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Abstract

(4-Phenoxyphenylsulfonyl)methylthiirane (SB-3CT) is the selective inhibitor of matrix
metalloproteinase 2 (MMP2). The inhibition mechanism of MMP2 by SB-3CT involves C-H
deprotonation with concomitant opening of the three-membered heterocycle. In this study, the
energetics of the deprotonation-induced ring opening of (4-phenoxyphenylsulfinyl)methylthiirane,
the sulfoxide analogue of SB-3CT, are examined computationally using DFT and QM/MM
calculations. A model system, 2-(methylsulfinylmethyl)thiirane, is used to study the stereoelectronic
and conformational effects of reaction barriers in methanol. For the model system in methanol
solution (using polarizable continuum model), the reaction barriers range from 17 to 23 kcal/mol
with significant stereoelectronic effects. However, the lowest barriers of the (R, R) and (S, R)
diastereomers are similar. Two diastereomers of the sulfoxide analogue of SB-3CT are studied in
the active site of MMP2 by QM/MM methods with an accurate partial charge fitting procedure. The
ring opening reactions of these two diastereomers have similar reaction energetics. Both are
exothermic from the reactant to the ring opening product (thiolate). The protonation of the thiolate
by a water molecule is endothermic in both cases. However, the deprotonation / ring opening barriers
inthe MMP2 active site using QM/MM methods for the (R, R) and (S, R) inhibitions are quite different
(23.3 and 28.5 kcal/mol, respectively). The TSs identified in QM/MM calculations were confirmed
by vibrational frequency analysis and reaction path following. The (R, R) diastereomer has hydrogen
bond between the sulfoxide oxygen and the backbone NH of Leu191, while the (S, R) has hydrogen
bond between the sulfoxide oxygen and a water molecule. The dissimilar strengths of these hydrogen
bonds as well as minor differences in the TS structures contribute to the difference between the
barriers. Compared to SB-3CT, both diastereomers of the sulfoxide analogue have higher reaction
barriers, and have less exothermic reaction energies. This agrees well with the experiments that
SB-3CT is a more effective inhibitor of MMP2 than its sulfoxide analogue.
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Introduction

Matrix metalloproteinases (MMPs) regulate functions of the extracellular matrix (ECM). These
zinc-dependent endopeptidases are involved in many biological processes, such as embryonic
development, tissue remodeling and repair,? neurophathic pain processes,? cancers,*° and
other diseases.6™ Therefore, this group of proteins is a primary target for drug design.

Gelatinase A (MMP2) is an MMP which digests type IV collagens.10 Excessive activities of
this enzyme are implicated in tumor metastasis and angiogenesis. Based on the studies of
structures and catalytic mechanisms of MMP2,11-17 many inhibitors have been developed
against MMP?2 activity.1418-23 SB-3CT is one such inhibitor that selectively inhibits MMP2
with high activity.24

Recent experiments from the Mobashery lab demonstrate that the mechanism for SB-3CT
inhibition of MMP2 involves proton transfer coupled to ring opening (Scheme 1).2° In this
mechanism, a hydrogen from the methylene group between the sulfone and the thiirane is
abstracted by the carboxylate of glutamate-404. This deprotonation initiates ring opening of
the thiirane ring, and produces a thiolate that can coordinate to the zinc ion at the active site.
This mechanism was supported by the observation of a primary kinetic isotope effect for the
methylene hydrogen. The experiments indicate that the sulfoxide analogue of SB-3CT is a
linear competitive inhibitor of MMP2 that does not undergo ring opening, despite the structural
similarity between these two species. The acidity of alkylarylsulfoxides (approximate pK, =
33)26 js significantly weaker than that of the corresponding sulfone (approximate pK, = 29).
21 This computational study tests whether the reduced carbon acidity of the sulfoxide analogue
of SB-3CT could account for the fact that it is a poorer inhibitor of MMP2.

