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Abstract

The enzyme-binding mode of a series of interleuldre@nverting enzyme (ICE) inhibitors has been analysed

on the basis of the crystal structure of the complex between hICE and tetrapeptide aldehyde. The conformation
of these ligands were explored by performing molecular dynamics simulatid@® gis. Theconformation

adopted by these inhibitors was very similar to and could be superimposable onto the regions of crystal struc-
ture. The active and the low energy conformers were docked either by grid or manually into the binding site. The
analysis of the resulting model indicated that O-benzylacyl group of aspartyl hemiacetals interact with Cys285
and the large substituents: semicarbazone, 2,6-bis(trifluoromethyl) benzoate, other leaving groups of
(acyloxy)methyl anax-((2,6-dichlorobenzoyl)oxy)methyl ketone &= of P1 site protrude from the surface of
Cys285 and interact with Val338, which is located below the binding pocket. The hydrogen bonding interaction
between -NH of semicarbazone and Cys285 seems to have significant role. The total potential energy including
intermolecular interaction energy, consisting of dan Waals and electrostatic energies were calculated. The
resulting model is qualitatively consistent with the reportqgeeemental data and can be useful for the design

of more potent inhibitors of ICE.

Keywords: Cysteine protease, Peptide-based ICE inhibitors, Docking analysis

related site: Asp27-Gly28 (site 1) and Aspl16-Alall7 (site
Introduction 2) resulting in the generation of mature, 17.5 kDa biologi-

