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ABSTRACT: The design of inhibitors with enhanced potency against proteolytic enzymes has many
applications for the treatment of human diseases. In addition to the optimization of chemical interactions
between the enzyme and inhibitor, the binding affinity can be increased by constraining the inhibitor to
the conformation that is recognized by the enzyme, thus lowering the entropic barrier to complex formation.
We have structurally characterized the complexes of a macrocyclic pentapeptide inhibitor and its acyclic
analogue with penicillopepsin, an aspartic proteinase, to study the effect of conformational constraint on
the binding affinity. The phosphonate-based macrocycle PPi4 (Ki ) 0.10 nM) is covalently linked at the
P2-Asn and P1′-Phe side chains [nomenclature of Schechter and Berger,Biochim. Biophys. Res. Commun.
(1967)27, 157-162] via an amide bond, relative to the acyclic compound PPi3 (Ki ) 42 nM). Comparisons
of the high-resolution crystal structures of PPi4-penicillopepsin (0.95 Å) and PPi3-penicillopepsin (1.45
Å) reveal that the conformations of the inhibitors and their interactions with the enzyme are similar. The
420-fold increase in the binding affinity of PPi4 is attributed to a reduction in its conformational flexibility,
thus providing the first rigorous measure of the entropic contribution to the binding energy in a protein-
ligand complex and stressing the advantages of the design strategy.

Proteolytic enzymes are involved in diverse biological
processes, ranging from the digestion of dietary proteins to
tumor invasion and cellular differentiation (1, 2). The
aspartic proteinases are a class of proteolytic enzymes that

are attractive targets for inhibitors as a consequence of their
role in human pathogens such as human immunodeficiency
virus-1 (HIV-1 protease), malarial parasites (plasmepsins),
and the fungusCandida albicans(3-5). Also, the enzyme
renin is involved in the upregulation of blood pressure and
has been a candidate for anti-hypertensive drugs in the past
(6).

The overall structures of viral and cellular aspartic
proteinases are conserved across the evolutionary spectrum.
The structure of penicillopepsin from the fungusPenicillium
janthinellum resembles a bilobate croissant shape and is
composed of twoâ-barrel domains that are connected by a
centrally located six-strandedâ-sheet (Figure 1). The two
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catalytic aspartate residues, Asp33 and Asp213, reside on two
similarly folded loops at the base of the substrate-binding
hydrophobic groove and in front of the centralâ-sheet. The
structures of active enzymes contain a catalytic water
between the aspartates that becomes deprotonated to initiate
the general acid-base-catalyzed hydrolysis (7, 8). The
hydroxyl ion subsequently attacks the carbonyl-carbon atom
of the scissile peptide bond between P1 and P1′ of substrates,
thus forming a noncovalently bound tetrahedral transition-
state intermediate along the reaction pathway.

Previous crystallographic studies of the phosphonate-
containing inhibitor PPi21 (Figure 2) revealed that the
competitive inhibitor binds in aâ-strand-like fashion across
the catalytic cleft of penicillopepsin (9). The phosphonate
moiety of PPi2 displaces the nucleophilic water that is located
between the catalytic aspartates, Asp33 and Asp213, in the
active enzyme (10). In addition, the tetrahedral geometry
at the phosphorus atom resembles the cleavage transition state
of the scissile carbonyl-carbon atom that is expected to form
during peptide hydrolysis. As a consequence of the extended
conformation of PPi2, alternating pairs of side chains (e.g.,
P2 and P1′) were sufficiently close together in space to
prompt the design of covalent bridges (11). This strategy
was first proposed in the context of the aspartic proteinases
by Blundell and co-workers to improve the potency and

selectivity of renin inhibitors (12). Macrocyclic conforma-
tional constraint shows particular promise for peptidomimetic
drug design, since the affinity can be enhanced without
substantially increasing molecular weight or hydrophobicity.

The program CAVEAT (13) was used to identify structural
frameworks linking the P2 and P1′ side chains, based on
the structure of PPi2-penicillopepsin. The various possibili-

1 Abbreviations: PPi, penicillopepsin phosphonate-based inhibitor;
kDa, kilodaltons; rmsd, root-mean-square deviation; nM, nanomolar;
NMR, nuclear magnetic resonance.