Previously, we used density functional theory (DFT) calculations to investigate the coupled
deprotonation and ring opening of (R)-2-(methylsulfonylmethyl)-thiirane in solution (1 in
Scheme 2) as model for (R)-SB-3CT (2).28 This prepared the way for a more extensive study
of the deprotonation / ring opening mechanism for the inhibition of MMP2 by SB-3CT and its
oxirane analogue, using combined quantum mechanics / molecular mechanics (QM/MM)
calculations.?9 We apply a similar strategy to investigate the energetics of sulfoxide analogue
of SB-3CT (4 and 6) and to compare its behavior to SB-3CT as an inhibitor of MMP2. The
investigation of the sulfoxide analogue of SB-3CT has been carried out in two stages. First,
3 and 5 were used as models of 4 and 6, respectively, and studied in methanol solution using
a polarizable continuum model (PCM). Second, the energetics of the ring opening reaction of
4 and 6 in the active site of MMP2 were examined by QM/MM methods.

Computational Methods

Calculations were carried out with the development version of the Gaussian Series of programs.
30 B3LYP density functional theory31-33 was chosen since it performs better than other level
of theories when compared to CBS-QB334:3% calculations on these systems.28 The 6-31+G(d)
basis set was used for geometry optimization followed by single point calculations with a 6-311
+G(d,p) basis set. All calculations were carried out in solution using the integral-equation-
formalism of the polarizable continuum model (IEF-PCM),36 and methanol (dielectric constant
€= 32.63) as solvent. Transition states (TS) were confirmed by vibrational frequency analysis
and had only one imaginary frequency. The solution phase enthalpies reported in this study
are based on IEF-PCM/B3LYP/6-311+G(d,p) energies with optimized geometries and zero
point energies obtained with the 6-31+G(d) basis set.

Since the previous study focused on the R isomer of SB-3CT (2), all the sulfoxide analogues
in this study have the R configuration of the thiirane group (3, 4, 5, and 6). The initial structures
of complexes of MMP2 with 4 and 6 (designated as 8 and 9, respectively) were based on the
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structure of the MMP2 complex with SB-3CT (7), which was constructed using docking and
molecular dynamics methods.2°

A two-layer ONIOM method37-44 was used for the QM/MM study of the inhibition mechanism
of 4 and 6. Similar to the previous study, the zinc ion, the three imidazole rings from His403,
His407 and His413, the CH,CO,™ part of the Glu404 side chain, the thiirane with the
SOCH;, group, and one water molecule coordinating with zinc in MD simulation were included
in QM region (45 atoms). The B3LYP/6-31G(d) level of DFT was employed to describe the
QM part of the system, and the parm96 parameter set of the Awezx force field*® used to describe
the MM part of the system. QM/MM geometry optimization was carried by a mechanical
embedding scheme (electrostatic interactions between the QM and MM regions are handled
by MM). Single point calculations with electronic embedding** in this scheme were used for
the final QM/MM energies calculated at the ONIOM(B3LYP/6-311+G(d,p):AMBER) level
of theory. The QM/MM energetic profiles reported here were generated using these single
point energies of reactant, TS and product for each analogue. All ONIOM calculations were
carried out with the development version of Gaussian.3°

The TSs identified in QM/MM study were confirmed by following methods. Since a full
vibrational frequency analysis is not practical for the entire MMP2-inhibitor system at this
time, only the two lowest vibrational frequencies of TSs were calculated. The presence of only
one imaginary frequency confirmed that these structures are transition states. Secondly, a
partial protein model was constructed containing all of the QM region atoms, the moving parts
of the MM region, and enough frozen parts of the MM region that surround the first two parts.
Full frequency analysis was carried using the partial models of both TSs. There are numerous
dangling bonds in the frozen MM region of the partial model, but these missing bonds have
little effect on the frequency calculations since these atoms are frozen during optimization. The
vibrational normal modes of TSs were inspected visually.

