-forming the salt bridges between the prosegment peptide (Alalp-
Phe26p) and mature gastricsin upon elevation of the pH to neutrality. Perhaps the
most important stabilizing salt bridge is that between Argl4p and Aspl1 as it brings
Tyr9(OH) to within hydrogen bonding distance (2.5 A) of Asp32(0462). In addition,
the segment Ile13p-Lys20p has a strong propensity for a helical conformation,
containing both N- and C-capping interactions (Richardson & Richardson, 1988;
Harper & Rose, 1993), as well as a salt bridge between Lys11p and Glul9p along
one face of the helix (Fig. 3C.2).

The intermediate complex regains activity below pH 5 (Foltmann & Jensen,
1982), although catalysis is inefficient because the substrate binding cleft has not fully
formed. In order to understand how the intermediate complex becomes active, a
model for the binding of the substrate-mimic pepstatin to the active site of hGSi has
been constructed (Fig. 3C.8). Pepstatin is a potent inhibitor of pepsin and gastricsin
(Fusek & Vetvicka, 1995; Davies, 1990), and during acid activation of pepsinogen,
pepstatin is also able to bind activation intermediates and prevent the conversion to
mature pepsin (Dykes & Kay, 1976; Glick et al., 1989). In the model of pepstatin-
hGSi, a steric clash is observed between the phenolic ring of Tyr9 and the side chain
of statine at the P1 position. Tyr9 is a conserved residue in all mammalian aspartic

proteinases. Also, pepstatin residues at P3 (valine) and P4 (iso-valeryl) have steric
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clashes with Aspll and Alal2. In contrast, residues at the P1'-P2' positions are
accessible to the substrate binding cleft of hGSi. Upon lowering of the pH, it is
evident from the model in Fig. 3C.8 that the segment Ala8-Alal2 must move in order
to allow the substrates access to the S1-S3 binding pocket. The movement can be
facilitated by disruption of salt bridges between Aspl1-Argl4p, as well as Lys1 lp-
Glul9p that would destabilize alp. These conformational changes are likely
reversible as long as the prosegment B-strand remains associated with the -sheet of
mature gastricsin. Prolonged exposure to an acidic environment favors the
dissociation of the B-strand and its replacement by the N-terminus of mature
gastricsin. The dissociation is presumably aided by thé destablization of salt bridges
between Argl4p-Aspll (Fig. 3) and Lys4p-Asp172 (not shown), both of which
tether the B-strand to the mature segment. The released prosegment peptide becomes

rapidly degraded as mature gastricsin becomes fully active.

Comparisons to other zymogens. Activation intermediates have been observed in
gastric aspartic proteinases from a variety of organisms that share sequence identities
in the prosegments of the zymogens. However, the particular intermediate enzyme
species and the kinetics of activation are diverse (Kageyama et al., 1989: Athauda et
al., 1989; Marciniszyn et al., 1976). Given their sequence and structural similarities,
it can be generalized that the prosegments of aspartic proteinases consist of acid-labile
helical regions that rapidly vacate the active site allowing for transient proteolytic
activity . They also have a more stable component, consisting of an N-terminal B-
strand that ultimately dissociates from the B-sheet of the mature enzyme.

The variations in the cleavage sites and the kinetics of activation likely reflect
the position and composition of prosegment regions that are accessible to intra- or
intermolecular cleavage upon unfolding of the helices, as well as the relative strengths
of the interactions between the prosegment B-strand and the mature enzyme. For

example, the structure of the prosegment of pepsinogen brings the pro-mature
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Figure 3C.8: Theoretical model of pepstatin at the active site of hGSi, in stereo.
The model was constructed following optimal superposition of intermediate gastricsin
with the pepsin-pepstatin complex (Fujinaga et al., 1995). The inhibitor is drawn
with darkened bond vectors, and the prosegment ribbons of hGSi are also emphasized
with dark shading. Clearly, the substrate-mimic pepstatin is unable to fit into the
active site cleft due to steric clashes between the segment Tyr9-Aspll and residues
P1, P3 and P4 of the inhibitor.
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Junction to a solvent-exposed position on the surface of the molecule (Fig. 3C.9).
Consequently, this junction is readily attacked by an active molecule of pepsin to
generate mature pepsin and thereby release the full-length prosegment, which can be
detected by various biochemical methods. In contrast, the prosegment of
progastricsin follows a very different course, bringing the pro-mature junction closer
to the surface of the zymogen. As a result, the pro-mature junction is not easily
accessible to proteolysis in trans, which might explain why the full-length prosegment
has never been detected and conversion appears to proceed exclusively via an
intramolecular cleavage step. ~