cally active inflammatory cytokine interleukir315,6] (IL-
Human interleukin-B converting enzyme (hICE) a 1p). Inhibition of hICE prevents cleavage of II3-Which is
heterodimer consists of two subunits with molecular weightsa potential mechanism for reducing IL-1 activity and may
of 20 kDa (p20) and 10 kDa (p10) and is a processing cysteingresent an attractive target for anti-inflammatory agents [7]
protease enzyme [1-3].reequires an aspartateRt for en-  to treat chronic inflammatory diseases such as rheumatoid
zyme specificity [4], to cleave the biologically inactive 31 arthritis, septic shock, inflammatory bowel disease and other
kDa precursor interleukinfl (pro-IL-1B) at the sequence- physiological conditions including wound healing [8-10],
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growth of certain leukemia [1ahd apoptosis [12]. Tetrapep- cover version 2.9.5 was used for all the molecular mechanics
tide corresponding to the substr&té-P1residue (Figure 1) calculations and model building were performed using IN-
for specific recognition has led to the design of several poSIGHT Il [29] (version 2.3.5) molecular modeling software.
tent inhibitors of ICE [13-17]. fiol alkylating agents [3],
compounds from substructure similarity search [18] and @ocking Procedure
cytokine response modifier gene ttren Afound in cowpox
virus [19] inhibit ICE activity. Three-dimensional structures To find a sterically reasonable binding geomestifor spe-
of hICE in complex with tetrapeptide aldehyde andcific interactions of a ligand in the active site pocket, the
chloromethyl ketone inhibitors [20,21], the mechanism ofdocking option available within the INSIGHT Il was used.
ICE catalysis involving a catalytic dyad His237 and Cys285The lowest potential energy conformers from molecular dy-
and ‘oxyanion hole” Gly238 and Cys285 have provided anamics simulations were taken to be the best candidates for
considerable insight into the structural features of these comhe grid-docking experiments. The conformers with probable
plexes. H-bonding were placed in the enzyme cavity by superposition
In this paper, we report the application of grid or manualof similar heteroatoms with those of the reference frame (crys-
docking method to the three series of ligands: aspartytal structue). The origin othis reference frame is situated in
hemiacetalsa-((2,6-dichlorobenzoyl)oxy)methyl and the active site pocket of ICE. Employing interactive docking
(acyloxy)methyl ketone containing moieties [22-24] to elu- procedure, ligands were docked into the enzyme active site.
cidate their binding mode with ICE and to explain the knownPprior to docking, the regions allowed to accommodate lig-
structure-activity data that might be useful for the design otand molecules were indicated by a rectangular box using cre-
more potent inhibitors of ICE. ate docking grid for whole ligand-binding region for each
molecule. The energy docking grid that represents the po-
tential energy of the enzyme at a finite point in space was
Methodology computed by calculating the interaction energy between the
atom of the moving molecule and the grid points using the
The 3D structure of interleukinBlconverting enzyme following expression as:
complexed with a tetrapeptide aldehyde inhibitor (acetyl-Tyr-
Val-Ala-Asp-H) [25] (entry lice in the Brookhaven Protein
Data Bank) was used in this study. Inhibitor covalently bound_ _
to Cys285 and X-ray water molecules were removed and aIIE - Z G 2&4- Z\/KZ
hydrogens were supplied and positions were refined till the ' ' ) '
convergence was reached, while constraining the heavy at-
oms. In the next stage, thecarbon atoms of the model were the quantity J can be rewritten agyl, hy = the distance be-
constrained to remain as close as possible to the corresportsiveen the grid point and the atom in the non-moving mol-
ing a-carbon atoms of X-ray structure. Once the positions ofecule. In order to clarify the orientation of the ligands in the
all atoms of the protein were computed, the entire molecul@ctive site, the electrostatic potential at den Waals sur-
was subjected to energy minimization in which constraintsface were computed using solvent surface calculations. Thus
of thea-carbon atoms were gradually removed. Calculationghe orientation with low intermolecular potential energy was
were done using the steepest descent and conjugate gradiettained (best force field score) by moving the ligand mol-