To obtain accurate energies, we developed a method for obtaining partial charges for the
reactive system that alternates between QM/MM geometry optimization and Res»*6:47 charge
fitting.2° This procedure is described as following. (1) A preliminary set of partial charges was
obtained for the substrates in the gas phase using the Resr procedure. (2) The reactant, TS and
product were optimized by ONIOM calculations using mechanical embedding with the
preliminary partial charges. (3) The QM atoms of the reactant, TS and product from the ONIOM
geometry optimizations in the second step were used to obtain an improved set of partial
charges using the Resr procedure, and the hydrogen atoms added to cap the dangling bonds
were constrained to have zero charges. (4) The reactant, TS and product were optimized in the
active site by ONIOM calculations using mechanical embedding with the improved charges.
(5) Step 3 and 4 were repeated until the difference in the ONIOM total energies between the
last two rounds of optimizations was less than 0.1 kcal/mol. (6) The converged geometries and
charges from the last step were used for single point calculations with electronic embedding.

Results and Discussion

Model systems in solution

The sulfoxide analogues of (R)-2-(methylsulfonylmethyl)thiirane 1 can adopt two
configurations leading to two diastereomers, (R,R)-(3) and (S,R)-(5) in Scheme 2. The
conformers of model molecules 3 and 5 have been studied in methanol. For each diastereomer,
the rotations about C-S and C-C bonds produce multiple conformers. Nine conformational
minima were identified for 3 (Scheme 3). The energy differences of these conformers are
between 0.2 and 4.8 kcal/mol. In the lowest energy conformer, 3d, the methyl group attached
to sulfoxide is anti to the thiirane group with regard to the rotation of the C-S bond, and
CH> group of thiirane is anti to the sulfoxide sulfur with regard to the rotation of the C—C bond.

J Phys Chem B. Author manuscript; available in PMC 2011 January 21.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tao et al.

Page 4

Four other conformers are within 1.0 kcal/mol of the lowest minimum. The highest energy
conformers, 3h and 3i, have obvious steric interactions between methyl and thiirane groups.
Similar results were found for 5 (see Scheme S1 in the Supporting Information). The lowest
energy conformer also has the methyl group anti to the thiirane group, and the highest energy
conformers have significant steric interactions.

For the reaction of the model systems calculated in methanol solution, acetate is the proton
acceptor, and abstracts the pro-S hydrogen of methylene group, resulting in opening of the
thiirane ring (Scheme 4). This is the same hydrogen that is abstracted at the active site of MMP2.
Starting from all of the reactant conformers, five TSs were identified for the reaction of the
(R,R) diastereomer (3-TSa-e, Scheme 4). The reaction barriers were calculated with respect to
the lowest minimum in Scheme 3. The barriers range from 16.9 to 23.3 kcal/mol. Selected
geometrical parameters for the lowest energy reactant complex and TS are shown in Figure S1
of the Supporting Information. Similar to the sulfone, the TS with lowest barrier for
deprotonation initiated ring opening has an anti configuration between the two breaking bonds,
but has a much higher barrier than the sulfone (16.9 for 3-TSd vs 11.3 kcal/mol for 1).28 For
a given orientation of the sulfoxide group in the (R,R) diastereomer, the TSs with the leaving
hydrogen anti to the breaking C-S bond in thiirane ring (3-TSd and e) have lower energies
than the TSs with syn orientation (3-TSa-c). A carbanion next to a sulfoxide group prefers to
be anti to the sulfoxide oxygen.*8:49 Thus, the TSs with breaking C—H bonds anti to the
sulfoxide oxygen (3-TSa and d) have lower energies than other orientations. With the methyl
group anti to the leaving proton (3-TSh and e), the barriers of ring opening are about 4 kcal/
mol higher. Using the infinitely separated ring opening product and acetic acid, the reaction
energies are 2.6 and 4.5 kcal/mol for the E and Z products, respectively (Figure S2, Supporting
Information). These energies are nearly the same as the heats of reaction for the sulfone system
(2.8 and 5.3 kcal/mol for the E and Z products respectively.28

The barriers for the (S, R) diastereomer (5) range from 16.9 to 22.0 kcal/mol, which is close
to the values obtained for 3. However, the TS with the breaking C—H bond anti to both the
sulfoxide oxygen and the breaking C-S bond (5-TSd) does not have the lowest barrier due to
the steric interaction between the methyl group attached to sulfoxide and the methylene group
in thiirane ring. In the conformation with the breaking C—H bond syn to the breaking C-S bond
(5-TSa-c), this steric interaction is absent and the breaking C—H bond prefers to be anti to the
sulfoxide oxygen. The TS with lowest barrier (16.9 kcal/mol, 5-TSe) has the breaking C-H
bond anti to the breaking C-S bond and anti to the methyl group attached to sufoxide group.
The reaction energies are similar to the (R,R) diastereomer, 1.7 and 3.4 kcal/mol for the E and
Z products, respectively (Figure S3, Supporting Information).

