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1. Introduction

Among proteases or proteinases, the endopeptidases ac-
count for a significant proportion (~2%) of the human
genome with over 550 defined members and a further 100
or so predicted human proteases.' Proteases also represent
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1—5% of the genomes of infectious organisms such as
bacteria, parasites, and viruses. They are categorized by the
nature of their active-site catalytic residue as metallo (34%),
serine (30%), cysteine (26%), aspartic/glutamate (4%), and
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the less characterized threonine (5%). Proteases have been
assembled into families based on structural and catalytic
homology, further categorized into families according to
sequence homology, and localized to specific chromosomes
at least for the human genome. Literature and database
searches, including MEROPS,* Ensembl,* InterPro,> NCBI
(http://www.ncbi.nlm.nih.gov/), and Celera,’ are useful sources
of this information although it seems that no single source
represents a comprehensive listing.

Protease-mediated cleavages of specific peptide main-chain
amide bonds are essential for the synthesis and turnover of
all proteins. Proteases therefore determine protein folding
and function, thereby regulating most physiological pro-
cesses. Consequently, control over protease expression and
function can potentially be an effective strategy for thera-
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peutic intervention. Mammalian proteases, of which about
20% are membrane bound, are aberrantly expressed or under-
regulated during many disease conditions, suggesting that
inhibitors of specific proteases might be able to control
irregular mammalian physiology. Alternatively, since there
are now over 50 human proteases where one or more genetic
mutations have been found to lead to hereditary diseases,’
gene therapy may be a useful approach when it eventually
becomes technologically feasible.

Infectious organisms such as viruses, bacteria, and other
parasites use similar kinds of proteases which, once installed
in infected mammalian hosts, compete for host nutrients and
operate with cellular machinery to prolong infectivity. One
approach to combating infectious disease is to selectively
inhibit these foreign proteases within host cells, thereby
retarding replication rates of infectious organisms and
assisting normal immunological defense mechanisms in-
volved in their eradication. Thus, the goal of protease
inhibitor design is to develop potent inhibitors of the
offending foreign or mammalian protease but with ac-
companying selectivity to avoid inhibiting very similar host
proteases required for normal host physiology.

By virtue of controlling protein synthesis, turnover, and
function, proteases are able to regulate most physiological
functions including digestion and nutrient intake, ovulation
and fertilization, embryo development, growth and dif-
ferentiation, cell signaling and migration, tissue homeostasis,
bone formation and resorption, neuronal outgrowth, antigen
presentation, cell-cycle regulation, immunity, phagocytosis,
inflammation, cytokine release, wound healing, angiogenesis,
apoptosis, and aging. Mammalian proteases associated with
such control are potential targets for therapeutic intervention
as are non-mammalian proteases that play pivotal roles in
disease-causing infections mediated by viruses, bacteria, and
parasites in general.

The approach of selectively inhibiting specific proteases
associated with aberrant physiology and disease has only
matured during the past decade and now emerges as a
promising therapeutic strategy for improving the human/
mammalian condition.” Protease inhibitors are in trials for
inflammatory, immunological, and respiratory conditions®™!!
and cardiovascular'? and degenerative disorders including
Alzheimer’s disease.'>'* HIV has been successfully targeted
by protease inhibitors with nine in clinical use: Amprenavir,
Atazanavir, Fosamprenavir, Indinavir, Lopinavir, Nelfinavir,
Ritonavir, Saquinavir, Darunavir,??! and Tipranavir.” Human
proteases, for which some physiological control with exog-
enous inhibitors has been sought, include serine proteases
(e.g., thrombin, coagulation factors VIIa and Xa, elastases,
complement convertases, tryptases, kallikreins), aspartic
proteases (e.g., renin, cathepsin D, memapsin/BACE), met-
alloproteases (e.g., angiotensin-converting enzyme (ACE),
neprilysin, matrix metalloproteases, carboxypeptidases, tumor
necrosis factor a-converting enzyme (TACE), aminopepti-
dases), and cysteine proteases (e.g., cathepsins B, H, K, L,
S, caspases, calpains). Viral proteases'>'® are essential
enzymes in the replication of viruses, such as human
immunodeficiency virus (HIV), feline immunodeficiency
virus (FIV), simian immunodeficiency virus (SIV), human
T-cell leukemia virus-1 (HTLV-1),"7 Rous sarcoma (RSV),'®
hepatitis A, B, and C, West Nile virus, Dengue virus,
cytomegalovirus (CMV), poliovirus, rhinovirus 3C, influenza,
herpes, coronaviruses (e.g., SARS), and thus are potential
drug targets.!® Proteases are also being investigated as key
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Figure 1. Seven common structural folds among proteases. From top left are secondary structure representations of the (a) pepsin-like
aspartic protease f3-barrel (1pso), (b) retropepsin aspartic protease 3-barrel (7hvp), (c) trypsin-like fold f3-barrel (1cqq), (d) subtilisin-like
and caspase-like afa sandwich or Rossman fold (lice), (e) herpes virus serine protease a3 barrel (1cmv), (f) papain-like cysteine protease
a3 complex fold (1pap), (g) thermolysin-like catalytic domain (1mmgq). Catalytic residues shown in green; the zinc atom is shown as an
orange ball (thermolysin). Figures were generated using Molscript 2.0°*® and Raster3D v2.3.2%

targets for bacterial and fungal infections such as Candida
albicans®™ and Candida tropicalis, and for parasitic infections
such as malaria (plasmepsins), schistosomiasis (cathepsins),
and hookworm infections (cathepsins).?!

This review summarizes an analysis of over 1500 three-
dimensional crystal (X-ray) and solution (NMR) structures
from the PDB of substrates, products, and inhibitors bound
in the active sites of aspartic, serine, metallo, cysteine, and
threonine endopeptidases. The active sites of all five protease
classes were found to recognize peptidic and nonpeptidic
ligands in an extended beta strand conformation, with few
exceptions. Comparisons of protease-bound ligand confor-
mations are illustrated by structural superpositions for a
subset of structures, including 27 aspartic (239 inhibitors),
56 serine (305 inhibitors), 29 metallo (152 inhibitors), 31
cysteine (129 inhibitor complexes), and 4 threonine (8
inhibitor complexes) proteases, among the protease—ligand
structures that we have analyzed. The extended substrate-
binding mode is also illustrated for 6 aspartic proteases (19
substrates), 2 serine proteases, 2 cysteine proteases, and 1
metalloprotease. All endoprotease complexes deposited in
the Protein Data Bank (PDB http://www.rcsb.org/pdb mir-
rored at http://oca.wehi.edu.au:8383/oca/??) through July 2009
were included in this study, updated with only a few key
structures beyond that date. The main databases used in this
work other than the PDB were the Merops peptidase database
(http://www.merops.co.uk),’ Relibase (http://relibase.ccdc.
cam.ac.uk/),> PDBsum (http://www.biochem.ucl.ac.uk/bsm/
pdbsum/),*~2 the HIV protease database (http://mcl1.ncifcrf.
gov/hivdb/),>” CATH (http://www.biochem.ucl.ac.uk/bsm/
cath/),??° and SCOP (http://scop.mrc-lmb.cam.ac.uk/scop/
mirrored at http://scop.wehi.edu.au/scop/).*® The nomencla-
ture of Schechter and Berger is used for the terminology of
peptide substrate and inhibitor binding to proteases (e.g., P3,
P2, P1, P1', P2', P3' for inhibitor side chains, S3—S3' for
corresponding enzyme sites).’!

2. Endopeptidase Architecture and Common
Structural Folds

Proteases are many and varied in both their function and
their specificity. In addition to assembling proteases into five
classes according to their principal catalytic residue, proteases

can also be categorized according to the folded structure of
their polypeptide backbones.

Aspartic proteases tend to adopt one of two well-known
folded structures, the cellular pepsin-like (Figure 1a) or viral
retropepsin-like (Figure 1b) fold. The extensively studied
pepsin-like fold is a bilobal structure with two similar
p-barrel domains, each contributing one aspartic acid residue
to the catalytic site.*> 3* Proteases that adopt this fold include
pepsin, cathepsin D, endothiapepsin, chymosin, acid protease,
and memapsin. A superimposition of the protein structure
of a dozen pepsin-like proteases reveals a high degree of
structural homology with only a few minor deviations (results
not shown). Some differences can be attributed to separate
movement of the two domains, as seen in endothiapepsin®
and plasmepsin I1.’ The retroviral aspartic proteases or
retropepsins are distinguished from the cellular pepsin-like
proteases by their viral origin and structural differences. They
consist of two identical f-barrel domains which form an
active homodimer (Figure 1b).'®37 Retropepsins of HIV, FIV,
SIV, RSV, and equine infectious anemia (EIA) also have
much shorter sequences (~100 residues/monomer) than most
pepsin-like proteases (>300 amino acids).

Serine proteases adopt two principal structural folds,
trypsin-like or subtilisin-like. Most have the trypsin-like (also
termed chymotrypsin-like) structure (Figure 1c) which
consists of two 3 barrels with the catalytic triad coming
together at the interface of the two domains, not dissimilar
to the aspartic proteases.®® Members of this structural
superfamily include prokaryotic serine proteases (e.g., glutam-
ic acid specific, a-lytic, lysyl endopeptidase, streptogrisin
A, streptogrisin B), eukaryotic serine proteases (e.g., cathe-
psin G, crab collagenase, chymase, chymotrypsin, elastase,
enteropeptidase, factor D, factor VIla, factor [Xa, factor Xa,
granzyme B, kallikrein, matriptase, plasmin, plasminogen,
proteinase C, thrombin, trypsin), and viral serine proteases
(e.g., hepatitis C and Dengue NS3). Interestingly, there are
also viral cysteine proteases that adopt this trypsin fold (see
below). The second major fold for serine proteases is the
subtilisin-like structure (Figure 1d), as exemplified by
kumamolisin, proteinase K, mesentericopeptidase, subtilisin
Carlsberg, subtilisin BPN, subtilisin DY, and thermitase. This
fold consists of a three-layer ofo. sandwich fold or Rossman
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Figure 2. Unusual structural folds of proteases: (a) proteasome (1pma), (b) tricorn protease (1n6e), (c) prolyl oligopeptidase (1qfs), (d)
outer membrane protease OmpT, (e) lon protease (1119), (f) scytalidoglutamic peptidase (1s2b).

fold with the catalytic serine and histidine positioned on the
ends of adjacent helices (helix 6 and 3, respectively, PDB
Iscn). Herpes virus serine proteinases or assemblins are
another smaller family of serine proteases that consists of a
seven-stranded, mostly antiparallel, S-barrel surrounded by
seven helices (Figure le). The three-dimensional structure
of human cytomegalovirus (hCMV) protease was the first
structure in this category and has little structural homology
with other clans of serine proteases.*

Cysteine proteases fall into three main structural catego-
ries: viral, papain-like, or caspase-like. The viral cysteine
proteases such as hepatitis A, rhinovirus, and tobacco etch
virus (TEV) adopt a trypsin-like fold with two [-barrel
domains as described above (Figure 1c). The papain-like
cysteine proteases (e.g., papain, caricain, cathepsins B, H,
K, L, S, V, X, Cruzipain, calpain, glycyl endopeptidase,
staphopain A) adopt a combined o and S fold (Figure 1f)
with an a-helical domain and a S-barrel-type domain. The
V-shaped active site lies between the two domains, each
providing one of the catalytic residues. The caspase-like
cysteine proteases (e.g., caspases 1, 3, 7, 8, 9, gingipain)
adopt a Rossman fold similar to the subtilisin-like protease
(three-layer afa sandwich, Figure 1d) but differ in the
positioning of the catalytic residues with the cysteine and
histidine residues situated on adjacent $-strands within the
central f3-sheet structure.

Metalloproteases (zincins) are unique, as all zinc endopro-
teases contain a catalytic o domain, known as the ther-
molysin catalytic domain (Figure 1g, Clan MA, where the
zinc ion is coordinated to two histidines from the motif
HEXXH).***! Overall, these enzymes are composed of
several domains including the thermolysin catalytic domain.
Thermolysin itself contains the catalytic o domain along
with the a-helical C-terminal domain characteristic of the
thermolysin-like family (SCOP). Serralysin is an unusual
example that contains both the thermolysin catalytic domain
as well as a large $-roll structure.

These 7-fold types share similarities in the positioning of
the catalytic residues. In the pepsin-like, retropepsin-like,
trypsin-like, and papain-like structural folds, one catalytic

residue is presented by each of the two domains (Figure 1a,
b, c, and f, respectively). In contrast, the Rossman fold of
the subtilisin-like and caspase-like proteases presents the
catalytic residues on adjacent structural motifs (helices and
strands) from within a single domain (Figure 1d). The
remaining two structural folds, herpes virus assemblins and
metalloprotease catalytic domains (Figure le and g), are
unique and present their catalytic machinery from within the
[-barrel motif and upon a single helix, respectively.

Threonine proteases are a more recently identified category
of proteases that contain a threonine nucleophile at the N
terminus of the mature enzyme as their primary catalytic
residue.*>* The first of this new class is the 20S proteasome
(Figure 2a),* a large multidomain, multisubunit protease
associated with protein degradation in many biological
processes. The proteasome structure itself consists of 28
subunits arranged in four rings of seven, termed o850, with
the interior of the [ subunits responsible for proteolytic
activity.®

Tricorn protease and prolyl oligopeptidase**° (Figure
2b,c) are two atypical serine proteases with a similar
multidomain structure and degradative function to the
proteasome. Following the action of the proteasome, tricorn
protease degrades cytosolic proteins and particularly 7—9
residue peptides to produce di- and tripeptides,***’ which
are then degraded to amino acids by tricorn interacting factors
(e.g., tricorn-interacting aminopeptidase F1, an exoprotease
with an a/f hydrolase fold, not covered within the scope of
this review). The tricorn protease is a 720 KDa hexameric
enzyme that can further assemble into an icosahedral capsid.
Each subunit of the hexamer is divided into a further five
subdomains: a six-bladed /3 propeller followed by a seven-
bladed 8 propeller with a PDZ-like domain interspersed
between two mixed o/f3 domains. The 3-propeller unit covers
the active site of the protease. The prolyl oligopeptidase
preferentially cleaves peptides less than 30 amino acids in
length with specificity for proline at P1. It is involved in the
maturation and degradation of neuropeptides and peptide
hormones. The structure contains a peptidase domain adopt-
ing an o/f8 hydrolase fold,”! with the catalytic triad being

46—48



covered by a seven-bladed [-propeller structure which
features a central tunnel (Figure 2c). These three proteases,
the proteasome, tricorn protease, and prolyl oligopeptidase,
share similarities in their multidomain structures. They form
molecular cages which act to exclude tertiary folded sub-
strates from their centrally located active sites.*’ Another
unusual protease fold is that of the outer membrane protease
OmpT. Its architecture is represented by the large f3-barrel
structure in Figure 2d.>? This is the only known protease
with a structure of this type and the only current structure
of a membrane-spanning protease.

The Lon protease (Figure 2e) is another heterooligomeric
serine protease possessing a catalytic Ser-Lys diad.>* This
ATP-dependent protease has been identified in almost all
living organisms from Archaea to eubacteria to humans. It
is a multidomain enzyme with a single peptide chain of 784
residues. The three functional domains consist of a variable
N-terminal domain, an ATPase domain, and the C-terminal
protease (P) domain. The P domain (Figure 2e) has a unique
fold and forms a hexameric ring and is understood to
resemble oligomerization of the holoenzyme.

Glutamic proteases have only very recently been identified
as a sixth family of proteases, with the structural determi-
nation of scytalidoglutamic peptidase (Scytalidocarboxyl
peptidase-B, SCP-B).>* Formerly described as pepstatin-
insensitive carboxyl proteinases,” the catalytic diad of this
protease consists of glutamic acid and glutamine residues.
SCP-B is the first member of the family of eqolisins (derived
from the active-site residues E and Q), and its fold is unusual
for a protease. The structure, illustrated in Figure 2f, is that
of a ff-sandwich formed by two seven-stranded antiparallel
[-sheets.

Despite the evolution of these quite different folded
backbone structures, it will now be shown that all proteases
share remarkably similar conformational requirements for
ligand recognition in their active sites. Proteases commonly
recognize the extended or [5-strand backbone conformation
in substrates, inhibitors, and products.

3. Protease-Bound Substrate and Product
Structures

3.1. Protease-Bound Substrate Structures

Catalytically active proteases do not normally cocrystallize
with substrates without proteolytic action cleaving the
substrate. However, when a catalytic residue is mutated to
an isosteric residue, such as Asp for Asn in the case of HIV
proteases or Cys for Ala in the tobacco etch virus protease
(Table 1), it is possible to crystallize protease—substrate
complexes with intact substrate trapped in the active site of
the enzyme. Some reported examples are listed in Table 1.

