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Cysteine proteases play pivotal roles in many diseases, making them attractive targets for the development of
new drugs. Prominent lead structures for irreversible inhibitors of these enzymes are peptides and
peptidomimetics containing the three-membered heterocycles epoxide, aziridine, or thiirane as electrophilic
warheads. Until now, no systematic study has been performed to analyze the inherent different inhibition
potencies of the three inhibitor types (epoxide, aziridine, thiirane) as well as their different inhibition behavior

in dependence of the environment (e.g., pH dependency of inhibition). This is the goal of the present study.
By analyzing the computed energy profiles of appropriate model reactions, we investigate to what extent a
decreasing pH value changes the mechanisms, the thermodynamics, and kinetics of the irreversible inhibition
step. Besides the energies, changes in the geometrical arrangements of the systems are also studied. Additionally,
possible influences of entropy effects are estimated and the accuracy of the theoretical approaches is assessed.
Our results show that the large enhancement of the inhibition potencies of aziridines at lower pH values
results from a strong catalysis even by weak proton donors. For epoxides and thiiranes much lower effects
are found.

Introduction

Cysteine proteases play pivotal roles in many diseases making o N
them attractive targets for the development of new diugs. o \‘..“\N N
typical irreversible cysteine protease inhibitor consists of an R™ W/A H 3 V\r
electrophilic building block (e.g., epoxide ring) attached to a o]
peptidic or peptidomimetic sequence (Figure 1). [For reviews,
see refs 1c, 1d and 2.]

Epoxysuccinyl peptides like E-64c=EP-475) and E-64d
(ethyl ester of EP-475 (Figure 1) are one of the best-studied

inhibitor classes. They are derived from the natural compound
E-64 (§9-1-[N-[[(L-3-trans-carboxyoxiran-2-yl)carbonyll-

Figure 1. Epoxysuccinyl derived cysteine protease inhibitors.

reaction leads to an alkylation of the active site cysteine residue
resulting in a covalently modified and inactivated enzyme

leucyl]amino]-4-guanidinobutane) isolated froAspergillus (E_I)_ (Figure 2). This seco_nd alkylati(_)n step is_ affected by the
japonicus® The success of this compound class as selective, Kinetics and thermodynamics of the ring opening. The second-
highly potent and irreversible cysteine protease inhibitors Order rate constant of inhibition (defined &s.cona= ki/Ki)
(“quiescent affinity labels”) has led to syntheses and evaluation describes the overall inhibition potency of irreversible inhibitors.
of analogous peptides containing other electrophilic three- FOr epoxide based inhibitors the influence of the substitution
membered (hetero)cycles: aziridirfethiiranes? and cyclo- pattern of the three membered rings on the rate of inactivation
propanes. was investigated in several studie$, but an experimental
The kinetic and thermodynamic data characterizing irrevers- differentiation between the influence on the reversible and the
ible enzyme inhibition by such inhibitors are derived from the irreversible step was seldom performed.
following minimal two-step mechanism: Such a differentiation was done by Meara and Ristho
found that the replacement of the=RCO,H substituent of the
1) epoxide ring of EP-475 (Figure 1) by R CONHOH, CONH,
or COCH; changed the first-order rate of inhibitidq only
First, in a reversible reaction a noncovalent enzyme inhibitor Slightly. Only the substituents R CO,CHCH; and CHOH
described by the first-order rate constant of inhibitionthe contrast to pseudo-first-order rates of the reaction of methyl-
negatively charged active site’s thiolate attacks the electrophilic thiolate witha,3-epoxy carbonyl compoundsat alkaline pH;
three-membered ring. The following irreversible ring-opening for these systems the rates of attack by a thiolate oo.tt@rbon
decreased by 3 orders of magnitude in the order ketoaeide
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Figure 2. Proposed inhibition mechanism of cysteine protease inhibitors containing three-membered heterocycles attached to a peptidic/peptidomimetic
chain. (His159, Cys25: active site diad, papain numbering).

important for this second step. For example, for epoxide basedof bidentate acids but did not include bulk effects of a polar
inhibitors it has been postulated that during the inactivation of solvent. Gronert and Léécompared the ring opening reactions
papain the epoxide moiety would be protonated by His#59. of oxirane and thiirane. The gas-phase ring opening of thiirane
On the basis of the crystal structure of papain alkylated by E-64, with ammonia and amines were computed by Banks and
Varughese et al. argued that the epoxide was more likely Whitel° Various aziridines were compared in an ab initio study
protonated by water (Figure 2) because of the distance of theof Nielserf® who focused on the nitrogen inversion, the
resulting hydroxyl from His15922 This finding was supported  thermochemistry and the ring opening resulting from an uni-
by Meara and RicH,who investigated the pH-dependency of molecular isomerization. Finally, various contributors to the rate
the inhibition of papain by the carboxamide analogue of EP- enhancement in gas-phase nucleophilic strain releasing reactions
475. They did not find an alkaline pH dependency for the of cyclic ring systems containing O, N, or S were studied by
inhibition of papain by the above-mentioned inhibitor. Further- Wolk et al?!
more, the association process was found to be completely pH )
independent while at pk 3 thek; value (logk ~ —1.5) was Goal and Theoretical Approach of the Present Work
1—-2 orders of magnitude lower compared to pH5. It was Since related studies are missing, we decided to perform an
postulated that this pH dependency results from a protonationinvestigation with the general aim to elucidate the impact of
of an acidic group possessing la,palue around 4. On the basis the various parts of the total system onto the inhibition
of the behavior in the alkaline pH region, a water molecule was mechanisms of the three aforementioned inhibitor types. In the
postulated as the most probable proton source. present study we focus on the question whether the different
Another example for the influence of the environment on the pH dependencies of the inhibition potency of epoxides and
inhibition is the dependency of the second-order rate constantaziridines are related to kinetics and thermodynamics of the
of inhibition ksecond= ki/K; of aziridine-2,3-dicarboxylic acid irreversible alkylation step. Relevant information is obtained
derived cysteine protease inhibitors on the pH value. For pH by computing the reaction profiles of the ring opening of
values around 7 the inhibition data reveal lovkesongvalues epoxides, aziridines and thiiranes for different environments
than for the epoxides, but for pH values around M, using quantum chemical approaches.
unsubstituted andN-alkylated aziridines are as potent as In our model system, the attacking cysteine is mimicked by
epoxidest?cdN-Acylated ones show the same pH-dependency a methyl thiolate (HC—S~) while the inhibitors are modeled
of inhibition as the epoxides, namely a pH optimum for by the three membered ring systems@X with X = O, NH,
inhibition around pH 6-7.40¢ S. Our model captures the effect of a decreasing pH value on
A direct comparison to thiiranes is only possible between the reaction profile by a series of model systems in which
aziridine-2-carboxylic acid derivativ&s!® and corresponding  solvent molecules with increasing proton donor ability are placed

