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Historical Perspective of Ligand Binding

During the past 100 years ligand binding has been
described via two basic rationales. Emil Fisher first
proposed in 1894 the lock and key rationale1 to describe
ligand-receptor binding. In this model, the receptor
(this term also includes enzymes) is symbolized by a
rigid lock into which the symbolic key, or ligand, must
precisely fit (Figure 1). This was the sole model used to
describe ligand binding events for over 50 years until
Koshland in 1958 proposed an induced fit model2 to
describe ligand-receptor binding events that seemed to
proceed in a zipper-like fashion. He hypothesized that
binding of the “substrate causes a change in the
3-dimensional relationship in the active site” leading to
a fit that “occurs only after the changes induced by
ligand binding.” Over the years, conformational changes
of the receptor ascribed to an induced fit binding have
ranged from the very subtle movements of single amino
acid side chains to large conformational changes involv-
ing movement of entire protein domains.

These two complementary models have been utilized
to describe most of the structural data presently avail-
able in the literature. The lock and key rationale
describes the binding event if, after inspection of the
ligand-receptor complex, the observed receptor confor-
mation resembles the unbound-receptor conformation.
Conversely, if the conformation of the bound-receptor
is different than the unbound-receptor (no matter how
subtle the differences), then induced fit rationalizes the
observed ligand binding process.

Recently, stabilization of receptor conformational
ensembles3-5 has emerged to rationalize a range of
ligand binding events without necessitating either the
lock and key or induced fit mechanisms. This model
assumes that macromolecules exist as multiple, equili-
brating solution conformations that can be described by
mechanical laws with standard statistical distributions.
The process of ligand binding effectively shifts this
equilibrium to the bound-receptor conformation from
the statistical distribution of native conformations. In
this view, ligands bind to the ensemble of pre-existing
receptor conformations. Productive binding shifts the
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Figure 1. Ligand binding models: (A) lock and key; (B)
induced fit; (C) stabilization of conformational ensembles
(Ligand, L).
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overall dynamic equilibrium to stabilize the bound-
receptor conformation.

This concept of conformationally mobile receptors
(and ligands) is not new, but arose shortly after the
discovery of modern conformational analysis.6,7 Almost
40 years ago, Straud stated8 “the conformation of an
enzyme in solution is regarded to be a statistical average
of a number of conformations, the protein structure
oscillating between these conformations.” Since then,
conformational mobility of biologically active proteins
has been repeatedly demonstrated via biophysical meth-
ods. Nevertheless, due to computational limitations,
current molecular modeling and drug design efforts
treat proteins as static models even though they are
clearly dynamic macromolecular structures constantly
in motion. In general, the static models portray either
the native protein conformation or the protein confor-
mation tightly bound to a potent peptide-derived inhibi-
tor. Some modeling studies accommodate small changes
in protein and ligand side chain conformations or
hydrogen bonding interactions that occur in a process
called “soft lock and key”,9 and these small changes have
subsequently been utilized to modify inhibitor design.
But other, significantly altered protein conformations
are rarely considered although biophysical methods
have established their existence. Successful design of
structurally novel inhibitors may necessitate targeting
receptor conformations located outside the narrow
window of conformational ensembles presently exploited
via current inhibitors. Systematic exploration of pre-
existing receptor conformations within the ensemble has
not been the focus of structure-based drug design
strategies.

The goal of this Perspective is to outline for medicinal
chemists the potential impact of receptor conformational
mobility on rational drug design. While others have

postulated receptor-based conformational selection of
ligands10 and successfully designed inhibitors to emu-
late the â-strand binding motif of native ligands,11,12 we
show that novel protein conformations (not observed in
either native or enzyme-inhibitor complexes) can be
exploited to create non-peptide enzyme inhibitors. We
begin with a review of the development of peptidomi-
metic aspartic peptidase inhibitors and conclude with
a new proposal for discovering fundamentally novel non-
peptide peptidomimetics by targeting conformational
ensembles. Although we focus on the aspartic pepti-
dases, the lessons derived therein are applicable to other
peptidase and receptor-ligand systems.

Aspartic Peptidase Knowledge Base
The aspartic peptidases are an extensively character-

ized class of enzymes with a large number of native and
enzyme-inhibitor crystal structures presently avail-
able.13 This structural information has led to a more
precise understanding14-17 of this therapeutically im-
portant class of enzymes. The aspartic peptidases
consist of two structural domains (N- and C-terminus)
that define the active site, along with a hairpin turn
structure, or “flap” region, that covers the enzyme active
site (HIV protease contains two flaps). It has become
evident from structural considerations that during
catalysis the flap must be open to allow substrate entry
into the active site and must close to promote catalysis.
Finally the flap must re-open to allow diffusion of
products from the active site. The aspartic peptidases
catalyze the cleavage of a peptide amide bond via a
general acid-base mechanism (Figure 2).18 These pep-
tidases have two Asp-Thr-Gly sequences lining the
active site and contain a water molecule bound between
the two catalytically active Asp residues. This substrate
water molecule is activated by the aspartic acids for

Figure 2. General acid-base catalytic mechanism for aspartic peptidases.
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nucleophilic attack on the substrate amide carbonyl to
generate the tetrahedral intermediate, which is ob-
served as a low-energy species in molecular dynamic-
ab initio calculations.19 The amide nitrogen is eventually
protonated leading to the collapse of the tetrahedral
intermediate and subsequent release of the amide bond
hydrolysis products from the active site.

Two additional enzyme forms have been added to the
mechanisms for catalysis and inhibitor binding. Carloni
and co-workers calculated that a low-barrier hydrogen
bond (LBHB)20 is formed between the two aspartic acid
carboxyl groups in the HIV protease ground state
(Figure 2, E).19,21,22 Northrop utilized this LBHB to
explain aspartic peptidase pH titration curves and
transpeptidation chemistry.23,24,20 Additional kinetic
isotope studies23 identified a post product-release en-
zyme form (Figure 2, F), the key intermediate neces-
sitating the “isoenzyme” mechanism.

Development of Aspartic Peptidase Inhibitors

Aspartic peptidase inhibitors have been designed to
treat hypertension, malaria, AIDS, and Alzheimer’s
disease, and this list is expected to increase as genomic
sequencing continues. Over the years a number of native
and enzyme-inhibitor crystal structures have been
solved for both the medicinally relevant aspartic pep-
tidases (renin, plasmepsin, HIV protease, â-secretase,
and cathepsin D) and model peptidases (penicillopepsin,
endothiapepsin, chymosin, pepsin, and Rhizopus chin-
ensis pepsin). Both peptide-derived and non-peptide
inhibitors have been developed,25 and the relationships
between the different peptidomimetics can be analyzed
in terms of enzyme-inhibitor crystal structure com-
plexes.