minimization algorithms. The resulting structure subsequentlyecule slowly into the active site and updating the interaction
served as the starting structure for further energy refinemengnergy continuously. After docking, the complex structure
docking and complex formation. was energy minimized by applying constraints to hydrogen
The compounds in this study with their ICE inhibitory bonded atoms in the active site. Finally, the whole system
activity are given in Table 1-3. Each of the ligands werewas relaxed to low rms value by using conjugate gradient
built using the crystal structure of tetrapeptide aldehyde anchethod.
energy minimized. Ptal charges were assigned to the en-
zyme and ligands by Gasteiger method. The systematic con-
formational search was performed on each of the minimize@Results and Discussion
ligands using 100 ps molecular dynamics simulations as re-
ported previously [26] at 300 K. Dynamics were equilibratedrigure 2 shows the active site of energy minimized complex
for 10 ps with time step of 1 fs and continued for 100 psof aspartyl hemiacetal corresponding&and its mode of
simulations. The resulting low energy structure was extracte@inding with ICE. The interaction begen Ag341-NH...O
and energy minimized to 0.001 kcal/mol-A. The non-bonded/al, Arg341-0...HN and oxyanion O of -C=0 Val atoms of
cutoff distance of 8 A and a distant dependent dielectric conaspartyl hemiacetals containing benzyloxycarbodylafe
stant (e = 4rij) [27jvas employed. All calculations were per- responsible for specific recognition of the substrate by en-
formed on a Silicon Graphics INDY R4400 workstation (Sili- zyme. The intermolecular hydrogen bonding to residue
con Graphics Inc., USA). CVFF [28] implemented in Dis- Gly238 located in the "oxyanion hole" with acceptor carbo-
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P4 P3 P2 P1 Another important finding of docking studies suggest that -
N- atom of semicarbazone (SC) functionality seems to have
significant role in hydrogen bonding interaction with SG atom
) R o R of Cys285.
HJ\ )\/HJ\ )\/ It is interesting to note that the cyclic hemiacetals of
- ; N : N aspartyl equivalent group exhibit more stable docking con-
- H | - H | formation than that of the aspartate alone. The back bone
R O R o conformation ob in the most stable orientation is very close
to that of complex crystal structure. The change through the
docking experiments seen in the torsion angle of C2-C3-N4-
C5, O-C5-C6-N7, vary by about 30.1 and 70.5°. This differ-
ence is due to the cyclic aspartyl equivalenPatsite or
position of oxyanion and semicarbazone groups. From the
structure-activity data of the compounti®nd 3 (Table 1),
the hydrogen bonding interaction of carbonyl groupat
site with Gly238 and Cys285 is essential for activity. The
nyl group (2.06 A) ofP1 aspartate may be stabilized by ac- interaction energy of the most stable docking models shown
tive site His237. However, the donor group Val-NH take partin Table IV explain the high activity of ligansand7. Thus
in strong hydrogen bonding interaction with the oxygen atonthe present study identifies thele of ‘oxyanion ‘ in the
of Arg341. This residue is well defined site in most of the binding mode ob. It was reasoned from this study that the
conformers of the lignd4. The terminal benzyloxycarbonyl hydroxyl group present in the cyclic hemiacetals participate
(2) group positioned in th@4 site exhibits similar type of in the hydrogen bonding formation with the enzyme and is
conformation to that of Tyr residue as present in the crystagéssential for activity.
structure. The complexes of cyclic hemiacéiahnd semi- In a-((2,6-dichlorobenzoyl)oxy)methyldtone 9 (Table
carbazone derivativewith ICE confirmed the results of bind- 2) the absence of hydrogen bonding interaction with Gly238
ing orientation of the reported peptide aldehyde complexs due to orientation of 2,6-dichlorobenzoyloxy functional-
structure. The oxyanion and ring oxygen of lig&ndteract ity deep in the pocket involved with Val338 and made a way
with Gly238 and His237 which have strong hydrogen bond-for oxyanion which bind with Ser339 through hydrogen bond-
ing with distances 2.76 and 1.83 A between His237-ND1...0ng interaction as depicted in Figure 3. The 2,6-dichloro-
of Asp and Gly238-NH...O of carbonyl oxygen respectively. benzoyloxy carbonyl group forms strong hydrogen bond with