thiirane$ (e.g., §-aziridine-2-carboxylic acidksecong= 1020 in the vicinity of the heteroatom of the three membered rings
M~1 min~%13 (§-thiirane-2-carboxylic acitksecong= 222 Mt and in the vicinity of the methyl thiolate. Water molecules were
min~1).5 These data show that thiiranes are less potent than theemployed to mimic environments with weak proton donor ability
corresponding aziridines. (pKa = 15.74), while NH* (pKa ~ 9.3) and HCGH (pK, ~

The inhibition properties of the three inhibitor types (epoxide, 3.8) molecules were used to simulate environments with higher
aziridine, thiirane) will be influenced from all parts of the proton donor abilities. The influence of the changing environ-
enzyme-inhibitor system (inhibitor structure, active site, protein ment is always mimicked in two ways. In the first model a
and physiological environment). Calculations can provide proton donor (e.g., Nkf) is placed in the vicinity of the
insights into the impact of the single components on the heteroatom of the three-membered ring while a water molecule
complete system and can compare the reaction mechanism ofs positioned around the methyl thiolate. In the second model,
the various aforementioned cysteine protease inhibitors. How- a second proton donor replaces this water molecule. The latter
ever, there are only various theoretical studies which investigatedcomputations also include effects that arise if the reactivity of
ring opening reactions induced by other nucleophiles than the attacking methyl thiolate unit is weakened due to the
thiolates. Lau et al* and Laitinen et al® modeled the increasing proton donor ability of the environment. Both models
noncatalyzed and the acid-catalyzed ring opening reaction ofare of interest since the attacking cysteine unit is localized
oxirane by the nucleophilic addition of acetate. In both studies, deeperly inside the enzyme than the inhibitor, i.e., the latter is
the gas-phase reactions were compared with the reactions in anore exposed to the acid environment as shown by X-ray
polar solvent. The gas-phase reactions of oxiranes with nucleo-crystallography of cysteine proteasé€onsequently, a decreas-
philes were computed by Glad and Jen¥e@ronert and Leé’ ing pH value (increasing proton donor ability) will influence
and Omoto and Fuijmot® The latter modeled the influence the inhibitor more likely than the attacking cysteine.
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TABLE 1: Influence of the Proton Donor Ability of the Environment on the Reaction Profiles of the Ring Opening Reactions

epoxide aziridine thiirane
solvent molecule TS P PH TS TSH P PH TS P PH
entry 1 gas phase +1.6 —16.9 +14.4 +6.0 —6.7 —26.9
entry 2 --f-- +16.9 —12.7 +30.2 +11.4 +10.9 —17.3
entry 3 HO/- - +14.4 —18.7 +28.4 —-7.8 +9.9 —19.1
entry 4 HO/H,0O +144 -172 -26.C +28.3 —6.1 +10.0 —17.6
entry 5 NH;"H,0 +11.8 —35.8 +12.9 —27.3 +8.5 —20.4 —19.0
entry 6 NHPNH4* +13.3 —-324 +14.4 —23.8 +9.9 —17.2 —15.5
entry 7 HCQH/HO +11.9 —-37.7 +14.1 —25.4 +9.3 —19.3 —20.6
entry 8 HCQH/HCO,™ ¢ +17.0 —-33.1 +20.0 —20.8 +15.2 —14.7 —15.9
entry 9 HCQH/HCO,H® +12.1 —-35.9 +14.3 —23.7 +9.6 —-17.5 —-18.7

2 All energy values are relative to the reactants (kcal olFor more information, see textOptimized with B3LYP since with BLYP no TS
could be located (see Table 3)Computed with the standard GAUSSIAN settings for the COSMO approach, geometries not fully optimized.
dReactants: HC® + H3;CSH.¢Reactants: HC@H + HiCS".