A key structural element in most inhibitors of aspartic
peptidases is a hydroxyl or hydroxyl-like moiety that
binds to the two catalytically active aspartic acids
(Figure 3) in place of the Asp-bound water molecule. For
example, the unnatural amino acid statine (Figure 4,
1) found in the peptide natural product pepstatin 226,27

was postulated28-30 to mimic the amide bond hydrolysis
transition state (Figure 2). Since these results were
obtained nearly 25 years ago, a number of mechanism
pathway inhibitors (Figure 4, 3-9) have been invented
and subsequently developed into useful aspartic pepti-
dase inhibitors.25 Notable are the hydroxyethylene
431-34 and the hydroxyethylamine 5,35,36 the latter

employed extensively in the development of HIV pro-
tease inhibitors.37

These inhibitors were originally designed to be transi-
tion-state analogues (TSA) for the enzyme-catalyzed
amide bond hydrolysis. However, recent calculations by
Carloni have shown the critical inhibitor hydroxyl group
binds to the HIV protease bis-protonated form of the
catalytic dyad, not to the monoprotonated form impli-
cated in the catalytic mechanism.22 Carloni has sug-
gested these inhibitors bind to the isomechanism form
(Figure 2, F) of the enzyme proposed by Northrop.22

Consequently, pepstatin and, by analogy, other effective
peptide-derived inhibitors of aspartic peptidases contain
elements of collected-substrate inhibitors as proposed
earlier.30 These findings are consistent with the fact that
the best inhibitors of aspartic proteases are one-atom
extensions of an isosteric replacement of the substrate
backbone, i.e., hydroxyethylamines (5) and related
analogues.

Selective aspartic peptidase inhibitors have been
designed by replacing the specific peptidase substrate
dipeptidyl cleavage site with a TSA dipeptide mimic
(Figure 4). The principles of this strategy were first
utilized to develop selective inhibitors for the model
aspartic peptidases and have been extended (Table 1)
to renin, HIV protease, and â-secretase, the therapeuti-
cally promising aspartic peptidases.39 Replacement of
the dipeptidyl cleavage site of a native substrate with
a TSA effectively generates an inhibitor specific for the
peptidase that recognizes the TSA side chains plus
amino acid side chains both up- and downstream from
the cleavage site. The enzyme active site is buried in a
deep cleft capable of accommodating up to nine amino
acid residues of the substrate/inhibitor with the inhibi-
tor’s exquisite selectivity obtained by the complemen-
tary interaction between the enzyme binding sites (S6-
S3′) with the inhibitor (the P6-P3′) residues. Some renin
inhibitors have also been shown to bind to a new
subpocket (S3

sp), which provides a method to increase
both inhibitor potency and selectivity.40

Unfortunately, very few of the first generation of
peptide-based aspartic peptidase inhibitors proved clini-
cally useful due to limited oral bioavailability. As a
result, the first pharmaceutical attempts to convert an
aspartic peptidase (renin) inhibitor into a clinically
useful treatment for hypertension via TSA-based inhibi-

Figure 3. Hydroxyl unit of pepstatin binding to Rhizopus
pepsin.38

Figure 4. Some transition-state analogue (TSA) units effec-
tive for inhibiting aspartic peptidases.
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tors proved to be a monumental failure.41 It was
eventually realized after extensive modifications to the
ancillary peptide functionality that developing bioavail-
able peptide-derived inhibitors critically depended on
the molecular weight of the inhibitor. In contrast,
developing inhibitors for HIV protease was substantially
easier than for renin because HIV protease recognizes
a significantly smaller minimum substrate sequence.
Some of the highly modified HIV protease inhibitors37

now in clinical use (Figure 5) have excellent oral
bioavailability and establish that application of this
design process can be very successful in favorable cases.

Up to this point we have used the term peptidomi-
metic without providing a working definition. Recent
literature describing the development of peptidomimetic
inhibitors rarely defines peptidomimetic, and this word
is often applied to a variety of different structural
types.42 For example, peptide analogues that contain one
or more amide bond replacements (defined as a pseudo
peptide by Spatola43) have sometimes been called pep-
tidomimetics. Peptide analogues that contain a confor-
mationally restricted amino acid unit or other confor-
mational constraint44 have been called peptidomimetics.
These types of peptidomimetics are essentially amino
acid mimetics pieced together in a linear fashion to

mimic the normal biologically active peptide substrate.
In contrast, Farmer45 initially proposed the term pep-
tidomimetic to describe potentially novel scaffolds de-
signed to replace the entire peptide backbone while
retaining isosteric topography of the enzyme-bound
peptide (or assumed receptor-bound) conformation. Het-
erocyclic natural products or screening leads that bind
to peptide receptors also have been called peptidomi-
metics by virtue of their mimicking (or antagonizing)
the function of the natural peptide.46 Although confir-
mation of mimicry via structural data is rarely available
for receptor-bound ligands,42 ample evidence establishes
that some heterocyclic inhibitors do mimic the extended
â-strand of enzyme-bound substrate-derived inhibitors
(vide infra). In these cases, the term peptidomimetic as
defined by Farmer is appropriate even though the
inhibitor lead structure was not designed.47

For peptidomimetic peptidase inhibitors we recently
suggested48 a definition based on the topography of the
inhibited enzyme active site and the chemical composi-
tion of the inhibitor. Many peptidase inhibitors, e.g., 10
and 11 (Figure 6), are actually amino acid and transi-
tion-state mimics pieced together to emulate the ligand-
bound extended â-strand substrate conformation of
other peptide-derived inhibitors and consequently retain
considerable peptide character.11,49 For example, the
cocrystal structure of 11 bound to HIV protease50

demonstrated that the enzyme-bound inhibitor success-
fully mimicked the extended â-strand binding confor-
mations found for a variety of other HIV protease
inhibitors (Figure 7). We define these inhibitors as

Table 1. Examples of Selective TSA Inhibitors of Aspartic
Peptidases

Figure 5. Peptide-derived TSA inhibitors of HIV protease
used in AIDS therapies.

Figure 6. Examples of newly defined peptidomimetics (10 and
11: peptide-derived; 12 and 13: non-peptide).
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peptide-derived peptidomimetics to highlight their close
structural relationship with the enzyme-bound peptide-
substrate conformation. Notably the elegant pyrrolinone
mimics of enzyme-bound extended â-structures (e.g., 10)
developed by Hirschmann and Smith11,12 illustrate a
sophisticated version of this type of peptidomimetic.
Their mimetic stabilizes both intra- and intermolecular
hydrogen bonds, and the ability to switch between these
two conformers is thought to provide improved bioavail-
ability.51

Structurally distinct heterocyclic aspartic peptidase
inhibitors, e.g., 12 and 13, have been discovered either
via high-throughput screening (HTS) or rational design
methods and subsequently developed into useful HIV
protease inhibitors.52,53 We define these inhibitors as
non-peptide peptidomimetics to account for their remote
structural relationship to native peptide substrates.

Most importantly, comparison of these two distinct
peptidomimetic classes reveals that the active site
topography accessed by the non-peptide peptidomimet-
ics is nearly identical to that accessed by the peptide-
derived peptidomimetics. In effect, these structurally
distinct compounds selectively stabilize the same enzyme
conformation within the complete ensemble of enzyme
conformations. This is not completely surprising since
the structural evolution of the non-peptide inhibitors
was guided by consideration of the bound-conformations
of known peptide-derived inhibitors.

