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‡Department of Biological Sciences, National University of Singapore, 14 Science Drive 4, Singapore 117543, and
§Biotechnology Research Institute, National Research Council Canada, 6100 Royalmount Avenue, Montreal,
Quebec H4P 2R2, Canada. )These authors contributed equally to the work.
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We report the crystal structures of three noncovalent retrobinding inhibitors in complex with mature
cathepsin L up to resolutions of 2.5, 1.8, and 2.5 Å, respectively. These inhibitors were Bpa-(Nε-Bpa)-
Lys-DArg-Tyr-Npe, Bpa-(Nε-Bpa)Lys-DArg-Phe-Npe, and Bpa-MCys-DArg-Phe-Npe, where Bpa =
biphenylacetyl and Pea=N-phenylethyl. These were selected to clarify the bindingmode of the biphenyl
groups in the S0 subsites because the additionof a secondbiphenyl does not improvepotency.Examination
of the symmetry-related monomers in the crystal structures revealed inhibitor-inhibitor crystal packing
interactions. Molecular dynamics simulations were then used to explore the structure and dynamical
behavior of the isolated protein-ligand complexes in solution. In the simulations, the backbone biphenyl
groups for all three inhibitors ended up in the same location despite having started out in different
orientations in the initial crystal structure conformations. The lack of improved potency of the larger
inhibitors over the smaller one is attributed to a correspondingly greater entropic cost of binding.

Introduction

The papain superfamily of cysteine proteases consists of
numerous members among which cathepsins form the largest
group. In humans, 11 cathepsins are known to date.1 The
main function of these cathepsins is the terminal protein
degradation in the lysosome. Although mainly being scaven-
gers in the lysosome, they play vital physiological roles like in
bone resorption and remodelling, T-cell maturation, prohor-
mone processing, and apoptosis.2 Recent studies have shown
the involvement of cathepsins in several pathological condi-
tions like tumor invasion and metastasis, osteoporosis, ar-
thritis, atherosclerosis, emphysema, muscular dystrophy,
parasitic infections, and cancer.3-6 Cathepsin L is an impor-
tant member of this group, which has been implicated in
tumor growth and invasion. Therefore cathepsin L has been
recognized as a viable target for therapeutics and cysteine
proteases in general are attractive targets for drug design.

Cathepsin L is biosynthesized as an autoinhibited zymogen
with a 96-residue propeptide segment that spans across the
entire active site cleft, completely blocking access to it. The
directionof thepropeptidebackbone is reversedas compared to
the substrate bindingmode, conferring resistance to hydrolysis.

We have previously reported a series of noncovalent retro-
binding inhibitors designed to span the S-S0 regions of the
active site of cathepsin L that mimic the propeptide binding
mode.7,8These inhibitors showednanomolar potency andhigh
selectivity for cathepsin-L. The first crystal structure of such an

inhibitor (PDB code 1MHW) confirmed the reverse-binding
noncovalent nature of inhibition. However, this inhibitor con-
tained a Cys amino acid that, during cocrystallization, caused
the inhibitor to dimerize through disulfide bond formation.8

The resulting bound conformation placed the biphenyl rings
fromeachmonomer in theS0 subsites of theprotein.This raised
some uncertainty as to the nature of the protein-ligand
interactions in the S0 subsites for the monomeric inhibitor.

In the subsequent work, we reported the second crystal
structure of a member of this class of inhibitors containing an
S-benzylCys derivative that precluded dimer formation (PDB
code 3BC3). The binding mode of the inhibitor at the S1-S3
subsites was identical to that previously reported for the
dimeric form. However, the interactions of the biphenyl
groups in the S0 subsite were significantly different between
the two crystal structures.

In this paper, we report the crystal structures of three more
inhibitors that have been selected to help clarify and elucidate
thebindingmodeof this class of inhibitors. Inaddition,wehave
carried out molecular dynamics (MDa) simulations to supple-
ment the information provided by the crystal structure studies.