The paper is organized as follows: The first paragraph the three membered ring and one water molecule in the
discusses the influence of various environments on the reactionneighborhood of the sulfur center of the attacking methyl
profiles of the ring opening of epoxides, aziridines and thiiranes thiolate. The geometries of these solvent molecules were
with methyl thiolate. In the second paragraph the size of entropy explicitly optimized for the various stationary points of the
effects is estimated. The accuracy of the theoretical approachreaction path. The abbreviation - -/- - denotes that only the bulk
is assessed in the last paragraph. effects of water as polar solvent were taken into account, while

H,0/- - indicates that only one water molecule was placed in
Comparison of the Ring Opening Reactions in the vicinity of the heteroatgm pf the heterocycle. .
Environments with Increasing Proton Donor Ability In the gas phase (energies in entry 1 of Table 1, Figure 3A,

geometrical arrangements in Figure 4), the epoxide and the

The computational results are summarized in Table 1, which aziridine system possess small barriers. For the thiirane the TS
contains the relative energies with respect to the reactants (kcals even more stable than the reactants. Such behavior is quite
mol~1). It contains electronic energies instead of free energies common for ior-neutral gas-phase reactions and arises because
since the entropy effects (see below) of the present modelthe charge of the reactants (methyl thiolate) becomes more
reactions are more connected with the first reversible step of delocalized during the reactiéf'®18As published for the gas-
the inhibition mechanism than with the second, irreversible one, phase reaction of epoxides with acet&; low-energy ion-
which is the topic of the present work. In Table 1, TS and P molecule-complexes (IMC) are also found for the present ring
denote the transition states and the products, respectively. Withopening reactions. These IMCs are not given in Table 1 since
increasing proton donor strength of the solvent molecules a they are strongly destabilized by polar solvents and are therefore
proton transfer from the respective solvent molecule to the unimportant for the present investigation. For the gas-phase ring
reacting species is predicted. This is indicated by the abbrevia-opening reactions the ord&E* (thiirane) < AE* (epoxide)<
tion PH for protonated products or TSH for protonated transition AE* (aziridine) is predicted regarding the reaction barriers; i.e.,
states. In all computations except for the gas-phase reactionghe thiirane ring opening should be considerably faster than the
the COSMO approach (standard parameters of the TURBO-epoxide one, and both should be much faster than the aziridine
MOLE program packag®) with ¢ = 78.39 was employed to  reaction. Concerning the thermodynamics, we find the aziridine
account for bulk effects of the polar physiological environment. reaction to be endothermic while for epoxide and thiirane
Since computations withvalues of around 40 gave very similar ~ exothermic gas-phase reactions are predicted, i.e., for the
results they are not listed. A visualization of some data of Table thermodynamics the same trend is found as for the reaction
1is given in Figure 3. The geometrical arrangements found for barriers (Figure 3A).
the transition states and products of some selected model systems As already published for various reactions of epoxides with
can be taken from Figures-8. For the epoxide as reactant we nucleophiles the reaction profiles of the gas-phase reactions do
computedRec = 1.47 A, Reo = 1.47 A, andOCCO = 59.9° not resemble the related ones in a polar soN&HtThis is also
while for the aziridine the valueBcc = 1.49 A, Roy = 1.50 A, found by the present study. Already if only bulk effects of a
andJCCN = 60.2 were obtained. For the thiirane as reactant, polar solvent are accounted for (entry 2 of Table 1, Figure 3B),
the computations predicteRec = 1.48 A, Rcs = 1.88 A, and the reaction barriers (516 kcal mof?) and also the energies
JCCS= 66.8. All geometrical parameters are summarized in of the products increase with respect to the reactantsdl (4
the Supporting Information. The geometrical parameters of the kcal mol™). The reactants are more strongly stabilized by a
stationary points were computed with the BLYP functidhal polarizable environment than the TSs since in the former the
in combination with the TZWP basis se# including the charge is more localized than in the latter. Please note that within
reaction field of the COSMO approach. The nature of the a polar solvent all IMCs are higher in energy than the reactants
stationary points was checked by frequencies calculations. Theand do no longer represent stationary points on the potential
relative energies were obtained from single point computations energy surface.
employing the B3LYP functional in combination with the same For the epoxide system the reaction energy changes only by
basis set. A discussion about the accuracy of this approach isabout 4 kcal mot! if bulk effects are included while for the
given in the last paragraph. thiirane a change of nearly 10 kcal mélis found. For the

The molecules included to mimic increasing proton donor aziridine the reaction energy increases from akeirkcal moi™
ability of the surroundings are denoted in column 2 of Table 1. to +11 kcal mofl. These differences can be rationalized by
For example, NH"/H,0 (entry 5 of Table 1) indicates that one the different charge distributions of the products. In the product
NH4" molecule was placed in the vicinity of the heteroatom of of the epoxide reaction, the charge is mainly concentrated on
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Figure 3. Relative energies for the model reactions of oxirang, @ziridine  —), and thiirane (- - -) with methyl thiolate according to Table 1:
(A) entry 1 (gas phase); (B) entry 2 (bulk effects); (C) entry 3 (DN (D) entry 6 (2 NH*); (E) entry 8 (2 HCGH).
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Figure 4. Geometrical arrangements of the transition states (TSs, upper row) and products (P, lower row) of the gas phase computations (entry 1
of Table 1). The geometrical values obtained if only bulk effects of water as solvent are considered (entry 2 of Table 1) are given in brackets. For
more information see text.

Figure 5. Geometrical arrangements of TSs (upper row) and products (lower row) employing@Hie-Hnodel (entry 3 of Table 1). For more
information see text.

the oxygen center, which means that for reactants and productamore delocalized (two sulfur centers) which explains the
the charge is mainly localized on one center. Consequently, stronger energy rise of the products with respect to the reactants.
reactants and products are similarly influenced by a polarizable Comparing entry 1 (gas phase) and entry 2 (polar solvent)
medium. For the product of the thiirane reaction the charge is of Table 1, it becomes obvious that only the absolute values
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Figure 6. Geometrical arrangements of TSs (upper row) and products (lower row) for ta&/NiH,™ model (entry 6 of Table 1).