Ideally, a major goal of the medicinal chemist is to
discover novel structures with pharmacodynamic prop-
erties that enable both oral and CNS bioavailability and
suitable duration of action. This necessitates developing
new compounds that circumvent the multiple export and
metabolism mechanisms that exist to control levels of
active peptides in vivo. We propose that designing
structures to target the ensemble of conformations not
accessed by previously designed inhibitors may be a way
to achieve this goal. Since some recent non-peptide
peptidomimetics have been demonstrated to stabilize
previously unobserved enzyme active site conforma-
tions,48,56 we now review different types of conforma-
tional changes detected in and around the active site of
aspartic peptidases.

Conformational Changes Revealed via
Peptide-Derived Inhibitors

The first indication that aspartic peptidase active
sites are conformationally flexible arose from studies of

the model enzyme penicillopepsin in the late 1970s.
James and co-workers solved the structure of a known
irreversible inhibitor of the aspartic peptidases, 1,2-
epoxy-3-(p-nitrophenoxy)propane (EPNP), covalently at-
tached to penicillopepsin in 1977.57 This structure
demonstrated that a molecule of EPNP was covalently
bound to both catalytically active aspartic acid residues
(Asp32 and Asp215) and that the bound water molecule
was displaced from the enzyme active site. More inter-
esting from our perspective was the major conforma-
tional change observed for the Tyr75 side chain. The
rotation of the Tyr75 phenolic ring led James to
hypothesize participation of Tyr75 as a proton donor in
the enzyme-catalyzed amide bond hydrolysis,57 in anal-
ogy to the role of Tyr48 in carboxypeptidase A. When
later enzyme-inhibitor crystal structures demonstrated
the location of Tyr75 in its unrotated native position,
James withdrew his proposal58 and the rotation of Tyr75
in penicillopepsin has not been further examined. Yet
this was the first detailed demonstration of conforma-
tional flexibility in the aspartic peptidases. The potential
of Tyr75 to rotate into alternate locations has important
implications for the development of novel inhibitors as
we shall see later.

In 1982 an important conformational transition was
discovered from the X-ray structure of a statine-based
peptide inhibitor bound to penicillopepsin. Although a
variety of pepstatin-based peptide inhibitors had been
synthesized in the Rich group, only one peptide, Iva-
Val-Val-StaOEt,59 cocrystallized with penicillopepsin in
a form suitable for X-ray structural determination.
James and co-workers solved the structure of the
complex58 and found that the critical 3S-hydroxyl group
was hydrogen bonded to the catalytic aspartic acid
groups and displaced an enzyme-bound water molecule.
This binding mode was similar to the pepstatin-pepsin
cocrystal structure,60 but an important structural change
was observed for the first time. In the native penicil-
lopepsin structure,61 the “flap region” (comprising resi-
dues Trp71-Gly83) was found in an “open” conformation
that did not obstruct the enzyme active site cleft.
However, the crystal structure of the enzyme-inhibitor
complex showed significant conformational changes in
the flap that enabled this segment to close upon the
inhibitor (Figure 8) bound within the active site. The
binding resulted in a movement of the tip of the
â-hairpin turn structure by approximately 4 Å toward
the catalytic groups, thereby trapping the inhibitor.
Related inhibitors synthesized in the Rich group incor-
porating a LySta analogue into pepstatin-derived in-
hibitors also showed a similar flap stabilization but
demonstrated a high degree of selectivity based on the
Lys electrostatic interactions with the enzyme flap.62 A
similar flap movement63 has also since been detected
in the binding of pepstatin to cathepsin D, a related
mammalian aspartic peptidase. The discovery that the
flap subunit can move 4 Å has important consequences
for the development of novel inhibitors.

Crystal structures of chymosin, a bovine aspartic
peptidase closely related to other mammalian aspartic
peptidases, revealed additional unexpected conforma-
tional changes. In the native enzyme, the flap was
rotated into an “open” conformation64,65 similar to native
penicillopepsin, but more surprising was the observed

Figure 7. Comparison of HIV-protease bound conformation
of acyclic inhibitors54 with peptide-derived peptidomimetic 1155

designed to emulate the â-strand binding ligand conformation.
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180° rotation of Tyr75 into the region normally occupied
by an inhibitor/substrate P1 substituent. For several
years, attempts to obtain chymosin-inhibitor complexes
had failed; only native enzyme crystals were obtained.
This could be attributed to the rotation of Tyr75 into a
position that blocked substrate-like molecules from
binding.

Eventually, Groves and co-workers obtained crystals
of the known renin inhibitor CP-113971 bound to
chymosin and solved the crystal structure66 and found
a remarkable conformational mobility of Tyr75. Com-
parison of native and enzyme-inhibitor crystal struc-
tures (Figure 9) revealed the aspartic peptidase flap had
“closed” over the inhibitor in the active site by moving
approximately 4 Å toward the catalytically active groups
compared with the native enzyme structure. However,
the lack of electron density for Tyr75 established that
this important residue was conformationally mobile,
even in the enzyme-inhibitor complex. Therefore, the
enzyme-inhibitor structure not only demonstrated a
new location for the flap and Tyr75 but also established
the important conformational mobility of these struc-
tural features.

Additional aspartic peptidase-inhibitor structures
have revealed other conformational changes in or near
the active site with important implications for inhibitor
design. Endothiapepsin, a fungal aspartic peptidase, has
been utilized as a model aspartic peptidase system with
more than 20 X-ray structures69 solved for both native
and endothiapepsin-inhibitor complexes. The crystal-
lographic evidence suggests endothiapepsin exists in a
delicate equilibrium between two observable forms70,71

that have considerable differences in active site topog-
raphy. The two forms are believed to interconvert as a

result of environmental conditions, with a rigid body
movement largely affecting the S3 binding pocket. The
two different conformations are selectively stabilized by
inhibitor binding in the S3 subsite. This structural
flexibility, which has now been identified in other
aspartic peptidases,72 has been proposed71 to be poten-
tially important for the function of aspartic peptidases.

Yet another type of conformational change near the
active site of an aspartic peptidase has been observed
with the binding of the iodophenylalanine-containing
inhibitor A66702 to pepsin. The bulky iodine atom
protrudes into the enzyme a3 helix to stabilize a
conformation in which this helix was displaced about 1
Å from the position in the native structure. As a result
of these movements, the active site volume increased
significantly.73

Rate of Movement of “Flap” Regions

The hairpin turn structure, or “flap” region, in aspar-
tic peptidases covers the enzyme active site. During
catalysis the flap must first open to allow substrate
entry to the active site, the flap must then close for
catalysis to occur, and finally the flap must re-open to
allow diffusion of products from the active site. Clearly,
flap mobility is critical for aspartic peptidase function.
This process must be as fast or faster than kcat, the rate
constant describing all events after formation of the ES
complex.74

The opening and closing of the flap region necessitates
a reconfiguration of active site functional groups as
interactions between specific interdomain residues are
disrupted. Consequently, H-bonds seen between resi-
dues, including Tyr75, in the X-ray complexes of en-
zymes with and without peptide-derived tight-binding

Figure 8. Comparison of penicillopepsin conformations.67 Overlap of both native and inhibitor-bound enzyme conformations
with a cross-stereo of native and Iva-Val-Val-StaOEt-bound enzyme conformations (native conformation, red; inhibitor-bound
conformation, blue; inhibitor, green).