Results and Discussion

Design of Dimer-Mimetic Propeptide Inhibitors. We have
previously described the design and synthesis of inhibitors 4
and 9, which were inspired by the crystal structure of
inhibitor 1 (PDBcode 1MHW).7,8 In that structure, inhibitor
1 had inadvertently dimerized through a disulfide bond and
positioned twobiphenyl groups in the S0 subsites of cathepsin
L. Inhibitors 4 and 9were designed to mimic the interactions
seen in the inhibitor 1 crystal structure. These inhibitors

†Coordinates and structure factors have been deposited with the
RCSB ProteinData Bank26 for cathepsin L complexed with inhibitors 4, 9,
and 14 with accession codes 3H89, 3H8B, and 3H8C, respectively.

*To whom correspondence should be addressed. For E.O.P.: phone,
(514) 496-6343; fax, (514) 496-5143; E-mail, Enrico.Purisima@nrc.ca.
For J.S.: phone,+65 6516 1163; fax,+65 6779 5671; E-mail, dbsjayar@
nus.edu.sg.

aAbbreviations: MD, molecular dynamics; MeCys, S-methylcys-
teine; PME, particle mesh Ewald.
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contain a second biphenyl group without the additional
bulk of a second monomer (Table 1). This was accomplished
by attaching a biphenylacetyl group to Nε of a Lys side
chain in the inhibitor. However, neither 4 nor 9 exhibited
improved binding affinity compared to 14, the most potent
compound in the congeneric series.8 To understand the lack
of improved potency, we solved the crystal structures of
4, 9, and 14.

Overall Structure of the InhibitorComplexes.The structure
ofmature human cathepsin L complexedwith inhibitors 4, 9,
and 14 was solved by using rotating anode and/or synchro-
tron data sets and refined up to 2.5, 1.8, and 2.5 Å resolution,
respectively. The structures were determined by the molecu-
lar replacement method using mature cathepsin L coordi-
nates taken from the procathepsin L (PDB code 1CS8). Each
of the models has been refined with good stereochemical
parameters (Table 2). Statistics for the Ramachandran plot
from an analysis using PROCHECK for the three models
gave over 83% of nonglycine residues in the most favored
regions and no residues in the disallowed region. Electron
density corresponding to the residues Thr175 to Gly179 of
mature cathepsin L is not observed and is presumably
disordered. The inhibitor molecules are well-defined in the
electron densitymaps. The inhibitors occupy the active site in
a noncovalent and reverse-binding mode of inhibition. The
overall structure of mature cathepsin L resembles that of the
mature part of the proenzyme. Thus we will not provide any
details of the mature cathepsin L structure.

Inhibitor 4. The binding mode of inhibitor 4 in the S1-S3
subsites is similar to that seen in previous crystal structures of
this class of inhibitors (Figures 1a and Supporting Informa-
tionFigure S1a).7,8TheArg residue of the inhibitor is located
in S1 with its side chain solvent-exposed and its backbone
carbonyl making a hydrogen bond with the NH group of
Gly68. In the S2 subsite, the inhibitor Tyr side chain has
nonpolar interactions with Leu69, Met70, and Ala135 and
its amide NH forms a hydrogen bond with the Gly68
carbonyl. TheN-(2-phenylethyl)-amide group packs against
theGly68main chain and the side chain of Leu69. Inhibitor 4
makes fairly extensive interactions with the S0 subsites. The
Nε-biphenylacetyl-modified Lys side chain is in a fairly
extended conformation in the S0 region. The distance from
the Lys CR to the carbon at the tip of the biphenyl group is
15.6 Å. The biphenyl rings of theNε-biphenylacetyl-Lys side
chain interact with the side chains of Glu141, Phe145, and
somewhat more distantly with Leu144. The biphenylacetyl
methylene group interacts with CR of Gly139. The Lys
side chain methylene groups pack against the protein
surface. The amide group of the Nε-biphenylacetyl-Lys
side chain forms a hydrogen bond with the carbonyl
of Ala138. In the S20 subsite, the 4-biphenylacetyl rings
makes hydrophobic interactions with the side chain of
Leu144. The carbonyl oxygen of the biphenylacetyl group
makes a hydrogen bond with the indole nitrogen of Trp189.
Figure 2a shows the simulated annealing Fo - Fc omit map
for inhibitor 4.