Figure 7. Geometrical arrangements of TSs (upper row) and products (lower row) for theHHBOO, model (entry 8 of Table 1).
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Figure 8. Geometrical arrangements of TSs for the HEHCO,H model (entry 9 of Table 1). The products of the reactions are identical those
which are given in Figure 7 (HCBI/HCO,™ model).

change while the order of activation energy and reaction energythermodynamics of the thiirane reaction change only slightly

found in the gas-phase remains. because the water molecule only acts as a solvent molecule;
If one water molecule (energies in entry 3 of Table 1, Figure e.g., no proton transfer occurs, which is in line with the p

3C, geometrical arrangements in Figure 5) is included to accountvalues of a thiol £8—10) and water£15.74). For the epoxide

for molecular effects of the physiological medium, kinetics and system no proton transfer is found either but with respect to
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TABLE 2: Enthalpy ( AH.gg) and Free Energy (AG,gg) of the Reaction Profiles of the Ring Opening Reactions

epoxide aziridine thiirane
solvent molecules TS P PH TS TSH PH TS P PH
entry 1 HO/H,O AHjgs +15.5 —16.6 +28.8 —-4.0 +11.5 —-15.0
AGggg +24.9 —-3.9 +40.9 +5.8 +20.7 —-3.9
entry 2 NH;*/H0 AHjgg +12.6 —34.9 +14.3 —-25.1 +9.8 —-18.7 —-19.4
AGoos +22.8 —23.8 +24.4 —-145 +18.2 -8.1 -9.1
entry 3 HCQH/H,0 AHjgg +12.6 —-35.5 +15.6 —-22.9 +10.7 —-17.8 —-19.7
AGyos +22.8 —25.0 +25.3 -15.8 +20.4 —-6.2 -9.9

a All values are in kcal mol'. For more information see text.

TABLE 3: Influence of the Theoretical Approach on the Reaction Profiles of the Gas Phase Reactiohs

epoxide aziridine thiirane
IMC TS P IMC TS P IMC TS P
BLYP —6.5 —2.2 —-17.6 —-12.2 +8.6 +3.1 —8.8 b —25.4
BPW91 -6.1 -0.8 -17.8 -12.6 +10.7 +3.7 -8.2 -7.9 —25.8
B3LYP —-6.7 +1.9 —-16.9 —12.6 +14.5 +5.4 —-8.1 —6.7 —27.0
°B3LYP//BLYP -6.7 +1.6 —16.9 -12.5 +14.4 +6.1 -7.8 b —26.9
B3PW91 —-6.4 +3.0 —-17.0 —-12.7 +16.1 +6.1 7.7 —5.8 —27.2
MP2/aug-cc-pVDZ d +0.3 -21.2 d +12.3 0.0 d -7.6 -315
MP2/aug-cc-pVTZ d +2.3 —20.3 d +14.0 +0.4 d =57 —30.2
CCSD(T)/aug-cc-pVDZ d -0.2 —20.7 d +11.3 +0.1 d -85 -31.9
CCSD(T)/aug-cc-pVTZ d +1.8 —19.8 d +13.0 +0.5 d —6.6 —30.6

a All DFT based computations were performed with a 6-B&Kd) basis for the heavier centers while a 6-31G(p) basis was employed for the
hydrogen centers. The basis sets used for the MP2 or CCSD(T) computation are explicitly given. All values are given in"kc&omlore
information, see text The TS could not be locate@Single point calculations with the B3LYP functional. The geometry optimization were performed
with the BLYP functionald Not calculated® Estimate based on the MP2 correction, i.e., E(CCSD(T)/aug-cc-p\& Z3(CCSD(T)/aug-cc-
pVDZ)+{E(MP2/aug-cc-pVTZ)-E(MP2/aug-cc-pVDZ). For more information, see text.

TABLE 4: Comparison of Various Approaches for the Description of Solvent Effects of a Polar Solverit

epoxide aziridine thiirane
IMC TS P TS P PH IMC TS P

Model |

COSMO +5.1 +14.4 —15.8 +27.7 +12.3 +8.3 b —15.2

PCM +9.4 +20.9 -3.7 +30.7 +18.3 +9.8 b —4.2

IEF +3.9 +13.0 —16.5 +26.6 +11.8 +6.8 b —16.1
Model Il

COSMO b +12.8 —15.1 b b —-13.1 +4.7 +10.1 —-16.4

PCM b +11.6 -9.7 b b +6.9 +3.6 +7.6 -7.7

IEF b +11.1 —17.2 b b —-16.9 +8.4 +8.3 —18.1
Model Il

COSMO b +12.5 —15.0 +24.5 b —15.6 b +10.8 —15.6

PCM b +13.4 —14.0 +27.2 b +3.6 b +13.4 —-7.1

IEF b +11.7 —15.9 +23.9 b —15.3 b +9.8 —16.2

I-PCM b +11.9 b +24.4 b —11.8 b +9.2 b

2In model | the influence of the solvent is only accounted for by various continuum approaches, i.e., no water is explicitly taken into account.
For all approaches the standard settings of the GAUSSIAN98 were employed. In model || molecular effects of a water environment are modeled
by one water molecule which is placed in the vicinity of the heteroatom X of the ring. In model Il an additional water molecule is positioned in
the neighborhood of the sulfur center of the methyl thiolate. The geometries of the water molecules are fully optimized. All calculations are single
point computations with the BLYP functional in combination with 6-313(d) basis sets. The geometries were taken from a BLYP computation
employing a TZV+ P basis set in combination with the COSMO approach. For more information see text. All values are given in keafimel
stationary point could not be located.

the situation before the absolute value of the reaction energy isof the GAUSSIAN program the computations predict an even
decreased by-67 kcal mol! to about—18 kcal moi™. Please lower reaction energy of about14 kcal mof? (see Table 5,
note that computations with the standard COSMO settings in model Il or Ill), which is comparable to those of the epoxide
the GAUSSIAN predict a proton transfer for the products or thiirane reactions.