Figure 9. Comparison of chymosin conformations.68 Overlap of both native and inhibitor-bound enzyme conformations with
cross-stereo of native and CP-113971-bound enzyme conformations (native conformation, red; inhibitor-bound conformation, blue;
inhibitor, green). Note: Native flap residue Tyr75 would obstruct inhibitor binding.
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inhibitors must break during catalysis. It follows that
breaking the observed H-bonds is not significantly
costly, as the opening and closing of the active site is
both a fast and low-energy process,75 and the confor-
mational mobility of these residues increases with the
opening of the flap and breaking of conserved H-bonds.

Development of Peptide-Derived Therapeutic
Aspartic Peptidase Inhibitors

Renin. The aspartic peptidase renin plays a pivotal
role in the biosynthesis of the potent vasoconstrictor
angiotensin II, and inhibitors of this enzyme have been
sought for 40 years as potential antihypertensive drugs.41

Historically, renin inhibitors were developed by replac-
ing the dipeptidyl cleavage site of substrate sequences
with an appropriate TSA before any structural data
were available to guide structure-based design; only
more recently have a few X-ray structures of renin-
inhibitor complexes been solved. While many substrate-
derived renin inhibitors showed promise in vitro, none
were successfully developed into antihypertensive drugs
due to the poor pharmacokinetic properties associated
with these peptide-derived inhibitors. However, the
principles established in the renin studies facilitated the
discovery of HIV protease inhibitors. Most of the known
TSAs (Table 1) were first developed for inhibition of
renin.

HIV Protease. The most intensely studied aspartic
peptidase during the last 20 years has been HIV
protease, the aspartic peptidase needed for viral replica-
tion implicated in AIDS.76,77 A variety of peptide-derived
peptidomimetic inhibitors of HIV protease have been
successfully developed. Numerous X-ray structures of
inhibitors bound to HIV protease have been obtained,
and the structural information has played a central role
in the successful development of AIDS drugs. Many
previous studies as reviewed in detail by Babine and
Bender78 have examined the interactions of peptide-
based inhibitors with HIV protease. Herein we highlight
the enzyme-inhibitor interactions associated with en-
zyme conformational mobility.

Historically, the first crystal structures of inhibitors
bound to HIV protease were the reduced amide ana-
logue MVT-10179 and the hydroxyethylamine analogue,
JG-365.80 MVT-101 lacked the critical hydroxyl group
of a TSA inhibitor but clearly illuminated the S3-S3′
binding sites accessed by the peptidyl inhibitor in the
expected extended â-strand binding conformation. The
crystal structure of JG-365, a 200-fold more potent
inhibitor, bound to HIV protease provided a high-
resolution view of the critical TSA hydroxyl group
interaction with the protease catalytic machinery.

The information gained from both cocrystal structures
was immediately utilized in structure-based design
processes leading to the currently available AIDS drugs.
Both JG-365 and Ro 31-895981 (Roche drug marketed
as Saquinavir) were developed as HEA analogues of the
Phe-Pro substrate cleavage site (Figure 10A). Surpris-
ingly, the hydroxyl group stereochemistry of these
potent HIV protease inhibitors was reversed; JG-365
contained an (S) hydroxyl group while Ro 31-8959
contained an (R) hydroxyl group. Molecular modeling
led to the hypothesis that the two diastereomeric
peptides adopted different binding modes at the C-

terminus of the binding site.82 This model was confirmed
by the X-ray crystal structures of the diastereomeric
inhibitors bound to HIV protease.83 Interestingly a
related stereochemical paradox had been discovered
earlier in the Rich group during the synthesis of
pepstatin-based pepsin inhibitors.84 The addition of a
methyl group to C3 of statine-based inhibitors (14)
generated a series of Me3Sta analogues in which the
preferred hydroxyl group stereochemistry was reversed
(15, 16), with the more potent inhibitors containing the
(R)-Me3Sta unit (Figure 10B).

Changes in flap position and geometry have also been
demonstrated for HIV protease. The X-ray structure of
Ro 31-8959 bound to HIV protease revealed a new
enzyme conformation with an altered flap conformation.
This stabilization produced a larger S1 binding site
relative to JG-365 that was complementary to the DIQ
moiety.78 Similar conformational stabilizations were
observed with other of HIV protease inhibitors, includ-
ing Nelfinavir, bound to HIV protease by researchers
at Agouron.

Non-Peptide Peptidomimetic Aspartic
Peptidase Inhibitors

Farmer’s proposal45 that non-peptide peptidomimetics
might be identified to maintain the topography and
function of biologically active peptides stimulated much
research to identify and/or design such compounds.
However, only a few non-peptide peptidomimetic as-
partic peptidase inhibitors have been reported, and most
were obtained by applying structure-based design meth-
ods to compounds identified via HTS methods.

The seven-membered cyclic urea HIV protease inhibi-
tors (Figure 11) were designed85 to stabilize the normal
extended â-strand binding enzyme conformation but
also to displace a second water molecule stabilizing the
enzyme flaps. A potential pharmacophore was de-
signed,86 and then virtual screening of the HIV active

Figure 10. (A) JG-365 and Ro 31-8959. (B) Structural
comparison of Me3Sta inhibitors.
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site in the extended â-strand binding conformation with
water displaced led to a non-peptide lead structure
which was further modified. Inspection of the resulting
enzyme-inhibitor crystal structure clearly demon-
strates the optimized inhibitor is a non-peptide pepti-
domimetic that stabilizes the normal extended â-strand
binding enzyme conformation. Interestingly, NMR stud-
ies on the inhibitor-enzyme complex revealed a dy-
namic conformational mobility not evident in the crys-
tallographic studies.87

Discovery efforts at Parke-Davis88 and Pharmacia89

simultaneously and independently developed the related
pyrone-based HIV protease inhibitors (Figure 12, 17 and
18). Both groups applied structure-based design meth-
ods to the anticoagulant Warfarin, identified as an HIV
protease inhibitor via HTS. Conversion of the lead
compounds into clinically useful drugs was achievable
only after high-resolution enzyme-inhibitor crystal
structures were obtained. Subsequent optimization
eventually afforded the clinically useful HIV protease
inhibitors 19 and 20. Surprisingly, enzyme-inhibitor
crystal structures (Figure 13) demonstrated that the
optimized inhibitors bind in opposite directions, but both
stabilize the standard peptide-derived â-strand binding
enzyme topography.

Stabilization of Fundamentally Different
Enzyme Active Site Conformations

Recently, researchers at Roche discovered a series of
novel non-peptide inhibitors of renin that bind to a new
enzyme active site conformation.56,90-92 The 3,4-disub-
stituted piperidines, 21 and 22 (Figure 14), inhibit
human renin at low micromolar and nanomolar con-
centrations, respectively. Most importantly, the inhibi-
tors stabilize an enzyme active site other than the
previously accessed â-strand binding enzyme conforma-
tion. It is instructive to compare the structures of 21
and 22 with structures of previous peptide-derived

inhibitors, as this can help guide future design of non-
peptide peptidomimetics from peptides.