HIV-1 protease, which is important for replication of
human immunodeficiency virus and a primary target for anti-
AIDS drugs, processes the gag and gag-pol polyproteins in
10 known nonhomologous sites. Twelve substrates com-
plexed to both HIV-1 and HIV-2 protease enzymes (proteases
not displayed) are shown in Figure 3a, with all substrates
occurring in an extended conformation. Six of these are for
HIV-1 protease complexed to peptides corresponding to the
cleavage sites CA-p2, MA-CA, p2-NC, pl-p6, RT-RH, and
RH-IN, where abbreviations are capsid (CA), matrix (MA),
nucleocapsid (NC), reverse transcriptase (RT), RNase H
(RH), and integrase (IN). Three others are for peptides
corresponding to the substrate cleavage sites MA-CA, CA-
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Table 1. Known Structures for Protease—Substrate Complexes®

protease PDB substrate
HIV-1 1294 RVL-FEANIe
1f7a KARVL-AEAM
1kj4 VSQNY-PIVA
1kj7 ATIM-MQRG
1kjf APGNF-LQSRP
1kjg AETF-YVDGA
1kjh IRKAL-FLDGI
Imt7 VSQNY-PIV
Imt8 ARVL-AEAM
Imt9 RPGNF-LQSRP
HIV-2 2hpe AAAAA-AAAG
2hpf AAAGG-AAG
FIV 3fiv Ac-(Nal)VL-AE(Nal)-NH2
TEV 11vb TENLYFQ-SGT
prolyl oligopeptidase le8n (Abz)GFGP-FG
anthrax lethal factor” Ipww MLARRKKVYP-

YPMEPTIAEG-NH2

“Nle = norleucine, Ac = acetyl, Nal = naphthylalanine, Abz =
6-aminobenzoic acid. ® Complex formed in the absence of catalytic zinc.

p2, and p1-p6 complexed with inactive/drug-resistant mutant
(D25N/V82A) HIV-1 protease.’ Two other peptide—enzyme
complexes contain apparently intact peptide substrates bound
in the active site of the catalytically active protein (PDB
2hpe, PDB 2hpf), presumably the result of autodigestion,
although the authors stated that the identity of the side chains
was highly ambiguous, suggesting several different peptide
fragments with chains oriented in opposite directions in
relation to the protease homodimer (Mulichak, A., private
communication). Another peptidic substrate has been coc-
rystallized with a mutant FIV protease,’’ and the structure
illustrates that the peptide binds in an almost identical
extended backbone (not shown).

Recently, two tobacco etch virus 3C protease complexes
were released.® One structure is that of an inactive cysteine
protease (C151A) with the substrate TTENLYFQ-SGT
(Figure 3b, gray = carbon atoms), the other being that of a
catalytically active mutant (S219D) in complex with the
product ENLYFQ. In both cases, the ligand is present in the
active site of the protease in an extended conformation. This
study illustrates the importance of residues at P6, P3, P1,
and P1" for specificity. These results also give insight into
substrate binding of other 3C-type proteases such as that of
poliovirus.

The crystal structure of the anthrax lethal factor in complex
with a peptide substrate, based on a consensus sequence of
the mitogen-activated protein kinase kinase (MAPKK), has
been recently updated (Figure 3c).>® The 20-residue peptide
(LF20) is found to bind in an extended conformation along
the 40 A long substrate binding groove and displays the
enzymes’ preference for hydrophobic residues at P1" (ty-
rosine) and P2 as well as unusual selectivity for basic residues
at several positions toward the N terminus of the substrate.

One unusual “substrate” complex is that between the wild-
type cysteine protease papain and the substrate-like succinyl-
QVVAA-pNA (Figure 3d).°° The pNA substrate remains
unprocessed because it is lodged in the active site in a
nonextended conformation. This is the result of a mismatch
between the designed peptidic substrate and the specificity
of this cysteine protease (preference for a residue bearing a
large hydrophobic side chain at the P2 position). The
substrate was based on the well-conserved central loop (see
below) of the cystatin superfamily (QVVAG), which acts
as an endogenous inhibitor of cysteine proteases. The pNA
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Figure 3. Protease-bound substrates and hydrolysis products (proteases not shown; color coding green = carbon, blue = nitrogen, red =
oxygen, yellow = sulfur). (a) Twelve substrates bound to HIV protease; HIV-1 protease (D25N, D125N) 1a94, 1{7a, 1kj4, 1kj7, 1kjf, 1kjg,
1kjh, 1mt7, Imt8, 1mt9; HIV-2 protease (D25, D125) 2hpe, 2hpf. (b) Tobacco etch virus substrate and product (gray carbon atoms). (c)
Anthrax lethal factor substrate (ribbon). (d) Papain-bound succinyl-QVVAA-pNA. (e) HIV-1 protease cleavage products (1hte, 1ytg light
blue, lyth). (f) SIV hydrolysis products. (g) Human cytomegalovirus product ensemble P4—P1 (Lys &N shown in gray). (h) Glutamyl
endopeptidase II product. (i) Botulinum neurotoxin type B cleavage products of synaptobrevin-II (green ribbon, 1f83) and the product-
bound state of BoNT serotype A (blue ribbon, 1elh). (j) Thermolysin cleavage products with adjacent catalytic zinc ion. (k) Proteinase K
products. (1) Prolyl oligopeptidase substrate and product complexes. All substrates, products, and inhibitors are presented with their N
terminus to the left progressing to the C terminus on the right, which corresponds to the description of P3 to P3' from left to right. All

images created within the Insightll modeling environment unless otherwise stated.

substrate binds in the vicinity of active site but not in the
expected position, which was predicted to correspond to the
binding of the central cystatin loop. However, it occupies
the nonprime site normally occupied by the N terminus of
cystatins. When the pNA molecule is superimposed on the
central loop region of cystatin A that it is intended to mimic
(1nb3), it displays a very similar conformation (turn/loop,
result not shown). This unusual binding can be explained
by the tenet that sequence determines structure, and therefore,
this substrate is not recognized by the protease for hydrolysis.

New protease enzyme—substrate complexes deposited in
the PDB between 2005 and 2009 are 1tsq, 1tsu, 23k, 2fns,
2fnt, 3d3t (aspartic proteases), 2q6g (cysteine protease), and
2zgj, 3cng, 3co0 (serine proteases). Of the aspartic protease—
substrate complexes, all new structures are for retroviral
proteases. PDB 1tsq is a mutant HIV-protease bound to the
AP2 V substrate variant of nucleocapsid-pl (NC-p1).®' The
NC-pl sequence is least homologous to other protease
substrates and is important for viral maturation. In contrast
to other protease substrates, NC-p1 has a charged Asn residue

230

at P1 and unbranched Ala at P2. The P2 alanine of NC-pl
is mutated to valine (AP2 V) in response to the V82A drug-
resistant protease mutation at the S2 site. PDB 1tsu is a wild
type D25N HIV-1 protease variant complexed with the native
decamer NC-pl substrate. PDB 2fns represents the crystal
structure of wild type NC-pl complexed with wild type
HIV-1 protease.%? 3D3T is a type 1 CRFO1_AE protease in
complex with substrate p1—p6.%* All these aspartic protease-
bound substrates are present in an extended beta-stand
conformation (Figure 4m). A crystal structure for the cysteine
protease-substrate complex, 2q6g, is for an enzyme of severe
acute respiratory syndrome virus CoV (SARS-CoV) M(pro)
mutant (H41A) bound to an N-terminal auto cleavage
substrate (Figure 4n).®* Crystal structures for serine protease-
substrate complexes, 3cnq and 3co0, show substrates in beta-
strand extended conformations within the active site (Figure
40). 2zgj is a substrate complex of a unique serine protease
enzyme (granzyme), expressed in NK cells, involved in
granule dependent cytolysis, and induces caspase dependent
apoptosis of tumor cells. The substrate in the 2zgj enzyme—
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Figure 4. New protease—substrate complexes showing extended conformations of the substrates located in the protease active sites. Aspartic
protease—substrate complexes, 1tsq, 1tsu, 2f3k, 2fns, 2fnt, 3d3t (m), cysteine protease—substrate complex, PDB 2q6g (n), serine protease-
substrate complexes, 3cng, 3co0 (0), and unique serine protease (granzyme)—substrate complex 2zgj (p).

Table 2. Known Structures for Protease—Product Complexes

products in

protease PDB protease active site
HIV-1 lhte, lytg, P3—P1 and P1—P4,
lyth AcP4-P1
SIvV Iyti, 1yt P1—P4, P1-P4
TEV 1lvm P6—P1
CMV 1bfz (NMR)  P4—P1 (hydrolysis

product)

glutamyl endoprotease II ~ 1hpg P4—P1 (pNA product),

botulinum neurotoxin 1183, lelh Sb2? residues 33—88,
self
thermolysin 3tmn, 8tln P1-P2
proteinase K 1pfg, 1pj8, P4—P4
1pek
prolyl oligopeptidase le8m, 1h2z, P3—P2
106f, 1o6g

“Sb2 = Synaptobrevin-II.

complex is also in a beta-strand extended conformation
(Figure 4p).%

3.2. Protease-Bound Product Structures

Most attempts to crystallize catalytically active proteases
with substrates have failed due to rapid hydrolysis of the
substrate followed by product dissociation from the active
site. There are a few cases (Table 2) where one or more
products have been trapped in the active site long enough
to permit cocrystallization with protease.

The structures of HIV protease, SIV protease, and TEV
have all been solved with a product peptide in the active
site (Figure 3e, f, and b (gray carbon atoms), respectively).
Each was bound within the active site in an extended -strand
conformation. Two products are bound to HIV-1 protease
in an unexpected manner. The C-terminal product PIV-NH,
(Figure 3e, light blue) binds in the reverse of what is expected
(C-terminal amine interacting with the catalytic aspartates,
Valine at P1") and acts as an inhibitor following substrate
cleavage.®® Further evidence for the recognition of an
extended conformation is the NMR study of the N-terminal
cleavage products formed through autocatalysis by the
aspartic protease of human cytomegalovirus (hCMV). The
results show a well-defined ensemble of structures in an
extended conformation from P1 to P4 when complexed to
hCMV (Figure 3g).”

Another example of a product analogue complexed with
a serine protease is that of Boc-AAPE-COOH and glutamyl
endoprotease I1.% The product of the cleaved peptide—pNA
is bound from P4 to P1 of the active site in an extended
format shown in Figure 3h.

One three-dimensional structure of a metalloprotease,
Botulinum neurotoxin type (Bontoxolysin), has been deter-
mined as a complex of cleaved synaptobrevin (Figure 3i,
green).”” This was achieved by almost immediate freezing
of the crystals after soaking in a solution containing the
synaptobrevin substrate. The resulting structure is a “post-
cleavage” complex and shows atypical binding of the
hydrolysis products. These two peptide products bind in the
active site of the protease in a retro manner, where the C
terminus binds to the nonprime side of the active site
(P3—P1), opposite to what is normally seen. This could be
due to a rearrangement of the products after hydrolysis or
simply an exception to what is believed to be the binding
mode. Bontoxolysin is unusual in that it requires binding of
a substrate to two recognition sites, one of which necessitates
a substrate of minimum length in addition to a nine-residue
region termed the SNARE secondary region (SSR) sequence.
A more recent structure of this neurotoxin has confirmed
unusual binding and specificity for this metalloprotease. The
structure shows a homodimer of the metalloprotease, with
each monomer representing a cleaved product bound deep
within the active site (Figure 3i, blue). The cleaved loop is
indeed oriented in the retro manner or opposite of the
canonical direction for other metalloproteases and shows
atypical ligand binding within the active site.”

Two almost accidental product complexes of the bacte-
rial metalloprotease thermolysin have been published.”!"?
The first is a complex containing the cleavage product of
the dipeptide Val-Trp from the intended inhibitor mer-
captoacetyl-valyl-tryptophan, the latter appearing to be the
autocatalytic cleavage product of the C-terminal residues
of thermolysin itself, Val-Lys. Both complexes show
binding of the dipeptides at S1'—S2', which are too small
to infer any recognition motif (Figure 3j, further discussed
below).

Three unusual product complexes are shown for pro-
teinase K. Two of these complexes are of hydrolyzed
peptidic inhibitors, AcPAPF-dA-A-NH, and AcPAPF-dA-
AAA-NH, (Figure 3k; gray and green ribbons, respec-
tively).”>7* The complexes are noncovalent but stabilized
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Figure 5. Crystal structures of enzyme-bound hydrolysis products
from complexes with aspartic proteases, 1sp5, 2nph, 3bxr, 3bxs,
3dox (q), and a serine protease 2zgh (r), showing extended backbone
of product.

by an extensive hydrogen-bonding network, with their
inhibition most likely imparted by the presence of the
D-alanine at position P1'. These transition-state complexes
do show each product in an isolated extended conforma-
tion.” The third complex is also of a hydrolyzed substrate
analogue but is complicated by the inhibitory presence of
mercury (Figure 3j, yellow ribbon, Hg not visible).”” This
product complex is quite different from the previous two
examples, the N-terminal portion being anchored in the S1
subsite via the first proline residue of the sequence (PAPF-
PA).

Prolyl oligopeptidase has the unusual specificity require-
ment of a proline residue at P1. One substrate complex
(S554A mutant) and four product complexes are shown in
Figure 31. The product complexes consist mainly of short
hydrolyzed pNA substrates that span from P3 to P1. The
substrate (gray carbon atoms) shows the six residues Abz-
GFGPFG-OH with recognition and binding limited to the
P3—P2’ region. A hydrogen bond is formed between the
amide of P1' and the carbonyl of P2, forming a reverse y
turn centered around the proline at P1.

New protease—product complexes published between 2005
to 2009 are 1sp5, 2nph, 3bxr, 3bxs, 3dox (aspartic
protease—product complexes) and 2zgh (serine protease—
product complex). Both aspartic (Figure 5q) and serine
(Figure 5r) protease crystal structures show products adopting
an extended beta strand within the active sites. HIV-1
protease has been reported complexed to hydrolysis products
of a decapeptide substrate (1sp5), two cleavage product
peptides AETF and YVDGAA (2nph),”® and cleavage
products of the proline-containing sequence SQNY{PIV
(3dox).”” 2zgh is a serine protease enzyme (granzyme)

complexed with a catalysis product.®

3.3. Cyclic Substrates and Products

A novel category of synthetic protease substrates is
macrocyclic substrates, which preserve a fixed S-strand
peptide conformation in the substrate. We previously tested
the proposition that cyclization might force inhibitors or
substrates into a protease-binding conformation, namely, the
p strand. For example, we created the novel bis-macrocyclic
molecule 1 as a mimic of the acyclic peptide 2, Ac-LVFIFIV-
NH,.”® Each macrocycle in 1 was designed to serve as a
structural mimic of a tripeptide in a 3 strand,” % constrained
by the presence of only 15 or 16 ring atoms, two trans amide
bonds, and a para-substituted aromatic ring. The two chiral
centers in each cycle were derived simply from l-amino acids.
This minimalist approach to locking substrates into a
protease-binding shape was quite successful and also enabled
the cleavage products to be locked into 3 strands.”®

Madala et al.
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We were particularly interested in using 1 to compare its
relative affinity for HIV-1 protease versus its more flexible
acyclic hexapeptide analogue 2. Although substrates are more
traditionally examined for K, and k., the ratio k.,/K, being
indicative of substrate efficiency, K., (= (k—; + ky)/k) is a
measure of protease affinity of the substrate but also includes
the rate of decomposition of the enzyme—substrate complex,
and the kinetics were difficult to measure in water because

such small molecules are not very water-soluble and are only
processed very slowly.

ky ky
E+S=ES—E-+P
k-1

We therefore instead examined substrates 1 and 2 as
competitive inhibitors of the processing of another substrate,
the fluorogenic 2-Abz-Thr-Ile-Nle-Phe(p-NO,)-GIn-Arg-NH,
(AbzNF*-6; K,, = 26 uM), by HIV-1 protease (pH 6.5, I =
0.1 M, 37 °C). By determining K; (= ki/k—,) for 1 (0.8 uM)
and 2 (60 uM) in these experiments,”® we could obtain
protease affinities for the substrates. K; is the equilibrium
constant defining the affinity of inhibitor (I) for enzyme (E).
Bicyclic compound 1 was found to have ~80-fold higher
affinity for HIV-1 protease than acyclic 2, corresponding (AG
= —RT In K) to an ~11 kJ/mol difference in binding
energy.’®

ky
E + I=—EI
k-1

Using HPLC to monitor peptide cleavage products, 1 was
however found to be a poorer substrate (K,, = 110 uM) than
2 (Kn, = 20 uM) as defined by the Michaelis—Menten
equilibrium constant, yet 1 is more constrained to an
extended conformation and has the higher affinity for the
protease as indicated above. We attributed this difference to
slower decomposition of the enzyme—substrate complex (ES)
for 1 than 2, the better substrate binding less tightly to the
enzyme to enable faster turnover and slow dissociation of
the two cyclic products which have higher affinity for the
enzyme than acyclic peptides that dissociate readily from
the enzyme to enable catalytic turnover.”



Figure 6. Crystal structures of the cyclic substrate and products
in the conformation found in the active site of HIV-1 protease (3bxr,
3bxs).

The constrained bicyclic substrate 1, in which each cycle
mimics a tripeptide beta strand, has been crystallized with
HIV-1 protease. However, two resulting crystal structures
(PDB 3bxr, PDB 3bxs) showed that the substrate had
hydrolyzed, leaving two copies of a monocyclic hydrolysis
product in an extended backbone conformation within the
active site (Figure 6).%

4. Aspartic Protease Inhibitors

Aspartic proteases'®3% tend to bind 6— 10 peptide residues
of polypeptide substrates in their active site and cleave them
using two catalytic aspartic acid residues from the protease.
Most inhibitors tend to bind in the active site of the protease
by flanking both sides of the catalytic residues. The majority
of known aspartic proteases also have one or more flaps that
close down on top of the inhibitor to complete the active
site.