FIGURE 1: Ribbon drawing of the PPi3-penicillopepsin complex. The inhibitor is shown as a gray stick model. The side chains of the
catalytic aspartates are red. The dashed lines represent hydrogen bonds between the phosphonate of the inhibitor and the Asp residues. The
atoms of the C-terminal methyl ester [-C(O)OCH3] of the inhibitor have been omitted for clarity. The figures were drawn using BOBSCRIPT
(31) and RASTER3D (32).

FIGURE 2: Chemical structures of the cyclic and acyclic pentapep-
tide inhibitors. The correspondingKi values are shown, as deter-
mined previously (9, 11).
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ties were evaluated by energy minimization and modeling
procedures. The strategy suggested that changing P2-Val
f P2-Asn, followed by attachment of the Asn side chain to
P1′-Phe via an amide bond and a methylene group, would
constrain the P2-P1′ segment of the inhibitor without
perturbing the enzyme-inhibitor complex. The second-
generation inhibitors PPi3 and PPi4 (Figure 2), differing by
a single carbon atom, were therefore synthesized in order to
evaluate the effect of this design strategy on inhibitor binding
affinity and to assess the entropic advantage of conforma-
tional constraint (11).

In this paper, we describe the refined crystal structures of
PPi3 and PPi4 in complexes with penicillopepsin. The
remarkable similarity between the two structures reflects the
success of the design strategy and indicates that the effect
of conformational flexibility on the binding affinity has been
differentiated from other enthalpic and entropic contributions
to complex formation.

MATERIALS AND METHODS

Crystallization and Data Collection.The macrocyclic
peptide-based inhibitor PPi4{methyl cyclo[(2S)-2-[[(1R)-
1-(N-L-N-(3-methylbutanoyl)valyl-L-aspartyl)amino)-3-meth-
ylbutyl]hydroxyphosphinyloxy]-3-(3-aminomethyl)phenyl-
propanoate] lithium salt} and its acyclic derivative PPi3 were
synthesized as published previously (11), and both inhibitors
were soluble in aqueous solution. Penicillopepsin was
obtained as a powder preparation from Professor T. Hof-
mann, University of Toronto. The enzyme and inhibitors
were mixed in solution at a penicillopepsin:inhibitor molar
ratio of 1:6, and the complexes were cocrystallized by the
hanging drop method in 35% ammonium sulfate and 100
mM sodium acetate (pH 4.6) at a final protein concentration
of 12 mg/mL. The pH of the crystallization buffer was
identical to the pH employed during kinetic analyses of the
inhibitors. Macro-seeding techniques were used to grow
large crystals in the monoclinic space group C2, with one
enzyme-inhibitor complex in the asymmetric unit.

Prior to data collection, crystals were transferred to a
reservoir solution containing incremental amounts of glycerol
up to a maximum of 25% (v/v). The crystals were flash
frozen, and data were collected at 100 K from single crystals
at either the Cornell High Energy Synchrotron Source
(CHESS, PPi4-penicillopepsin) or in the laboratory (PPi3-
penicillopepsin) using a Siemens rotating anode X-ray
generator and X1000 multiwire area detector system. CHESS
data were collected to a maximum of 0.90 Å resolution using
a Quantum 2× 2 CCD detector, processed with MOSFLM
(14), and scaled using SCALA (15). Laboratory data were
collected to a maximum resolution of 1.41 Å at 110 K, and
processed with XENGEN software (16).

Refinement of Structures.Prior to structure determinations,
a random selection of 10% of the reflections were flagged
as theR-free set and were excluded from the refinement
process. The structures were refined using PPi2-penicil-
lopepsin (PDB code 1ppl) as the starting model, devoid of
all water and inhibitor atoms. The startingR-factors were
about 40% for data between 8 and 2.5 Å resolution, and
electron density maps clearly identified all atoms corre-
sponding to the inhibitors PPi3 and PPi4. Both complexes
were initially refined using X-PLOR, and atomic models

were adjusted using the programs O or XtalView (17, 18).
In the latter stages of refinement, the program SHELX-97
(19) was used to perform several rounds of restrained
conjugate-gradient least-squares (CGLS) minimization of the
structures against diffraction intensities (10 cycles/round),
with model building after each round. In the case of PPi4-
penicillopepsin, anisotropicB-factor refinement (SHELX-
97) was implemented using all data between 10 and 0.95 Å
resolution. The statistics of the data and refinement are
shown in Table 1.