Disruption of salt-bridge interactions is likely a common trigger for the
activation of zymogens that are active in low pH compartments. For example, the
structures of human protective protein (a serine carboxypeptidase) and procathepsins
B/L (cysteine endopeptidases) suggest that the conversion process may be initiated by
the disruption of conserved salt bridges (Rudenko et al., 1995; Coulombe et al.,
1996; Cygler et al., 1996; Turk et al., 1996). In addition, intermediates have been
detected during the trypsin-mediated activation of the human protective protein
(Bonten et al., 1995) and yeast carboxypeptidase Y (Sorenson et al., 1994), implying
that stepwise conversion of proteolytic precursors may be widespread. However, the
forces that drive the conversion processes are not understood, and clearly further

studies are required to appreciate the nature of the activation events from an energetic

perspective.

Biological implications. It is not evident why self-activating gastric zymogens prefer
the mechanism that has been described here. However, it can be reasoned that a
stably-associated component of the prosegment (Blp), along with a gradual
acquisition of catalytic activity, would be advantageous for preventing premature
activation within the cell and during transport to the stomach. In addition, hydrolysis

of the prosegment and its replacement by the N-terminus of mature gastricsin ensures
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Figure 3C.9: Coil renderings of the prosegments of pepsinogen (top) and
progastricsin (bottom) against their respective enzyme surfaces. This figure was
drawn using the program GRASP (Nicholls et al.,, 1991). The arrow indicates the
location of the pro-mature junction.
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that the conversion is irreversible, and that the discarded prosegment peptides do not
act as competitive inhibitors of the active enzyme. These properties are suited to the
function of gastricsin, namely the non-specific degradation of acid-denatured dietary

proteins in the stomach.
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CHAPTER 4

GENERAL DISCUSSION AND CONCLUSIONS

Historical perspective. The study of pepsin is a dramatic and fascinating story in the
history of medicine. Perhaps the earliest written account of the protein comes from
the work of William Beaumont, a surgeon in the United States army. In the early
1830s, Beaumont's fortunate encounter with a gunshot victim, a Canadian Metis
named Alexis St. Martin, led to a pioneering case study of the digestive process. The
patient developed a gastric fistula from imperfect closure of the wound, allowing
Beaumont to perform chemical analyses of the gastric juice during digestion. In
1833, Beaumont published his "Experiments and Observations on Gastric Juice and
the Physiology of Digestion" (Myer, 1912) in which he confirmed the presence of
hydrochloric acid in the stomach, but also identified an "unknown chemical
substance”. It was a few years later that Schwann used the term pepsin for this
chemical substance, demonstrating its power to change insoluble albumins into
soluble “peptones" (from the Greek peptos, meaning digested or cooked).

In modern day laboratories, techniques in biochemistry, molecular biology,
and structural biology are now routine tools for addressing problems in the field of
protein structure and function. The importance of these enzymes in diverse biological
processes, and especially their relevance to human diseases, ensures that the story of
the aspartic proteinases will continue to unfold. The discussion below is an
elaboration of the work described in this thesis and its implications for some of the
fundamental problems with regard to the aspartic proteinases, as well as protein
structure and function in general. Finally, some fascinating and recent developments

are highlighted that point to future directions in the aspartic proteinase field.
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A. Ultra-high resolution crystal structure of PP7-penicillopepsin.

The structure of PP7-penicillopepsin is the first "atomic" resolution model for
an aspartic proteinase. Atomic resolution is defined by George Sheldrick (1990) as
data extending to 1.2 A resolution with 50% of the intensities >2.0c in the highest
resolution shell. The refinement was performed using data to 0.90 A, which is
significantly shorter than the chemical bonds between atoms. However, the data are
relatively incomplete in the 0.95-0.90 A bin, so that the true resolution of the structure
is considered to be 0.95 A resolution. Aside from the penicillopepsin structures from
our lab (Ding et al., 1998), the highest reported resolution that has been attained for
an aspartic proteinase is the 1.60 A structure of endothiapepsin in complex with
various inhibitors (Bailey & Cooper, 1994). The structures of active penicillopepsin
and PP6-penicillopepsin are also being refined beyond 1.0 A resolution, and it will be
interesting to compare the active and inhibited forms of the enzyme in the future
(Marie Fraser, unpublished data).