A total of 21 aspartic proteases were analyzed in detail
here using more than 300 three-dimensional protease-
inhibitor structures (Table 3). Figure 7 displays the active-
site binding conformation of inhibitors from superimposed
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protease—inhibitor complexes (protease omitted) for a subset
of 20 representative aspartic proteases. More than 300
protease—inhibitor structures were visually inspected for 21
aspartic proteases, 145 of which are displayed in Figure 7.
The vast majority of these inhibitors were located in the
substrate-binding groove of the protease spanning both sides
of the central catalytic aspartate residues (e.g., S4—S3'), the
large number of interactions with protease imparting selec-
tivity. Clearly Figure 7 indicates a high degree of confor-
mational homogeneity in the protease-bound inhibitors, with
an extended fS-strand conformation observed in all but two
cases (see below) despite the many differences between these
peptidic, peptidomimetic, and nonpeptidic inhibitors.

4.1. Viral Aspartic Proteases (Retropepsins)

Human immunodeficiency virus retropepsins (HIV-land
2) have been the most extensively studied aspartic proteases
in recent years with over 200 PDB entries for HIV-1 and
HIV-2 retropepsin-inhibitor complexes with nine inhibitors
used clinically to treat HIV-AIDS. Previously,”® we reported
superimposed structures for HIV-1 protease bound to 20
acyclic and 2 cyclic inhibitors, which displayed rmsd values
of 0.57 + 0.15 A. We have now analyzed ~200 such
structures but show only a subset of 12 acyclic inhibitors in
Figure 7a (left). All structures exhibited an extended 3-strand
conformation for the inhibitor backbones, as observed in
Figure 7a.

A further 15 inhibitors of HIV protease are shown in
Figure 7a (right), 11 of which are macrocyclic inhibitors.
One particular nonpeptidic inhibitor worthy of mention,
UCSFS8,% binds in two separate orientations in two different
crystal forms. One conformation is consistent with the
extended conformation seen for other HIV protease inhibitors
(Figure 7a, right; purple, ball-and-stick, PDB 2aid); the other
conformation lies essentially above and perpendicular to the

Table 3. Crystal Structure Listing for 145 Inhibitors Complexed with 21 Aspartic Endoproteases

aspartic protease EC code PDB codes

aspergillopepsin I (aspartic proteinase) 3.4.23.18 lize

candidapepsin (secreted aspartic protease) 3.4.23.24 171, leag, 1zap

cathepsin D 3.4.23.5 1lyb

chymosin (rennin) 34234 lczi

endothiapepsin 3.4.23.22 leSo, 1e80, 1e81, 1e82, leed, lent, lepl, lepm, lepn, lepo, lepp,
lepq, lepr, ler8, 1gkt, 1vt, 1gvu, lgvv, lgvw, lgvx, lodl, loex,
2er0, 2er6, 2er7, 2er9, 3er3, 3er5, derl, 4er2, 4erd, Serl, Ser2

equine infectious anemia 3.4.23.16 1fmb, 2fmb

FIV protease 3.4.23.- 1bl1, 1fiv, 2fiv, 3fiv, 4fiv, Sfiv, 6fiv

HIV-1 protease® 3.4.23.16 1dif, 1g2k, lhtg, 1htf, 1hve, 1hvj, 1a30, 1g35, 1hvh, lhpx, 1pro,
lhwr, lcpi, Imtr, 1d4k, 1d41, 1{f7a, 3aid, 2aid, laid, 1b6p, 1b6m,
1b6l, 1b6n, 1b60, 1b6k, 1b6j

HIV-2 protease 3.4.23.47 lida, lidb, 1hii, lhsh, livp, livq, 1jld, 2mip, 2hpe, 2hpf, 3upj, 4upj,
5upj, 6upj

memapsin(BACE) 3.4.23.46 1tkn, 1m4h

mucorpepsin 3.4.23.23 2rmp

penicillopepsin 3.4.23.20 lapt, lapu, lapv, lapw, 1bxo, 1bxq, 1ppk, 1ppl, 1 ppm, 2wea,
2web, 2wec, 2wed

pepsin A 3.4.23.1 1£34, 1 psa, 1pso, 1qrp

plasmepsin-II 3.4.23.39 11£2, 11f3, 1lee, 1m43, 1me6, 1sme

plasmepsin-1V 3.4.23.- 11s5, 1gs8

renin 3.4.23.15 1bil, 1bim, lhrn, lrne, 1smr, 1pr7*, 1pr8*

rhizopuspepsin 3.4.23.21 3apr, 4apr, Sapr, 6apr

rous sarcoma virus 3.4.23.- 1bai

saccharopepsin 3.4.23.25 1dpS, 1dpj, 1fq4, 1£q5, 1fq6, 1fq7, 1fq8, 1g0v, 2jxr

SIV protease 3.4.23.- Isiv, ltew, lyti, lytj, lyth, 1ytg, 2sam

“The PDB codes listed denote only the structures presented in this review. As of January 2003, 214 structures of HIV protease had been deposited
on the PDB. All structures have been analyzed for this study and only a representative number shown.
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Figure 7. Superimposed aspartic protease—inhibitor structures (proteases omitted; rmsds for superimposition of protein component of
complex; PDB code in parentheses; ligands are represented with main chains running horizontally N to C terminal from left to right)
for viral aspartic proteases: (a) [left] human immunodeficiency virus (HIV) retropepsin, rmsd 0.63 A (1dif, 1g2k, lhtg, 1htf, lhvc,
1hvj, 1a3o0, 1g35, 1hvh, 1hpx, 1pro, 1hwr); [right] human immunodeficiency virus (HIV) retropepsin; rmsd 0.53 A (1cpi, 1mtr, 1d4k,
1d41, 1f7a, 3aid, 2aid, laid, 1b6p, 1b6m, 1b6l, 1b6n, 1b6o, 1b6k, 1b6)). Red and purple inhibitors (ball-and-stick) display the different
binding orientations of UCSFS. (b) Feline immunodeficiency virus (FIV) roetropepsin, rmsd 0.20 A (1bl1, 1fiv, 2fiv, 3fiv, 4fiv, 5fiv,
6fiv). (¢) Simian immunodeficiency virus (SIV) retropepsin; rmsd 0.68 A (lsiv, 2sam, lyti, lytj, lyth, lytgv, ltcw). (d) Equine
infectious anemia (EIA); rmsd 0.16 A (1fmb, 2fmb). (e) Rous sarcoma virus (RSV) (1bai). Human and mammalian aspartic proteases:
(f) cathepsin D (1lyb); (g) chymosin (lczi); (h) memapsin (BACE), rmsd 0.22 A (1m4h, 1fkn); (i) pepsin A, rmsd 0.65 A (1134
(ribbon), Ipsa, lp§o, 1grp). (j) Renin, rmsd 0.63 A (1bil, 1bim, lhrn, 1rne, 1smr). Parasitic aspartic proteases: (k) plasmepsins I, II,
and IV rmsd 1.00 A (1lee, 11f2, 11f3, 1Is5, 1m43, 1qs8, 1sme). Fungal aspartic proteases: (1) aspergillopepsin I (lize); (m) candidapepsin
(secreted aspartic protease) rmsd 0.63 A (leag, 1j71, lzap); (n) endothiapepsin rmsd 0.44 A (1e50, 1gkt, Igvt, 1gvu, lgvv, lgvw,
Igvx, 5er2); (o) mucorpepsin (2rmp); (p) penicillopepsin; rmsd 0.27 A (lapu, lapv, lapw, lapt, 1ppk, Ippm, 1ppl, 1bxo, lbxq,
2wea, 2web, 2wec, 2wed); (q) saccharopepsin rmsd 0.30 A (1fq4, 1fqS, 1fq6, 1fq7, 1fq8, 2jxr); (r) saccharopepsin (1dp5, enzyme
shown as blue ribbon with catalytic aspartates shown in red and helical inhibitor in yellow, 1dpj, 1g0v). rmsds correspond to protease
component.

expected binding conformation, preventing closure of the
flaps of HIV protease.

Numerous other related retroviral proteases have been
studied, many being homologues of the autoimmune disease
HIV proteases (e.g., FIV, SIV, EIA, HTLV). Feline immu-
nodeficiency virus (FIV) retropepsin is exemplified in Figure
7b by six inhibitor—protease structures and one substrate

complex bound to the mutant FIV protease D30N (3fiv).
Simian immunodeficiency virus (SIV) retropepsin is il-
lustrated in Figure 7c and shows five inhibitor—protease and
two product—protease complexes. Equine infectious anemia
(EIA) retropepsin binding is characterized in Figure 7d by
two inhibitors, and Rous sarcoma virus (RSV) retropepsin,
identified as a target in tumor-producing viruses, is repre-
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Table 4. Crystal Structures for 94 Inhibitors Complexed by 6 Aspartic Endoproteases

aspartic protease EC code PDB codes
HIV-1 protease 3.4.23.16 1zpk, lzsf, 1t7j, 1zIf, 1631, 1118, 1zj7, 1zbg, 1z8c, 2p3c, 2p3a, 2zye,
2p3b, 2p3d, 2q64, 2pyn, 2fxd, 2bb9, 2fxe, 2qak, 2nph, 2nxm,
2nxd, 2bbb, 2q63, 2hah, 2pym, 2nxl, 2azb, 2az8, 3fx5, 3b80,
3b7v
2r43, 2r3w, 2fgu, 2fgv, 2qnn, 2qnq, 2f8g, 2hb3, 2pwc, 2qnp, 2fbo,
281, 2pqz, 2pwr, 2r3b
HIV-2 protease 3.4.23.47 3eco, 3ecg
betasecretase-1 (BACE-1) 3.4.23.26 lym2, lymd, 2viz, 2f3f, 2viy, 2vij, 2f3e, 2b8l, 20ah, 2qzl, 2zhr,
2b8v, 2vj9, 2wez, 2p8h, 2irz, 2vie, 2vnn, 2vam, 2wf4, 2wf3,
2vj7, 2vj6, 2wiz, 2wfl, 2wf0, 2fdp, 3ckp, 3dm6, 3ckr, 3dvi,
3duy, 3dvj
2zjh, 2zjm, 2zjl, 2zji, 2zjn, 20f0
HTLV-1 protease 3.4.23.- 2b7f
betasecretase-2 (BACE-2) 3.4.23.45 2ewy
plasmepsin-II 3.4.23.39 1w6h, 1w6i, 2rob
secreted aspartic proteinase (Sap) 3 3.4.23.24 2h6t

sented by one inhibitor complex (Figure 7e). Ligands bound
to all these retropepsins are in a single conformation, the
extended f3-strand. This is necessitated by the nature of the
active site which, when closed, is in the form of a thin
cylinder that can only accommodate peptides and related
molecules in a strand conformation, helical or turn-like
conformations being too large to occupy the active site.

New structures have been reported for viral aspartic
protease enzymes HIV-1 and HIV-2 proteases bound to small
molecules (Table 4). All enzyme-bound inhibitors in these
crystal structures are in a fully extended beta strand
conformation (Figure 8a), but the pyrrolidine-based inhibitors
are not fully extended (Figure 8b) unlike the peptidic
inhibitors. Two HIV-2 protease inhibitors,®” analogues of
darunavir (Figure 8c), are also in the extended beta strand
conformation.

4.2. Human and Mammalian Aspartic Proteases

Cathepsin D is a lysosomal protease with a broad range
of housekeeping functions including the degradation of
proteins, antigen processing, and formation of peptide
hormones.®% Figure 7f displays the extended conformation
of pepstatin, a general aspartic protease inhibitor, bound in
the active site of cathepsin D. Chymosin (rennin) is
responsible for the physiological hydrolysis of the milk
protein k-casein, and it has historically been used extensively
in the manufacture of cheeses. The single inhibitor of
chymosin is shown in the extended S-strand conformation
bound across the S4—S1 pockets of the active site (Figure
7¢).°° Memapsin-2 (BACE-2 or f-secretase) is one of the
key enzymes associated with the processing of amyloid
precursor protein (APP) to generate 5-amyloid peptide, the
causative agent of amyloid plaques in Alzheimer’s disease.’’
Figure 7h illustrates the active-site binding conformation of
two inhibitors of memapsin. Pepsin A is found in the stomach
of vertebrates and is a key enzyme in digestion of proteins.”?
Pepsin A inhibitors bind to the active site of pepsin in the
same extended conformation. One unusual proteinaceous
inhibitor (PI-3, Figure 7i, ribbon) from the intestinal parasite
Ascaris binds to pepsin in an unexpected mode,” occupying
active-site positions P1'—P3'. A large [ sheet is also formed
between the flap region of pepsin and PI3, stabilizing this
flexible S-hairpin common among aspartic proteases. The
protease renin is involved in the production of angiotensin
IT within the renin—angiotensin system, a key mediator in
hypertension.® Five active-site-bound inhibitors of renin are
shown in Figure 7j in an extended manner.

Crystal structures have been reported for inhibitors bound
to mammalian aspartic proteases BACE-1, BACE-2 (Table
4). BACE-1 inhibitors are both peptidic and nonpeptidic,
orienting in extended beta strand conformations (Figure 8d).
Some of the nonpeptidic inhibitors with extended conforma-
tions are present in crystal structures (2zjh, 2zjm, 2zjn, 2zjl,
2zji; Figure 8e). Some nonpeptidic inhibitors of BACE-1
were identified from fragment-based screening and they

Figure 8. Crystal structures of aspartic protease inhibitors in their
respective enzyme-bound complexes. (a) HIV-1 protease bound
inhibitors (1zpk, 1zsf, 1t7j, 1zIf, 13, 1118, 1zj7, 1zbg, 1z8¢, 2p3c,
2p3a, 2zye, 2p3b, 2p3d, 2q64, 2pyn, 2fxd, 2bb9, 2fxe, 2qak, 2nph,
2nxm, 2nxd, 2bbb, 2q63, 2hah, 2pym, 2nxl, 2azb, 2az8, 3tx5, 3b80,
3b7v). (b) HIV-1 protease bound inhibitors (2r43, 2r3w, 2fgu, 2fgv,
2qnn, 2qnq, 2f8g, 2hb3, 2pwc, 2qnp, 2tbo, 2f81, 2pqz, 2pwr, 2r3b).
(c) HIV-2 protease bound inhibitors (3eco, 3ecg). (d) Mammalian
BACE-1 bound inhibitors (1ym2, 1ym4, 2viz, 2f3f, 2viy, 2vij, 2f3e,
2b8l, 20ah, 2qzl, 2zhr, 2b8v, 2vj9, 2wez, 2p8h, 2irz, 2vie, 2vnn,
2vnm, 2wf4, 2wf3, 2vj7, 2vj6, 2wiz, 2wfl, 2wf0, 2fdp, 3ckp, 3dm6,
3ckr, 3dvi, 3duy, 3dvj). (¢) Mammalian BACE-1 bound inhibitors
(2zjh, 2zjm, 2zjl, 2zji, 2zjn, 20f0). (f) Mammalian BACE-2 bound
inhibitors (PDB 2ewy). (g) Plasmepsin-II bound inhibitors (1w6h,
1w6i, 2r9b). (h) Secreted aspartic proteinase (Sap)-3 enzyme bound
inhibitor (2h6t). (i) Human T-cell leukemia virus protease bound
inhibitor (2b7f).
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mimic the side chains of an extended peptide inhibitor, filling
the respective pockets in the active site. They are too small
to have an extended conformation themselves and include
aminopyridine analogues, tyramine fragments, macrocyclic
tertiary carbinamine analogues, dihydroquinazolines ana-
logues, etc. (2ohr, 2ohk, 20hl, 20hq, 2ohs, 20ht, 2ohm, 20hn,
2ohp, 2o0hu, 2ql1, 2q15, 2ph6, 2vab, 2zel, 2va$5, 2zjj, 2phS,
2zdz, 2iso, 2va7, 3bra, 3bug, 3bhf, 3buh). BACE-2 is a
homologue of BACE-1 protease. A BACE-2-inhibitor com-
plex (2ewy)* shows the hydroxylamine transition state
inhibitor in an extended strand conformation (Figure 8f). New
renin—inhibitor complexes (2bkt, 2iko, 2il2, 2i4q, 2iku, 3d91,
3gw5) contain small nonpeptidic inhibitors mimicking side
chains of an extended peptide structure and filling the
respective indentations that line the substrate-binding active
site. Again the inhibitors are too small to adopt an extended
conformation, but rather mimic the side chains that would
otherwise be protruding from an extended peptide conforma-
tion.

4.3. Parasitic, Plant, and Fungal Aspartic
Proteases

Malaria is a disease of endemic proportions throughout
the world. Three parasitic proteases from Plasmodium vivax
and Plasmodium falciparum, plasmepsins II and IV, have
been crystallographically characterized with multiple inhibi-
tors. Figure 7k shows the superimposition of all seven
inhibitor—protease structures of these enzymes, illustrating
extended inhibitor backbones in the active site of the enzyme.