Table 1a

aAll Ki values were taken from Chowdhury et al.7,8 The crystal structures of 4, 9, and 14 are reported in the current paper.
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Inhibitor 9. The binding mode of inhibitor 9 in the S1-S3
subsites is essentially the same as that seen for inhibitor 4

(Figure 1b and Supporting Information Figure S1b). D-Arg is
found in the S1 subsite, with the side chain guanidium group
exposed to solvent and backbone carbonyl hydrogen bonded
to the Gly68 amide. The Phe side chain makes nonpolar
interactions with the side chains of Leu69, Met70, and
Ala135 in the S2 subsite. In the S3 subsite, the NH group of
the N-(2-phenylethyl)-amide makes a direct hydrogen bond-
ing contact with the main chain carbonyl oxygen of Gly68.
The phenyl ring of the N-(2-phenylethyl)-amide group packs
against the backbone atoms of Gly68 and the side chain of
Leu69. The orientation of the Nε-biphenylacetyl-Lys side
chain in the S0 subsites is very similar between inhibitors 4
and 9, but the position of the other biphenylacetyl group is
significantly different in the two structures. As with inhibitor
4, the rings of the Nε-biphenylacetyl-Lys side chain interacts
with the side chains of Glu141, Leu144, and Phe145. The
amide group of the Nε-biphenylacetyl-Lys makes a direct
hydrogen bond with the carbonyl of Ala138. Unlike inhibitor
4, the other biphenylacetyl group does not appear to have
extensive interactions with the protein. Its main points of
contact are nonpolar interactions with the backbone and side
chains of Gln21. Figure 2b shows the simulated annealing
Fo - Fc omit map for the inhibitor 9. The electron density of
the inhibitor backbone biphenyl is somewhat weaker than
that seen for inhibitor 4.

Inhibitor 14. Inhibitor 14 is a close analogue of inhibitor 1,
the first compound in this class that was crystallized (PDB

code 1MHW). The main difference is the replacement of
Cys by S-methylCys (or MeCys, for short). This precludes
the formation of a disulfide-bridged dimer as occurred in the
crystallization of inhibitor 1. This inhibitor represents the
original design of this class of compounds.

The binding mode of inhibitor 14 at the S1-S3 subsites is
essentially the same as that of inhibitors 4 and 9 (Figure 1c and
Supporting Information Figure S1c). In the S10 subsite, the
MeCys makes nonpolar interactions with the side chain of
Ala138. The 4-biphenylacetyl group is found to be in a con-
formation different from inhibitors 4 and 9 and is in a very
extended conformation reaching toward putative S30 subsite
(Figure 1c) discussed previously.7 The biphenyl group stacks
against Trp189 and interacts with Gln21 on the other face of
the rings. At the farthest tip of the biphenyl group there is
some contact with the Cβ of Trp193. The simulated annealing
Fo-Fcomitmap for inhibitor 14 shows that thepositionof the
biphenyl rings is reasonably well-defined (Figure 2c).

Figure 3 shows a superposition of the binding modes of
inhibitors 4, 9, and 14. As mentioned above, the binding
modes in S3-S1 is very similar. The Nε-biphenylacetyl-Lys
side chains are also quite similar between 4 and 9. The main
difference among all three lies in the disposition of the
backbone biphenyl group. Even between the highly conge-
neric 4 and 9, they are oriented quite differently. The origin
for the differences among the three crystal structures lies in
the crystal packing interactions.

Crystal Packing Interactions. We have previously deter-
mined the crystal structure of inhibitor 2 (PDB code 3BC3), a

Table 2. Crystallographic Data and Refinement Statistics

inhibitor 4 inhibitor 9 inhibitor 14

space group C2 C2 P212121
cell parameters (Å, deg) a = 99.40, b = 61.08,

c = 205.18, and β = 89.91

a = 61.99, b = 99.23,

c = 206.46, and β = 90.05

a = 57.92, b = 59.01,

and c = 132.62

resolution range (Å) 50-2.43 50-1.79 50-2.5

wavelength (Å) 1.000 1.000 1.5418

obsd hkl 51706 866755 120192

unique hkl 42927 116974 16224

completeness (%) 91.8 99.7 99.1

overall I/σI 22.2 17.1 17.8
aRsym 0.048 0.06 0.067

Refinement and Quality of the Model
bresolution range (Å) 25-2.5 45.0 - 1.8 25.0-2.5
cRwork (no. reflections) 0.22 (34041) 0.216 (100135) 0.237 (13732)
dRfree (no. reflections) 0.28 (3002) 0.250 (8770) 0.274 (838)