To summarize model system calculations in solution, the lowest barriers for the sulfoxides 3
and 5 are approximately 17 kcal/mol, about 6 kcal/mol higher than for the sulfone 1.28 This
observation is in agreements that the acidity of alkylarylsulfoxides (pK, ~ 33)2% is much weaker
than that of the corresponding sulfone (pK, ~ 29).27 Like the sulfone, the sulfoxide group exerts
a significant stereoelectronic effect on the barrier height.

QM/MM study

The structures and energetics for deprotonation initiated ring opening reactions of sulfoxide
analogues of SB-3CT at MMP2 active site were investigated by QM/MM methods. To facilitate
comparison with the previous QM/MM results for SB-3CT (2),2° the initial structures for the
sulfoxide reactant complexes with MMP2 were generated by deleting an oxygen from the
sulfone reactant complex with MMP2. In the complex of MMP2 and 2 (7), there is a hydrogen
bond between one oxygen of the sulfone and the backbone amide hydrogen of Leu191. A
similar hydrogen bond is found in various other MMP2 inhibitors.59:51 The complex of MMP2
with sulfoxide 4 (designated as 8) retains this hydrogen bond. The other oxygen in the sulfone-
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MMP2 complex is hydrogen bonded to a water. The complex of MMP2 with sulfoxide 6
(designated as 9) also has this hydrogen bond to a water molecule but lacks the hydrogen bond
to Leul91. The QM/MM energies of 7, 8 and 9 are given in Table 1, and illustrated in Figure
1.

MMP2 complex with 4—The reactant, TS, and product structures for the ring open reaction
of 4 at active site of MMP2 are shown in Figure 2 and Figure S4. The orientation and key
intermolecular contacts between 4 and the MMP2 active site in reactant complex, 8-R, closely
resemble the complex structure of MMP2 and SB-3CT2° and crystallographic structures of
other MMP inhibitors.1® The phenoxyphenyl side chain of 4 is located as expected in the S1’
pocket, and a strong (1.89 A) hydrogen bond from the backbone NH of Leu191 to the sulfoxide
oxygen is preserved in the reactant complex as mentioned above (Figure 2 and S4).

In reactant complex, the zinc shows tetrahedral coordination with the three histidines (2.07 A,
2.14 A, and 2.25 A) and an oxygen of the Glu404 carboxylate (1.99 A). The water molecule

included in QM region is not coordinated to zinc (3.59 A). The substrate 4 has a conformation
in which the lone pair of sulfoxide group is anti to thiirane, and CH, group of thiirane is anti
to sulfoxide group. This conformer approximately corresponds to the conformer 3f in Scheme
3 that is 1.8 kcal/mol above the lowest minimum.

In the QM/MM calculations of the TS, 8-TS in Figure 2 and Figure S4, the transferring proton
is half way between the acceptor oxygen and donor carbon (1.33 A from each). The breaking
C-S bond is elongated to 2.32 A in 8-TS. The Glu404 side chain has moved away from zinc
in order to abstract the proton. The hydrogen bond between the backbone NH of Leu191 to the
sulfoxide oxygen is preserved (1.83 A) and is slightly shorter than in the reactant complex. In
the TS, the Glu404 side chain moves away from the zinc (dz,.0 4.01 A and 4.67 A), the thiirane
ring opens and the sulfur becomes strongly coordinated to the zinc (2.31 A). The Glu404
sidechain abstracts one of the methylene protons. Because of the constraints imposed by
binding in the active site, the breaking C—H bond in the TS is neither syn nor anti to the breaking
C-S bond as observed in model systems in Scheme 4, but in between these two orientations.
The breaking C—H bond is approximately eclipsed to the C-S bond between sulfoxide and
phenyl group. Itis noteworthy that the water molecule in the QM region forms a loose hydrogen
bond with thiirane sulfur (2.35 A).