Two fungal proteases, aspergillopepsin I and candidapep-
sin (secreted aspartic protease), are represented in Figure 71
and 4m by one- and three-ligand structures, respectively. One
ligand is a hydrolysis product of unknown origin, bound from
P1' to P4’ in the active site of candidapepsin (Figure 7m,
red). Endothiapepsin has been extensively studied, and a
representative subset of eight enzyme complexes shows
inhibitors in the classical extended conformation (Figure 7n).
An inhibitor of mucoropepsin is shown bound to the enzyme
in an extended conformation (Figure 70). Penicillopepsin is
another fungal enzyme of the pepsin-like family of proteases,
and its homology to mammalian enzymes forms the basis
for extensive structural studies. The protease-bound structures
are shown for 13 inhibitors in Figure 7p.

The yeast protease saccharopepsin represents the final
aspartic protease discussed in this section and reveals the
exceptional binding mode of an endogenous 68-residue,
proteinaceous inhibitor IA3. Figure 7q displays six inhibitors
bound in the typical extended fashion, but inhibitor TA3
forms an almost perfect o helix and binds within the active-
site cleft of the enzyme (Figure 7r).” The large size and
helical shape of this inhibitor causes the flexible flap region
to remain in an open conformation, some 8 A away from a
corresponding complex with a small peptidic inhibitor. This
is an exception to the hypothesis that proteases bind
substrates, inhibitors, and products in only an extended
[-strand conformation.

New protease—inhibitor complexes of plasmepsin-II from
Plasmodium falciparum (1w6h, 1w6i, 2r9b) show inhibitors
in the extended strand conformation within the enzyme active
site (Figure 8g). Pepstatin-A complexed within secreted
aspartic proteinase (Sap)-3 from Candida albicans (2h6t,
Table 4, Figure 8h) also presents an extended strand
conformation in the active site.”®

Madala et al.

5. Metalloprotease Inhibitors

All known metalloproteases’’~'® use a Zn?* ion to catalyze

the hydrolysis of a peptide bond. The metal is tetrahedrally

coordinated to three donor groups from the enzyme and a water
molecule that is also hydrogen bonded to the carboxylate side
chain of a glutamic acid, which activates it for nucleophilic
attack. Most metalloprotease inhibitors contain a zinc-binding
ligand like hydroxamate, carboxylate, phosphinate, or a thiol
and target only one side of the active site.

Figure 9 (Table 5) depicts 123 inhibitor structures in their
protease-bound conformations as revealed by crystal struc-
tures for 20 metalloproteases. The inhibitors are mostly in
an extended strand conformation, except for those of
thermolysin and one inhibitor of neutrophil collagenase
(MMP-8), both discussed below.

5.1. Bacterial Metalloproteases

One family of secreted bacterial metalloproteases is the
serralysins. These belong to the metzincins, which are
characterized by their catalytic zinc-binding domain motif
HEXXHXXGXXH with an additional conserved methion-
ine.** Pseudomonas and Serratia (endogenous endoproteases
aeruginolysin and serralysin, respectively) are bacterial
pathogens responsible for many infections including pneu-
monia and surgical wound infection as well as acting as
virulence factors associated with tissue damage leading to
anaphylactic products.'"!9? These gram-negative bacteria
secrete a proteinaceous inhibitor which is believed to protect
periplasmic proteins against the protease. Parts a and b of
Figure 9 show the three-dimensional binding conformations
of the endogenous inhibitor in complex with each bacterial
protease (ribbon). The main mode of inhibition is via the
five N-terminal residues, which bind to the prime side of
the active site in an extended conformation. Two small
peptidic inhibitors are also shown binding to the nonprime
side in an extended conformation.

Several toxic bacterial metalloproteases, anthrax lethal
factor and bontoxilysin, are associated with the pathogenesis
of anthrax and botulism, respectively, and their substrate and
product complexes (Figure 9¢c,d) have been discussed above.
Thermolysin is a bacterial thermostable metalloprotease
which has been extensively characterized. The majority of
thermolysin—inhibitor complexes contain short inhibitors that
only span from S1' to S2' and include a zinc-binding moiety.
Thermolysin has a specificity for hydrophobic residues on
the prime side of the active site, not the nonprime side as is
generally the case with other protease families. On close
inspection, these ligands appear to orient away from the
active site of the enzyme, probably due to truncation and
blockage of the active-site cleft by a calcium-binding loop
not seen in other metalloproteases. Figure 9¢ shows seven
inhibitors of thermolysin exhibiting this unusual binding
mode.

5.2. Human and Mammalian Metalloproteases

Angiotensin-converting enzyme (ACE) is part of the
renin—angiotensin system which produces angiotensin II. It
is not strictly an endopeptidase but rather a carboxyl
dipeptidase as it cleaves the two C-terminal residues of
angiotensin I. Figure 9f shows the receptor-bound conforma-
tion of the current hypertensive drug Lisinopril bound to
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Figure 9. Superimposed metalloprotease—inhibitor structures (rmsds quoted for superimposition of protein component of complex; PDB
code in parentheses, protease omitted; ligands are represented with main chains runmng horizontally N to C terminal from left to right
where appropriate) for bacterial metalloproteases: (a) acruginolysin rmsd 0.52 A (1jiw (ribbon), Ikap); (b) serralysin rmsd 0.46 A (1smp
(ribbon), 1af0); (c) anthrax lethal factor; (Ipww); (d) bontoxilysin; rmsd 0.51 A (1183, 1fgh, substrate (blue) and inhibitor (red)); (e)
thermolysin rmsd 0.189 A (1lhyt, 1lnd, 1qf0, 1gf1, 1qf2, Itln, 7tln). Human and mammalian metalloproteases: (f) angiotensin-converting
enzyme-1 inhibitor lisinopril (1086); (g) ADAMI7 endopeptidase (TNF a-converting enzyme), (1bkc); (h) collagenase-1/MMP-1 rmsd
0.77 A (lcgl, 1fbl, 1hfc, 2tcl, 3ayk, 4ayk, 966¢); (i) collagenase 2/MMP-8 rmsd 0.29 A (1a83, 1a86, 1bzs, 1i73, 1i76, ljan, 1jao, ljap, 1jj9,
1kbe, 1mmb); (j) collagenase-3/MMP-13 (830c, 456¢, 1cvx, leub, 1fls, 1fml); (k) gelatinase A/MMP-2 (1hov); (1) gelatinase B/MMP-9
(1gkc, 1gkd); (m) MMP-14 (1bqq, 1buv) inhibitor is broad-spectrum proteinaceous tissue inhibitor of matrix metalloproteinase (TIMP);
only the active-site binding residues are shown (disulfide bridge yellow, zinc yellow ball); (n) stromelysin-1/MMP-3 rmsd 0.98 A (1d8f,
2usn, 3usn, 1b8y, 1bqo, lcag, lciz, 1d5j, 1sln, 1biw, 1bm6, 1249, Tusn, 1d8m, 1d7x, 1hfs, luea (TIMP, ribbon)); (o) stromelysin 3/MMP-
11 (1hv5); (p) Neprilysin (1dmt). Other metalloproteases: (q) adamalysin rmsd 0.26 A (2aig, 3aig, 4aig); (r) astacin (1qji, 1qjj); (s) atrolysin
C (1atl, 1dth); (t) atrolysin E (1kug, 1kui, 1kuk).

angiotensin-converting enzyme-1.! A subtype, ACE-II, is
also now known (PDB 1r42, PDB 1r4l).1%

The matrix metalloproteases (MMPs, matrixins) are a large
family of related proteases involved in extracellular matrix

TACE (tumor necrosis factor a-converting enzyme, also
known as ADAM17) is an endopeptidase responsible for
release of TNFa, a major immunomodulatory and proin-
flammatory cytokine. Its catalytic domain is similar to other
metzincins (HEXXHXXGXXH) as well as the thermolysin-
like fold. Figure 9g shows a hydroxamate inhibitor binding
in the prime side of the active site via a distinct extended
conformation.!'%

degradation.”®'® This degradation is part of many pathologi-
cal and physiological processes including the hydrolysis of
collagen. Endogenous inhibitors maintain normal control of
these processes. The major specificity determinant of MMP’s
appears to be amino acid residue recognition at the S1'
subsite. Figure 9h shows seven inhibitors of collagenase-1
(MMP-1) in their protease-bound conformations. Collage-
nase-2 (MMP-8) is represented in Figure 9i by 13 inhibitors
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Table 5. Crystal Structure Listing for 123 Inhibitors Complexed with 20 Metalloendoproteases

metalloprotease EC code PDB codes

ADAM17 endopeptidase(TNF o-converting enzyme) 3.4.24.86 1bke

adamalysin 3.4.24.46 2aig, 3aig, 4aig

aeruginolysin 3.4.24.40 1jiw, lkap

angiotensin-converting enzyme-1 (ACE) 3.4.15.1 1086

anthrax lethal factor 3.4.24.83 1pwv, Ipww (substrate)

astacin 3.4.24.21 1qji, 1qjj

atrolysin C 3.4.24.42 latl, 1dth

atrolysin E 3.4.24.44 lkug, lkui, 1kuk

bontoxilysin 3.4.24.69 1g9a, 1g9b, 1g9¢c, 1g9d, lelh, 1{83

collagenase-1 (interstitial, MMP-1) 3.4.24.7 lcgl, 1fbl, 1hfc, 2tcl, 3ayk, 4ayk, 996¢

collagenase-2 (neutrophil, MMP-8) 3.4.24.34 1a85, 1a86, 1i73, 1i76, 1jan, 1jao, 1jap, ljaq, 1jhl, 1jj9,
1kbc, Immb, 1mnc

collagenase-3 (MMP-13) 3.4.24.- 830c, 456¢, 1cxv, leub, 1fls, 1fml

gelatinase A (MMP-2) 3.4.24.24 lhov

gelatinase B (MMP-9) 3.4.24.35 1gke, 1gkd

matrilysin (MMP-7) 3.4.24.23 Immp, Immgq, Immr

membrane-type matrix metalloproteinase 1 (MMP-14) 3.4.24.80 1bqq, 1buv

nepralysin 3.4.24.11 1dmt

serralysin 3.4.24.40 1af0, 1smp

stromelysin-1 (MMP-3) 3.4.24.17 1b3d, 1b8y, 1biw, 1bm6, 1bqo, 1c3i, 1c8t, lcaq, lciz, 1d5j,
1d7x, 1d8f, 1d8m, 1g05, 1g49, 1g4k, 1hfs, 1hy7, 1kn8,
1sIn, luea, lums, lumt, lusn, 2srt, 2usn, 3usn

stromelysin-3 (MMP-11) 3.4.24.- 1hu5

thermolysin 3.4.24.27 1fjt, 1fjw, 1gxw, lhyt, 1kei, 1kjo, 1kjp, 1kkk, 1kl6, 1kr6,

1kro, 1ks7, 1kto, 1lna, 1lnb, llnc, 1Ind, 1lne, 1Inf, 11n0,
los0, 1qf0, 1gfl, 1qf2, Istl, 1tlp, 1tlx, 1tmn, 2tlx, 2tmn,
3tmn, 4tln, 4tmn, 5tln, Stmn, 6tmn, 7tln, 8tln

bound across the active site, the majority in an extended
manner. Several inhibitors of neutrophil collagenase bind
from P1 to P3' (Figure 9i, purple, yellow, and dark blue),
and two bind from P3 to P1 (Figure 9i, red and green) with
all inhibitors adopting the extended strand conformation.
However, 1-hydroxylamine-2-isobutylmalonyl-Ala-Gly-NH,
(Figure 9i, light blue; PDB 1jaq) appears to be an excep-
tion,'% binding in an unusual turn conformation (hydroxy-
lamine oxygen to Ca. of Gly distance is <7 A). This is
attributed to a simple rotation about the Ca-C of Ala, so
that the main-chain Ala-Gly segment is oriented into S1'
while the Ala side chain projects along the extended axis.
Thus, in this case, the main chain fulfils the role of a side
chain by occupying the extended format.

Collagenase-3 (MMP13) binds shorter inhibitors with a
large hydrophobic group at P1’, and the structures of six
inhibitors (Figure 9j) illustrate this well. Figure 9k shows
one inhibitor of gelatinase A (MMP-2) which also prefers
smaller inhibitors with large hydrophobic groups occupying
S1'. Gelatinase B (MMP-9) binds a more classical peptidic
inhibitor and can be seen in Figure 91 in an extended fashion.

The active-site binding domain of a specific endogenous
inhibitor (tissue inhibitor of metalloproteases, TIMP-2) is
shown in complex with membrane-type matrix metallopro-
tease 1 (MMP-14, Figure 9m). The N-terminal residues
occupy the prime side of the active site in an extended
fashion with coordination to the catalytic zinc mediated by
the free amine nitrogen and the carbonyl oxygen of the
N-terminal cysteine residue. The key to inhibition is the
disulfide-bonded portion, which occupies the nonprime side
of the active site. These protein inhibitors are able to satisfy
the requirements of extended strand recognition without
presenting an amide bond for hydrolysis.'”” The three-
dimensional structure of stromelysin-1 (MMP-3) was the first
to be solved in complex with a TIMP (TIMP-1)'% and is
displayed in Figure 9n (green ribbon) along with 16
conventional peptidic inhibitors binding across the active site
in an extended conformation. The large P1’ substituent is

also utilized in these inhibition protocols. One inhibitor is
shown for stromelysin-3 (MMP-11), which shows the
characteristically large hydrophobic group at P1' (Figure 90).
This conformation does appear to look more like a turn or
loop and is probably due to the cocrystallization of a CHAPS
molecule (not shown), which makes hydrogen-bonding
interactions with the phosphinic inhibitor as well as blocking
further extension into S1 and S2 subsites of the protease.

Neprilysin is a nonmatrix zinc endoprotease and is
associated with the inactivation and degradation of signal
peptides including the enkephalins, bradykinin and endot-
helin.!® Figure 9p shows the binding conformation of the
generic metalloprotease inhibitor phosphoramidon (N-((a)-
rhamnopyranosyloxyhydroxyphosphinyl)-L-Leu-L-Trp) com-
plexed to the catalytic zinc deep within a large cavity of
neprylisin. The binding of the C-terminal portion to S1'—S2'
is reminiscent of thermolysin inhibitor complexes. Indeed,
the conformation of phosphoramidon is almost identical to
that of the inhibitor complexed to thermolysin (not shown).
This metalloprotease is made up of two large domains that
come together to form a large internal cavity reminiscent of
the degradative serine proteases, tricorn protease and prolyl
oligopeptidase as well as ACE.

A number of crystal structures have been reported for
matrix metalloproteinases with bound inhibitors presenting
extended strand conformations. These include: a hydroxamic
acid bearing inhibitor SM-25453 bound to MMP-3 (2d1o,
Figure 10a).''® SM-25453 is a selective MMP-3 and MMP-
13 inhibitor over other MMPs. The structure of SM-25453
consists of a hydroxamic acid, D-lysine, and a long aliphatic
chain with a hydrophilic guanidinomethyl moiety at the end,
which presumably binds in the hydrophobic S1' pocket.
Zheng et al. reported solution NMR structures for MMP-7
bound to a conformationally constrained sulfonamide inhibi-
tor.!"! Other crystal structures for MMP-8 complexes with
bound ligands are 1zp5 complexed to a nonpeptidic zinc-
chelating N-hydroxyurea inhibitor,''> and 3dpe, 3dpf, and
3dng with nonzinc-chelating inhibitors (Figure 10c).!'3
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Figure 10. Crystal structures of metalloprotease-bound inhibitors.
(a) MMP-3 bound protease inhibitor, (b) MMP-7 bound protease
inhibitor, (¢) MMP-8 bound protease inhibitors, (d) MMP-12 bound
protease inhibitors, (¢) MMP-13 bound protease inhibitors, (f)
neprilysin (NEP) family of zinc metallo endopeptidases bound
inhibitors, (g) endothelin converting enzyme-1 (ECE) bound
inhibitor, (h) and (i) tumor necrosis factor a-converting enzyme
(TACE) bound inhibitors.

Table 6. Crystal Structures for 29 Inhibitors Complexed to 9
Metallo Endoproteases

EC code

metalloprotease PDB codes

MMP-3 3.4.24.17 2dlo

MMP-7 3.4.24.23 2ddy

MMP-8 3.4.24.34 1zp5, 1zs0, 1zvx, 20y2,
3dng, 3dpe, 3dpf

MMP-12 3.4.24.65 272d, 2k2g, 2hu6

MMP-13 3.4.24,- lyou, 20zr, 20w9, 2din, 1ztq,
Ixuc, Ixur, Ixud

NEP 3.4.24.11 2qpj

ECE-1 3.4.24.71 3dwb

TACE 3.4.24.86 20i0, 2fv5, 2fv9, 2ddf, 2pjt

Mannino et al. have solved a crystal structure of MMP-12
bound to a bicyclic inhibitor (2hu6) (Table 6).!'* Other
NMMP-12 enzyme ligand complexes published after 2005
are 2z2d (y-keto butanoate analogue) and 2k2g (thiophene-
sulfonyl analogue),'"> both in extended conformations (Figure
10d).