Root Mean Square Deviation

bond length (Å) 0.008 0.01 0.008

bond angle (deg) 1.3 1.3 1.13

Ramachandran Plot (%)

favored region 84.2 84.7 82.5

allowed regions 15.8 15.3 17.5

generously allowed region 0.0 0.0 0.0

disallowed regions 0.0 0.0 0.0

eAverage B Factors (Å2)

main chain atoms 25.65 23.97 54.95

side chain atoms 30.27 30.76 56.49

overall protein atoms (no. atoms) 27.88 (9954) 26.76 (9953) 55.69 (3322)

waters (no. atoms) 26.09 (226) 32.94 (562) 60.05 (129)

ligand (no. atoms) 42.23 (426) 42.30 (420) 29.34 (106)

aRsym= |Ii - ÆIæ|/ |Ii| where Ii is the intensity of the ith measurement, and <I> is the mean intensity for that reflection. bReflections greater
than I> σI where used in the refinement. cRwork= |Fobs- Fcalc|/|Fobs| where Fcalc and Fobs are the calculated and observed structure factor
amplitudes, respectively. dRfree=as for Rwork, but for 8.5% of the total reflections chosen at random and omitted from refinement. e Individual
B factor refinements were carried out.
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close congener of 14.7Acomparison of the bound conforma-
tions of the two inhibitors shows a similar binding mode,
with the biphenyl rings extended toward the putative S30

binding site7 and the biphenyl rings stacked against the
Trp189 rings. However, in the crystal structure of 2, the
biphenyl ring interacts more with the Trp189 indole ring and
comes close to the Phe 145 side chain. In the crystal structure
of 14, a symmetry-related interaction between side chains of
corresponding Leu144 residues of the protein occludes the
region between Trp189 and Phe145, altering the binding
mode of the biphenyl group relative to that seen in the crystal
structure of 2.

In the crystal structures of inhibitors 4 and 9, there are
even more significant symmetry-related interactions. Exam-
ination of the crystal packing contacts of inhibitor 4 revealed
that the S0 regions of two adjacent protein molecules face
each other and create a shared binding cavity at the interface
that subsequently gets occupied by parts of the inhibitors
bound to each protein unit. The biphenyl rings of the
inhibitor bound to one protein interact with the biphenyl
rings of the other inhibitor bound to the other protein
(Figure 4a). The Nε-biphenyl of one protein is packed
between the backbone biphenyl and the Gln21 side chain
of the other protein. As in inhibitor 4, examination of the
symmetry related contacts of 9 revealed that the S0 regions of
two adjacent proteins face each other. The backbone biphe-
nyl from one inhibitor stacks against the side chain biphenyl
from the other inhibitor (Figure 4b). For both 4 and 9, it is
thus possible that the bound conformation of the inhibitor in
the S0 subsites in this crystal structure may not be represen-
tative of that found in an isolated protein-ligand complex in
solution. Binding in the S subsites, however, does not seem to
be affected by the crystal packing.

To explore how the binding modes might change in the
absence of crystal packing interactions, molecular dynamics
simulations were run as described in the next section.