Figure 1. Critical binding sites of the crystal structure of

tetrapeptide aldehyde inhibitor of ICE along with the peptide
back bone residues. P1, aspartic acid; P2, alanine; P3, valine;
P4, tyrosine.

Pro B343

Arg B341 J}
His B342
A

C}’S A285 Figure 2. Binding mode of most stable docking
model of ICE/inhibitor5 complex containing-
aspartyl aldehyde moiety. The active site residues
of hICE involved in hydrogen bonding
interactions are shown in dashed lines. The
change in torsion angle of C2-C3-N4-C5 (99.0)
and O-C5-C6-N7 (-31.04) are also shown.

al 'B338 Gln B385
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Pro E543 His B34

Arg B34

Arg A17 3

His Ad37

Figure 3. The minimized energy structure of ICE/#a-((2,6- and show no hydrogen bond formation with the enzyme. The
dichlorobenzoyl)oxy)methyekone 9. The active site residues conformations differ largely @he P1 site from that of lig-
involved in the interaction are shown and the hydrogens areand 9 which is nearly identical to that of crystal structure.
omitted for clarity. The compound® has strong binding affinity -101.1 kcal/mol
(Table 4) with the active site residues.

Regarding acetyl-Tyr-Val-Ala-Asp-[(2,6-[(bistrifluoro-
Ser339-NH...0=C- and -oxygen of Ser339 to back bone -NHyethyl)benzoylJoxy]methyl keton#3 built by taking ligand
of aspartate (1.97 A) and is comparable with crystal strucs as reference frame, the substitution of 2,6-(bistrifluoro-
ture, the distance is 2.30 A This type of hydrogen bond|ng~nethy|) benzoy|oxyrnethy| fragment aP1 site was posi_
was not present in hemiacetals. Two strong charge-charggned deep in the "oxyanion hole" consisting of Cys285 and
type of hydrogen bonds are formed beéw Ag179-N and  G|y238 and formed two hydrogen bonds with Cys285. In
hydroxyl and -O- atoms of aspartyl carboxylateugr. The  one case aspartyl -NH formed hydrogen bond with SG atom
dipeptide and tripeptide analogue),(11 and 12) exhibit  of Cys285 (-NH-SG distance = 2.36 A) and in the other a
Similar Orientation W|th that 09, but the Sh|ft in 2,6- hydrogen bond between benzoy|oxycarbony| -C=0...HN Of
dichlorobenzoyloxy group positioned away from the activecys285 was formed. The Gly238-NH...O=C- type of H-bond-
site by about 6 A with Cy3285, Va|338, and Ser339 reSidueﬁjg was seen witP1 aspartic acid. The 2,6_d|methy| substi-
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Figure 4. The minimized energy structure of IC&/
complex in the final docking model. The dotted lines
show potential hydrogen bonding interactions and
numbers on the lines present distances ( A).

tuted ligand 14 is unfavorable for interaction with oxyanion binding energy. The structure of ICE reveals that Arg341,
hole and is less active. This may be due to presence of highrg179 and GIn383 form hydrogen bonds with O atom of
electron-withdrawing substituent (trifluoromgthin13made  alanine, carbonyl oxygen of leaving group and aspartic acid.
way for leaving group with the active site Cys285. The These results suggest tia Tyr is essential, while electron-
oxyanion of this inhibitor is stabilized by active site His237 withdrawing groups at 2,6 positions of leaving group are
which is located within the hydrogen bonding distance offavorable for ICE inactivation but not the substituents of
3.74 A (Table 4) with the enzyme. It is assumed to be thdiigher pKa values.

stable conformation close to the crystal structure in which The RMS deviation was measured between the non-hy-
the aspartic acid OH group shifted to Argl179 and showed @rogen atoms of the ICE/ligand in the docking model after
strong hydrogen bonding interaction (OH...N-Arg179 distancesnergy-minimization and in the crystalwstture of ICE (Ta-

= 2.29 A) (Figured). The tosion angle 3 of O-C4-C5-CB ble 4) to study the structural effects of ligand binding. The
varied about 27%due to the different substituentit Com- patterns of RMS difference produced by the ligand binding
pounds, phenylpropionyl peptidyl (acyloxy) mettiyda and in the complex is similar for all three series and are in the
19a (Table 3) showed higher binding energy than therange of 2.9-3.0 A. The changes in binding energy is related
(allyloxy)carbonyl (acyloxy)methyl ketone$%b, 20b). These  to conformational rearrangements in the active site pocket of
ligands were built from the complexed structurel8fwith ICE induced by ligand with efficacies suggesting a correla-
the enzyme. The 2,6-bis (trifluoromethyl)benzoate leavingtion between the structural changes and activity variation.
group did not involve in hydrogen bonding interaction with

Cys285. The carbonyl leaving group positioned itself within

the hydrogen bonding distance with Cys285 (2.70 A). TheConclusions

ligand having the highest activity in (allyloxy)carbonyl

(acyloxy)methyl ketone sies 15b built from 13 exhibited By the use of a docking approach we have studied the bind-
similar conformational orientation in the "oxyanion hole” to jng mode of a series of aspartyl hemiacetals((2,6-

that of 13 and large change in the aspartic acid position wagjichlorobenzoyl)oxy)methyl and (acyloxy)methyl ketones.
observed. The carboxylic acid group of aspartic acid orientegh our model, O-benzylacy! of aspartyl hemiacetals is found
to P1 site and participated in hydrogen bonding interactiontg jnteract with Cys285 while semicarbazone an((2,6-

with Cy5285 Theconformational ﬂeX|b|I|ty in absence of dich'orobenzoy') Oxy)methy| Qups o1 site protrude from