RESULTS

The structure of PPi3-penicillopepsin reveals that the
inhibitor is positioned in the substrate cleft that is between
the N- and C-terminal domains of penicillopepsin (Figures
1 and 3). The complex is stabilized by extensive hydrogen-
bonding and hydrophobic interactions that bury∼80% of
the solvent-accessible surface area of PPi3 (Tables 2 and
3). The phosphonyl moiety of PPi3 resides between the
catalytic aspartate residues, Asp33 and Asp213, with thepro-S
oxygen atom (POH) of the phosphonate group making a short
(2.39 Å) hydrogen bond to the Oδ1 atom of Asp33. The
length and stereochemistry of this hydrogen bond is consis-
tent with a symmetric single-well potential energy function
for the hydrogen (9). The “flap” in the aspartic proteinases
is aâ-hairpin loop (in penicillopepsin, residues 71-82) that
forms a wall against which the inhibitor packs on the opposite
side of the cleft from the catalytic Asp residues. The side
chain of Tyr75 in the flap forms part of the S1 pocket, and
this residue is conserved in all cellularly derived aspartic

Table 1: Crystal Data and Refinement

PPi3 PPi4 (CHESS)

space group
a (Å) 96.24 96.98
b (Å) 46.47 46.65
c (Å) 65.38 65.71
â (deg) 115.58 115.57

X-rays’ λ (Å) 1.5418 Å 0.919 Å
detector Siemens image 2×2 Quantum

plate detector CCD detector
resolution (Å) 1.45 0.95
measurements 107 304 430 728
unique reflections 45 997 156 181
no. of parameters 11 596 27 767
Rmerge

a 7.4% 5.3%
completeness, 94.8 (8-1.44 Å) 98.0 (10-0.95 Å)

66.3 (1.46-1.44 Å) 51.7 (0.97-0.95 Å)
F/σ(F) > 3.0 56.4 (1.46-1.44 Å) 39.1 (0.97-0.95 Å)

Rcryst (%)b 14.5 9.91
Rfree (%) 18.4 12.47
models

protein residues 1-323 1-323
inhibitor atoms 43 44
waters 412 491
sulfate ions 2 2
glycerol molecules 2 2

rms deviations in angstrom
(SHELX-97)

bond lengths 0.010 0.017
1,3 distances 0.029 0.034
Ramachandran map
most favored 93.3% 91.0%
additional regions 6.7% 9.0%

a Rmerge) ∑hklj|Ihklj - 〈Ihkl〉|/∑hklj〈Ihkl〉 × 100%.b R ) ∑||Fo| - |Fc||/
∑|Fo| × 100%.

Accelerated Publications Biochemistry, Vol. 37, No. 48, 199816841



proteinases. The tip of the flap makes two main-chain
hydrogen bonds via the backbone nitrogen (NH) atoms of

Gly76 and Asp77 with PPi3, further clamping the inhibitor to
the active site. The extended conformation of PPi3 brings
the side-chain atoms Nδ2 of P2-Asn and Cε1 of P1′-Phe to
within 3.43 Å (Figure 3).

The rationally designed macrocycle PPi4 is a very potent
inhibitor of penicillopepsin (Ki ) 0.10 nM). The complex
PPi4-penicillopepsin was refined using data to 0.95 Å
resolution, with excellent agreement between observed and
calculated structure factors (Rcryst ) 9.91%,Rfree ) 12.47%).
The quality of the data is unprecedented given the 35 kDa
size of the protein (Figure 4), and a detailed structural
analysis will be provided elsewhere. Crystals of PPi3-
penicillopepsin are also exceptional, and future studies will
involve characterization of this complex beyond 1.0 Å