Molecular Dynamics. Molecular dynamics simulations of
cathepsin L protein complexed with 4, 9, and 14were carried
out in order to further clarify the binding mode of the
inhibitors. Trajectories of 12 ns were generated for each of
the inhibitors. Duplicate runs using different initial random
velocities were carried out to confirm the reproducibility of
the equilibrium structures. Figure 5 shows plots of the time
series of selected distances describing the positions of S0-
binding groups of 4. The S0-bindingmoieties of 4were highly
mobile during the first few nanoseconds of the simulation
before finally settling down to a reasonably stable conforma-
tion. The time series of the distance between C4 of the back-
bone biphenyl (see Supporting Information Figure S1a for
ligand atom numbering) and the CG atom of side chain of
Trp184 is shown in Figure 5a. The backbone biphenyl group
quickly ends up packing against the Trp184 indole ring.
There is some increased fluctuation in position from about
2-4 ns and amuch larger brief excursion at about 9.5 ns, but
the contact with Trp184 seems to be quite stable. In contrast,
the side chain Nε-biphenyl is quite mobile during the first
7.5 ns. It eventually starts to stay close toLeu144 andGlu141
at around 5 ns and stays relatively localized in that region
from 8 ns onward (Figure 5b). The lysine side chain Nε of
4 breaks its initial hydrogen bond to the Ala138 carbonyl
O but reforms it after 1.5 ns and remains mostly formed for
the rest of the simulation (Figure 5c).

Figure 6 shows the corresponding time series for selected
distances describing the positions of S0-binding groups of
inhibitor 9. The evolution of the distance between the C4
of the backbone biphenyl (see Supporting Information
Figure S1b for ligand atom numbering) and the CG atom
of Trp184 is shown in Figure 6a. The backbone biphenyl
group starts quite distant (more than 7 Å away) fromTrp184
but finds its way toward it in about 1 ns. It fluctuates
somewhat around that region but settles down from 5 ns
onward, packing against the Trp184 indole ring. The side

Figure 1. Stereo view of interactions between the inhibitors and cathepsin L. (a) Inhibitor 4, (b) inhibitor 9, and (c) inhibitor 14. Protein atoms
are shown in thin lines, whereas the inhibitors are shown in thick lines. Figures 1-4 and 8-9 were prepared using PyMOL (DeLano Scientific,
Palo Alto, CA).
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Figure 2. Stereo view of the simulated annealing Fo - Fc omit map in the active site region of cathepsin L. The bound inhibitor and
all atoms within 3 Å of the inhibitor molecule were omitted prior to refinement. The map contoured at a level of 2σ for inhibitor 4 and
14 and 2.5σ for inhibitor 9. These figures were prepared by using PyMOL (DeLano Scientific, Palo Alto, CA).

Figure 3. Stereo view of superposed binding modes of inhibitors 4, 9, and 14. The three crystal structures were superposed, and the inhibitors
were extracted and overlaid onto a molecular surface representation of cathepsin L taken from the crystal structure of 9. To distinguish the
three inhibitors, the carbon atoms of 4, 9, and 14 are in magenta, cyan, and green, respectively. The binding subsites S3-S30 are labeled. Note
the disparate positions of the biphenyl groups in the S20 and S30 positions.
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chain Nε-biphenyl group is much more mobile than its
counterpart in 4. At the end of the 12 ns simulation, it has
not really settled down to a defined binding site. This is
consistent with the lower binding affinity observed for 9 as
compared to 4 and 14. The side chain biphenyl does prefer-
entially fluctuate around and interacts with the side chains of
Leu144 and Glu141 but does not stay localized for long
periods of time. However, the lysine side chain Nε of 9

manages to maintain a hydrogen bond to the Ala138 carbonyl
O for more of the 12 ns trajectory (Figure 6c).

The binding mode of 14 was quite stable throughout the
12 ns simulation. Figure 7 shows time series of the distance
between the C4 carbon of the backbone biphenyl and the CG
atomofTrp184. It remains stable at around3.8 Å throughout the
12 ns trajectory. The position of the S-methylcysteine (MeCys)
side chain also remains stable throughout (data not shown).

Figure 8 shows a superposition of snapshots for each of
the inhibitors taken at 8.8 ns into the trajectory. This is a

relatively “quiet” section of the trajectory in terms of the
fluctuations reported in Figures 5-7. Visual inspection of
the structures in the trajectory confirm that these selected

Figure 4. Crystal packing interactions. Shown are two adjacent
protein-ligand complexes in the unit cell. (a) Inhibitor 4 and
cathepsin L, (b) inhibitor 9 and cathepsin L. The biphenyl rings
in one inhibitor interact with those of another inhibitor in a
symmetry related monomer. This is particularly pronounced with
inhibitor 9.