The 2973 non-hydrogen atoms in the model of PP7-penicillopepsin represent
one of the largest molecules for which an atomic structure has been determined.
Consequently, the structure provides a wealth of information to enhance our general
understanding of protein architecture. As of August, 1998, the Brookhaven Protein
Data Bank contained 5731 crystallographic entries with coordinate lists of proteins
larger than 100 residues. A search of this subset of proteins revealed that there are
only 12 structures that have been determined using data better than 1.20 A resolution
(Table 4A.1). Only the phosphate-binding protein (entry 1IXH) can be considered on
a par with PP7-penicillopepsin in regard to size, resolution, and the quality of
refinement.

The 0.98 A structure of phosphate-binding protein (PBP) represents a useful
comparison to PP7-penicillopepsin. The complex of phosphate with PBP was

crystallized at pH 4.5, the same pH at which crystals of PP7-penicillopepsin were
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Table 4A.1: High-Resolution Crystal Structures of Proteins

protein No. of atoms resolution Reryst/Rfree reference
(PDB code) protein/water (program)

cutinase 1440/264 1.0A 9.4/11.9 Longhi et al.,
(1CEX) (SHELX-97) 1997
Y-B-crystallin 1486/392 120A 18.5/--- unpublished
((LAMM) (RESTRAIN)

protease I 1.20A 14.9 Tsunasawa
(IARB) PROLSQ etal., 1989
spectrin B-chain 887/208 1.L10A 14.1/18.7 unpublished
(IBKR) SHELX-97

subtilisin-eglin C 1.20A 17.8/-—- Bode et al.,
(1CSE) "ERE" 1987
fatty-acid binding 1057/238 .19 A 16.9/--- Scapin et al.,
protein (1IFC) X-PLOR,TNT 1992
phosphate binding  2448/703 0.98 A 11.4/14.1 Wang et al.,
protein (1IXH) SHELX-96 1997
concanavalin A 1809/323 0.94 A 12.7/15.4 Deacon et al.,
(INLS) SHELX-97 1997
oligopeptide 4193/560 1.20A 22.9/25.5 Tame et al.,
binding prot. (1JET) (PROLSQ) 1996

Tyr. kinase SH2 1.0A 13.3/--- unpublished
domain (1LKK) (SHELX-93)

peptidyl t-RNA 1523/184 1.20 A 19.6/21.5 Schmitt et al.,
hydrolase (2PTH) X-PLOR 1997
lysozyme 1016/157 .12 A 10.40/14.0  Harataet al.,

(1JSE)

(SHELX-93) 1998




grown. The high-resolution structure of phosphate-PBP provided the first definitive
proof of a short hydrogen bond in a protein-ligand complex. A distance of 2.432 A is
observed between the 082 atom of AspS56 and the oxygen atom of inorganic
phosphate (Fig. 4A.1). The positions of these atoms are accurate to less than 0.01 A
(Wang et al., 1997). However, it is interesting to note that the position of the
hydrogen atom that is shared by the 082 atom of Asp56 and the phosphate oxygen
was not identified. It was not apparent from the difference electron density maps in
the paper (Wang et al., 1997), so that it is unclear whether the hydrogen resides on
the phosphate (i.e., P-O-H----082) or the carboxylate of Asp36 (i.e., P-O—-—-H-082).

The high resolution structure of PP7-penicillopepsin represents the second
protein-ligand complex that unambiguously demostrates the presence of a short
hydrogen bond. An initial unrestrained full matrix refinement of the structure
indicates that the positions of the non-hydrogen atoms at the active site are accurately
determined, with atomic positional estimated-standard-deviations (esds) less than
0.01 A. Previous crystallographic studies of penicillopepsin-inhibitor complexes
have involved extensive analyses of the non-bonded contacts between oxygen atoms
at the active site in order to determine possible hydrogen atom positions (Fraser et al.,
1992). From these studies, a hydrogen is placed between the pro-S oxygen atom of
the phosphonate and the O31 atom of Asp33. Also, the O81 atom of Asp213 is a
hydrogen bond donor to the pro-R oxygen of the phosphonate. The refined distances
corresponding to the bond lengths and non-bonded contacts at the active site of PP7-
penicillopepsin are consistent with this hydrogen bond network (Fig. 4A.2). The
bond distances shown in this figure were not retrained during the latter stages of
refinement in SHELX-97. The C-O bond lengths of the carboxylate groups of Asp33
and Asp213 converge to single bonds (1.304 A) or double bonds (1.231 A),
according to the parameters defined by Engh & Huber (1991). It is disappointing that