FIGURE 3: Stick models of cyclic and acyclic peptide inhibitors at the active site, shown in divergent stereo. (A) Structure of PPi3-
penicillopepsin. The carbon skeleton of PPi3 is gray, oxygen atoms are red, nitrogens are blue, and the phosphorus atom is cyan. The
catalytic Asp residues (red) form hydrogen bonds with the phosphonate moiety of the inhibitor. The side chain of Thr216 (brown) is involved
in the network of hydrogen bonds in the vicinity of the phosphonate. Tyr75, located in the flap region, forms part of the S1 hydrophobic
pocket and interacts with P1-Leu. The flap (black) also contributes hydrogen bonds from the backbone NH of Gly76, NH of Asp77, and Oδ1
of Asp77. (B) Structure of PPi4-penicillopepsin. The coloring scheme is similar, except that the carbon atoms and bond vectors of the
inhibitor are green. The P2-P1′ side chains of PPi4 are bridged by an amide bond and a methylene carbon. (C) Comparisons of the
structures of PPi3 (grey) and PPi4 (green). The superposition was performed using the enzyme backbone, thus excluding the inhibitors
from the calculation. The flap and the active site aspartates correspond to PPi3. Thr216 and most of the flap residues have been omitted to
show the superimposed inhibitors clearly. Four conserved water molecules are shown as gray (PPi3) and green (PPi4) spheres. (D)
Superposition of the structures of PPi2 (grey) and PPi4 (green). The enzyme backbone atoms were used in the calculation, and the inhibitor
atoms were excluded. The flap and the active site aspartates are from PPi2.

Table 2: Hydrogen-Bonding Contact Distances Between
Phosphonate Inhibitors and the Enzyme

atomsa distances (Å)

site inhibitor enzyme PPi2 PPi3 PPi4

P3 CO Thr217 (NH) 3.03 3.04 3.05
NH Thr217 (Oγ1) 2.88 3.15 2.94

P2 NH Asp77 (Oδ1) 2.93 2.83 2.89
Nδ2 (Asn) Thr216 (Oγ1) 2.97 3.02
CO Asp77 (NH) 3.00 3.09 3.14

P1 NH Gly215 (O) 3.22 3.03 3.06
POHb Asp33 (Oδ1) 2.40 2.39 2.42
PO Asp33 (Oδ2) 3.21 3.16 3.17
PO Asp213 (Oδ1) 2.60 2.51 2.54

P1′ OT2 (ester) Gly76 (NH) 2.89 2.95 2.92

Side-Chain Rotamers of P1′-Phe
PPi2 (ø1, ø2) ) (62°, -82°)
PPi3 (ø1, ø2) ) (73°, -37°)
PPi4 (ø1, ø2) ) (67°, -73°)

a The estimated coordinate accuracy for the complexes of PPi2 (9)
and PPi3 is estimated to be<0.1 Å from the method of Luzzati (34).
Positional estimated standard deviations from the inverted matrix of
unrestrained blocked-matrix least-squares refinement in SHELX-97 are
less than 0.01 Å for atoms at the active site of PPi4-penicillopepsin.
b Corresponds to the low-barrier hydrogen bond.

Table 3: Solvent-Accessible Surface Area (Å2)a

uncomplexed complexed

inhibitorb polar apolar total polar apolar total % buried

PPi2c 192 673 866 26 124 150 83
PPi3 256 628 880 38 123 161 82
PPi4 245 636 881 40 121 161 82
a Calculated using the algorithm of Richards (35), as implemented

by the program of Connolly (36, 37). b The PDB files were first stripped
of water molecules.c PDB code 1ppl.
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resolution. Although many alternate conformations are
observed for both PPi4-penicillopepsin (30 residues) and
PPi3-penicillopepsin (12 residues), it is important to note
that they occur in regions remote from the active site and
do not affect the discussions below.

As predicted by the design strategy, the position and
conformation of PPi4 in the complex with penicillopepsin
is virtually identical to PPi3 (Figure 3). Comparisons of the
hydrogen bond distances, the surface areas buried in the
complexes, and the root-mean-square (rms) deviations of the
enzyme and inhibitor reveal very similar binding of these
two inhibitors (Tables 2-4). The most pronounced confor-
mational difference between PPi4 and PPi3 is a 36° rotation
at the ø2-angle of P1′-Phe. In PPi4-penicillopepsin,ø2
adopts a favorable value of-73° (20), whereas the P1′-Phe
side chain of PPi3 is rotated to aø2-value of-37°. Rotation
of the phenyl ring in PPi3 is likely due to the close approach
of the side chain of P2-Asn. The side chain of P2-Asn is
firmly held in its position by a hydrogen bond between the
Nδ2 atom and Oγ1 of Thr216 in both PPi3 and PPi4. In the
cyclic PPi4 structure, the P1′-Phe(Cε1) atom is situated 2.52
Å from Nδ2 of P2-Asn because of the methylene group that
binds them together; direct replacement of the methylene
group with two hydrogens, thus forming acyclic PPi3, would