MMP-13 is a Zn>"-dependent protease which catalyzes
the proteolysis of type II collagen, the main structural protein
in articular cartilage. High MMP-13 activity causes cartilage
degradation in osteoarthritis, making this protease an attrac-
tive therapeutic target. Blagg et al. developed a potent MMP-
13 inhibitor (ICsy 0.87 nM) selective over MMP-14 (1you).!'®
Wu et al. developed an active MMP-13 inhibitor (CL-82198,
ICs4 3.2 uM) identified by high throughput screening into a
potent inhibitor that was selective for MMP-13 (ICs, 1.3nM)
over MMP-1 and MMP-9 due to a rigid biphenyl linker
between the benzofuran ring and the terminal zinc chelating
carboxylate group (1ztq).!'” Engel et al. developed pyrimidine
dicarboxamide inhibitors (ICsy 8nM, MMP-13) with im-
proved selectivity by comparing specificity a loop of MMP-
13 with others.!'® Johnson et al. produced a series of MMP-
13 inhibitors (ICsy 30 nM) that were selective over MMP-1,
2,3,7,8,9, 12, 14, and 17. Compound selectivity increased
after identifying that the S1' hydrophobic pocket had loop
specificity (2ozr, 20w9). (Figure 10e).!"
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5.3. Other Metalloproteases

Snake venom contains metalloproteases known as ada-
malysins or reprolysins. Their hydrolytic action can result
in extensive hemorrhage in prey. These proteases form the
metzincin family, which also includes the astacins as well
as the serratia and matrixin (MMP) families are discussed
above.***! Adamalysin II is inhibited by three molecules
adopting a retro mode of binding (reverse C—N terminus).
These inhibitors are based on endogenous pyroglutamate
containing tripeptides that act as competitive inhibitors.!?
Figure 9q shows three inhibitors binding across the prime
side of the active site in an extended manner with the
C-terminal tryptophan occupying the S1' subsite. Astacin is
a digestive enzyme found in crustaceans, and two inhibitors
are shown in Figure 9r bound in a classical extended
conformation with one particular phosphinic inhibitor span-
ning both the nonprime and prime subsites. Two hemorrhagic
snake venom metalloproteases, atrolysin C and atrolysin E,
complete this section on metalloproteases and their ligands.
Batimistat, a potent inhibitor, is bound to atrolysin C (Figure
9s, yellow) and binds in a relatively extended conformation.
Three pyroglutamate-containing peptides are bound within
the prime side of atrolysin E in a retro manner, a fashion
similar to the adamalysin inhibitors discussed above (Figure
91).

To date, inhibitors of metalloproteases have incorporated
a zinc-binding moiety to coordinate to the catalytic metal
ion. This is a unique requirement within the family of
proteases and creates a complication when determining the
secondary structure based on the classical definition of the
dihedral angles @ and v centered around the o carbon of a
peptide.

Other mammalian metallo endopeptidases that complex
inhibitors in extended conformations are the neprilysin family
of zinc metallo endopeptidases (NEP) enzyme (2qpj) with
potent dual NEP and DPP-IV (DPP-IV is a serine protease
dipeptidyl peptidase IV) inhibitor MCB3937'?! (Figure 10f);
endothelin converting enzyme-1 (ECE-1) complexed with
the generic metalloprotease inhibitor phosphoramidon (PDB
3dwb) (Figure 10g),'?> TACE enzyme inhibitor complexes
with nonpeptidic thiol,'?® and hydroxamate'** containing
inhibitors (Figure 10h,i).

6. Serine Protease Inhibitors

Serine proteases'> !0 are one of the largest classes of

proteases studied with almost 800 structures deposited in the
PDB with at least one-third of these being structures of
thrombin and trypsin. Serine proteases are classically cat-
egorized by their substrate specificity, notably by the residue
at P1 being trypsin-like (Lys/Arg preferred at P1), chymot-
rypsin-like (large hydrophobic residues such as Phe/Tyr/Leu
at P1), or elastase-like (small hydrophobic residues such as
Ala/Val at Pl). Serine proteases that deviate from these
categories are the subtilisins, which possess broad specificity,
the herpes virus type serine proteases, and the unusual
glutamic acid specific endoprotease. Figures 6—8 illustrate
220 structures containing ligands bound to the active site of
44 serine proteases of viral, bacterial, human, mammalian,
and other organism sources analyzed in this study (Table
7).
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Table 7. Crystal Structure Listing for 220 Inhibitors Complexed with 44 Serine Endoproteases

serine protease EC code PDB codes

brachyurin C 3.4.21.32 lazz

cathepsin G 3.4.21.20 lkyn, lau8, lcgh

chymase 3.4.21.39 1klt, 1pjp

a-chymotrypsin 34.21.1 lacb, lcgi, lcgj, 1cho, 1gl0, 1gll, 1hja, Imtn, 2cha, 6cha

y-chymotrypsin 34.21.1 lab9, lafq, Ica0, 1cbw, lgcd, 1gct, 1gg6, 1ggd, 1gha, 1ghb, 1gmc,
lgmd, 1gmh, 1k2i, In8o, 1vge, 2gct, 2gmt, 2vgc, 3gch, 3gct,
3vgc, 4gch, 4vge, 6cha, 6gch, 7gch

O-chymotrypsin 1dlk

complement factor D 3.4.21.46 1bio, 1dfp, 1dic

cytomegalovirus assemblin 3.4.21.97 1jq7, 2wpo, Injt, Inju, 1nkk, Inkm

human neutrophil elastase 3.4.21.37 1b0f, 1hl1b, lhne, 1ppf, 1ppg

pancreatic elastase 1 3.4.21.36 1bOe, 1bma, 1btu, 1e34, 1e35, 1e36, 1e37, 1e38, leai, leas, leat,
leau, lela, lelb, lelc, leld, lele, lelf, lelg, lesb, lest, 1fle, 1gvk,
1h91, 1hax, lhaz, linc, ljim, Imcv, Immj, Ines, lokx, 1qgf, 1qix,
1qr3, 2est, 4est, Sest, 7est, 9est

pancreatic elastase II 34.21.71 Ibru

enteropeptidase 34.21.9 lekb

coagulation factor VIla 3.4.21.21 levw, ldan, 1fak, 1qfk

coagulation factor IXa 3.4.21.22 1pfx, 1rfn

coagulation factor Xa 3.4.21.6 lezq, 110r, 110s, 1fax, 1fjs, 1fxp, 1g2l, 1g2m, lioe, lige, liqf, liqg,
ligh, liqi, liqgj, ligk, ligl, ligm, lign, 1j17, 1kig, lksn, lkye,
11qd, 1lpg, 11pk, 1lpz, Imq5, 1mq6, Infu, Infw, Infx, Infy, 1pOs,
1xka, 1xkb

granzyme B (natural killer cell protease) 34.21.79 1fi8, liau

hepatitis C NS3 4a protease(hepacivirin) 3.4.21.98 1dxw, 1dy8, 1dy9

kallikrein 3.4.21.35 lhia, 112e, 1106, 2kai, 2pka

kexin 3.4.21.61 lot5, 1164

kumamolisin 3.4.21.- lgtj, 1gtl

lysyl endopeptidase 3.4.21.50 larc

o-lytic protease 3.4.21.12 1gbb, 1gbc, 1gbd, 1gbf, 1gbh, 1gbi, 1gbk, 1gbl, 1gbm, 1p01, 1p02,
1p03, 1p04, 1p05, 1p06, 1p10, Ipll, 1pl2, 1tal, lull, 2lpr, 3lpr,
3pro, Slpr, 6lpr, 7lpr, 8lpr, Olpr

matripase 3.4.21.- leaw

mesentericopeptidase 3.4.21.62 Imee

plasmin 34.21.7 1bui

t-plasminogen activator 3.4.21.68 1bda, 1rtf, 1a5i, 1aSh

prolyl oligopeptide 3.4.21.26 le5t, 1e8m, le8n, 1h2y, 1h2z, 106f, 1o6g, 1qfm, 1qfs

proteinase K 3.4.21.64 1bjr, 1pek, 1pfg, 1pj8, loyo, 3prk

protein C (activated) 3.4.21.69 laut

sedolisin (pseudomona-pepsin) 3.4.21.100 1gal, 1ga4, 1ga6, lkdv, 1kdy, l1kdz, lkel, lke2

signal peptidase I 3.4.21.89 1b12

streptogrisin A (proteinase A) 3.4.21.80 1sgc, 3sga, 4sga, Ssga

streptogrisin B (proteinase B) 3.4.21.81 lcso, 1ct0, lct2, 1ct4, 1ds2, 1sgd, 1sge, 1sgn, 1sgp, 1sgq, Isgr,
Isgy, 2sgd, 2sge, 2sgf, 2sgp, 2sgq, 3sgb, 3sgq, 4sgb

streptogrisin E (glutamyl endopeptidase IT) 34.21.82 lhpg

subtilisin BPN 3.4.21.62 la2q, lgns, 1gnv, 1lw6, 1sbn, 1sib, 1sua, 1sue, Isup, lubn, 2sic,
2sni, 3sic, Ssic

subtilisin Carlsberg 3.4.21.62 1a10, lav7, lavt, 1be6, 1be8, lcse, loyv, 110r, 1scn, 1vsb, 3vsb

subtilisin DY 3.4.21.62 1bh6

thermitase 3.4.21.14 1tec, 2tec, 3tec

thrombin“ 3.4.21.5 1a46, labj, lay6, 1bth, 1de7, 1fph, 1k22, 1nrn, 1nro, Inrp, Inrg,
Inrs, 1tbq

tricorn 3.4.21.- In6d, In6e, 1n6f

trypsin® 34214 laut, lezx, 1sbw, 1tyn, 3btg

urokinase plasminogen 3.4.21.73 1cSw, 1c5x, 1cSy, lejn, 1£5k, 1£51, 1192, 1£v9, 1gi7, 1gi8, 1gi9,
1gj7, 1gj8, 1gj9, 1gja, 1gjb, lgjc, 1gjd, 1lmw, lowd, lowe,
lowh, lowi, lowj, lowk

venom plasminogen 34.21.- 1bqy

“Both thrombin and trypsin structures deposited on the PDB number in the hundreds, and a representative example is listed here.

6.1. Viral Serine Proteases

Human cytomegalovirus assemblin (hCMV) is the encoded
protease vital for viral replication of this herpes virus. This
pathogen is a danger to immunosuppressed individuals
(AIDS patients and organ-transplant recipients) and con-
genitally infected infants. Figure 11a displays six inhibitors
exhibiting the classic §-strand conformation when bound to
the active site of this viral protease.’*? Viral proteases of
the flaviviridae family include the Dengue NS3 protease and
hepacivirin (hepatitis C NS3/4a protease). Like other viral
proteases, their function perpetuates replication of the virus

and the inhibition of these proteases provides an ideal target
for medical intervention. Hepacivirin has three representative
inhibitors both within the active site (Figure 11b), and clearly
both Dengue NS3 protease and hepacivirin recognize ligands
in an extended S-strand conformation.

New viral serine protease—inhibitor complexes were devel-
oped for West Nile virus NS3 protease enzyme complexed with
Bzl-Nle-Lys-Arg-Arg-H (2fp7) and Naph-KKR-H (3¢90) (Table
8). Both these crystal structures present inhibitors partly oriented
within the active site in an extended conformation, but followed
by a turn-like conformation to orient the N-terminal aromatic



Chemical Reviews, 2010, Vol. 110, No. 6 PR17

(c)
(a)
Pl
Pl Pl
Pl
(d) (e) 0] g
P1
Pl
(g) (h)

(i) ,
Pl G’% Pl

€)) (k) (4]
Pl
P1

Pl Pl

Figure 11. Superimposed serine protease—inhibitor structures (rmsds quoted for superimposition of protein component of complex; PDB
codes in parentheses, protease omitted; ligands are represented with main chains running horizontally N to C terminal from left to right
where appropriate) for viral serine proteases. (a) Human cytomegalovirus assemblin rmsd 0.56 A (1jq7, Injt, 1nju, 1nkk, Inkm, 2wpo). (b)
Hepacivirin rmsd 0.19 A* (1dxw, 1dy8, 1dy9). Bacterial serine proteases: (c¢) kumamolisin rmsd 0.27 A (1gtj, 1gtl); (d) sedolisin
(pseudomonapepsin) 0.17 A gal, 1gad, 1ga6, 1kdv, 1kdy, 1kdz, l1kel, 1ke2); (e) lysyl endopeptidase (larc); (f) o-lytic endopeptidase
rmsd 0.16 A (Igbb, Igbc, 1gbf, 1gbh, 1gbi, 1gbk, 1gbl, 1gbm, 1p03, 1p05, 1p10, 2lpr, 3lpr, 3pro, Slpr, 6lpr, 7lpr, 8lpr, 9lpr); (g)
mesentericopeptidase (Imee); (h) proteinase K rmsd 0.38 A (1bjr (green ribbon), 1pek, 1pfg (red ribbon), 1pj8 (purple ribbon), 3prk (ball-
and-stick)); (i) signal peptidase I (1b12); (j) streptogrisin A rmsd 0.12 A (1sgc, 3sga, 4sga, 5sga); (k) streptogrisin B rmsd 0.23 A (1cso
(ribbon), Ict2, 1ct4, 1ds2, Isgp, Isgq, 1sgr, 2sgp, 3sgb, 4sgb); (1) steptogrisin E glutamyl endopeptidase II (1hpg); (m) subtilisin BPN 0.41
A (1sbn (green ribbon), 1sib, 1sua, 1sue, Isup, 2sic (ribbon), 2sni, 3sic, 5sic); (n) subtilisin Carlsberg rmsd 0.34 A (1al0, lav7, lavt, lcse
(ribbon), 1scn, 1vsb, 2s, 3vsb); (o) subtilisin DY (1bh6); (p) thermitase rmsd 0.56 A (ltec, 2tec, 3tec); (q) tricorn protease (1n6d, 1nbe,
In6f). (Asterisk (*) indicates rmsd between 1dy8 and 1dy9 as 1dxw in NMR structure.)

side chain of the ligands (Bzl in 2fp7 and Naph in 3e90; Figure
12k)!3* apparently into solvent space, although this is
probably not true in solution.'’®> There are other crystal
structures for serine proteases complexed with different
nucleotides as ligands in their enzyme active site.

6.2. Bacterial Serine Proteases

Kumamolisin is a bacterial protease from the family of
sedolisins (serine—carboxyl proteases).'*® They are character-
ized by their unique catalytic triad of Ser-Glu-Asp and were
previously thought to be aspartic proteases as the first enzyme

identified was named Pseudomonas pepstatin-insensitive
carboxyl protease. Figure 1lc shows two kumamolisin
inhibitors in their active-site conformation. Sedolisin (pseudo-
monapepsin)'*®!3” is a homologue of the human enzyme
CLN2 that, when mutated, leads to the neurodegenerative
disease, classical late-infantile neuronal ceroid lipofuscino-
sis.!*® A total of eight inhibitors are displayed in Figure 11d.
Lysyl endopeptidase has been cocrystallized with a small
peptide mimic that illustrates the trypsin-like specificity of
the enzyme (Figure 1le). a-Lytic endopeptidase is well
characterized with 19 cocrystallized inhibitors binding tightly



PR18 Chemical Reviews, 2010, Vol. 110, No. 6 Madala et al.
Table 8. Crystal Structures for 85 Inhibitors Complexed to 12 Serine Endoproteases
serine protease EC code PDB codes
human prostatin enzyme 34.21- 3eop, 3eon
human factor-VIIA inhibitor complex 3.4.21.21 Iwv7, Iwun, lwtg, 1lwqv, 2zzu, 1zpo, 2zwl, 3ela, 1w2k, 1w8b,
1w7x, lwoy
human factor-XA enzyme 3.4.21.6 Iwul, 1z6e, 2bmg, 2boh, 2bq6, 2bq7, 2bqw, 2cji, 2d1j, 2ei6, 2ei7,
2ei8, 2fzz, 2g00, 2gd4, 2h9e, 2j2u, 2j34, 2j38, 2j4i, 2j94, 2j95,
2jkh, 2p16, 2p3f, 2p3t, 2p3u, 2p93, 2p94, 2p95, 2ral, 2uwp,
2w3i, 2w3k, 3cen, 3cs7, 3ens
human factor-XI inhibitor complex 3.4.21.27 1zpc, 1ztj, lzsl, 1ztk, 1ztl, 2fda, 1zpb, 1zjd
human factor-IX inhibitor complex 34.21.22 1x7a
human thrombin enzyme 3.4.21.5 lypj, lype, 2bdy, 2uuj, 3biu, 1vzq, 2a45, 3biv, 1271, 1zgv, 2cf9,
lypg, 2cno, 2zc9, 2pgq, 2cf8
human alpha-1 tryptase human beta-II tryptase 3.4.21.59 2{9n, 2f9p, 2bm?2
Pontastacus leptodactylus (cray fish) 34214 2191
trypsin complexed
porcine pancreatic elastase enzyme 3.4.21.36 2bd3, 2cv3
Pseudoalteromonas, psychrophilic subtilisin-like 3.4.21- Ilwvm
serine protease
Saccharomyces prototypical proprotein convertase 3.4.21.61 2id4
kexin (Kex2)
West Nile virus, NS3 protease 342191 2fp7, 3¢90

in a conserved manner (Figure 11f). Mesentericopeptidase
binds to eglin C, a 70-residue proteinaceous inhibitor from
the medicinal leech. Eglin C (Figure 11m, green ribbon) is
a general nonspecific serine protease inhibitor, and Figure
11g shows only the residues that interact with the active site
of mesentericopeptidase. The above ligands all display an
extended conformation in the active site of the protease.
However, proteinase K shows some very unusual peptide
binding already mentioned above (Figure 3j). Two further
complexes are shown here (Figure 11h, products shown for
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Figure 12. Crystal structures of serine protease bound inhibitors
in the enzyme active site: (a) human prostatin enzyme inhibitors,
(b) human cofactor-VIIA inhibitors, (¢) human cofactor XA
inhibitor, (d) human cofactor XIA inhibitor, (¢) human cofactor
IXA inhibitor, (f) human thrombin enzyme inhibitor, (g) human
tryptase (o1, ) inhibitors, (h) Pseudoalteromonas bacterium
psychrophilic subtilisin-like serine protease inhibitor, (i) porcine
pancreatic elastase enzyme inhibitor, (j) Saccharomyces prototypical
proprotein convertase kexin (Kex2) enzyme inhibitor and (k) dengue
virus, NS3 protease inhibitors.

reference). One inhibitor binds in the expected manner for a
peptidic chloromethyl ketone inhibitor (ball-and-stick). How-
ever, unusual binding is seen in the complex between the
proteolytically generated lactoferrin fragment and proteinase
K (green ribbon).'* The hydrophobic C-terminal portion is
inserted into the deep S1 subsite, and the N terminus is
looped around to occupy the S2 subsite showing a turn-like
conformation.