the hydrogen atoms presumed to mediate the interactions between these oxygens are
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Fig. 4A.1: A schematic of the short hydrogen bond between the
phosphate-binding protein and phosphate. The PDB code for the
corodinates is 1IXH (Wang et al., 1997). The hydrogen bond is
formed between Asp56 of the protein and the phosphate oxygen.
The hydrogen atoms were not addressed in the paper.
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Fig. 4A.2: A schematic of the hydrogen-bonding scenario at the
active site of PP7-penicillopepsin. The hydrogen atom positions
are assigned as previously described (Fraser et al., 1992). The
bond distances are shown, and dotted lines denote non-bonding
contacts between oxygen atoms.
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not observed directly in the electron density maps of PP7-penicillopepsin (see below).
However, hydrogen atoms are often difficult to assign with confidence even in small
molecule crystal structures.

The importance of short hydrogen bonds in biological interactions remains a
matter of controversy. In the serine proteinases, a short hydrogen bond between the
backbone NH atom of the P1 residue and the backbone carbonyl oxygen of Ser214
was believed to enhance the stabilization of the transition state, as compared to a
normal hydrogen bond (Robertus et al., 1972). However, mutational analysis of the
phosphate-binding protein revealed limited effects of the short hydrogen bond upon
the binding affinity to phosphate. The aspartate residue (Asp36) involved in the short
contact with phosphate was mutated to Asn, and the crystal structure of the mutant
PBP with phosphate was determined (Wang et al., 1997). The structure revealed a
conventional 2.6 A hydrogen bond between the 052 atom of AsnS6 and the
phosphate oxygen, but the binding affinity was virtually identical to the wild-type

protein.

Hydrogen atoms. The positions of many hydrogen atoms are apparent from
difference electron density maps of PP7-penicillopepsin. The F,-F¢ 'omit map'
shown in Fig. 4A.3 was calculated following removal of all hydrogens and 10 cycles
of conjugate-gradient least -squares minimization, after which the R-factor increased
by 1.4%. The most visible hydrogens are those bound to the Cy carbons and the
backbone nitrogens of residues that form stable B-sheets. The positions of potential
hydrogen atoms at the active site are ambiguous in the difference maps. For example,
a consistent peak is observed between Asp33(Oyl) and the pro-S oxygen atom of the
phosphonyl group (Fig. 4A.4). However, the distance and geometry of this peak
cannot be reconciled with the symmetric hydrogen bond that is expected to lie midway

between these oxygen atoms.
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Figure 4A.3: A section of the difference electron density ‘omit’ map of PP7-
penicillopepsin. The map is was calculated following removal of hydrogen atoms and
a further 10 cycles of conjugate gradient least-squares minimization using SHELX-
97. The Fo-Fc map is contoured at 2.5¢. Density corresponding to several
hydrogens are visible, including the Ca hydrogens of Gly83, the backbone NH
hydrogen of Asn84, and the sidechain hydrogen of the N&2 atom which is hydrogen
bonded to the side chain of Glu45(Qe2).
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Figure 4A.4: A section of the difference electron density ‘omit’ map of PP7-
penicillopepsin at the active site. Dashed lines indicate the distances to the electron
density peak between Asp33 and the phosphonate oxygen. This Fo-Fc map was
calculated with hydrogen atoms present during Fourier calculations. However,
hydrogens were excluded from the side chains of aspartate and glutamate residues.
The map is contoured at 2.0c.



Deviations from planarity of peptide bonds. In their classical paper, Corey and
Pauling (1953) proposed the fundamental concept of the trans configuration and
planar nature of peptide bonds in proteins. However, deviations from planarity of
peptide bonds have since been observed both in small linear peptides and in atomic
models of proteins (Naganathan & Venkatesan, 1972; MacArthur & Thornton, 1996).
Indeed, it was realized very early that deviations from planarity are necesary to
accomodate the conformational space that is occupied by a polypeptide
(Ramachandran, 1968).

The atomic structure of PP7-penicillopepsin allows accurate determination of
the deviations from planarity of peptide bonds. At low resolution, the least-squares
refinement process is dependent upon geometric restraints that are imposed in order to
supplement the diffraction data, since the observation-to-parameter ratios are typically
low. For example, the 2.3 A structure of the gastricsin intermediate (Chapter 3)
contained 5207 atoms in the asymmteric unit, and this model was refined against
34,124 reflections. Therefore the observation:parameter ratio was 34,124/(4 x 5207)
= 1.64. The multiplication by a factor of 4 comes from the (x,y,z) co-ordinates and
the B-factors that are refined for each atom. The model of PP7-penicillopepsin was
refined with anisotropic B-factors, but even allowing for these additional parameters,
the observation-to-parameter ratio was 5.6.