lead to a severe steric clash were the phenyl ring not rotated
slightly, as observed in Figure 3c.

The largest atom coordinate difference between the two
inhibitors is 1.29 Å (Cε1 of P1′-Phe) after superposition of
the penicillopepsin backbone. The positions of the atoms
of penicillopepsin that form the substrate clefts in the two
complexes are identical despite the conformational change
observed at P1′-Phe. In addition, 11 of 13 water molecules
in the vicinity of PPi3 (<4.0 Å) have structural equivalents
in the complex of PPi4-penicillopepsin. Upon superposition
of the enzyme backbone, the rms deviation of these 11 waters
is 0.31 Å.

The complexes of PPi3 and PPi4 with the enzyme can be
compared to the 1.8 Å structure of PPi2-penicillopepsin (Ki

) 2.8 nM), the parent complex from which the inhibitors
were designed (Tables 2-4, Figure 3d). The chemical
interactions and the surface areas buried in the three
structures are similar. However, PPi2 is more hydrophobic
as a consequence of the valine residue at P2, which also
permits theø2-angle of P1′-Phe to adopt a favorable value
of -82° without steric clashes. The gain in hydrophobic
interactions is tempered by the lack of a side-chain hydrogen
bond to the enzyme relative to PPi3 and PPi4 (Table 2). The
close structural similarities among the three enzyme-
inhibitor complexes indicate that the attempt at rational
design of PPi4 was successful. The 15-fold lowerKi of PPi2
relative to PPi3 (both of which are acyclic) may reflect the
preference of the hydrophobic S2 pocket for P2-Val, thus
contributing to enthalpic differences.

DISCUSSION

There are many enthalpic and entropic contributions to
the binding of a peptide to a protein. For example, the
entropic terms include the desolvation and rigidification of
those residues in the ligand and the protein that mediate
formation of the complex, as well as the loss of global
rotational and translational degrees of freedom in the
bimolecular association. In the complexes of PPi3- and PPi4-
penicillopepsin, the similarities in the chemical interactions
(hydrogen bonds, van der Waals contacts) and the amount

FIGURE 4: Electron density at the active site region of the refined model of PPi4-penicillopepsin. The map is contoured at 2.0σ, revealing
the density around single atoms. Many hydrogen positions are also observed in difference electron density maps.

Table 4: Least-Squares Superpositions of Enzyme-Inhibitor
Complexesa

PPi2 PPi3 PPi4

PPi2 0.30 0.28
(1260) (1260)

PPi3 0.25 0.19
(34) (1260)

PPi4 0.30 0.17
(34) (37)

a The values given are rms deviations in angstrom units. The upper
right portion of the matrix is a superposition of the enzyme backbone.
Residues 1-2, 278-281, and 322-323 were disordered and therefore
excluded from the calculations. The bottom left region of the matrix is
a superposition of the inhibitor atoms. The P1′-Phe ring atoms were
excluded from these calculations. The numbers in brackets indicate
the number of common atoms used in the superposition.
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of surface areas buried (82%) suggest that many of these
energy terms are almost identical. There is only the slight
movement of the phenyl ring at P1′-Phe that could represent
a small enthalpic difference in their binding energies. It is
apparent that the 420-fold difference in binding affinity
between inhibitors PPi3 and PPi4 can mostly be attributed
to the entropy that is associated with internal bond rotations.
The overall free-energy difference is given by

whereR is the universal gas constant,T is the temperature
(in kelvin), andKi is the inhibition constant (moles/liter) for
the cyclic and acyclic inhibitors. The∆∆G° value of 3.6
kcal/mol derived from eq 1 represents the entropic penalty
required to freeze out the enzyme-bound conformation from
the flexible conformations of PPi3, relative to PPi4, during
the binding process. The value of this penalty can also be
estimated on a per-bond basis, as described previously (11).
In our case, the 3.6 kcal/mol value corresponds to an average
of 0.9 kcal/mol/degree of freedom due to bond rotations. This
value is well within the range of 0.7-1.6 kcal/mol reported
in the literature from studies of small molecules and the
thermodynamic behavior of helix-forming peptides (21-24).