leading to stabilized products. Further computations were not  While the reaction energy changes considerably the reaction

possible due to problems in geometry optimization. barrier of the aziridine ring opening stays around 28 kcafthol
For the aziridine system the reaction energy drops dramati- This is in line with the finding that for the TS the water molecule
cally. While the reaction is predicted to be endothermi¢ 1.4 in the vicinity of the NH group only acts as a solvent molecule.

kcal mol?) if only bulk effects of the solvent are taken into  Also all other barrier heights only change slightly if in addition
account an exothermic reactior 7.8 kcal moft?) is computed to bulk effects one water molecule is explicitly considered.
if one water molecule is placed in the vicinity of nitrogen center. Therefore, the ordeAE*(thiirane) < AE¥(epoxide) < AE*-

The reason for this dramatic change is a proton transfer from (aziridine) remains.

the water molecule to the NRHunit of the product (Figure 5). If a second water molecule is placed near the sulfur center
Please note that with the use of the standard parameters settingf the methyl thiolate to include molecular solvent effects arising
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TABLE 5: Influence of the Parameters Used for the corresponding systems (e.g., with HgOas proton donor for
COSMO Approach on the Reaction Profiles of the Aziridine the epoxide system the same activation barrier is computed, see
Ring Opening* below) indicates that this effect is small.
TS P PH In the NH;"/NH4+ model (entry 6 of Table 1, Figure 6, Figure
gas phase +8.6 +3.1 3D) a second NiI" molecule is placed in the vicinity of the
Model | attacking methyl thiolate, i.e., also the attacking methyl thiolate
GAUSSIAN +27.7 +12.3 “feels” the lower pH value. With respect to the NHH,O
TURBOMOLE +25.0 +10.8 model, our computations predict a slight rise of the barrier(1
Model Il kcal moi?) for all systems. These only minor changes arise
GAUSSIAN b c —-13.1 because no protonation of the methyl thiolate is found, i.e., the
TURBOMOLE +235 ¢ 7S NH4" acts as a normal solvent molecule.
GAUSSIAN +'\2/'Z'%el i . 156 To mimic an even higher proton donor ability of the
TURBOMOLE +93.2 c 6.0 environment we used formic acid Kg=3.8). Comparing the
Model IV HCO;H/H,0 modgl (entry 7 of Table 1) with the MH/HZO
GAUSSIAN c c 6.9 model nearly no differences are found for the epoxide. For the
TURBOMOLE +228 c —12.0 aziridine the proton donor ability of HC® is sufficient to

protonate the reactants (Figure 7, 8). However, despite the

GAUSSIANSS program package were usaJRBOMOLEindicates expected_ mcrea_sed_ electrophlll_clty of t_he protonated aziridine
the use of the standard TURBOMOLE parameters which agree with the reaction barrier increases slightly ,\,N'th respect to,thQNH
the original values suggested by Klamt and ‘Saimann?? For both H,0 model (+-2 kcal mol). Also for thiiranes a small increase
computations was set to 78.39. For GAUSSIAN a 6-3£6(d) basis of the barrier (+-2 kcal mol?) is predicted. Please note that
set was employed while a TZwP basis set was used for the despite the strong proton donor ability of Hg®only the TS

TURBOMOLE computations. The BLYP functional was used in both ¢ the aziridine reaction is protonated while the TS of the
sets of computations. The geometries were taken from the TURBO- - - .
MOLE computations. In model IV two water molecules are positioned epoxide and thirane remains unprotonated.

@ GAUSSIANdenotes that the standard parameter values of the

in the vicinity of the NH unit of the aziridine but none in the vicinity For the epoxide our computations for the HE{ZH,O model
of the sulfur center of the thiolat& The stationary point could not be  are in line with results of Laitinen et al., who studied the acid
located. Not calculated. catalyzed opening of an epoxide with acetate as nucleophile

and a second acetic acid as catalyst.

Methyl mercaptan has aKp value of ca. 9.8. As a
consequence a proton transfer should take place from the formic
acid molecule to the attacking thiolate if the acid molecule is
placed in its vicinity. We indeed find that the (HGO+
H3CSH)-form is more stable by about 3 kcal mbkthan the
(HCOH + H3CS")-form, however. Both represent minima on
the potential energy surface. In Table 1 the computations which
start from the lower-in-energy (HGO + H3CSH)-form are
given as HCGH/HCO,~ (entry 8 of Table 1, Figure 3 E). Along
the reaction path the 4&€S-unit stays protonated (Figure 7), i.e.,
also at the TS a protonated thiol unit is found. As expected, in
the products the proton moves back from thg8-unit to the
formic acid (Figure 7). In comparison with the HG@'H,0
model all barrier heights increase by aboutfBkcal mol! and
also the reaction energies indicate less exothermic reactions
about 2-3 kcal mot? lower than the barrier found with one  (4—9 kcal mof1). The increase in the barrier is understandable

water molecule alone. Please note that the decrease of the barridf€cause the thiol is a less efficient nucleophile than the

takes place although the TS is not protonated. The reactiondeprotonated thiolate. Our results explain the experimental
energy decreases strongly to abet85 kcal mot? which is observations of Meara and Ri¢hyho found a strong decrease

due to proton transfer from the NH to the alcoholat yielding ~ Of ki at decreasing pH values and connected it to the protonation
an alcohol. For the thiirane system only small changes are found.Of @n acidic group possessing kpf about 4. Our calculations
We also located the protonated product (thiol instead of thiolate), indicate that this group is the thiolate of the attacking cysteine.
but it was computed to be only somewhat lower in energy. Indeed, for the active site in cysteine proteases it could be
If the catalysis from a proton source such as Nl taken shown that the deprotonated cysteine is strongly stabilized
into account, the reaction barrier of the aziridine reaction leading to a a value of about 4, which is only slightly higher
becomes comparable to the one of the epoxide reaction. Thisthan the |, value of formic acid. To mimic the reaction of a
difference to the situation with two water molecules as catalyst still deprotonated cysteine within a quite acid environment we
underlines the strong influence of a proton source on the relativealso computed the reaction starting from the (HB8O+
reaction velocities. For the thermodynamics such a proton sourceHsCS")-form (entry 9 of Table 1, Figure 8). Along this reaction