Portions of both lead structure 21 and optimized
analogue 22 bind in the active site of human renin in a
mechanism-based fashion. The binding of the piperidine
nitrogen to the enzyme catalytic carboxyl groups is
similar to the binding of the statine hydroxyl30 and
aminostatine nitrogen93,94 in peptide-derived inhibitors.
In addition, the 3-alkoxy group resides in the contiguous
S1-S3 enzyme subsite near the normal binding location
of the side chains in peptide-derived inhibitors. Piper-
idines 21 and 22 clearly are non-peptide peptidomimetic
inhibitors that stabilize an enzyme conformation not
previously observed for this enzyme.

In these complexes, the aspartic peptidase flap struc-
ture is stabilized in an open conformation and the Tyr75
side chain is rotated by 120° from its position in the
native enzyme, similar to the conformations noted
herein with other aspartic peptidases. The stabilization
of the open flap with concomitant Tyr75 rotation
disrupts a conserved hydrogen bond between Tyr75 and
Trp39 believed to be important for keeping the flap
closed during catalysis. The breaking of this conserved
hydrogen bond allowed the Trp39 side chain to rotate
from its usually observed position within one hydro-
phobic environment into another local hydrophobic
environment. This Trp39 side chain rotation opened
access to another previously unobserved hydrophobic
pocket into which the piperidine 4-phenyl 4′-substituent
bound. These results clearly demonstrate how important
conformational mobility is for binding of these piperi-
dines to aspartic peptidases (Figure 15).

Comparison of the active site topography of the
enzymes stabilized by peptide-derived and piperidine-

Figure 11. Rationally designed non-peptide peptidomimetic
HIV protease inhibitor.

Figure 12. HTS non-peptide peptidomimetic HIV protease
leads.

Figure 13. Binding of 19 and 20 in HIV active site.

Figure 14. Roche piperidine-based aspartic peptidase inhibi-
tors.
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derived inhibitors shows a fundamental difference in
topographies. The piperidines bind to an enzyme active
site that is significantly different from the â-strand
binding enzyme conformation (Figure 15C). Interest-
ingly, this conformation is remarkably similar (Figure
16) to the observed native chymosin conformation re-
ported as a self-inhibited conformation. Rotation of
Tyr75 destroys much of the binding surface comprising
the S1 subsite. Consequently, the peptide-derived in-
hibitors would not adequately stabilize this conforma-
tion within the ensemble. In contrast, the piperidine-

derived inhibitors are effective stabilizers of this enzyme
form because the piperidine 4-phenyl substituent binds
into the space previously occupied by the Tyr75 aromatic
ring to regenerate an aromatic cluster. The binding of
the 4-phenylpiperidines to the enzyme extended â-strand
binding-site is precluded by the superposition of the
4-phenyl group with the Tyr75 aromatic group. Thus,
Tyr75 is acting as a “gate keeper” that determines which
type of inhibitor can bind. In the observed native enzyme
conformation and enzyme conformation stabilized by
peptide-derived inhibitors, the piperidines cannot bind;

Figure 15. Comparison of observed renin conformations.95 (A) Overlap of native and peptide-derived inhibitor-bound enzyme
conformation (native conformation, blue; inhibitor-bound conformation, red; inhibitor, orange) with cross-stereoview. (B) Overlap
of native and piperidine-bound enzyme conformation (native conformation, blue; piperidine-bound conformation, red; inhibitor,
green) with cross-stereoview. (C) Overlap of peptide-derived inhibitor-bound enzyme conformation and piperidine-bound enzyme
conformation (peptide-bound conformation, blue; piperidine-bound conformation, red; peptide inhibitor, orange; piperidine, green).
Note: Hydrogen bond between Trp39 and Tyr75 in A; broken in B; distinction shown in C.

Figure 16. Comparison of observed renin and chymosin conformations.96 Overlap of piperidine-bound renin conformation and
native chymosin conformation (piperidine-bound conformation, red; native chymosin conformation, blue; inhibitor, green) with
cross-stereoview. Note: Similar rotation of Tyr75 yet different locations due to slightly unique flap movements.
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in the alternate piperidine-binding mode, substrate-
derived inhibitors cannot bind.

Group Replacement Assisted Binding
Peptidomimetics (GRAB Peptidomimetics)

The piperidine inhibitors stabilize an enzyme confor-
mation not seen in the ensembles stabilized by all
inhibitors designed to emulate the â-strand binding
mode. Consequently, the piperidine inhibitors constitute
a new class of non-peptide peptidomimetics. The differ-
ences can be seen by careful comparison of the two
active sites (Figure 15) in which different renin-
inhibitor complexes are superimposed and their corre-
sponding flap regions highlighted. The enzyme confor-
mation stabilized by a peptide-derived inhibitor is
compared to the observed native enzyme (A); the
enzyme conformation stabilized by piperidine-derived
inhibitor is compared to the observed native enzyme (B);
and the enzyme flap conformations stabilized by the
piperidines and the peptide-derived inhibitors are com-
pared (C). What is striking is the close proximity of the
piperidine C4 phenyl group to the space vacated by the
rotation of Tyr75. In effect, the piperidine phenyl group

has replaced the Tyr75 aromatic ring. We define this
stabilization process as group replacement.

Side chain group replacement has not been used to
design peptidase inhibitors but has been used to design
peptidase substrates. In 1987, Wells and co-workers97

invented substrate-assisted catalysis using serine pep-
tidases to illustrate the concept. Site-directed mutagen-
esis to remove the active site histidine from subtilisn
rendered the mutant enzyme catalytically inactive. But
catalytic activity was regained when an imidazole group
was placed in a synthetic substrate at a point designed
to replace the missing enzyme imidazole group. The
mutated enzyme could not cleave normal substrate
sequences but did cleave the designed histidine-contain-
ing substrate. The substrate imidazole group replaced
the enzyme imidazole group when the substrate was
bound to the mutant subtilisn.

As we have highlighted, the piperidine inhibitor
4-phenyl (Figure 17) occupies the space vacated by
rotation of Tyr75. More precisely, the piperidine phenyl
group replaces the vacated residue to assist the piperi-
dine stabilization of the enzyme complex. We define this
new class of non-peptide peptidomimetic inhibitors as
“group replacement assisted binding” peptidomimetics
(GRAB peptidomimetics).

Computer Generation of GRAB
Peptidomimetics

The Holy Grail in peptidomimetic research is to devise
methods to rationally transform peptide-derived infor-
mation into non-peptide inhibitors. Strategies for con-
verting peptide-based inhibitors into non-peptides would
revolutionize the drug discovery process because a major
stumbling block in drug design is obtaining compounds
with appropriate bioavailability. For several years, we
have attempted to utilize structure-generating programs
to design novel non-peptide peptidomimetics. We had
utilized successfully the structure-generating program
GrowMol98,99 to design a variety of aspartic peptidase
inhibitors with novel scaffolds. GrowMol was used to
“rediscover” known tight-binding peptide-derived inhibi-
tors related to pepstatin100,101 as well as to generate
other novel peptide-derived and non-peptide-derived
inhibitors.102-104 During these earlier studies, the in-
hibitors were designed to complement the â-strand
binding active site topography of the aspartic pepti-
dases.