The conformation of PPi4 through the backbone closely
resembles the solution structure that was proposed from a
combined nuclear magnetic resonance (NMR) and modeling
approach (11), suggesting that little distortion is required to
form the complex. However, the two conformations differ
significantly in the orientation of the amide linkage between
P2-Asn and P1′-Phe; in the NMR model, it is flipped 180°
relative to the crystal structure of the complex. The NMR-
derived constraints were unable to distinguish between these
two conformers, and the assignment was made on the basis
of the relative energies predicted from the modeling. A
reexamination of these modeling results reveals that the
energy difference between the two conformers is highly
dependent upon the force-field employed and may indeed
be very small. When the alternative conformation of PPi4
is modeled into the active site, the Oδ1 atom of P2-Asn

resides only 1.4 Å away from the Oγ1 atom of Thr216, which
would result in significant destabilization. Thus, the ob-
served binding affinity for PPi4 would be reduced to the
extent that an equilibrium between the two conformers exists
in solution. In addition, the amide bond linking P2-Asn and
P1′-Phe is distorted from an ideal plane by 11.2° at its
equivalentω-angle. Such a distortion from planarity cor-
responds to a cost of∼1.0 kcal/mol (25) and, if it is induced
on binding rather than forced by the macrocycle structure
itself, may further decrease the binding affinity of PPi4.
Together, these deviations from a perfect comparison of PPi3
and PPi4 suggest that the experimental value of 3.6 kcal/
mol represents a lower limit to the entropic penalty for
binding of PPi3 to penicillopepsin.

Previously, the structure of the parent PPi2-penicillopepsin
complex suggested the feasibility of linking the side chains
of P3-Val and P1-Leu. Accordingly, a macrocylic phos-
phonate inhibitor was synthesized in which the P3 and P1
side chains were linked by a naphthalene bridge (26). The
structure of its complex with penicillopepsin was determined
along with those of two acyclic analogues, the P1- and P3-
naphthyl derivatives (27). The binding affinities within this
series of inhibitors increased as the degree of conformational
freedom decreased, also suggesting that the overall strategy
had been successful. However, the structures of the enzyme-
inhibitor complexes were sufficiently different to prevent
attributing the differences in binding entirely to the flexibility
of the inhibitors. In this respect, the success of the P2-P1′
inhibitors may reflect the peripheral location and less
intrusive nature of the amide bridge linking the P2 and P1′
side chains (Figure 5).

Concluding Remarks.Entropy changes associated with
molecular recognition are notoriously difficult to measure
due to uncertainties in the entropy of the ligand in solution,
as well as the residual motion of the ligand in the complex
(28). Recently, macrocyclic inhibitors have been synthesized
against proteolytic enzymes to enhance their potency and
selectivity, but without a quantitative analysis of the effect
(29, 30). In this study, the P2-P1′ macrocycle PPi4
represents the most rigorous and successful attempt to

FIGURE 5: Molecular surface rendering of the active site of PPi4-penicillopepsin. The inhibitor is represented by stick vectors. The view
has been rotated so that the extended conformation of PPi4 is horizontal, allowing a direct view into the active site cleft. The figure was
drawn using GRASP (33).

∆∆G° ) -RT[ln(Ki,cyc/Ki,acy)] (1)
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differentiate the entropy of internal bond rotations from the
remaining free-energy binding parameters in a large and
complex system. The observed 420-fold increase in binding
provides justification for pursuing this strategy in drug
design, and is applicable to many other enzyme-inhibitor
complexes. Clearly, further structural and thermodynamic
studies would be required for more detailed analyses, such
as a residue-specific entropy dependence. Such quantitative
studies are a necessary step toward a better understanding
of the forces that drive molecular recognition and accurate
predictions of binding affinities (28).
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