Figure 5. Interatomic distance fluctuations between cathepsin
L and inhibitor 4. (A) Trp184 CG-inhibitor C4. This tracks the
interaction of the backbone biphenyl with the Trp184 indole
ring. (B) Leu144 CD2-inhibitor C28. This tracks the interaction
of the side chain biphenyl with a nonpolar binding site represented
by the Leu144 side chain. (C) Ala138 carbonyl O-inhibitor LysNε.
This tracks the locking of the inhibitor Lys side chain by formation
of a hydrogen bond. See Supporting Information Figure S1a for
atom numbering of inhibitor 4. Together these distances pro-
vide an indication of the disposition and mobility of the biphenyl
groups.
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snapshots are representative of the structures obtained to-
ward the later part of the MD simulation. We see that in all
three structures the backbone biphenyl groups have all
converged into the same binding site. This binding site was
not accessible to inhibitors 4 and 9 in the crystal structures
due to symmetry-related interactions. Figure 9 shows an
overlay of the MD snapshot of 14 in the crystal structure

conformation. In the MD snapshot, the biphenyl ring ex-
tends farther into the S30 binding site, reaching as far as the
biphenyl ring in the crystal structure of 2. Moreover, the
peptide unit of the biphenylacetyl group has reoriented with
its carbonyl facing the protein instead of pointing outward to
solvent as in the crystal structure of 14. The MD-refined
orientation of the peptide plane overlays almost perfectly
with that seen the crystal structure of 2. These observations
suggest that the binding mode for the backbone biphenyl
groups seen in the MD simulations is probably more repre-
sentative of the solution structure than that observed in the
crystal structures of 4, 9, and 14, which may have some
perturbing effects from symmetry-related interactions in
the crystalline forms. It is worth noting the synergy of
X-ray crystallography and MD simulations in this case.
The crystallographic structures supplied essential structural
information and a reliable starting point for MD simula-
tions, while the dynamics studies allowed further exploration
of solution structures beyond what was available from the
static models.

BindingAffinity. Inhibitors 4 and 9 are larger than 14, have
more van der Waals interactions with cat L, and yet are not
more potent than 14. Part of the explanation probably lies in
the greater entropic cost of binding with 4 and 9. In parti-
cular, we expect the reduction in translational, rotational,
and torsional entropy to be greater for 4 and 9 versus 14. The
translational and rotational entropy change can be estimated
using the Sackur-Tetrode equation.9,10 This approximates
the entropic change by the loss of rotational and transla-
tional entropy of the ligand going from the ideal gas to the
bound state. At 300 K, the translational and rotational
-TΔS for 4, 9, and 14 are calculated to be 23.1, 23.1, and
22.4 kcal/mol, respectively. Moreover, inhibitors 4 and 9

have five more rotatable bonds than 14 because of the
long derivatized lysine side chain, leading to an expected
greater loss of torsional entropy upon binding. Typical
empirical values for the entropic cost of freezing a rotatable
bond range fromabout 0.3 to 0.5 kcal/mol.11-14This adds an
additional 1.5-2.5 kcal/mol entropic cost for binding inhi-
bitors 4 and 9 versus 14. Hence, the lack of enhanced potency
for inhibitors 4 and 9 can be rationalized in terms of entropic
costs.

Figure 6. Interatomic distance fluctuations between cathepsin
L and inhibitor 9. (a) Trp184 CG-inhibitor C4, (b) Leu144
CD2-inhibitor C28, (c) Ala138 carbonyl O-inhibitor Lys Nε.
See Supporting Information Figure S1b for atom numbering of
inhibitor 4. The significance of the various tracked distances is as
in Figure 5.

Figure 7. Interatomic distance fluctuations between cathepsin L
and inhibitor 14. Trp184 CG-inhibitor C4. See Supporting Infor-
mation Figure S1c for atom numbering of inhibitor 14. This tracks
the interaction of the backbone biphenyl with the Trp184 indole
ring.
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More difficult to understand is the difference in potency
and molecular dynamics behavior between 4 and 9, which
differ by a single hydroxyl group (a Tyr to Phe change in the

S2 subsite). Examination of the crystal structures and snap-
shots along the molecular dynamics trajectories of these two
inhibitors did not reveal any special interactionsmade byTyr

Figure 8. Stereo view of superposition of MD snapshots of inhibitors 4, 9, and 14. The structures are overlaid onto a molecular surface
representation of cathepsin L. The carbon atoms of 4, 9, and 14 are in magenta, cyan, and green, respectively. The binding subsites S3-S30 are
labeled. Note how the biphenyl groups in the S20 and S30 positions have converged into similar binding modes in contrast to the initial crystal
structure poses seen in Figure 3.