Figure 17. GRAB peptidomimetics in action. (A) Gatekeeper Tyr75 (spacefill model) prevents the piperidine 4-phenyl substituent
from binding to native renin conformation. (B) GRAB overlay of piperidine 4-phenyl and gatekeeper Tyr75 of Renin native flap
conformation. (C) Gatekeeper Tyr75 binding site replacement by 4-phenyl piperidine (renin native flap conformation, blue;
piperidine-binding flap conformation, red; piperidine-based inhibitor, green).

Figure 18. Evolution of mechanistically altered porcine
pepsin active site for GrowMol-based inhibitor design (flap,
light brown; peptide-inhibitor, purple; Asp32 and Asp215, red;
Tyr75, yellow; Trp39, orange). (A) Inhibitor bound in active
site. (B) Excise inhibitor and raise flap 1 Å. (C) Rotation of
Tyr75 ø1 by -120°. (D) Rotation of Trp39 from local hydro-
phobic to another hydrophobic environment.
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The Roche inhibitors presented a unique challenge
because the binding modes of the piperidines are
fundamentally different than the peptide-derived pep-
tidomimetics. Would it be possible to find the piperidine
class of inhibitors by use of GrowMol when starting with
a peptide-derived peptidomimetic? Successful demon-
stration of this strategy would be extremely important,
as it would provide a means to develop fundamentally
novel inhibitors based on the information obtained with
the peptide-derived inhibitors. When we used GrowMol
to generate potential inhibitors in the renin active site,
we eventually succeeded in regenerating 3,4-disubsti-
tuted piperidine inhibitors, but the process was ex-
tremely difficult. After extensive experimentation, we
found it necessary to move the flap and rotate the Tyr75
side chain in accordance with changes described for
other aspartic peptidases reviewed in previous sec-
tions.105

We then turned to two aspartic peptidases for which
no piperidine inhibitors had been reported in order to
determine if this same stabilization process would work
for other aspartic peptidases. The detailed strategy is
described for pepsin but it is essentially the same one
we used for all three enzymes.

Beginning with the X-ray structure of a known
statine-based peptide inhibitor bound to pepsin (Figure
18A), we attempted to grow the piperidine unit from
the P1 S-benzyl side chain. However, growth from this
point on CySta toward the catalytic carboxyls only
generated straight chain amines. On the basis of the
literature describing flap movements, we raised the flap
about 1 Å (Figure 18B), and subsequently generated a
series of piperidines (23) which lacked the C4 substitu-
ent. Molecular modeling revealed that a -120° rotation
of ø1 in Tyr75, similar to the rotation seen in chymosin
and renin, would provide the space needed for the
piperidine C4-phenyl (Figure 18C). After implementing
these active site conformational changes, GrowMol
created the 3,4-disubstituted piperidine 24, a direct
analogue of the Roche HTS lead 21. Further rotation of
Trp39 in a fashion similar to that observed with the
renin-piperidine structures (Figure 18D), followed by
structure generation, gave the acetonaphthone analogue
25 (Figure 19). This structure is closely related to the
optimized Roche inhibitors. After synthesis and testing,
piperidines 24 and 25 inhibited R. chinensis and porcine
pepsin with IC50 values of 2 and 0.2 µM, respectively.

The modeling and inhibition data suggest that GRAB
peptidomimetic stabilization may be a general process
for these aspartic peptidases.

The “rediscovery” of the 3,4-disubstituted piperidines
as renin inhibitors and the extension of the strategy
used to find them to other aspartic peptidases demon-
strates that the structural information provided from
the peptide-based inhibitors can be used to design non-
peptide peptidomimetics. However, successful genera-
tion of the GRAB peptidomimetics required exploration
of an enzyme active site topography not apparent in the
crystal structures of either native enzyme or enzyme-
peptide-derived inhibitor complexes. While this new
active site conformer could be found by altering the
active site in mechanistically rational ways, we would
not have found these inhibitors using the current meth-
ods available without a priori knowledge of their exist-
ence.105 The discovery of the Roche inhibitors and their
correlation with peptide-derived inhibitors is a pepti-
domimetic “Rosetta stone.” Understanding how two
distinctly different inhibitor structures can fit into two
enzyme active site topographies differing in substantial
but mechanistically related ways made it possible to
extend the process to two other aspartic peptidases,
pepsin and R. chinensis pepsin. It must be emphasized
that these GRAB peptidomimetics stabilize an enzyme
conformation that is different from the extended â-strand
binding conformation that binds all previous peptide-
derived and non-peptide inhibitors. Therefore, we pro-
pose that methods for rational inhibitor design need to
be revolutionized to include enzyme conformations
outside the normally observed conformations; medicinal
chemists should attempt to target the entire conforma-
tional ensemble.

As receptor conformational mobility is likely to occur
in all biological targets, the design of GRAB peptido-
mimetics should be quite general. At any interface
between enzyme and substrate or at a protein-protein
interface, it should be possible to determine if host
protein residue side chains can rotate into new positions
to generate structural voids into which potential inhibi-
tors could fill. Inhibitors can be designed and synthe-
sized to complement each new binding site, and in
favorable cases potent inhibitors will be formed. It
should be noted however, that the optimized renin
inhibitors bind to an enzyme active site conformation
formed by synchronous movements of three side chains.
The C4-phenyl group binds to the enzyme to replace
Tyr75 which has rotated to another position. Interest-
ingly, Leu73 rotates to fill some of the Tyr75 pocket,
and this in turn allows Trp39 to occupy a new site
formed in part by the vacated Leu73. This cascade of
conformational transitions in the renin example allows
the optimized inhibitor to stabilize an enzyme confor-
mation with multiple alterations not observed with
binding of the classic substrate-derived peptidomi-
metics.

Rational Drug Design for the 21st Century:
Targeting Conformational Ensembles

Without a screening lead, the rational design of non-
peptide peptidomimetics has had limited success to date.
The novel, symmetric, urea-based inhibitors of HIV
protease (Figure 11) designed from peptide-derived

Figure 19. GrowMol generated piperidines.
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inhibitors by researchers at Dupont-Merck85 actually
represents a different type of a GRAB peptidomimetic
in which a key enzyme-bound water molecule was
replaced by the urea carbonyl group. In the case of the
3,4-disubstituted piperidines, GRAB peptidomimetic
inhibitors of pepsin and R. chinensis were designed to
target an enzyme conformation not evident in the
enzyme-peptide-derived inhibitor structures.

The GrowMol design strategy enabled the rational
design of non-peptide peptidomimetic inhibitors from
the crystal structure of an enzyme-bound peptide-
derived peptidomimetic. The evolution of our design
process now provides the foundation for rational design
of novel non-peptide peptidomimetic inhibitors targeting
enzyme conformational ensembles based upon the wealth
of structural information generated via peptide-like
enzyme-inhibitors. We think that design of future
inhibitors must target not only the presently observable
bound-receptor conformations, but also the complete
ensemble of pre-existing receptor conformations. The
successful design of structurally and fundamentally
novel inhibitors may necessitate targeting receptor con-
formations located outside the narrow window of the
conformational ensembles presently exploited with pep-
tide-derived inhibitors.