Bacterial signal peptidase I is a member of an important
larger family of signal peptidases which cleave signal
peptides from exported proteins within the cell.'*® The
catalytic residues of these proteases consist of a Ser-Lys and
form acyl enzyme complexes with inhibitors (Figure 11i).'*!
Streptogrisin A (proteinase A), streptogrisin B (proteinase
B), and streptogrisin E (glutamyl endopeptidase II) are
represented in Figure 11j, 1, and m, respectively. Of particular
interest is streptogrisin B, which forms complexes with the
proteinaceous inhibitors, ovomucoid inhibitor Omtky3 (Fig-
ure 11k, ribbon), and chymotrypsin inhibitor I from the potato
(ribbon not shown). Both inhibitors bind to the enzyme via
the active site and incorporate an intramolecular disulfide
bridge for stability.

Subtilisins have been extensively studied over the years
with PDB entries totaling 65. They evolved independently
of the trypsin/chymotrypsin-like proteases illustrated by their
different structural fold (section 2) and lack of cysteine
residues. Three variants are discussed here: BPN', Carlsberg,
and DY (parts m, n, and o of Figure 11, respectively).
Subtilisin BPN' inhibitors include the proteinaceous Strep-
tomyces subtilisin inhibitor (SSI, magenta ribbon) and eglin
C (green ribbon), which is also seen with subtilisin Carlsberg
(ribbon). There is one unusual inhibitor conformation (Figure
11o, green, ball-and-stick) where the molecule protrudes
outside the active site, stabilized by water molecules and
not as part of the expected antiparallel 3-sheet.'*> Thermitase
is a subtilisin-like thermostable protease, and Figure 11p
displays three complexes with eglin C (only active-site
residues shown) displaying the classical extended mode of
binding. The tricorn core protease, discussed above, is a
C-terminal processing protease involved in protein degrada-
tion, and Figure 11q shows three inhibitors of the core
protease, one of which shows a slightly bent conformation
(red) compared with that of the other inhibitors.
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Figure 13. Human and mammalian serine proteases: (a) cathepsin G rmsd 0.40 A (1kyn, lau8, lcgh); (b) chymase rmsd 0.54 A,
(1klt, 1pjp); (¢) o-chymotrypsin, 0.58 A (lacb (yellow ribbon), lcgi (green ribbon), lcgj, 1hja, Imtn (blue ribbon), 6cha); (d)

y-chymotrypsin (chymotrypsin A) rmsd 0.36

A(lab9 lget, 1gg6b, 1ggd, 1gha, Ighb, 1gme, 1gmd, In8o (ribbon), 2gct, 3gct); (e)

neutrophil/human leukocyte elastase rmsd 0.49 A (1b0f, Ippf (ribbon), 1ppg, lhne); (f) pancreatic elastase rmsd 0.43 A (1b0e, leai
(ribbon), lelb, lelg, lesb, 1hv7, 1qgf, 1qr3, Best, est); (g) enteropeptidase (lekb); (h) coagulation factor VIla rmsd 0.58 A (lcvn,
1dan, 1fak (ribbon), 1qfk); (i) coagulation factor IXa rmsd 0.61 A (1pfx, Irfn); (j) coagulation factor Xa rmsd 0.82 A (1fax, 1fjs,
1fxy, 1kig, 1xkb, 1xka); (k) granzyme B rmsd 0.62 A (18 (ribbon), liau); (1) kallikrein I rmsd 0.62 A (1hia (yellow), 2kai (blue));
(m) kexin (lot5, 1r64); (n) matripase (leaw); (o) plasmin (1bui); (p) t-plasminogen activator rmsd 0.65 A (1bda, Irtf, 1a5i, laSh);
(q) prolyl oligopeptide rmsd 0.22 Ax (1h2y, 1qgfs); (r) protein C [activated] (laut); (s) u-plasminogen activator (1lmw). Other serine
proteases: (t) brachyurin (lazz ribbon); (u) venom plasminogen (1bqy).

Two other bacterial serine protease crystal structures
are PDB 1wvm, a subtilisin like serine protease enzyme
in Pseudoalteromonas bacteria complexed with chymo-
statin (Figure 12h), and 2id4, a prototypical proprotein
convertase kexin (Kex2) in Saccharomyces bacteria com-
plexed with a peptidyl—chloromethylketone inhibitor
containing a noncognate lysine at the P(1) position. This
crystal structure explains the lysine/arginine selectivity
in the prohormone convertase family. These two crystal
structures also represent inhibitors in an extended con-
formation (Table 8, Figure 12j).

6.3. Human and Mammalian Serine Proteases

Human and mammalian serine proteases are essential for
life. Many serine proteases are associated with physiological
processes including the coagulation cascade, complement
cascade, as well as propeptide cleavage (convertases) in many
different contexts. Cathepsin G is implicated in events of
tissue remodeling and inflammation.'** Unlike its lysosomal
cysteine protease counterparts, cathepsin G is stored in
azurophilic granules of neutrophils. Inhibitors of this enzyme
are displayed in their enzyme-binding conformation in Figure
13a. Chymase is stored in mast cells and is reputed to be
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involved in numerous functions including peptide hormone
processing. Figure 13b shows an inhibitor in an almost
identical conformation to those of the previous enzyme
cathepsin G.

Chymotrypsin is an active component in the digestive
system of mammals, which incorporates gastric pepsin,
pancreatic trypsin, chymotrypsin, elastase, and collagenase.
Chymotrypsins are present in the intestine as the inactive
precursors and four sequential cleavages after residues 13,
15, 146, and 148 produce the active 7, 0, k, and o forms,
respectively.'** Inhibitors of a-chymotrypsin are shown in
Figure 13c, illustrating three proteinaceous inhibitors (eglin
C, yellow; human pancreatic secretory trypsin inhibitor,
green; bovine pancreatic trypsin inhibitor (aprotinin, see
below, blue) as well as smaller peptidic inhibitors. Figure
13d shows inhibitors of y-chymotrypsin with the nonspecific
proteinaceous inhibitor, ecotin shown in green ribbon. The
interaction site between ecotin and chymotrypsin is a clear
extension of the existing [B-sheets in each component.
Pancreatic elastase (elastase 1) displays similar characteristics
to the other digestive serine proteases in every aspect except
their specificity, requiring small hydrophic residues at P1.
Figure 13f presents 10 inhibitors of this enzyme including
the ascaris chymotrypsin elastase isoinhibitor 1 (green ribbon)
that binds to the active site via the flexible loop region
characteristic of serpins.'*

Neutrophil elastase (leucocyte elastase, Figure 13e; ribbon
= ovomucoid inhibitor) is connected to tissue destruction,
phagocytosis, and lung disease and shows all the character-
istics of its digestive counterpart.'*>1*® Enteropeptidase
specifically activates pancreatic trypsinogen in the intestine,
and only one inhibitor is presented in Figure 13g.

Other reported mammalian elastase enzyme—ligand crystal
structures are pancreatic elastase enzyme (2bd3, 2cv3). 2bd3
is a porcine pancreatic elastase (PPE) complexed with human
p-casomorphin-7 (YPFVEPIL, BCM7) ligand in an extended
conformation (Figure 7i). This structure has been solved to
analyze catalytic intermediates in the mechanism of serine
protease catalysis.'’ 2¢v3 is an elastase enzyme complexed
with a novel trimacrocyclic peptide inhibitor, FR901451 (not
shown in Figure 12). Structural comparisons of different PPE
serine protease inhibitor complexes, along with PPE-
FR901451 complexes, suggest that S2, S1, S1', and S2'
subsites are rigid in nature and two arginine residues Arg64
and Arg226 at the S3 and S3' pockets are flexible in nature.
FR901451 induced the conformational changes in the two
arginine residues to accommodate the large tricyclic struc-
ture.'#

The coagulation cascade consists of numerous coagulation
factors and culminates in thrombin releasing fibrin from
fibrinogen. Inhibitors of coagulation factors VIla, IXa, and
Xa are illustrated in parts h, i, and j of Figure 13, respectively.
Aprotinin, a clinical antiplasmin agent, is seen binding to
factor VIla (red ribbon) via its exposed loop and mimics
the binding of smaller peptidic molecules extremely well.
Granzyme B (natural killer cell protease) is intrinsically
involved in apoptosis and specifically associated with the
activation of caspases (see below).!* The proteinaceous
inhibitor ecotin can be seen in Figure 13k, which interacts
with the active site in the form of a 5-sheet. Kallikreins are
part of the kallikrein—kinin system, which is associated with
the liberation of the proinflammatory mediators, bradykinin
and kallidin. Kallikreins specifically hydrolyze kinins from
their precursor forms.!>®!3! Figure 131 shows two proteina-
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ceous inhibitors, aprotinin (blue) and hirustasin (yellow),
complexed with kallikrein I. Aprotinin is a nonspecific
inhibitor, but hirustasin, derived from the leech, is a
kallikrein-specific proteinaceous inhibitor.'*? Both inhibitors
interact with the active site of the protease and form a
[-sheet. Kexin (kex2) is a member of a large family of
proteases responsible for the processing of a significant
number of peptide products including hormones, neuropep-
tides, as well as coagulation and growth factors."*!>* The
dibasic inhibitors of kex2 are shown in Figure 13m in a
classic extended strand conformation. Aprotinin appears
again bound to matriptase (membrane-type serine protease
1), which can proteolytically activate hepatocyte growth
factor, urokinase plasminogen activator, and protease-
activated receptor-2 with the initial two being implicated in
cancer (Figure 13n).!5%:15

Some other coagulation factor—inhibitor crystal structures
for factor VIla, IX, Xa, and XI are now reported (Table 3).
Thromboembolic events occur suddenly and are sometimes
fatal. It is known that inhibition of Factor Xa decreases
bleeding more effectively than thrombin inhibitors. Some
Factor Xa inhibitor complexes are 1wul, 1z6e, 2bmg, 2boh,
2bqb6, 2bq7, 2bqw, 2cji, 2d1j, 2ei6, 2ei7, 2ei8, 2fzz, 2g00,
2gd4, 2h%e, 2j2u, 2j34, 2§38, 2j4i, 294, 2j95, 2jkh, 2pl6,
2p3f, 2p3t, 2p3u, 2p93, 2p94, 2p95, 2ra0, 2uwp, 2w3i, 2w3k,
3cen, 3cs7, and 3ens. All these crystal structures present
ligands bound in the active site of the protease, extending
from S1 to S4 (Figure 12c). The S1 pocket is filled by an
aromatic residue followed by an extended part of the ligand
from S2 to S4.

Factor-XI is also a coagulation factor important in blood
coagulation. It is a trypsin like serine protease that plays
major role in amplifying the thrombotic response and in
maintaining clot integrity. Because of its lack of effect on
the initiation of the clot, this enzyme is found to be more
useful reducing the intraluminal thrombus growth without
thrombus initiation. Crystal structures of Factor-XI ligand
complexes are 1zpc, 1ztj, 1zsl, 1ztk, 1ztl, 2fda, 1zpb, 1zpz,
1zom, and 1zjd. Bound ligands are peptides (1zpb, 1zpz,
2fda, 1zom) or peptidomimetics (1zpc, 1ztj, 1zsl, 1ztk, and
1ztl) (Table 8, Figure 12d). The S1 pocket of the enzyme is
occupied by arginine from the ligand, forming a salt bridge
with Asp189.157 In 1zpc the chloro phenyl side chain of the
ligand forms higher hydrophobic interactions in the S4 pocket
that increase affinity for the enzyme.'”” 1Zpb has Factor-
Xla complexed with a Kuntiz protease inhibitor domain of
protease nexin-2 (PN2KPI), residues P13 — S19 adopting
an extended conformation in the enzyme.!'>

Tissue factor VIla is an important trigger of thrombotic
events, affecting the activation of factor X and factor IX,
ultimately resulting in generation of thrombin. There are
number phenylgycine amide analogues that inhibit the
enzyme and have been complexed in crystal structures
(I1wv7, 1wun, lwtg, 1wqv, 2zzu, 1zpo, 2zwl, 3ela, 1w2k,
1w8b, 1w7x, Iwoy), filling S1 to S3 of the active site in
extended inhibitor conformations (Figure 12b).!> Another
cofactor enzyme crystal structure inhibitor complex is Factor-
IXa (1x7a) bound to SN-429 (Figure 12e).

Plasmin (activated plasminogen) is the enzyme responsible
for the degradation of fibrin and other extracellular matrix
proteins. There are two plasminogen activators, tissue type
and urokinase type, both initiating enzymes in producing
active plasmin. Parts o, p, and s of Figure 13 display the
arginine-based inhibitors of these three related enzymes,



plasmin, t-plasminogen activator, and u-plasminogen activa-
tor, respectively. Urokinase-type plasminogen activator has
also been extensively studied using small molecule type
inhibitors based on the arginine side-chain mimetic, benza-
midine. This is very common in studies of trypsin-like serine
proteases such as thrombin and trypsin (discussed below)
as well as the coagulation factors kallikreins, matriptase, and
tryptase.

The prolyl oligopeptidase enzyme is responsible for the
cleavage of peptides having a proline residue at P1. This
specificity correlates to the maturation and degradation of
many neuropeptides and peptide hormones, and Figure 13q
illustrates this with proline-containing inhibitors (product and
substrate complexes presented earlier).

Protein C (activated) interferes in thrombin activity by
hydrolyzing coagulation factors. The linear Phe-Pro-Arg
motif inhibitor of this trypsin-like protease is shown in Figure
13r.

Two other mammalian serine proteases remain to be
discussed and are probably the most widely studied of this
class. Thrombin'%1%! (~150 PDB structures) and trypsin 26127162
(~220 PDB structures) are both trypsin-like proteases in their
specificity toward basic residues at P1, and they are inhibited
by many similar inhibitors. Thrombin is the key enzyme in
the coagulation cascade where it activates factors XIII, V,
VIII, and XI as well as itself and converts fibrinogen to
fibrin.'®* Thrombin also has anticoagulant activity as it
activates protein C.'®® Trypsin is involved in the digestion
of proteins in the digestive system of mammals and is
secreted in its precursor form in the pancreas. Its digestive
action has also been heavily utilized in scientific research.
A selection of inhibitors of thrombin and trypsin has been
selected to illustrate their binding to these proteases. Figure
14a displays eight inhibitors in complex with thrombin.
Aprotinin is shown as a magenta ribbon with the blue ribbon
representing rhodniin, a highly specific thrombin inhibitor
isolated from the blood-sucking assassin bug Rhodnius
prolixus.'*'% Two substrate analogues of thrombin, factor
XII activation peptide (residues 28—27) and fibrinogen
(fibrinopeptide A residues 7—16), are shown as red and green
ribbons, respectively (Figure 14a).

These substrate analogues form an acyl enzyme complex
and bind to thrombin in a clear extended conformation from
PS5 to P1. This is the most succinct evidence that thrombin
and related molecules recognize their substrates in a 5-strand
conformation. Clearly proteinaceous inhibitors, both endog-
enous and exogenous, have evolved to interfere with this
recognition by mimicking the smallest possible identification
motif, in most cases P3—P1. Hirudin is a potent proteina-
ceous inhibitor derived from the medicinal leech currently
used in the clinic.' Its mode of action is atypical of other
thrombin inhibitors (not shown). The three N-terminal
residues are inserted into the active site of thrombin in a
retro fashion. In addition, another major interaction occurs
at the fibrinogen anion-binding exo site. The combination
of these interactions blocks binding of fibrinogen prior to
hydrolysis. !¢

Four small peptidic inhibitors are shown in Figure 14b
binding in an extended manner, PPACK (D-Phe-Pro-Arg-
chloromethyl ketone, a general trypsin-like serine protease
inhibitor, PDB labj), a cyclic inhibitor based on cyclothe-
onamide, a natural product isolated from a marine sponge
(PDB lay6), a novel f-strand mimetic (PDB 1a46), and a
current pharmaceutical lead melagatran (PDB 1k22).
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Figure 14. Thrombin and trypsin inhibitors: (a) thrombin (1a46,
labj, lay6, 1bth (magenta ribbon), 1de7 (red ribbon), 1fph (green
ribbon), 1k22, 1tbq (blue ribbon)); (b) binding conformation of
PPACK (D-Phe-Pro-Arg-chloromethyl ketone, 1abj), cyclic inhibitor
based on the cyclotheonamide (lay6), a novel S-strand mimetic
(PDB 1a46), and the current pharmaceutical lead melagatran (1k22);
(c) conformation of the activated N-terminal peptide of thrombin-
activated receptor bound to thrombin (cyan (1nrn), dark blue (1nro),
red (Inrp), yellow (Inrq), PPACK orange (lnrs)). (d) Trypsin
inhibitors: BPTI (3btg (green ribbon)), PPACK (laut, (ball-and-
stick)), Mung bean inhibitor, (1sbw (orange ribbon)), and cyclo-
theonamide (1tyn (blue)).