around the thiolate anion (entry 4 of Table 1) only very small
changes are found in all cases. Also the relevant geometrical
parameters are nearly identical to those shown in Figure 5.
Placing an NH'™ molecule instead of a water molecule in
the vicinity of the NH group of the aziridine (entry 5 of Table
1) the computed reaction barrier of the ring opening reaction
decreases dramatically (12.9 vs 28.3 kcal THplThe reason
for this remarkable change is the protonation of the emerging
NH~ unit already at the transition state. Also the reaction energy
is lowered from around-7 to —27 kcal mot! if catalysis by
an NH;© molecule is considered. The relevant geometrical
parameter can be taken from Figure 6. Figure 6 depicts the
situation for the NH*/NH4™ model but the relevant parameters
of both models are very similar. The reaction barrier of the
epoxide reaction is computed to be 11.8 kcal mholhich is

even reverses the order: whildg (epoxide)= AEg (thiirane) path the methyl thiolate remains deprotonated also at the TS
< AEg (aziridine) is found for environments without an but both reaction paths, HGB/HCO,~ and HCQH/HCOH,
effective proton sourceAEgr (epoxide)< AEg (aziridine) < end in the same products. For the unprotonated methyl mer-
AER (thiirane) is computed if a proton source like hiHis captan our computations predict lower barriers (ca. 5 kcal ol

available. Influences of the Nfi could also result since it  for all systems underlining the expected higher reactivity of the
represents a charged specieslowever, a comparison to the thiolate.
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Comparing HCGH and NH,™ as proton sources (Table 1, barriers and energies:(—2 kcal molY) are predicted if instead
entries 5 and 7), the increased donor ability of HEGeems of the aug-cc-pVDZ2° the more flexible aug-cc-pVTZ basis is
to slow the aziridine and thiirane reactions to a small extent used. CCSD(T) computations in combination with the larger
while no change is found for the epoxide. A protonation of the aug-cc-pVTZ basis set were not feasible. Therefore, to estimate
methyl thiolate (entry 8) influences all reactions in a similar the CCSD(T)/aug-cc-pVTZ level of theory, we added the
manner so that again no changes in the trends are observed. difference between MP2/aug-cc-pVDZ and MP2/aug-cc-pVTZ
computation to the CCSD(T)/aug-cc-pVDZ result. A comparison
Estimation of Entropy Effects of these methods with the DFT approaches shows that the barrier
heights obtained with the B3LYP/6-311(d) approach agree

In the present study, differences between the alkylation steps = .
of the epoxide, aziridine and thiirane inhibition mechanisms aStonishingly good with the CCSD(T)/aug-cc-pVTZ approach
while the predictions of the hybrid functional BLYP are-8

were studied on the basis of relative energies; i.e., entropy effects . h : !
were not taken into account. kcal mol™® lower. Since the RI (resolution of identifif)ansatz

Table 2, which lists the computeiH and AG values for allows a very efficient implementation for pure gradient
some of t’he present model reactions, seems to indicate gcorrected functionals we tested if the BLYP functional is

tremendous influence of entropy effects. With respect to the accurate enough for the d_eterminat_ion of thg geometr_ies. Indged
activation energies (Table 1) the free activation energies are T@ble 3 shows that relative energies obtained by single point
much larger and the computed absolute values of the freecalculations with the B3LYP functional employing the BLYP
reaction energies (Table 2) are smaller than the correpondinggeometries (in Table 3 abbreviated as B3LYP//BLYP) are also
reaction energy values in Table 1. The entropy effects are quite!n lin€ with the CCSD(T) results (deviations of about 1 kcal
uniform for all reactions. A closer inspection, however, shows Mol™). Please note that the B3LYP//BLYP approach under-
that the entropy effects mainly influence the reaction profiles €stimates the exothermicity of the reactions-@kcal mol).
only up to the TSs. While the barriers increase considerably For various ring-opening reactions of epoxides with nucleo-
the free energy differences between the TSs and the productsphiles, it could be shown that the influence of a polar solvent
are very similar to the corresponding energy values. This is tremendous*!®Therefore, a careful analysis of the accuracy
indicates that the major part of the entropy effects stems from of the various theoretical approaches was performed. The results
the loss of the rotational and translation degrees of freedom are summarized in Table 4. Many effects of a polar solvent can
due to the association process. Relating this finding with the already be accounted for if the solvent is described as a
two step model (eq 1) assumed for the inhibition mechanism polarizable continuum (bulk effect?).To determine the most
of irreversible inhibitors containing electrophilic warheads, it appropriate continuum approach we tested the COSMO (con-
becomes clear that the entropy efffects given in Table 2 ductor-like screening modelythe PCM (polarizable continuum
influence the dissociation constafitrather than the first-order ~ modelf2 and the more general IEFPCM (integral equation
rate constank;, which is the topic of the present work; i.e., a formalism polarizable continuum modéf)which contains both
comparison on the basis of energy differences is better suitedformer approaches as limiting cases. In Table 4 these computa-
for our question. tions are summarized as model | (corresponding to entry 2, Table
The values in Table 2 do not include entropy effects arising 1). Nonlinear effects, which arise from the molecular nature of
from reorganization of the water shell which are known to the solvent, were investigated by placing one water molecule
dominate total entropy effects for reactions of charged systéms. in the vicinity of the heteroatom of the ring (model I,
An accurate determination of such effects is difficult but for corresponding to entry 3, Table 1) and an additional water
the present study qualitative considerations are already quitemolecule in the neighborhood of the sulfur center of the methyl
informative. Because of the strong basicity of the emerging NH  thiolate, respectively (model I, corresponding to entry 4, Table
unit of the aziridine system both TS and product become already 1). The geometries of the water molecules were fully optimized.
protonated by weak proton sources. For epoxide and thiirane,In these calculations, bulk effects were also accounted for. For
we only predict the protonation of the product. Since such model Ill we also tested thedPCM model (isodensity surface
protonations neutralize the reacting system, it will lead to a less polarized continuum mode¥.In all calculations, the geometries
ordered solvent shell. The resulting entropy effects are positive; were optimized within the given approach. Since all functionals
i.e., they should favor the ring opening. For aziridines these showed comparable trends we focused on the BLYP functional.
effects will lower already the barrier while for both other Please note that the values of Table 1 and Table 4 do not agree
systems only the reaction energies will become more favorable.completely since the ones of Table 1 are computed with the