The two lowest vibrational frequencies were calculated for 8-TS (1287.8i cm™1 and 20.9
cm1) and confirmed that there is only one imaginary frequency for this TS. A full vibrational
frequency analysis was carried out for the partial model which contains all of the QM region,
the moving parts of the MM region, and enough frozen parts of the MM region that surround
the first two parts (Figure S6). Only one imaginary frequency was found (1288.6i cm™1), which
also confirmed the identity of this TS. The intrinsic reaction coordinate (IRC) was calculated
for 8-TS using the partial model to generate the reaction path from reactant to product through
8-TS. Animations of the normal mode corresponding to imaginary frequency and the IRC path
are provided in the supporting information.

In the product, 8-P1, the thiolate sulfur remains tightly coordinated to the zinc. The protonated
Glu404 stays away from zinc. As in the reactant complex and TS, the zinc has tetrahedral
coordination. Beside three histidines, the fourth ligand of zinc in 8-P1 is the thiolate. The water
molecule in the QM region does not interact with the zinc in this structure. Because a substantial
portion of the active site of MMP2 is exposed to solvent, the previous QM/MM study also
examined the protonation of the ring opening products of SB-3CT at active site of MMP2 by
the adjacent QM water molecule.2 For the sulfoxide product complex, this proton transfer
yields 8-P2 in Figure 2 and Figure S4. The hydroxide anion produced by deprotonation of
water coordinates with zinc in 8-P2 (1.86 A), displacing the thiol (dzn.g = 4.44 A).
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The barrier for the ring opening of 4 at the active site of MMP2 is 23.3 kcal/mol, which is 3.4
kcal/mol higher than the barrier of SB-3CT (19.9 kcal/mol).2? The reaction from 8-R to 8-
P1 is exothermic with an energy of —17.2 kcal/mol. However, the protonation of thiolate by
water molecule (from 8-P1 to 8-P2) is very endothermic. Therefore, the ring opening product
of 8 will favor the thiolate state (8-P1) over thiol state (8-P2).

MMP2 complex with 6—The reactant, TS, and product structures for the ring open reaction
of 6 at active site of MMP2 are shown in Figure 3 and Figure S5. The MMP2-6 reactant
complex is similar to the MMP2-4 reactant complex except for the absence of hydrogen bond
between the backbone NH of Leu191 and the sulfoxide oxygen due to the different
configuration of sulfoxide groups in 4 and 6. Instead, the sulfoxide oxygen forms a hydrogen
bond with a water molecule (shown in tube structural representation in Figure 3). This water
molecule also forms a hydrogen bond with carbonyl oxygen of Pro423 backbone (1.68 A).

In reactant complex, the zinc shows tetrahedral coordination with the three histidines and an
oxygen the Glu404 carboxylate (1.97 A). The substrate 6 has a conformation in which phenyl
group of sulfoxide group is anti to thiirane, and CH, group of thiirane is anti to sulfoxide group.
This corresponds approximately to the conformer which is 0.9 kcal/mol above the lowest
minimum in Scheme S1 (5a).

In the QM/MM calculations of the TS, 9-TS in Figure 3 and Figure S5, the transferring proton
is 1.50 A from the acceptor oxygen, and 1.24 A from the donor carbon. The breaking C-S bond
is elongated to 2.46 A in 9-TS. Compared to 8-TS, this TS is earlier in terms of proton
transferring and later in ring opening. The Glu404 side chain moves away from zinc, and the
thiirane sulfur is strongly coordinated to the zinc (2.31 A) in the TS. Similar to the 8-TS, the
water molecule in the QM region also forms a hydrogen bond with thiirane sulfur (2.34 A) in
the TS. The thiolate sulfur remains tightly coordinated to the zinc in 9-P1 (2.30 A). The zinc
has tetrahedral coordination with the three histidines and the thiolate. The proton transfer to
the product leads to 9-P2 in Figure 3 and Figure S5.