Figure 9. Stereo view of the superposition of anMD snapshot of inhibitor 14 and the crystal structures of inhibitors 2 (PDB code 3BC3) and
14. The MD snapshot, and crystal structures of 2 and 14 have carbon chains colored green, pink, and yellow, respectively. The MD-refined
binding mode of the biphenylacetyl group of 14 agrees closely with that of 2, a previously solved closely related compound.
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hydroxyl group. In fact, the binding mode and dynamical
behavior at the S2 and S3 subsites is quite similar between
4 and 9, and yet the distalNε-biphenylacetyl-lysyl side chain
of 9 is observed to be more floppy than in 4 along the MD
trajectory. Experimentally, 4 is observed to be more potent
than 9. This remains an unresolved puzzle for us. It should be
noted, as reported previously,7 that a Tyr side chain binding
in S2 is not always superior to Phe. Clearly, more work has
to be done to better understand the subtle influence that a
Tyr/Phe in S2 has on binding.

Conclusion

We have solved the crystal structures of three inhibitors in
complex withmature cathepsin L up to resolutions of 2.5, 1.8,
and 2.5 Å, respectively. These inhibitors were selected to help
clarify and elucidate the binding mode of this class of inhibi-
tors. Of particular interest was the disposition of the biphenyl
groups in the S0 subsites of the enzyme because the addition of
a second biphenyl group to the inhibitor does not improve
potency. Because of some question about the effects of
symmetry-related interactions in the crystal, we have also
carried out molecular dynamics simulations to supplement
the information provided by the crystal structure studies and
to explore the dynamical behavior of these inhibitors in the
active site. After theMD simulations, all three inhibitors have
one biphenyl group packing against the Trp189 rings. In
inhibitor 4, the second biphenyl packs against Leu144 and
Glu141. In inhibitor 9, the second biphenyl group also inter-
acts with Leu144 and Glu141 but is much more mobile. The
lack of improved affinity for inhibitors 4 and 9 relative to 14

may be due to the larger entropic cost of restricting the many
rotatable bonds of the inhibitor lysine side chain. Perhaps
forming a macrocyclic structure instead of two independent
biphenyls would reduce the entropic cost and result in im-
proved potency. The combined use of X-ray crystallography
and molecular dynamics simulations has provided a better
understanding of the binding mode of this class of inhibitors.

Experimental Section

Inhibitor Synthesis and Enzyme Assay. All Fmoc-protected
amino acids were purchased fromNovobiochem (La Jolla, CA).
4-Biphenylacetic acid and 2-phenylethylamine were obtained
from Sigma-Aldrich (St. Louis, MO). The inhibitors were
synthesized by standard Fmoc solid phase chemistry using
manual coupling as described previously.7,8 Purity was evalu-
ated by analytical HPLC and was greater than 99%. The
molecular mass of the final products was verified using a SCIEX
API III mass spectrometer (PE SCIEX, Thornhill, Ontario,
Canada). Binding affinities were taken from published data.7,8

Cocrystallization and Data Collection. Inhibitor 4. The com-
plex of cathepsin L with inhibitor 4 was prepared by incubating
the protein with inhibitor in the presence of 2 mMDTT at room
temperature for 3 h. Protein was kept in 20 mM sodium acetate
pH 5.7, 100mMNaCl, and 1mMEDTA. Because of the limited
solubility of inhibitor, 0.01 M concentration of protein and
inhibitor, which is dissolved in 25% DMSO, were used to
prepare the initial mixture with a final ratio of 1:4 M (protein:
inhibitor). After incubation, the complex was subsequently
concentrated up to 9 mg/mL. Crystals of the complex were
grown after 10 days by the hanging drop vapor diffusionmethod
at room temperature with a reservoir solution of 19%(w/v)
polyethylene glycol 8000 and 200 mM Ammonium sulfate.