B3LYP functional while the BLYP functional was used for
Assessment of the Accuracy of Employed Theoretical Table 4. All trends are identical, however.

Approaches A comparison of the different theoretical approaches in Table

Gas-phase results computed with various quantum chemical4 shows that the COSMO and the IEPCM approach agree
approaches are summarized in Table 3. All DFT based quite nicely while the PCM predicts considerably higher reaction
computations were performed with a 6-31G(d) basig’ for barriers and less exothermic reactions. For epoxide and thiirane
the heavier centers while a 6-31G(p) basigas employed for a test of the reliability of the various approaches is possible by
the hydrogen centers. The AO basis sets include diffuse considering the influence of the additional water molecules
functions for all heavier centers to ensure a reliable description (model 1l and Ill) on the activation barriers or the reaction
of the negative charged centers. In line with findings in the energies. The influence should be small since the water
literature?® hybrid functionals tend to predict higher reaction molecules only act as solvent molecules. Table 4 indeed shows
barriers than pure gradient corrected ones@%cal mol?). that the COSMO and the IEFPCM ansatz do not change
The reaction energies depend less on the chosen functiornal (1 considerably if the number of explicit solvent molecules
kcal mol ). Differences between the MP2/cc-pVDZ and the increases £2 kcal moll). For PCM, the computed reaction
corresponding CCSD(T) resultsare even smaller<(1 kcal barriers and the reaction energies strongly depend on the number
mol~1). Within the MP2 approacP, somewhat higher reaction  of explicit water molecules. The superiority of COSMO or HEF



7700 J. Phys. Chem. A, Vol. 108, No. 38, 2004 Helten et al.

PCM against PCM is also supported by the results from the  Supporting Information Available: Table of the absolute
|—PCM approach. values of the energies and the Cartesian coordinates of the
Within the calibration of the theoretical approaches we always B3LYP/TZV+P // BLYP/TZV+P computations. This material
compared standard single point computations performed with is available free of charge via the Internet at http://pubs.acs.org.
GAUSSIAN98 with standard single point computations employ-
ing TURBOMOLE to test the robustness of the theoretical
description. Such test calculations seem to be important since

continuum approaches often fail if charged systems are in- (1) (a) Broemme, D.; Kaleta, Curr. Pharm. Des2002 8, 18, 1639~
volved3132Standard GAUSSIAN9S8 calculation means that we 1658. (b) McGrath, M. EAnnu. Re. Biophys. Biomol. Structl999 28,

_ ; ; ; At 181-204. (c) Otto, H.-H.; Schirmeister, TThem. Re. 1997, 97, 133~
used a 6-31+G(d) basis for the heavier centers in combination 171. (d) Powers, J. C.: Asgian, J. L. EKici, O. D.: James, KCEem.

with the standard parameters of the GAUSSIAN98 program Re,. 2002 102 4639-750. () Leung-Toung, R.; Li, W.; Tam, T. F.:
package for the COSMO or for the other approaci&tandard Karimian, K.Curr. Med. Chem2002 9, 979-1002. (f) Lecaille, F.; Kaleta,

TURBOMOLE denotes that we used a TZ¥ basis set in ~ J- Bgoegwrn_e. D;Che”%- _R;I- 2302 123_4429‘438% Chem2003 3 6
combination with the standard parameters of the COSMO sssigge.c irmeister, T.; Klockow, AMini Rev. Med. Chem2003 3, 6,

approach within the TURBOMOLE program packéagelhe (3) Hanada, K.; Tamai, M.; Yamagishi, M.; Ohmura, S.; Sawada, J.;
differences between both approaches should be small since th@anaka, I.;Agric. Biol. Chem.197§ 42, 523-528.

quality of both basis sets is similar. Indeed for the epoxide and ___(4) (&) Schirmeister, TArch. Pharm. Pharm. Med. Cherh99§ 329
the thiirane model (data not shown) the deviations are within 2oy, 244 (b) Schirmeister, TJ. Med. Chem1999 42, 560-572. ()
Schirmeister, T.; Peric, MBioorg. Med. Chem200Q 8, 1281-1291. (d)

the expected range B kcal mol?). For the aziridine system,  Martichonok, V.; Plouffe, C.; Storer, A. C.; Mard, R.; Jones, Bl. Med.
however, large differences arise for the reaction energy of model Chem.1995 38, 3078-3085. (e) Yamamoto, M.; Powers, J. C.; Tachibana,

_ _ 1 _ _ 1 T.; Egusa, K.; Okawa, KPept. Chem1993 189-192.
I ( 13 vs—7 keal mof ) and Il ( 16 vs—6 kc.al mol ) as (5) (a) Schirmeister, TBioorg. Med. Chem. Let200Q 10, 2647
can be seen from Table 5 which summarizes the values yes1: (b) Bruno, G.: Schirmeister, Arch. Pharm. Pharm. Med. Chem.