The reaction energy from 9-R to 9-P1 (-17.3 kcal/mol) and 9-P2 (—1.6 kcal/mol) are very
close to the results of complex 8. The similarity of reaction energies between 8 and 9 indicates
that the hydrogen bonds between the backbone NH of Leul91 or water molecule and the
substrate do not affect the thermodynamics of the ring opening reaction at the active site of
MMP2. However, the barrier for the ring opening of 6 at the active site of MMP2 (complex
9-TS) is 28.5 kcal/mol, which is 5.2 kcal/mol higher than the barrier of complex 8. The major
differences between 9-TS and 8- TS are the distances of hydrogen bond involved with sulfoxide
oxygen. In complex 8, the sulfoxide oxygen forms a hydrogen bond with the backbone NH of
Leu191. The hydrogen bond formed with sulfoxide oxygen is shorter in 9-R (1.81 A) than in
8-R (1.97 A), but longer in 9-TS (2.08 A) than in 8-TS (1.83 A). The stabilization effect by
this hydrogen bond is stronger in 9-R than in 8-R, but weaker in 9-TS than in 8-TS. The energy
of 9-R is 4.1 kcal/mol lower than 8-R, while the energy of 9-TS is 1.1 kcal/mol higher than
8-TS. Consequently, the ring opening reaction barrier in complex 9 is 5.2 higher than in
complex 8.

The two lowest vibrational frequencies calculated for 9-TS were 550.4i cm ™1 and 11.9 cm ™1,
confirming that there is only one imaginary frequency. The full vibrational frequency analysis
for the partial model also found only one imaginary frequency (554.8i cm™1). The lower

imaginary frequency in 9-TS is due to a larger reduced mass and a lower force constant, both
of which may be attributable to the structural differences between 8-TS and 9-TS. Animations
of the imaginary frequency mode and the IRC path are available in the supporting information.
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In the active site of MMP2, the barriers for ring opening for the sulfoxide analogues of SB-3CT
(23.3 kcal/mol for 4 and 28.5 kcal/mol for 6) are higher than for SB-3CT (19.9 kcal/mol), and
the overall reaction energetics for 4 and 6 (—17.2 and —17.3 kcal/mol, respectively) are less
exothermic than for SB-3CT (—21.0 kcal/mol). The ring opening reactions of sulfoxide
analogues of SB-3CT at MMP2 active site are less favorable than SB-3CT both kinetically and
thermodynamically. While the sulfoxide analogue of SB-3CT is observed to be linear
competitive inhibitor, SB-3CT is found to be slow binding inhibitor.25 This suggests that the
sulfoxide analogue may bind at the MMP2 active site without the ring opening, whereas
SB-3CT undergoes ring opening after binding. The higher barriers calculated for ring opening
of the sulfoxide analogues than for SB-3CT agree with this observation.

Conclusions

In this study, the energetics of the deprotonation-induced ring opening of the sulfoxide
analogues of SB-3CT (4 and 6) at the active site of MMP2 were examined by DFT and QM/
MM calculations. The mechanism involves deprotonation of the inhibitor by a glutamate in
the active site, opening of the three-membered ring and binding of the product thiolate to the
zinc ion in the active site. The reaction barriers for a model system, 2-(methylsulfinylmethyl)
thiirane (3 and 5), were studied in methanol. Two configurations of sulfoxide group were
investigated for the effect on reaction barriers. Overall, the reaction barriers range from 17 to
23 kcal/mol due to steric and stereoelectronic effects associated with the rotation about the C—
C and C-S bonds. The lowest barriers were 17 kcal/mol for both the R and S configurations of
sulfoxide group in the model system.