Automated Identification of Novel Inhibitors
Based on Conformational Ensembles

Conformational ensembles already are used to clarify
the binding of compounds to conformationally mobile
receptors.106-111 Researchers at Agouron have studied
the binding of known peptide-derived inhibitors to HIV
protease conformational ensembles utilizing Monte
Carlo simulations.112 Their methods have been extended
in a parallel fashion to allow simultaneous and inde-
pendent Monte Carlo simulated dynamic studies113 of
a known peptide inhibitor binding to HIV protease
conformational ensembles.

It seems possible to develop a computerized-automa-
tion process to generate fundamentally novel inhibitors
targeting receptor conformational ensembles, a process
beyond the current docking of known structures to
known active site conformers. To do this will require a
significant expansion of the number of enzyme conform-
ers in the conformational ensemble beyond the numbers
now generated to model the extended â-strand binding
site. For example, allowing the mobile flap in an aspartic
peptidase to open in 0.1 Å increments could add 40 sets
of additional conformers to the ensemble, each contain-
ing some number of active site conformers complemen-
tary to a new (for example) heterocyclic scaffold. Fur-
ther, we have found that inhibitor structures were best
grown from active sites stabilized by nonoptimal pep-
tide-derived inhibitors; we assume this occurs because
the active sites are not “shrink wrapped” about the
inhibitors. Whether these two processes will prove
general for other enzyme systems remains to be experi-
mentally determined. But with aspartic peptidases the
number of potential conformational ensembles will
expand beyond the roughly 40-fold initial estimate.
Calculating potential scaffolds for each of the potential
conformations will be a massive calculation. But if it
can be done, it should greatly increase the number of
non-peptide structures that could serve as scaffolds for
inhibitor design and optimization.

This process is computationally intensive. What are
the chances new structures exist that have not already
been evaluated by existing approaches? Bohacek and
McMartin have calculated99 the number of possible
small molecules with molecular weights below 500 is
greater than 1062, which is about 1052 times the known
organic compounds in this molecular weight range.
Thus, to date the potential conformational space for
novel ligands has hardly been probed. It is of course
impossible to synthesize all these compounds (not
enough starting material exists in the universe)101 but
also it will not be necessary. Even today we have
perhaps 1000 useful drugs culled from about 10 billion
small organic molecules. Clearly we do not need to make
all organic structures to find new, better drugs.

We do need to find methods to design improved
structures that satisfy the necessary goals of inhibiting
the target receptor in vivo by obtaining selective, orally
active inhibitors with appropriate lengths of duration.
Today, one of the major stumbling blocks in drug
discovery remains identifying orally active inhibitors.
Interfacing structure-generating programs with tradi-
tional medicinal chemistry inhibitor design will help
focus the many combinatorial synthetic methods on
more promising low molecular weight, non-peptide drug-
like structures.

One attractive strategy to identify novel inhibitors
targeting conformational ensembles is via computerized
ligand-generating programs that generate and evaluate
novel ligands within receptor binding sites.114 Two
categories of programs, placement-connection or frag-
ment-growth strategies, are known. Both methods utilize
high-resolution receptor structures and evaluation pro-
grams to rank generated structures for their ability to
bind to the target. The placement-connection type of
ligand-generation program places molecular fragments
from a designated fragment library into the receptor
binding site115,116 complementary to the binding site and
then utilizes other programs117-122 to connect these
fragments. The major disadvantages of this method
include limitations on the types of novel fragments used
as well as complicated issues with fragment linker
connections.

A second type of ligand-growth program utilizes the
fragment-growth method123-126 to generate substruc-
tures from a ligand already bound to the receptor by
connecting designated fragments. This allows a wide
variety of interactions to be generated as the program
grows novel inhibitors into the active site, but the
fragments come from a defined fragment library, which
again limits the potential for structural diversity. To
overcome this limitation, ligand-generating programs
that grow structures via single-atom growth units have
been developed. These programs are capable of generat-
ing novel inhibitors with the greatest amount of molec-
ular interactions and structural diversitysthey are also
the most computationally intensive and require accurate
and fast methods to evaluate generated structures. The
single-atom ligand-growth programs include LEG-
END,127 GenStar,128 and GrowMol.98 An automated
design methodology to identify fundamentally novel
potential inhibitors can be based upon single-atom
growth programs but would have to be augmented to
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handle the multiple enzyme active site conformations
in the ensemble.

A third approach to design peptidomimetics that
target conformational ensembles might be to develop
new programs for probing active site mobility in a
progressive fashion. As described for the renin inhibitors
discovered by Roche scientists, the optimized renin
inhibitors fill an active site formed by major conforma-
tional transitions beyond the standard extended â-strand
topography. The peptidase flap opens partially, and
Tyr75, Leu73, and Trp39 all rotate away from positions
observed in cocrystal structures of peptide-derived
inhibitors. Ensemble theory predicts the selective sta-
bilization of this preexisting conformer by inhibitor
binding, but it is unclear whether these conformational
transitions arise independently of each other or in
concerted fashion. Either way, we believe computer
programs capable of calculating such “domino confor-
mation transitions” should be possible and would be
especially effective for identifying novel active site
conformers. These would be used in conjunction with
ligand-generating programs to create novel inhibitor
structures.

The potential design of inhibitors utilizing “domino
conformational transitions” is shown below (Figure 20).
Initially, the structure-generating programs would gen-
erate the piperidine scaffold docked in the active site
(A). The subsequent conformational transition of flap
raising and Try75 rotation could be found by such
programs and into this receptor conformation the pro-
gram could generate the 4-phenyl substituent (B). Then,
the domino conformational transition occurs in which
Leu73 is rotated into space previously occupied by Tyr75
(C), which allows Trp39 to rotate into that vacated
space, which enables the 4′-substituent to fill the newly
created binding site (D).

A conceptually simple method currently to locate
conformationally mobile residues and to identify poten-
tial GRAB peptidomimetics utilizes merged group bind-
ing (MGB) Searches. The beauty of this method involves
a reversal of the normal docking strategy, and simply
docks the enzyme around the inhibitor generated in the
active site.129 After first constructing the desired scaffold

within the active site, potential growth points are visible
but appear "blocked” by enzyme groups. By use of the
GRAB peptidomimetic concept, potential movable groups
can be identified. Adding functionality on the potential
inhibitor so that it overlays with the movable enzyme
residue provides a method to search for novel inhibitors
with the potential to bind altered enzyme conformations.
Enzyme docking and minimization experiments apply-
ing Flo99 (other Monte Carlo search programs might
provide similar results)130 to the merged enzyme-
inhibitor structure quickly identified new side chain
arrangements complementary to the merged inhibitor
structure. The implementation of these MGB searches
offers a rational and simple method for medicinal
chemists to design novel ligands targeting altered
conformations within the ensemble.