computed for the aziridine system. For model | (no additional 2004 337, 90-95. '
water molecule) both approaches agree nicely. The analysis (6) Kumar, J. S. R.; Roy, S.; Dutta, Bioorg. Med. Chem. Letf.999

. : 9, 513-514.
shows that the differences are connected with the hydroxyl (7) Meara, J. P.; Rich, D. Hl. Med. Chem1996 39, 3357-3366.

anion, which arises during the proton transfer from the water  (g) Bihovsky, R.: Powers, J. C.; Kam, C.-M.; Walton, R.; Loew, R.
molecule to the NH unit. To check the convergence of both  C.J. Enzyme Inhib1993 7, 15-25. _
parameter settings with respect to the number of explicitly _ (9) Tamai, M.; Adachi, T.; Oguma, K.; Morimoto, S.; Hanada, K.;

. . Ohmura, S.; Ohzeki, MAgric. Biol. Chem.1981, 45, 675-679.
included water molecules we placed another water molecule in (10) Bihovsky, R.J. Org. Chem1992 57, 1029-1031.

the vicinity of the hydroxyl unit (model IV). For this model (11) Rich, D. H.; Inhibitors of Cysteine Proteases. Mmoteinase
the GAUSSIAN98 settings give a reaction energy of abeut Inhibitors; Barrett, A. J., Salvesen, G. S., Eds.; Elsevier Science Publishers

kcal mot? while the TURBOMOLE settings give a value B-V.; Amsterdam, 1986; pp 153178.

_ 1 : (12) (a) Varughese, K. I.; Ahmed, F. R.; Carey, P. R.; Hasnain, S.; Huber,
around—12 kcal mot™. This shows that both parameter sets P.- Storer, A. CBiochemistryL989 28, 1330-1332. (b) Varughese, K.

have drawbacks and that more explicit water molecules are|; su, Y.; Cromwell, D.; Hasnain, S.; Xuong, N. Biochemistry1992
necessary for a converged description of the hydroxyl anion. 31, 5172-5176. (c) Katerelos, N. A,; Taylor, M. A.; Scott, M.; Goodenough,
P. W.; Pickersgill, R. WFEBS Lett1996 392 35—39. (d) Bhattacharya,
Summary S.; Ghosh, S.; Chakraborty, S.; Bera, A. K.; Mukhopadhayay, B. P.; Dey,
.; Banerjee, ABMC Struct. Biol 20011, 4-20. (e) Yamamoto, A.; Tomoo,
The present study indicates that the influence of the envi- g;: l\ﬂatsug_l, Kh Hi‘rat’Q 362'”1‘53'7; é\ilir_a;%ll\ll(%;) ?;}amuEga,JK.: Ishldéi,AT.;
ikt ; iochim. Biophys. Ac A . ao, B.; Janson, C. A,;
ronmgntal pH“ value on the m.hlbltlon pOte.nC.y .Of epqmde, Amegadzie, B. Y.; D'Alessio, K.; Griffin, C.; Hanning, C. R.; Jones, C.;
aziridine, or thurane baseq cystellne protease inhibitors is in pa'rtsKurdy|a, J.; McQueney, M.; Qiu, X.; Smith, W. W.; Abdel-Meguid, S. S.:
connected with changes in the kinetics and the thermodynamicsNat. Struct. Biol.1997 4, 109-111. (g) Yamamoto, D.; Matsumoto, K;
i iridi Ohishi, H.; Ishida, T.; Inoue, M.; Kitamura, K.; Mizuno, H. Biol. Chem.
of the alklylaénon step(.j For a;mdlt?es_, weak dproton_gon%rls lead o 366 1477114777, (h) Kim. M. J.: Yamamoto. D.; Matstmoto, K.:
to 5"0“9}/ ecrefise reaction : arriers and consiaerably mprelnoue, M.; Ishida, T.; Mizuno, H.; Sumiya, S.; Kitamura, Biochem. J.
exothermic reactions. For epoxides, only the thermodynamics 1992 287, 797-803. (i) Fujishima, A.; Imai, Y.; Nomura, T.; Fujisawa,
become more favorable while the reaction barriers are only Y.; Yamamoto, Y.; Sugawara, TFEBS Lett.1997 407, 47-50. (k)

- . " I .~ Matsumoto, K.; Murata, M.; Sumiya, S.; Mizoue, K.; Kitamura, K.; Ishida,
slightly influenced. For thiiranes, no catalysis is found. This g/ chim. Biophys. Actd998 1383 93—100.

becomes obvious by Figure 3. (13) Moroder, L.; Musiol, H.-J.; Scharf, FEEBS Lett1992 299, 51—
The aziridine inhibition mechanism (association and alkyla- 53. _
tion step) will additionally be favored with respect to both other __(14) Lau, E. Y.; Newby, Z. E.; Bruice, T. . Am. Chem. So2001,

ones by entropy effects connected with reorganization of the 12?12)35&5?;? T Rouvinen. J.- Pédia, M. J. Org. Chem1998 63

solvent shell. They arise because the negative charged speciesi57-8162.
become neutral due to protonation. (16) Schrader Glad, S.; JensenJFChem. Soc., Perkin Trans.1894
Finally our study suggests that the decrease irkihvalues 871-876.

. . . (17) Gronert, S.; Lee, J. Ml. Org. Chem1995 60, 4488-4497.
of the epoxide reaction found for low pH values is a result of (18) Omoto, K.. Fujimoto, HJ. Org. Chem200q 65, 2464-2471.

protonation of the attacking cysteine. For example, in our model  (19) Banks, H. D.; White, W. EJ. Org. Chem2001, 66, 5981—5986.
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