Many of the peptide bonds in the refined model of PP7-penicillopepsin are
significantly distorted from planarity. Table 4A.2 lists the mean and standard
deviations of the peptide bond geometry among various penicillopepsin models. The
w-angle is the torsion angle that is formed by four consecutive atoms, Ceq,i-Ci-Nij+1-
Cgq.i+1, along a polypeptide chain. The peptide bond linking residues GIn306 and
Tyr307 provides a concrete example of severe distortion from planarity (Table 4A.2,
Fig. 4A.5). This peptide bond is the most distorted of any found in PP7-

penicillopepsin, but the structure is well ordered within this region. In fact, the

119



120

Table 4A.2: Statistics of the @-angle and its
Distortion from Planarity in Penicillopepsin Structures

penicillopepsin refinement <> (°) standard 306-307

complex program deviation (°) w-angle

*Native PROLSQ 179.5 3.0 169

pPP2 X-PLOR/ 179.5 3.9 -167
PROLSQ

PP7 X-PLOR/ 179.2 7.0 154
SHELX-97

PPg X-PLOR/ 1794 6.2 155
SHELX-97

The statistics were derived from the peptide bonds that link the 323
amino acids comprising the protein. Inhibitor atoms were excluded
from the calculations. The "306-307" w-angle corresponds to the
peptide bond linking residues GIn306-Tyr307.

*The structure of native penicillopepsin, PDB code 3APP (James &
Sielecki, 1983).

TThe references for the programs are: PROLSQ, Hendrickson &
Konnert (1980); X-PLOR, Brunger (1992); and SHELX-97,
Sheldrick (1997).



Figure 4A.S5: Ball-and-stick model of PP7-penicillopepsin at the GIn306-Tyr307
peptide bond. (a) Close-up of the w-angle [Co(306)-N-C-C(307)], which is
significantly distorted from an ideal plane. The carbonyl oxygen and the amide proton
are labelled. (b) The moiecular environment of the peptide bond. Hydrogen bonds
and hydrophobic interactions adjacent to the peptide bond likely compensate for the
unfavourable torsion angle. Dashed lines indicate hydrogen bonds.
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deviation of this peptide bond from planarity was apparent from the very first
difference density maps that were calculated during the initial stages of refinement in
X-PLOR.

The residues GIn306 and Tyr307 are found at the termination of a short helix
and the beginning of a B-strand (residues 307-311) that lies in the middle of the 6-
stranded B-sheet behind the active site. The backbone oxygen and nitrogen atoms in
this peptide bond make several hydrogen bonds with neighbouring atoms (Fig.
4A.3). One of the most ordered water molecules in the structure, WAT3, is part of a
network of hydrogen bonds that are observed in this region. Tyr307 is involved in
hydrophobic interactions, in part with Tyr175, and the side chain hydroxy! atom of
Tyr307 makes a 3.0 A hydrogen bond with the backbone NH atom of Aspl71. Itis
likely that the favorable hydrogen-bonding and hydrophobic interactions in the
vicinity of GIn306 and Tyr307 compensate for the distorted peptide bond that is
observed.

Conventional programs such as X-PLOR typically apply tight planarity
restraints upon peptide bonds during refinement. However, the small number of
proteins that have been determined at atomic resolution reveal that significant
deviations of peptide bonds from ideal planes are common (Dauter et al., 1997).
These observations are consistent with the distribution of w-angles for peptides found
in the Cambridge Structural Database (Morris et al., 1992), suggesting that protein
refinement programs need to soften the planarity restraints to reflect these distortions
of peptide bonds. In this respect, the high-resolution structures of penicillopepsin
and other proteins are an important resource for obtaining better estimations of
chemical and stereochemical parameters that can be implemented in refinement
programs.

The reasons underlying severe distortions of the w-angle away from 180° in

proteins is not well understood. Model calculations indicate that secondary structure
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elements which involve hydrogen bonds with near-ideal geometry (such as an a-
helix) result in peptide bonds that resist distortions from planarity (Scheiner & Kern,
1977). In contrast, B-strands and other conformations contain less regular hydrogen-
bonding geometry (MacArthur & Thornton, 1996), which may promote distortions of
the peptide bond. The structural context of the distortions from planarity of peptide
bonds in the penicillopepsin structures determined in our lab are currently being

studied in detail.