QM/MM methods with an accurate partial charge fitting procedure were used to study the two
diastereomers (4 and 6) in the active site of MMP2. One has a hydrogen bond between the
sulfoxide oxygen and the backbone NH of Leu191 (8), while the other has a hydrogen bond
between the sulfoxide oxygen and a water molecule (9). The barrier for 9 (28.5 kcal/mol) is
higher than 8 (23.3 kcal/mol). Both TSs were confirmed by vibrational frequency and intrinsic
reaction coordinate calculations. In addition to small differences in the geometries of 8-TS and
9-TS, differences in the hydrogen bonds in both reactant and TS complexes contribute to the
differences between the two barriers. The ring opening reactions of the two diastereomers have
similar reaction energetics, and both are exothermic from the reactant to the thiolate ring
opening product. The protonation of the thiolate by an adjacent water molecule is endothermic
in both cases. The ring opening of 4 at the active site of MMP2 is thermodynamically favorable,
and the ring-opened product is stable. However, the methylene group adjacent to sulfoxide has
lower acidity than the one adjacent to sulfone group. This lower acidity makes the ring opening
reaction of the sulfoxide analogue of SB-3CT in the MMP2 active site more difficult than
SB-3CT, accounting for the fact that it is a linear competitive inhibitor rather than a slow
binding inhibitor.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Energy profiles for SB-3CT (2) and its sulfoxide analogues (4 and 6) in the MMP2 active site.
Relative energies (in kcal/mol) were calculated at ONIOM(B3LYP/6-311+G(d,p):AMBER)
using electronic embedding with the reactant complexes used as reference states.
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Figure 2.

Reactant, transition state and products for the (R, R) sulfoxide analogue of SB-3CT (4) in the
MMP2 active site (8) optimized at the ONIOM(B3LYP/6-31G(d):AMBER) level of theory.
Energies (in kcal/mol) were calculated by ONIOM(B3LYP/6-311+G(d,p):AMBER) using
electronic embedding with the reactant complex used as reference state. The sulfoxide group
of 4 forms a hydrogen bond with the backbone NH of Leu191. Complex 8-P1 is the
unprotonated ring opening product. In complex 8-P2, the ring opening product thiolate is
protonated by a water molecule, and the resulting hydroxide anion coordinates with the zinc.
See Figure S4 in the Supporting Information for details. Atoms are colored according to atom
types (H, C, N, O, S, Zn, shown in white, cyan, blue, red, yellow, and grey, respectively).
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Figure 3.

Reactant, transition state and products for the (S, R) sulfoxide analogue of SB-3CT (6) in the
MMP2 active site (9) optimized at the ONIOM(B3LYP/6-31G(d):AMBER) level of theory.
Energies (in kcal/mol) were calculated by ONIOM(B3LYP/6-311+G(d,p):AMBER) using
electronic embedding with the reactant complex used as reference state. Sulfoxide group of
6 forms hydrogen bond not with the backbone NH of Leu191, but with a water molecule (shown
in tube). Complex 9-P1 is the unprotonated ring opening product. In complex 9-P2, the ring
opening product thiolate is protonated by water molecule, and the resulting hydroxide anion
coordinates with the zinc. See Figure S5 in the Supporting Information for details. The color
scheme is the same as Figure 2.
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Scheme 3.
(R,R)-2-methylsulfinylmethyl)thiirane (relative energies in kcal/mol)
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(R, R) diastereomer (S, R) diastereomer

Scheme 4.
2-(Methylsulfinylmethyl)thiirane transition states (barrier heights relative to the most stable
reactant conformation in kcal/mol)
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Table 1

QM/MM calculations of the energetics for the ring-opening reactions of SB-3CT (2) and the sulfoxide analogues
of SB-3CT (4 and 6) of in the active site of MMP22

inhibitor  barrier height reaction enthalpy
P1 (unprotonated product) P2 (protonated product)
7 19.9 -21.1 -0.7
8 233 -17.2 -25
9 285 -17.3 -1.6
(@)

ONIOM(B3LYP/6-311+G(d,p):AMBER)//ONIOM(B3LYP/6-31G(d):AMBER) with electronic embedding; energies in kcal/mol. (See Figures
1-3, and Figures S4 and S5 in Supporting Information)
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