None of these design approaches can be automated
without fast and accurate programs to evaluate (score)
the binding affinity of the enzyme for grown structures.
Developing fast scoring algorithms to accurately predict
the binding affinity across different classes of com-
pounds is an important and extremely difficult research
problem, and it is not at all clear when this problem
will be solved. Nevertheless, we believe computational
advances, both in hardware and software, eventually
will facilitate accurate estimations of the binding af-
finities of different classes of compounds to different
enzyme conformations within the ensemble. To provide
a better evaluation process, the overall rankings must
be searchable in a user-friendly manner via user-defined
features. For example, a search for cyclic nitrogen-
containing ligands should be achievable by simple
typing in “piperidines” or “pyrrolinones.” The inclusion
of an easily searchable ranking set would provide the
user quick access to determine types of novel scaffolds
generated within the active site.

The strategies we have outlined for designing novel
scaffolds via structure-generating programs capable of
probing conformational ensembles are not currently
available. We believe incorporating these strategies into
a single ligand-generating program could provide the
means to design inhibitors based upon conformational
ensembles by an automated strategy. This process

Figure 20. Domino conformational transition generation of piperidines by structure-generating program (native renin
conformation, blue; piperidine-bound renin conformation, red; inhibitor, turquoise).
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should greatly accelerate the discovery of novel inhibi-
tors with potentially enormous impacts on the future
of medicinal chemistry efforts.

Future Prospects

We have shown that the Roche piperidine renin
inhibitors are a “peptidomimetic Rosetta stone” that
establish a logical connection between peptide-derived
and non-peptide-derived inhibitors of aspartic pepti-
dases. We deduced the structural pathway connecting
these two classes of peptidomimetics by analyzing
plausible conformational changes that must occur dur-
ing proteolysis. Tyr75 was identified as the “gatekeeper”
residue, and the mobility of Leu73 and Trp39 also was
utilized to generate new binding sites not visible in the
crystal structures of either the native or inhibitor-bound
enzymes. “Gatekeeper” residues in other enzyme sys-
tems probably will be identified by a similar analysis,
by utilizing MGB searches, or by considering side chains
abutting solvated areas, such as bulk solvent or aqueous
pockets within the folded protein. Potentially mobile
residues can also be detected by global searching of
enzyme conformational ensembles or more efficiently by
focusing on residues with high thermal factors in the
crystal structures.

Non-peptide peptidomimetics breaking from the ex-
tended â-strand conformational mold provide the po-
tential to design smaller, more conformationally con-
strained molecules. Lam and co-workers in their
landmark paper describing the design of non-peptide
inhibitors of HIV protease have enumerated the advan-
tages of these types of inhibitors. The penalties of
conformational entropy is “prepaid” during synthesis of
novel cyclic scaffolds designed to stabilize the receptor
active site as opposed to during actual binding.131 The
group replacement concept (in their case, replacement
of a water molecule) is also favorable from a thermo-
dynamic perspective. Finally, hydrophobic interactions
can be optimized between ligand and receptor with
preferred conformation and stereochemistry built into
the scaffold.

Recent reports in the literature have described the
binding of ligands to dynamic receptor conformational
ensembles. This process, which has become the new
paradigm for receptor binding, causes an equilibrium
shift of the pre-existing receptor conformations. This
concept also provides the basis for a new paradigm for
the design of medicinally useful ligands. Using the
aspartic peptidases, we have described the conforma-
tional mobility observable in enzyme-inhibitor X-ray
structures and shown how these examples provide the
basis for designing ligands with other protein-ligand
systems. For the design of fundamentally novel inhibi-
tors based upon conformations presently unobservable,
we have outlined the use of a computer-automation
strategy that utilizes single-atom structure-generating
and ligand evaluation programs and other computer
methods capable of probing “domino conformational
transitions.” While current technologies are not capable
of performing some of these strategies, we believe
automated design of fundamentally novel ligands based
upon conformational ensembles is on the horizon.

The implementation of the design strategy presented
here may become a new paradigm for the design of

medicinally useful organic structures in the 21st cen-
tury. While we have focused on aspartic peptidases,
literature precedent suggests this strategy will be useful
for designing inhibitors of other biological systems. For
example, Babine and Bender78 describe the development
of selective MMP inhibitors based on selective binding
to different conformations in MMP active sites. Here,
portions of an enzyme active site also appear to function
in a “gatekeeper” role and have been exploited to
develop selective inhibitors by altering the size of the
ligand’s P1′ substituent.

The extension of these ideas to other receptor systems
seems likely. Recently, Volkman and co-workers have
demonstrated the two-state behavior of nitrogen regula-
tory protein C (NtrC), a single-domain signaling protein,
believed to be activated via a phosphorylation-triggered
conformational change.132 This study clearly demon-
strates NtrC exists in equilibrium between functionally
important conformations with phosphorylation or active
mutations shifting this equilibrium to activate the
protein. These researchers summarize their results by
proposing that “stabilization of pre-existing conforma-
tions may be a fundamental paradigm for ligand bind-
ing.”

Our new design strategy may also help to identify
small molecules that regulate protein-protein interac-
tions. Wells and co-workers133 have shown that human
growth hormone-receptor interactions are dominated
by a relatively small number of critical residuess
designated as “hot spots” in the receptor. Small confor-
mational changes in “hot spot” residues in some receptor
systems and subsequent application of the “group
replacement” strategy might lead to useful GRAB
peptidomimetics functioning at that receptor. Indeed
designing inhibitors of protein-protein interactions has
been a long and often unfruitful process, but our new
strategy might provide new avenues of future research
in this area.

It is even possible these strategies may find use for
developing inhibitors of G-protein coupled receptors.
Inooka and co-workers determined134 the conformational
states of the peptide hormone pituitary adenylate cy-
clase activating polypeptide (PACAP) binding to the
G-coupled protein PACAP-specific hormone receptor via
high-resolution NMR experiments in conjunction with
molecular modeling-based conformational calculations.
They detected a two-step ligand binding process in
which PACAP first binds nonspecifically to the mem-
brane to promote a shift of the ligand conformational
ensemble in its N-terminal region that allows for specific
binding to the PACAP receptor. The binding sites of
GPCR contain many more amino acid side chains than
peptidase active sites and potentially offer many more
productive conformations for ligand binding. Structural
data for GPCR are not available today, but in time it
may be possible to calculate ensembles of potential
binding sites for systems this complex. Of course these
speculations can only be fully explored after structural
data for GPCR interactions become available.

Until now a rational mechanism for transforming
peptide-derived peptidomimetics into non-peptide pep-
tidomimetics has not been evident. We propose that
targeting conformational transitions associated with
enzyme catalysis will guide future rational design of
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non-peptide peptidomimetics. Structure-generating pro-
grams can facilitate this process by probing the steric
constraints within an active site in order to identify
enzyme groups with potentially important mobility and
by generating diverse arrays of molecules from which
medicinal chemists can extract suitable potential lead
structures for further evaluation and synthesis. Grow-
Mol-like programs represent a combinatorial design
process that can best be exploited when coupled with
powerful synthetic methods for optimization. Focused
combinatorial synthesis of molecular scaffolds is likely
to be a particularly effective way to optimize lead
structures into tight-binding biologically active inhibi-
tors. We believe the combinatorial design of ligands
targeting conformational ensembles, coupled with com-
binatorial synthesis, will lead to important new classes
of therapeutically useful molecules in the coming cen-
tury.
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