The PP7-penicillopepsin complex as a transition-state mimic. The transition-state
mimicry exhibited by the phosphonate inhibitors and fluorine-substituted pepstatin
inhibitors in complexes with peniciliopepsin has been discussed in detail previously
(James et al., 1992; Fraser et al., 1992). Both groups of inhibitors position a mimic
of the tetrahedral transition-state intermediate at the active site. However, the P1-
statine moieties of the pepstatin-like inhibitors contain additional main-chain atoms
(see Fig. 1B.5). In this respect, the phosphonate inhibitors are more faithful
representatives of the P1-P1’ positions of good substrates (Fraser et al., 1992). In
addition, the torsion angle of the bound phosphonate inhibitors that is equivalent to
the w-angle of the P1 residue in a normal substrate resembles more closely the
antiperiplanar conformation (~180°) which is expected in the transition state (James et
al., 1992). In the PP7-penicillopepsin complex, this w-angle is 147° (see Table 2C 4,
p- 68), whereas the corresponding w-angle is 70°-80° in the pepstatin-like inhibitors

(James et al., 1992; Fraser et al., 1992).

Analysis of disorder in PP7-penicillopepsin. The high-resolution structure of PP7-
penicillopepsin allow a detailed analysis of the motion of the protein. Fig4A.6 is a
bar graph representation of several motion-related parameters derived from the final

unrestrained least-squares cycle, plotted against the residue numbers. Visual



inpection of this figure permits a qualitative analysis of the anisotropic motion and
disorder. It is apparent that the loop comprising residues 277-282 is severely
disordered. This region was the only part of the model for which the backbone atom
positions could not be determined reliably.

The bar graph in panel ‘b’ of the figure depicts the anisotropic motion of the
main chain (averaged per residue), with a value of 1.0 representing completely
isotropic motion. Interestingly, the ‘flap’ region of penicillopepsin (residues ~63-80)
exhibits among the highest anisotropic motion in the structure. The flexibility of this
equivalent flap region in ‘intermediate 2’ of human gastricsin was dramatically
revealed upon comparison of this structure to the zymogen, progastricsin (Chapter 2).
As discussed previously, the mobility of the flap is also apparent from comparisons
of the structures of native aspartic proteinases with those containing bound inhibitors.
The flap closes like a lid, clamping the inhibitor to the active site. The anisotropic
character of the flap in the structure of PP7-penicillopepsin may reflect the propensity
of this region to undergo this opening and closing motion. Interestingly, anisotropic
motion in the high resolution crystal structure of the enzyme cutinase suggests a
similar role in substrate binding (Longhi et al., 1997), consistent with parallel NMR
studies of cutinase (Pompers et al., 1996).

It is also worthy to note that a helix adjacent to the flap (residues 110-115;
blue region in panel ‘b’) similarly displays anisotropic motion, relative to the
remainder of the protein. This helix connects two B-strands that are othogonal to each
other and form part of the B-barrel in the N-terminal domain. Many of the serine side
chains are surface-exposed in the enzyme and are disordered (grey lines; panel ‘d’ in
Fig. 4A.6). In summary, the quality of the PP7-penicillopepsin model is excellent as
evidenced by the low esds that were derived from unrestrained full-matrix refinement

(panel ‘c’).
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Figure 4A.6: Analysis of disorder in PP7-penicillopepsin. The residue numbers

are plotted against (a) mean equivalent B-value of main chain atoms, (b) mean
anisotropy of main chain atoms, (c) mean positional estimated standard deviations
(esds) of main chain atoms, and (d) mean positional esds of side chain atoms. In
plots a-c, green corresponds to 3-strands, blue regions are a-helices, and red denotes
residues in other secondary structures. In plot (d), green = Phe, Ty, Trp, His;
yellow = Cys, Met; cyan = Gly, Ala, Leu, Ile, Val, Pro; purple = Gln, Asn; grey =
Ser, Thr; blue = Arg, Lys; and red = Glu, Asp.



B. Conversion of zymogens to active proteolytic enzymes.

The inhibitory interactions utilized by the prosegments of aspartic proteinases
to prevent proteolytic activity are distinct from the manner in which peptide-based
competitive inhibitors interact with the active enzymes. In both cases, the active site
cleft of the enzyme is preformed and competent for catalyzing the cleavage of peptide
bonds. However, the prosegment interacts with the active site via a 3j9-helix (o3p),
whereas the phosphonate inhibitors stretch across the active site cleft in a p-strand
conformation. The prosegment-active site interactions involve a few hydrogen bonds
and one key salt bridge (Lys37p in hPGC). In contrast, the phosphonate inhibitors
form extensive hydrogen bonding and hydrophobic interactions that bury more than
80% of the inhibitor.