P4 Tyr moiety caused this type of interaction and has lesshe surface of Cys285 and interact with Val338, which is lo-
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cated near the bottom of binding pocket. The intermolecular.
interaction energy results reveal the intpoce of P1 site
leaving groups for substrate specificity. The hydrogen bond-
ing interactions with Cys285, Gly238 and His237 seem to
play a crucial role for tight binding. In addition, the calcu-
lated RMS deviation pattern was similar in all ICE/ligand
and suggest that the changes in binding energy is due to tige
ligand induced conformation within the active site. We sug-
gest from these studies that the electron-withdrawing groups.
are desired for interaction with oxyanion hole but not the
higher pKa values. Finally, the interaction energies of en-
zyme-inhibitor complexes calculated through docking and

molecular dynamics simulations are in agreement with thelO.

reported experimental data, thus may be used for the rational

design of more potent inhibitors of ICE. 11.
12.
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Table 1a.hICE inhibitory activity of peptide aspartyl hemiacetals containing aspartyl aldehyde equivalents

compound structure Ki(uM)
‘? ﬁ
1 A “ 110
o)
0
/
o
0
2 not available
OH
0
/
Ov ML ’
NH
3 NH 1.9
OH
0
/
O 0
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4 o~ NH NH 0.011
| : OH
o)
0
Vi
0 0
w A 1w 1P
\W _ NH | \_/\NH
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Table 1b. hICE inhibitory activity of peptide aspartyl hemiacetals containing aspartyl aldehyde equivalents

451

compound structure K,(uM)
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/
@] o] o
NHMU\ \/|/VNH\)‘\
\l/ NH NH
| : | ; OH
6 o] o] zi 0.038
OH NH,
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|
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NHM‘L NHVU\ H
\W 7N <" NH 0
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Table 2. hICE inhibitory actvity of a-(2,6-Dichlorobenzoyl)oxymethyl and (Acyloxy)methyl ketones

compound structure (M5

9 7.100 £ 200
10 41.000 * 700
11 406.700 + 38.400
12 no inhibition at 20 mM
13 9.6 x 10
14 1x10

R,= —O(C=0)-2,6-ClPh; R= —O(C=0)-2,6-(CF),Ph;  R= —O(C=0)-2,6-(CH),Ph
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Table 3. hICE inactivation rate of peptide (Acyoxy)methyl ketone containing moieties

k (M1

o] : o) COH
\Cog-l
a b
compound Ar
FC
15 900,00 5,300
CFK,
HO
16 T ; 710,000 2,700
O OH
HC
17 r ; 1,200,000 812
o] CH

18 280,000 100

o)
19 \(©\F 1,100,000 978
0
NO,
20 \,/©/ 1,300,000 61
o)
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Table 4.Energies of binding modes of ICE ligands (in kcal/mol) in the complex and stable docking states.

ligand total energy|[a] interaction[b] K, (M) k (M s1)[c] no. of rms [d]
(kcal/mol) energy (kcal/mol) H-bonds

4 192.5 -63.7 0.011 - 3 2.97
5 198.5 -66.5 0.0072 - 5 2.94
7 139.9 -73.6 0.59 - 11 3.02
9 208.5 -101.1 - 7,100 + 200 4 3.09
13 248.1 -118.1 - 9.6 x 16 6 3.00
15 302.3 -82.5 - 900 000 3 3.04
19 244.2 -91.1 - 1100 000 2 3.11
21 225.7 -64.2 - 5300 5 3.04

[a] The total energy includes the intermolecular energy (van der Waals and Coulomb energy) between hICE and the ligand.

[b] Intermolecular interaction energy between the hICE and ligand after minimization (kcal/mol).

[c] Second order rate constant for inactivation of ICE.

[d] rms deviation was measured between the non-hydrogen atoms of the ligand in the docking model after energy-minimizatio
and in the crystal structure (2.82 A).
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