Inhibitor 9. The complex of cathepsin L with inhibitor 9 was
prepared by following the above-mentioned procedure to a ratio
of 1:5 M (protein:inhibitor) and concentrated up to 10 mg/mL.

Crystals of the complexwere grown after 3weeks by the hanging
drop vapor diffusion method at room temperature with a
reservoir solution of 25% (w/v) polyethylene glycol 8000 and
200 mM ammonium sulfate.

Inhibitor 14. The complex of cathepsin L with inhibitor 14
was prepared by following the above-mentioned procedure to a
ratio of 1:5M (protein:inhibitor) and concentrated up to 15mg/
mL. Crystals appeared after 2-3 weeks by the hanging drop
vapor diffusion method at room temperature with a reservoir
solution of 30% (w/v) polyethylene glycol 8000 and 200 mM
ammonium sulfate.

All the cocrystallization drops were composed of 1 μL of
reservoir solution and 1 μLof the complex.We have also soaked
all the crystals to ensure the inhibition of cathepsin L in the
crystals by the addition of 1.5 μM inhibitor solution into the
drop. Diffraction data sets were collected on an R-axis IVþþ

area detector mounted on RU300 rotating anode detector and/
or on a synchrotron beamline, BNL, with 25% glycerol as
cryoprotectant. The data collection and refinement statistics
are provided in the Table 1.

Structure Solution and Refinement. Initial phases for cathe-
psin L inhibitor complexes were obtained by molecular replace-
ment method with Molrep15 and using the mature cathepsin L
coordinated taken from procathespin L (PDB code 1CS8). The
initial R factor was 42% for all the complexes and subsequent
refinement was carried out with CNS.16 The resulting model
with the electron density map was examined and the model was
fitted with the O program.17 Omit maps were calculated for
positioning the inhibitor molecules. All three model buildings
and refinements were carried out using O17 and CNS16 pro-
grams with appropriate entries in their respective dictionaries.
Overall geometry of final models were analyzed by PRO-
CHECK.18 Refinement statistics are given in Table 1.

Molecular Modeling. The starting structures for MD simula-
tions of inhibitors 4, 9, and 14were based on their solved crystal
structures using the AMBER 9 suite of programs.19 The AM-
BER ff03 force field20 for the proteins supplemented with
generalized amber force field (GAFF)21 atom types for inhibi-
tors generated using the antechamber module of AMBER was
used. Partial charges of the inhibitors were calculated by the
AM1-BCC method.22

Each enzyme-inhibitor complex conformation was solvated
in a truncated octahedron TIP3P water box.23 The initial dis-
tance between the wall of the box and the closest atom of the
solute was 12.0 Å, and the closest distance between the
solute and solvent atoms was 0.8 Å. Counterions (Naþ) were
added to neutralize the -9 net charge of the complex. Energy
minimization, applying harmonic restraints with force con-
stants of 10 kcal/mol/Å2 to all solute atoms, was carried out,
followed by heating from 100 to 300 K over 25 ps in the cano-
nical ensemble (NVT). The solvent density was then adjusted by
equilibrating over 25 ps in the isothermal isobaric ensemble
(NPT) to a pressure of 1 atm. The harmonic restraints were then
gradually reduced to zero with four rounds of 25 ps NPT
simulations. After additional 25 ps simulation, 12 ns production
NPT run was obtained with snapshots collected every 1 ps. For
all simulations, a 2 fs time-step and 9 Å nonbonded cutoff were
used. The particle mesh Ewald (PME) method24 was used to
treat long-range electrostatic interactions. Bond lengths invol-
ving hydrogen atoms were constrained by SHAKE.25
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Supporting Information Available: Schematic view of cathe-
psin L-inhibitor interactions, stereo view of superposition of an
MD snapshot of inhibitors 4 and 9 versus their crystal structure
binding modes, equivalent plots of Figures 5-7 for a duplicate
MD run. Thismaterial is available free of charge via the Internet
at http://pubs.acs.org.
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