These properties of prosegments vs. transition-state inhibitors can be
generalized to other proteolytic enzymes. The inhibitory interactions between the
prosegment and the active site are generally loose and poised for disruption (Fig.
4B.1), unlike small molecule or peptide-based transition-state mimics which bind
tightly and often mimic the cleavage transition state. This makes sense from a
biological perspective because the prosegments must be removed during conversion,
following the appropriate stimuli (e.g., pH changes, limited proteolysis).

The differences in the mechanism of inhibition can also be extended to
prosegments vs. the so-called "protein-proteinase” inhibitors of proteolytic enzymes.
Following the conversion process, there exists an elaborate collection of specialized
proteins that specifically inhibit the active enzymes. The importance of these ‘protein-
proteinase’ inhibitors range from attenuation of the serine proteinase cascades (blood
coagulation, complement activation) to a role in the defense mechanism against
foreign pathogens. For the serine proteinases, the two families of these inhibitors are
the substrate-like ‘canonical’ inhibitors (Bode & Huber, 1992: Laskowski & Kato,

1980) and the 'serine proteinase inhibitors' (serpins; Wright, 1996; Potempa et al.,
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Figure 4B.1: Plots of the mean backbone B-factors against the prosegment amino
acid sequences of various zymogens. (a) Human procathepsin L, a cysteine
proteinase (PDB code 1cjl). The prosegment region at the active site is ordered
but is immediately flanked by a region with mobility. (b) Human progastricsin,
PDB code 1htr. The prosegment region at the active site has low B-factors, but

is flanked by regions with high B-factors. (c) Human pro-stromelysin-1, a
metalloproteinase (PDB code 1slm). Again, the prosegment is stably associated
with the active site, but the regions adjacent to the active site have high B-factors.
The pro-mature junction (N-TER) is indicated in each of the panels.
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1994). Examples of serpins include a;-antitrypsin (the archetypal member), Cl-
inhibitor (which attenuates the complement cascade), antithrombin, and the
‘plasminogen activator inhibitor 1' (PAI-1) that inhibits both the single-chain and
two-chain forms of t-PA. The critical balance of proteolytic activity and inhibition is
demonstrated by the link between natural variants of serpins and diseases such as
emphysema (o(j-antitrypsin), thromboembolic disease (antithrombin) and hereditary
angioedema (Cl-inhibitor; Stein & Carrell, 1995).

The papain-like cysteine proteinases are strongly but reversibly inhibited by
the cystatins, a superfamily of homologous proteins that includes chicléen cystatin as
the archetypal member (Bode et al., 1988). Small protein-proteinase inhbitors of
metalloproteinases are also known (Rees & Lipscomb, 1982; Birkedal-Hansen et al.,
1990), such as the 39-residue potato carboxypeptidase inhibitor that may be important
for plant defense against fungi (Ryan, 1989). Recently, the first protein-proteinase
inhibitor of aspartic proteinases from the intestinal parasitic nematode Ascaris suum
has been characterized (Martzen et al., 1990). Some of these protein-proteinase
inhibitors have been found to mimic substrates, but they subsequently trap the
enzyme into a slow and inefficient cleavage reaction. However, the common feature
of 'protein-proteinase’ inhibitors is that the inactivation mechanisms are distinct from

the strategies utilized by prosegments in zymogen structures.

C. Future Directions

The biochemical and structural studies of the past few decades have provided
a wealth of insight into the structure and function of enzymes in the pepsin family.
However, many new questions have been raised about the aspartic proteinases that
will occupy researchers in the years ahead (Blundell, 1998). Although the
mammalian, retroviral, and fungal enzymes have been thoroughly characterized by

biochemical methods and X-ray crystallography, it is only recently that the plant
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aspartic proteinases have been studied in detail. This is somewhat ironic since the
pitcher plant 'nepenthes’ provided the first hint that the digestive activity of human
pepsin was present in other organisms (Blundell et al., 1998). The occasion was a
dubious experiment by Charles Darwin in 1875, who noticed that heating of this plant
with sulphuric acid "emitted a powerful odour like that of pepsin” (Darwin, 1875).
At least 10 aspartic proteinases from plants have now been cloned (Brodelius et al.,
1998), and the first crystal structure within this group of enzymes has apparently been
determined, although the structure is unpublished. The primary sequences of the
plant enzymes contain a large ~100-residue insertion that has no counterpart in other
aspartic proteinases, and which may be important for targetting the enzymes to Golgi
compartments (Zhu & Conner, 1994).