Thrombin is also responsible for cleavage and activation
of the N terminus of the protease-activated receptor (thrombin
receptor). A study of thrombin complexes with the self-
activating amino terminal peptide from this receptor and its
analogues has revealed an exception to the expected binding
mode for proteases (Figure 14c).'®® The peptide itself was
predicted to bind with the cleavage site (LDPR-SFLLRN-
PNDKYEPF) in the active site of the protease and the
C-terminal region bound to the fibrinogen anion binding exo
site. The observed binding mode shows an S-like peptide
structure with the N-terminal portion in a turn-like conforma-
tion (Figure 14c, cyan ribbon, PPACK analogue (orange)
shown P1—P3 for reference). The C-terminal portion does
interact with the predicted anion-binding exo site; however,
it is with another molecule of thrombin.

Other thrombin enzyme—inhibitor complexes are (PDB
IDs) lypj, lype, 2bdy, 2uuj, 3biu, 1vzq, 2a45, 3biv, 1271,
1zgv, 2cf9, 1ypg, 2cno, 2zc9, 2pgq, and 2cf8. (Table 8 and
Figure 12f). As explained earlier, most ligands bound to the
enzyme active site have a turn-like conformation due to the
presence of proline residue in the ligand.!**!® Hanessian et
al. has developed trisubstituted phenolic analogues, the
phenolic part acting as a scaffold that fills S2 while orienting
other fragments into their respective binding pockets.!”!

Almost identical in its binding of inhibitors is the digestive
enzyme trypsin. A small representative subset of trypsin
inhibitors is shown in Figure 14d including a proteinaceous
inhibitor (bovine pancreatic trypsin inhibitor, BPTI, green
ribbon), PPACK (ball-and-stick), and the cyclic peptide
natural product, cyclotheonamide (blue). A fragment of a
disulfide-bridged peptide, mung bean inhibitor, can also be
seen binding to the active site of trypsin (orange ribbon).
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Figure 15. Complex between trypsin (green) and antitrypsin
(yellow) where the red f3 strand is residues 343—358 and represents
the major conformational change associated with inhibition by
serpins (lezx). Figure generated using Pymol.

This fragment embodies the inhibitor binding mode for
trypsin inhibitors.

Serpins!321331727174 are important endogenous serine pro-
tease inhibitors and bind to serine protease via a unique
mechanism discussed here briefly. Antitrypsin, which binds
to human neuterophil elastase, is discussed as the representa-
tive example. The mechanism of inhibition involves a major
conformational change initiated by the catalytic serine with
the reactive center of the serpin, which is subsequently
cleaved. The acyl enzyme complex then moves some 70 A
to the opposite end of the serpin. This conformational change
also facilitates loss of overall structure of the protease as
well as perturbation of the active site, preventing release of
the enzyme. The loss of structure within the protease also
permits proteolytic destruction of the enzyme.!’>!’® Figure
15 shows the structure of antitrypsin in complex with trypsin
following the conformational change where the 3 strand in
red represents the rearranged serpin.

Human prostasin (CAP1/PRSS8) is a glycosylphosphati-
dyl-inositol-linked (GPI) serine protease channel activating
protease, which is an attractive therapeutic target for cystic
fibrosis.!”” Tully et al. have solved crystal structures of
prostasin in complex with peptidomimetic inhibitors (3eOp,
3e0n).!”® These two ligands are in an extended conformation
within the active site (Figure 12a).

Tryptases are serine proteases present in mast cells.
Tryptase-f3 is the most important form released from mast
cells as part of an allergic response. Level et al. developed
orally bioavailable and selective SlI-tryptase inhibitors from
structure-based ligand design and solved an enzyme—inhibitor
complex (2bm2) in which the nonpeptidic ligand is in the
extended conformation within the active site.!”” Rohr et al.
created an leupeptin inhibitor complex of ol-tryptase mutant
to study the o — [ transformation of the enzyme. The
leupeptin (tripeptide) was in an extended conformation in
the active site (Figure 12g), in the absence of the inhibitor
both in the closed form of the enzyme (o-tryptase like) and
open form (f-tryptase), are present simultaneously in equi-
librium. '8

Other mammalian serine protease crystal structures are
crayfish trypsin complexed with a 32 residue peptide inhibitor
SGTI (2f91) (not shown in Figure 12). This crystal structure
was solved to understand the shortening of the hydrogen
bonds between enzyme and substrate complexes during the
acylation step of the catalysis.!®!
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6.4. Other Serine Proteases

Brachyurin C (crab collagenase) has the ability to cleave
collagen, and the general pancreatic serine protease inhibitor
ecotin is shown in complex with this enzyme (Figure 13t,
enzyme not shown). One other nonmammalian protease,
plasminogen activator from snake venom, has been cocrys-
tallized with a chloromethyl ketone inhibitor (Figure 13u).
This enzyme acts upon the host plasminogen and is resistant
to inhibition by endogenous inhibitors such as plasminogen
activator inhibitor.!82

7. Cysteine Protease Inhibitors

Cysteine or thiol proteases'®3~!8 hydrolyze peptide bonds
in a manner similar to serine proteases and exist in three
structurally distinct classes, papain-like (e.g., cathepsins),'$
ICE-like (caspases),'®” or picorna-viral (trypsin-like with
cysteine replacing the catalytic serine). Like serine proteases,
most cysteine proteases have fairly shallow, solvent-exposed
active sites that can accommodate short substrate/inhibitor
segments as /3 strands or protein loops (e.g., from endogenous
inhibitors such as cystatins). Most peptidic inhibitors'? tend
to be 2—4 amino acids long, and nonpeptidic inhibitors are
of equivalent length. They tend to interact with the nonprime
subsites of cysteine proteases, terminating with various
electrophilic isosteres. For 23 cysteine proteases (Figure 16,
Table 9), the majority of the 89 inhibitor structures that are
currently available are in an extended f3-strand format with
one notable exception.

7.1. Viral, Bacterial, and Parasitic Cysteine
Proteases

Viral cysteine proteases'>!% are commonly used as targets

for the development of antiviral drugs. The cysteine proteases
are found in viruses of positive-strand RNA including the
poliomyelitis virus and rhinovirus (Picornaviridae), coro-
navirus (Coronaviridae), and hepacivirus (Flaviviridae).
These proteases are responsible for the continuing viral
replication cycle. Parts a and b of Figure 16 show one
inhibitor in its protease-bound active-site conformation from
hepatitis A virus-type picornain 3C and rhinovirus picornain
3C, respectively. Both inhibitors bind to their host enzymes
in an extended conformation. Another viral cysteine protease,
the tobacco etch virus Nla protease, was mentioned above
and also shows excellent binding of both substrate and
product in an extended conformation (Figure 3b).

Coronaviruses are responsible for respiratory tract infec-
tions, which can be fatal as seen in recent cases of severe
acute respiratory syndrome (SARS). Two structures have
been published reporting complexes between the SARS
coronavirus main protease (Sars-CoV MP® or 3CL-P") and
chloromethyl ketone inhibitors, and both illustrate these
inhibitors binding in an extended manner (Figure 16¢).!%!%

The two bacterial cysteine proteases, gingipain R2, the
major pathogen in periodontal disease, and staphopain A
isolated from Staphylococcus aureus, both recognize inhibi-
tors in an extended conformation (parts d and e of Figure
16, respectively). A recent structure of staphopain complexed
with staphostatin, an endogenous inhibitor from S. aureus,
shows the inhibitor binding in a substrate-like manner
(extended conformation) within the active site (Figure 16e,
ribbon).!%?
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Figure 16. Superimposed cysteine protease-inhibitor structures (rmsds quoted for superimposition of protein component of complex; PDB
code in parentheses, protease omitted; ligands are represented with main chains running horizontally N to C terminal from left to right
where appropriate) for viral cysteine proteases: (a) hepatitis A virus protease (1ga7); (b) rhinovirus picornain 3C protease (lcqq); (c)
coronavirus 3cl-Pro (1p9u, luk4). Bacterial cysteine proteases: (d) gingipain (I1cvr); (e) staphopain A (1cv8, 1pxv ribbon). Parasitic cysteine
proteases: (f) Cruzipain rmsd 0.29 A (laim, 2aim, lewl, lewm, lewo, lewp, 129, 1f2a, 1{2b, 1f2¢, Ime3, Ime4). Human and mammalian
cysteine proteases: (g) caspase-1 rmsd 0.41 A (libe, lice, 1bmq); (h) caspase-2 (1puo); (i) caspase-3 (Apopain) rmsd 1.64 A (1cp3, 1gfw,
1i30 (ribbon), Inme, 1nmq, 1nms, 1pau); (j) caspase-7 rmsd 0.40 A (1i51, lido, 1fij (red), Ikmc); (k) caspase-8 rmsd 0.52 A (lide (ribbon),
119, 1qdu, 1qtn); (1) caspase-9 (1jxq); (m) cathepsin B rmsd 0.56 A (lcsb, lgmy, lito, 1qdg, Iste); (n) cathepsin H (1nb3, 1nb5); (o)
cathepsin K rmsd 0.36 A* (latk, lau0, lau2, lau3, lau4, layu, layv, layw, 1bgo, Imem, Inl6, Inlj); (p) cathepsm L (licf (rlbbon)
1mhw); (q) cathepsin S rmsd 0.27 A (1ms6, Inpz, Inqc); (r) cathepsin V (1fh0). Plant cysteine proteases: (s) caricain (1meg); (t) papain
rmsd 0.46 A (1cvz, 1pad, 1pe6, 1pip (yellow ribbon), 1pop, 1ppd, 1ppp, 1stf (red ribbon), 2pad, 4pad, 5pad, 6pad, 1bp4, 1bq). Asterisk (*)
indicates rmsd excludes PDB 1nl6.

Cruzipain is the major protease associated with American
trypanosomiasis or Chagas disease.!*! A large research effort
has targeted this enzyme for inhibition with a total of 12
inhibitors shown in Figure 16f, all of which bind in a
p-strand-like conformation.

Sortases are cysteine transpeptidase enzymes important in
the recognition of surface proteins on the cell wall of gram-
positive bacteria, found to be important in bacterial virulence.
Maresso et al. have determined a crystal structure of
sortase-B from Bacillus anthracis complexed with aryl (3-

(Table 10). Lee et al. determined crystal structures for SARS
CoV 3C-like protease inhibitor complexes (2zu4, 2zu5)
(Figure 17h) in order to understand structural differences
between active sites of 3CP® and 3CLP® viral enzymes.'?
Gosh et al. examined weakly potent («M) peptidomimetic
inhibitors of the chymotrypsin-like SARS-3CLpro enzyme
(2alv)." Yang et al. developed broad spectrum inhibitors
of CoV MP™-like protease enzyme by comparing structurally
similar enzymes in different corona viruses (2amd, 2amgq,

amino)ethyl ketone inhibitors (20qz). These compounds were
crystallized after covalently bonding with the catalytic
enzyme cysteine (not shown in the Figure 17).!%?

There are a number of viral SARS CoV 3C-like (chymot-

rypsin like) protease enzyme inhibitor complexes reported

2amp).'® Other crystal structures for CoV MP™-like protease
enzyme complexed with inhibitors are 2q6f, 2q6g, and 2q6d.
All these coronavirus inhibitors are in an extended confor-
mation within the active site (Figure 17h). Another parasitic
cysteine protease inhibitor complex is the chagasin inhibitor
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Table 9. Crystal Structure Listing for 89 Inhibitors Complexed
with 23 Cysteine Endoproteases

Madala et al.

Table 10. Crystal Structures for 40 Inhibitors Complexed to 8
Cysteine Endoproteases

cysteine protease EC code PDB codes cysteine protease EC code PDB ID
actinidain 3.4.22.14 laec human caspase-1 342236 2h48
caricain 1meg human caspase-3 3.4.22- 2¢20, 2¢2m, 2cle, 2cdr,
caspase-1 (ICE) 3.4.22.36  1bmq, libc, lice, Im72 2cnk, 2cno, 2¢2z, 2¢2Kk,
caspase-2 3.4.22.- 1pyo 2cnl, 2cnn
caspase-3 (apopain) 3.4.22.- lep3, lgfw, li3o, Inme, human cathepsin-L 3.4.22.15 3hha
Inmgq, Inms, 1pau human cathepsin-K 3.4.22.38  1u9x, 2auz, 1u9v, 1u9w,
caspase-7 3.4.22.- 1i51, 1f1j, lido, 1kmc 1yk8, 1yt7, 1ftd, 3cpe, 1yk7
caspase-8 3.4.22.- 1f9e, lide, 1qdu, 1qtn human cathepsin-S 3.4.22.27 2190, 2r9n, 2h7j, 2r9m,
caspase-9 3.4.22.- 1jxq 2hxz, 2flg
cathepsin B 3.4.22.1  lcsb, lcte, 1gmy, lito, 1qdq, calpain-1 3.4.22.52  2pOr (human) 2g8e, 2g8j (rat)
1ste Macaca mulatta 3.4.22.38 2ftd
cathepsin H 3.4.22.16 1nb3, Inb5 cathepsin-K

3.4.22.38 latk, lau0, lau2, lau3, lau4,
layu, layv, layw, lbgo,
1bp4, 1bqi, 1mem, 1nl6,
1nlj

3.4.22.15 licf, Imhw

3.4.22.27 1ms6, lnpz, Inqc

3.4.22.43  1th0

cathepsin K

cathepsin L
cathepsin S
cathepsin V

cruzipain 3.4.22.51 1laim, lewl, lewm, lewo,
lewp, 1129, 1f2a, 1f2b,
1f2¢, 1me3, 1me4, 2aim
gingipain 3.4.22.37 lcvr

34.22.25 lgec
3.4.22.- 1qa7

glycyl endopeptidase
hepatitis A 3C

papain 34222 1bp4, 1bqi, lcvz, 1khp, 1khq,
1pad, 1pe6, lpip, 1pop,
1ppd, 1ppp, 1stf, 2pad,
4pad, Spad, 6pad
rhinovirus 3.4.22.- lcqq

SARS-coronavirus 3.4.22.-
3cl-Pro (Mpro)

staphopain A

tobacco etch virus Nla
protease

1pOu, luk4

3.4.22.48 1cv8, 1pxv
3.4.22.-  1lvb, llvm

in complex with a Plasmodium falciparum cysteine protease
enzyme (2oul).!%

7.2. Human and Mammalian Cysteine Proteases

There are two large classes of human cysteine proteases,
the caspases and the lysosomal proteases or cathepsins.
Caspases were initially associated with two main functions,
apoptosis and activation of proinflammatory mediators. 819719
They all share a common fold as well as specificity for
aspartate residues at P1. Caspase-1 (also known as interleukin
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Figure 17. Crystal structures of cysteine protease bound inhibitors
in the enzyme active site of (a) calpain-1, (b) human caspase-1,
(c) human caspase-3, (d) human cathepsin-L, (e) human cathepsin-
K, (f) human cathepsin-S, (g) Macaca mulatta cathepsin-K and (h)
SARS viral CoV enzyme.

SARS CoV 3C-like 3.4.22-
protease enzyme

SARS CoV MPe-like  3.4.22-
protease enzyme

2zu5, 2hob, 2zu4, 2alv, 2gx4

2amd, 2amq, 2amp, 2q6f

1--converting enzyme or ICE) proteolytically hydrolyzes
prointerleukin 1/ to produce a proinflammatory cytokine.
Three covalently bound inhibitors of caspase-1 are shown
in an extended conformation in Figure 16g. Caspase-2 was
the first identified mammalian caspase associated with
apoptosis. It is involved as an initiator in both the intrinsic
and extrinsic pathways of apoptosis. The five-residue alde-
hyde inhibitor Ac-Leu-Asp-Glu-Ser-Asp-H is shown bound
to caspase-2 in Figure 16h.2%° Caspase-3 is associated with
the execution of apoptosis and is also a target for biological
activation. Caspase activity is regulated in mammals by the
protein family of inhibitor apoptosis proteins (IAPs). Six
small inhibitors are shown in Figure 16i and act as classical
cysteine protease inhibitors. Figure 16i also illustrates the
binding of the BIR domain (conserved IAP module) of XIAP
(green ribbon).2! The inhibitor, XIAP, binds to caspase-3
via the interactions of three binding sites “hook” (helical
region on right), “line”, and “sinker”. Three residues from
V146-D148 bind across the active site in an extended fashion,
but the direction of the polypeptide chain is the opposite of
the standard binding mode, i.e., V146 corresponds to P2 and
V147 corresponds to P3.

Four caspase-7 inhibitors are shown in Figure 16j, three
of which are complexes with XIAP (ribbon), which bind
across the active site in an elongated manner. Caspase-8 is
associated with apoptosis initiation and covalently inhibited
by baculovirus protein p53 (Figure 16k, yellow ribbon).?%?
Inhibition is mediated by the formation of the acyl enzyme
complex after cleavage of the p35 reactive-site loop at Asp87.
Hydrolysis is further prevented by the positioning of the N
terminus of p35 close to the active site, which eliminates
solvent accessibility.??> The C-terminal tail is bound within
the nonprime side of the active site in an extended conforma-
tion almost identical to the three other inhibitors shown
(Figure 16k). Caspase-9, also involved in apoptosis initiation,
has been crystallized with a dehydroxymethylaspartic acid
inhibitor, which binds in the classical extended fashion
(Figure 161).

Papain-like cysteine lysosomal proteases or cathepsins
(from the Greek meaning to digest) are responsible for
controlled protein digestion and degradation.?®* The known
cathepsins act as endoproteases (cathepsins L, S, V, and F)
and exoproteases (cathepsins B, C, H, and X) with the latter
also possessing some endoproteolytic activity. Cathepsins of
this type possess relatively short active-site clefts with three
well-defined subsites (S2—S1') but have no common sub-
strate specificity. Figure 16m shows five inhibitors of



cathepsin B bound covalently within the active site, two of
which utilize the binding of the C-terminal carboxylate group
of the inhibitor to a flexible loop region known as the
occluding loop.2** Cathepsin H is inhibited by stefins and
cystatins, which are widespread nonspecific endogenous
proteinaceous inhibitors involved in the control of enzymatic
activity. Figure 16n displays the unusual binding mode of
these molecules (ribbon, catalytic cysteine shown for refer-
ence). As well as causing a slight conformational change,
stefin A binds to cathepsin H by wedging three loops across
the active-site cleft. By doing so it isolates the catalytic
cysteine from solvent, preventing hydrolysis of a peptide.?%
Cathepsin K has been found to be crucial in bone remodeling,
and Figure 160 shows 12 inhibitors bound within the active
site of this endoprotease. These inhibitors are covalently
linked to the enzyme and span both sides of the active site
in an extended conformation. Cathepsin L is inhibited by a
molecule similar to stefins, a fragment of the p41 form of
MHC class II. Its mode of action is very similar to the stefins
and illustrated in Figure 16p (blue ribbon).2%® The inhibitor
shown in red exemplifies the contrasting binding modes of
cystatins and linear compounds. The two remaining mam-
malian depictions in Figure 16 (parts q and r) represent small
subsite-specific inhibitors of cathepsin S and cathepsin V,
respectively.

Scheer et al. have reported a series of crystal structures
for caspase-1 bound to inhibitors in order to establish an
allosteric ligand-binding site formed through a disulfide bond
at the dimer interface, 15 A away from the active site
(2h48).2"7 Ekici et al. reported caspase-3 complexed with aza-
peptide Michael acceptor inhibitors (2c20, 2¢2m, 2cle, 2cdr,
2cnk, 2cno, 2¢2z, 2¢2k, 2cnl, 2cnn), which explain selectivity
with respect to the P1’ moiety (Figure 17¢).2% Asaad et al.
reported another series of dipeptide nitrile inhibitors com-
plexed with cathepsin-L (3hha) (Figure 17d).2%

7.3. Plant and Fungal Cysteine Proteases

Actinidain, caricain, and glycyl endopeptidase are cysteine
proteases of plant origin, and all bind inhibitors in an
extended conformation (Figure 16s). Figure 16t demonstrates
the binding of 14 inhibitors to papain. Twelve of these
inhibitors bind in the classical fashion with two other
inhibitors binding in an unusual manner. Stefin B (red ribbon)
binds in a fashion similar to that described for stefin A
(Figure 16n) except that the N-terminal tail extends along
the active site and does not form a “hook”. The inhibitor
shown with a yellow ribbon is a pNA substrate molecule
acting as an inhibitor (discussed above).

8. Threonine Protease Inhibitors

Threonine endoproteases are one of the new classes of
proteases and use an N-terminal threonine residue as its
catalytic machinery. The side-chain hydroxyl group acts as
the proteolytic nucleophile activated by the N-terminal amine
moiety (Scheme 1).2!°72!2 The 20S proteasome (Table 11)
has been extensively characterized as the archetypal threonine
protease along with the 26S proteasome,?'*'* with HsIUV
the prokaryotic equivalent of the 20S proteasome.?'?

The ubiquitin—proteasome pathway is a major avenue for
degradation of proteins in the cytosol and nucleus of
eukaryotic cells.?!® Proteins are marked for degradation via
the attachment of a ubiquitin group whereby the proteasome
will recognize, unfold, and digest these proteins. The
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Scheme 1. Nucleophilic Attack of Threonine Hydroxyl on
Peptide Substrate
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Table 11. Crystal Structure Listing for Four Inhibitors
Complexed with Two Threonine Endoproteases

threonine protease EC code PDB codes
20S  proteasome 3.4.25.1 1g65, 1jd2, 1j2q
HsIUV 1kyi

complete 26S proteasome incorporates the ATP-dependent
19S caps, which are understood to recognize and unfold
substrates, which are in turn fed to the 20S proteasome,
where proteolysis occurs.?'> The 20S proteasome structure,
as mentioned in section 2, is made up of 28 subunits arranged
in four rings of seven, termed o35a with the interior of the
B subunits responsible for proteolytic activity.*’

Figure 18 shows four inhibitors of the proteasome and
shows that, like its neighbors, the ligands are recognized in
an extended conformation. Recently the proteasome has been
identified as a target for cancer therapy?'® with the peptidic
inhibitor Bortezomib,?!” currently in clinical use for multiple

myeloma.
A A RS
Sy e
5 =
S

Bortezomib
Groll et al. studied boronate-based proteasome inhibitors
with yeast 20S proteasome in order to understand the
specificity and binding modes of ligand binding (2f16, Figure
19a).2!® Clerc et al reported syringolin A inhibitor complexes
with 20S yeast proteasome, to understand the side chain
specificity of these symbactin-based compounds in inhibiting

Figure 18. Superimposed threonine protease inhibitor structures:
proteasome inhibitors (1jd2 (green), 1j2q (blue), 1g65 (red)) with
the HsIUV catalytic subunit inhibitor (1kyi (yellow)).

®)
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Figure 19. Crystal structure of threonine protease bound inhibitors
in the enzyme active site: (a) yeast proteasome 31 subunit inhibitors.
(b) proteasome specific 5 subunit inhibitor.
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Figure 20. Exceptions to the extended conformation: (a) saccha-
ropepsin (1dpS (enzyme shown as blue ribbon with catalytic
aspartates shown in red and helical inhibitor yellow), 1dpj (green),
1g0v); (b) proteinase K rmsd 0.38 A (1bjr (green ribbon), 1pek,
1pfg (red ribbon), 1pj8 (purple ribbon), 3prk (ball-and-stick)); (c)
botulinum neurotoxin type B cleavage products of synaptobrevin-
IT (183 (green ribbon)) and the product-bound state of BoNT
serotype A (lelh (blue ribbon)); (d) conformation of the activated
N-terminal peptide of thrombin-activated receptor bound to throm-
bin (Inrn (cyan), Inro (dark blue), Inrp (red), Inrq (yellow), 1nrs
(PPACK orange)); (e) cathepsin H (Inb3, 1nb5); (f) complex
between trypsin (green) and antitrypsin (yellow) where the red
strand is residues 343—358 and represents the major conformational
change associated with inhibition by serpins (1ezx). Serpin complex
generated using Molscript 2.0.

different proteasomes (3gpj, 2zcy; Figure 19a).21%22° Groll
et al. reported complexes of TMC-90 derived inhibitors with
proteasome (2gpl; Figure 19b).?%!

9. Exceptions to the Extended Conformation

Following a comprehensive analysis of the complete set
of over 1500 protease structures deposited in the Protein Data
Bank, only six structures show genuine deviation from the
hypothesis that proteases recognize ligands in an extended
conformation (Figure 20). The most profound example is
the single inhibitor IA3 of saccharopepsin, which clearly
binds in an almost perfect o helix (Figure 20a). However,
there are also a number of other inhibitors of this protease
that were found bound in an extended conformation within
the active site. It is clear that the unusually large active site
is able to accommodate a helix in this case, whereas most
protease active sites are too small to permit a helix to bind.

Proteinase K also shows unusual binding of ligands in an
almost turn-like conformation (Figure 20b). The metallo-
protease C. botulinum neurotoxin shows unusual binding and
specificity, in that it appears to bind and cleave its substrates
in an orientation opposite to what is generally seen, as well
as requiring large sequences for recognition (Figure 20c).
The serine protease, thrombin, provides the fourth example
of a deviation from the norm. This is seen in the complex
between thrombin and the self-activating amino-terminal
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peptide of the thrombin receptor bound clearly within the
active site in a turn conformation (Figure 20d). The two
remaining examples are the exceptions to the rule in that
they are both endogenous inhibitors of their respective
proteases. The class of stefins (cystatins) inhibits cysteine
protease via a unique mechanism by binding several loops
across the active site (Figure 20e). Finally, it is worth
mentioning the unique and unusual binding mode of the
serpins, such as antitrypsin, where a major conformational
change follows initial complex formation which results in
an irreversibly bound serpin-protease complex which sub-
sequently causes proteolytic degradation of the complex
(Figure 20f).

10. Conformational Selection and Proteolytic
Processing

It is only in the past few years that a significant number
of crystal structures, for each class of protease bound to small
molecule ligands, have become available for the kind of
comprehensive analysis made here. It is also worth noting
that our analysis has involved peptidic, peptidomimetic, and
nonpeptidic ligands bound to proteases. The above data
clearly shows that the extended conformation, or nonpeptidic
equivalent, is overwhelmingly preferred in the active site of
over 100 protease enzymes. The almost universal recognition
by proteases, documented herein, for substrates/inhibitors in
a f3-strand conformation raises some important questions.
Why have proteases with different structural folds evolved
to recognize the same ligand conformation in their active
sites, and why is this the extended f3-strand conformation?

First, one needs to consider that folded proteins normally
consist of helices, turns/loops, and sheets, which together
impart function. These structures need to be resistant to
proteases—it would not be logical for cellular machinery to
expend energy in folding polypeptides into such structural
elements yet then be susceptible to cleavage and thus
degradation by proteases. Hence, proteases do not normally
recognize folded helices, turns/loops, or sheets, and we are
unaware of examples of any such structures being cleaved
by a protease. We would predict, on the basis of this review,
that any cleavage site in a putative substrate would need to
be in an extended region of the substrate, or the equilibrium
between folded and unfolded substrate would need to be
driven through the unfolded form in order to realize
proteolytic cleavage.

Second, the stretching of the substrate amide bond toward
the transition state is expected to be most efficient when these
forces are directionally opposed, as optimally enforced by
the extended strand due to the trans amide bond and the
L-conformation of each flanking amino acid. This stretching
is largely dictated by interactions between enzyme and
“pocket-filling” inhibitor/substrate substituents, that tend to
be in close proximity on i, i + 2, i + 4, etc. positions on
one face of the strand and i + 1,1 + 3,1 + 5, etc. positions
on the opposite face.

Third, linear extension of a peptide maximally exposes
all of the main-chain amide atoms to solvent/protease
residues, otherwise shielded by side chains in intramolecu-
larly hydrogen-bonded helix/turn/sheet structures, and pro-
motes intermolecular hydrogen bonding with an enzyme.
This may be very important because most protease active
sites are shallow crevices or grooves that promote rapid
association of substrates and facile dissociation of products,
as required for multiple rapid turnovers. Product solvation



may be particularly important in driving the equilibrium to
cleaved products and minimizing intramolecular hydrogen
bonding in polypeptide substrates/products.

Fourth, proteins that are known to be processed by
proteases tend to be cleaved only between elements of
secondary structure rather than within helical, turn, or sheet
regions, and rates of processing tend to be greater after
denaturation (breaking of intramolecular H bonds and
unfolding) of protein substrates. Fifth, the diameter of the
inhibitor-bound conformation of the active site of most
proteases is too small to accommodate substrates in helical/
turn/sheet conformations, which are consequently not rec-
ognized without substantial modification of the dimensions
of the active-site groove.

These features all support conformational selection in
which only the extended f8 strand is recognized from the
conformational ensemble of ligand structures present in
solution. It has been previously suggested??>?** that entropic
considerations do not support the idea that protein—ligand
interactions, in general, proceed via conformational selection
but rather are more likely to proceed via a two-/multistep
“zipper” process. This “induced fit” model of protein—ligand
interaction is more attractive than a rigid lock-and-key model
for protease—ligand interaction, but the truth may well lie
somewhere between this and the single conformation theory.
Conformational restrictions that preorganize the ligand
structure close to its final protease-bound conformation can
be expected to reduce the entropic barrier en route to a
protease—ligand complex. It is important to realize that we
have only presented data in this review consistent with
proteases ultimately binding their ligands in an extended
ligand conformation and cannot definitively conclude from
the static crystal structure data alone that the inifial interaction
between protease and ligand requires the ligand to be in an
extended conformation. However, it does not appear likely,
from all the evidence to date, that other conformations are
recognized by proteases and then rearrange to a different
conformation that is cleaved. Biological properties of pep-
tides and proteins are frequently interpreted on the basis of
their observed solution or solid-state structures. However,
the most abundant or lowest energy solution structure of a
molecule is not necessarily the one recognized by an enzyme.
The above results clearly demonstrate that inhibitors and
substrate analogues at least end up bound in an extended
conformation to the active site of a protease.

To date, inhibitor design has been specific for each
protease, with general design approaches being hampered
by the unpredictability of cooperative interactions between,
and structural changes to, inhibitor and protease during
complexation. Binding to proteases by their substrates,
substrate analogues, and inhibitors in extended S-strand
conformations has profound consequences for drug design.
First, it suggests the under-utilized strategy of conforma-
tionally fixing protease inhibitors in an extended S strand in
order to optimize their potency and selectivity. This approach
has been highlighted here by conformationally constrained
macrocycles, but there are many ways of stabilizing extended
B strands.?** Second, the design of protease inhibitors should
be greatly simplified since new proteases, for which there is
no or limited structural information, can still be effectively
targeted based only upon knowledge of the class of protease
and its substrate specificity. Compounds can then be designed
in locked f3-strand-mimicking structures. Third, proteolytic
degradation of other bioactive peptides (agonists, antagonists,
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etc.) might be minimized by the reverse strategy of stabilizing
their turn or helix conformations so that the extended strand
conformation is less accessible. Conformational selection
should now be widely examined for proteases, and attempts
should be made to see if there are correlations between
conformational equilibria and processing rates of polypeptide
substrates and conformationally biased analogues.

11. Conclusions

This review is a comprehensive analysis in support of
ligand conformation being important for recognition by all
proteolytic enzymes and it complements two earlier com-
munications on the subject’*? On the basis of subsets of
superimpositions of >1500 protease-ligand crystal structures,
we conclude herein that aspartic, serine, cysteine, and
metalloproteases commonly, almost universally, bind to the
extended S-strand conformation of substrates, products, and
inhibitors of both peptidic and nonpeptidic origin. Such
conformational selection explains the resistance of folded/
structured regions of proteins to proteolytic degradation, the
susceptibility of denatured proteins to processing, and the
higher affinity of conformationally constrained “extended”
inhibitors/substrates for proteases. Cyclic inhibitors??® and a
cyclic substrate’® illustrate a minimalist approach to the
strategy of constraining inhibitors/substrates in a protease-
binding structure that has higher affinity for a protease than
acyclic analogues. This preorganization of ligands for a
protease can alternatively be achieved by replacing compo-
nents of peptides with conformational constraints that fix the
B-strand conformation?*??” or by semi-rigid scaffolds that
can project substituents into the indentations that line a
substrate-binding active site of a protease.’”* On the basis
of these results one would predict that the use of such
approaches to fix an extended S-strand ligand conformation
should produce high-affinity inhibitors even for proteases of
unknown structure, provided that substrate specificity and
protease type is known. This inference should be extremely
valuable, particularly when the structure of a protease is not
known and inhibitor design has to be based solely upon
substrate preferences.

In this 2009 update, we have added 270 new crystal
structures to the original 2005 paper. They consist of 12 new
protease—substrate complexes, 6 new protease—product
complexes, and six classes of aspartic/glutamate endopep-
tidases consisting of 94 enzyme—inhibitor complexes, nine
classes of metallo endopeptidases consisting of 29 enzyme—
inhibitor complexes, 12 classes of serine endopeptidases
containing 85 enzyme—inhibitor complexes, eight classes of
cysteine endopeptidases containing 40 enzyme—inhibitor
complexes, and 4 different inhibitor complexes of threonine
endopeptidases. All the substrates and inhibitors were in an
extended conformation, in agreement with the 2005 sum-
mation. This updated review therefore reinforces the notion
that most protease enzymes recognize small molecules in
largely predictable ways and that one does not necessarily
need a new crystal structure of a protease enzyme to be able
to design inhibitors for it. The design of inhibitors (and
constrained substrate analogues) for proteases has proven to
be one of the more successful tests of rational drug design.*
Structural information such as that provided herein has
proven to be extremely valuable for the development of
protease inhibitors?** which can mitigate infection or inhibit
mammalian physiology that is aberrant in disease.
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