The pregnancy-associated glycoproteins (PAGs) are pepsin-like proteins that
are secreted by placental cells of ruminant species such as cattle and sheep, as well as
some non-ruminant species such as pigs (Szafranka et al., 1995). The proteins are
specifically targetted to the outer epithelial cells of the placenta, and their function is
unknown. Some of these mammals may express 100 or more PAG genes with
diverse coding sequences (Xie et al., 1997). The crystal structure of a PAG has not
been determined, but a three-dimensional structure has been constructed from the
60% sequence identity to pepsins by comparative molecular modeling (Guruprasad et
al., 1996). Although most of the PAGs that have been examined are proteolytically
inactive, they may have retained the capacity to bind peptides. In this way, the PAGs
may contribute to fetal-maternal communications in these animals (e.g., binding and
transporting peptide hormones). Comparisons of the sequences of PAGs with
conventional aspartic proteinases, and the absence of PAGs in humans and other
mammals, suggest that these genes have evolved recently and rapidly within
Artiodactyla (Xie et al., 1997). It will be interesting to identify the peptide targets of

PAGs and determine their biological role in the developing fetus.
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Zymogen activation. Despite the structures of various enzyme species along the
activation pathway of the gastric enzymes, it is premature to regard this field as
exhausted. In contrast to the gastric enzymes, substantially less is known about the
activation mechanisms of other zymogens in the aspartic proteinase superfamily.
Furthermore, the energetics of the conversion process are only qualitatively
understood. Electrostatic interactions clearly play an essential role as pH sensors to
trigger the dramatic conformational changes that are observed during conversion.
However, many other residues are also conserved within prosegments (see Fig.
IC.1) which contribute to hydrophobic and hydrogen-bonding interactions, and

maintain the secondary structural elements of the prosegments. Very little is known

about the relative importance of these residues and their effects upon the conversion

process.

One approach to answer these questions would involve the design of an in
vitro assay system to follow the activation of a recombinant aspartic proteinase, thus
allowing mutagenesis of selected residues and subsequent characterization of the
effects. This strategy has been employed in a systematic investigation of the
positively-charged residues in the prosegment of aspergillopepsin, a pepsin-like
enzyme from Aspergillus niger (Inoue et al., 1996). It was observed that a Lys
residue (K56p) in the 69-residue prosegment was essential for the generation of an
active enzyme. The overall results suggested that KS6p is important for the proper
folding of the zymogen, possibly via electrostatic interactions with the active site
aspartate residues (analogous to Lys37p of progastricsin). These studies point out a
complication in the experimental strategy, namely that problems might exist in
differentiating the effects of mutations on the folding of the zymogen vs. the

subsequent activation pathway.
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Aside from these few studies, zymogen activation is a humble companion to
the glamorous and lucrative field of structure-based drug design, which has captured
attention in the popular media from the success of HIV protease inhibitors like
Saquinavir and Ritonavir. As expressed by Thomas Blundell et al. (1998), the
attention of the pharmaceutical industry may be regarded as a mixed blessing. One
scientifically intriguing area that might overlap with pharmacetical interests regards the
activation pathway of the viral aspartic proteinase zymogens. The structural and
enzymatic protein components of retroviruses are initially synthesized as a large
polyprotein precursor that is cleaved to its functional components by the viral
proteinase. However, the proteinase component is initially flanked by other protein
domains in the polyprotein from which it must be excised. In fact, the situation is
complicated by the fact that HIV protease is functional as a dimer, so that two
polyproteins must associate to form the active aspartic proteinase (Co et al., 1994).
The emergence of the active HIV protease dimer during maturation of the HIV
polyprotein can be considered a special case of zymogen activation. The mechanism
is poorly understood and is relevant to human disease because cleavage events by the
retroviral protease are an important regulatory mechanism during the life cycle of HIV
(Wiegers et al., 1998).

The resources available to modern day laboratories in the areas of molecular
biology, biochemistry, structural and computational biology allow a wide range of
fundamental questions to be addressed in the field of protein structure and function.
It will be interesting to watch the research directions evolve in the aspartic proteinase

field.
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