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Abstract: SB-3CT, (4-phenoxyphenylsulfonyl)methylthiirane, is a potent, mechanism-based
inhibitor of the gelatinase subclass of the matrix metalloproteinase (MMP) family of zinc
proteases. The gelatinase MMPs are unusual in that there are several examples where both
enantiomers of a racemic inhibitor have comparable inhibitory abilities. SB-3CT is one such
example. Here, the inhibition mechanism of the MMP2 gelatinase by the (S)-SB-3CT enantiomer
and its oxirane analogue is examined computationally and compared to the mechanism of (R)-
SB-3CT. Inhibition of MMP2 by (R)-SB-3CT was shown previously to involve enzyme-catalyzed
C—H deprotonation adjacent to the sulfone, with concomitant opening by f-elimination of the
sulfur of the three-membered thiirane ring. Similarly to the R enantiomer, (S)-SB-3CT was docked
into the active site of MMP2, followed by molecular dynamics simulation to prepare the complex
for combined quantum mechanics and molecular mechanics (QM/MM) calculations. QM/MM
calculations with B3LYP/6-311+G(d,p) for the QM part (46 atoms) and the AMBER force field
for the MM part were used to compare the reaction of (S)-SB-3CT and its oxirane analogue in
the active site of MMP2 (9208 atoms). These calculations show that the barrier for the proton
abstraction coupled ring-opening reaction of (S)-SB-3CT in the MMP2 active site is 4.4 kcal/
mol lower than that of its oxirane analogue, and the ring-opening reaction energy of (S)-SB-
3CT is only 1.6 kcal/mol less exothermic than that of its oxirane analogue. Calculations also
show that the protonation of the ring-opened products by water is thermodynamically much
more favorable for the alkoxide obtained from the oxirane than for the thiolate obtained from
the thiirane. In contrast to (R)-SB-3CT and the R-oxirane analogue, the double bonds of the
ring-opened products of (S)-SB-3CT and its S-oxirane analogue have the cis configuration.
Vibrational frequency and intrinsic reaction path calculations on a reduced size QM/MM model
(2747 atoms) provide additional insight into the mechanism. These calculations yield 5.9 and
6.7 for the deuterium kinetic isotope effect for C—H bond cleavage in the transition state for the
R and S enantiomers of SB-3CT, in good agreement with the experimental results.
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Scheme 1. MMP2 Inhibition Mechanisms by SB-3CT (3, X = S) and its oxirane analogue (4, X = O)

His
His.. i _His
‘Q’Zn2+
o0 X
N /N
8L __HE—CH,
C/

P
H ’H\_PQ/O
Glu

design.'””?° One of these inhibitors, (4-phenoxyphenylsul-
fonyl)methylthiirane (SB-3CT), selectively inhibits MMP2
with high potency.?>*! The inhibition mechanism of MMP2
by (R)-SB-3CT is coupled deprotonation of the methylene
group juxtaposed between the sulfone and the thiirane and
the opening of the thiirane ring.>'*? This reaction creates a
thiolate anion, which strongly coordinates with the zinc at
the active site.

It is remarkable that the R and S enantiomers of SB-3CT
display similar potency as inhibitors of MMP2, even though
they are expected to have rather different binding modes in
the active site.*® The kinetic parameters for the R enantiomer
are Kon =22 £ 0.5 x 10* M™' s, Kor = 5.3 £ 0.5 x
107*s7!, and K; = 24 + 6 nM, and the corresponding values
for the S enantiomer are Ko, = 1.7 £ 0.4 x 10* M~ ' s7 !,
Kot = 4.0 £ 0.3 x 107*s™', and K; = 23 & 6 nM. Their
similar potency suggests that both enantiomers have a similar
inhibitory mechanism, despite this anticipated difference in
their binding modes. In this study we used methods similar
to our previous study of MMP2+ (R)-SB-3CT>? to investigate
these binding modes and to compare the inhibition mecha-
nism of (S)-SB-3CT (3) and its oxirane analogue (4) (Scheme
1). The MMP2+(S)-SB-3CT complex was constructed by
docking and molecular dynamics studies. The details of the
deprotonation/ring-opening mechanism for inhibition were
examined by combined quantum mechanics and molecular
mechanics (QM/MM) methods and compared to those of (R)-
SB-3CT. Vibrational frequencies, intrinsic reaction paths, and
kinetic isotope effects were calculated for both the R and S
enantiomers of SB-3CT.

.

Computational Methods

As in the previous study of the R isomer of SB-3CT, the
initial structures of the MMP2 complex with (S)-SB-3CT
and its oxirane analogue were built by docking and molecular
dynamics (MD) methods.*? A two-layer ONIOM method®*~*!
was used for the QM/MM study of the inhibition mechanism
of 3 and 4. The QM region (46 atoms) consists of the zinc
ion; the three imidazole rings from His403, His407, and
His413; the CH,CO;, ™ part of the Glu404 side chain; the
thiirane and the SO,CH, group of the inhibitor; and one water
molecule. The B3LYP/6-31G(d) level of density functional
theory (DFT) described the QM part of the system, and the
Amber force field** described the MM part of the system.
QM/MM geometry optimization was carried out with a
mechanical embedding scheme. The QM part and all residues
and solvent molecules in the MM part within 6 A of the
QM part were fully optimized (936 atoms), while the

remaining atoms were held fixed. Similar cutoffs have been
used previously in QM/MM studies of enzymatic systems
to avoid spurious changes in the energy due to remote
fluctuation in the geometry.*>** Because the MMP?2 active
site is rather open to the solvent, a smaller cutoff of 6 A
was used. The partial charges for the reactive system were
refined by alternating between QM/MM geometry optimiza-
tion and RESP*>*® charge fitting.>* With mechanical embed-
ding, the electrostatic interactions between the QM and MM
regions are calculated using these partial charges. Single point
calculations with electronic embedding*' were used for the
final QM/MM energies calculated at the ONIOM(B3LYP/
6-311+G(d,p):AMBER) level of theory. When calculated
with the same basis set, the mean absolute difference in the
relative energies with electronic embedding vs mechanical
embedding is 3 kcal/mol (see Supporting Information Table
S1 for details). All ONIOM calculations were performed with
the development version of Gaussian.*” The ONIOM tool-
kit*® facilitated the QM/MM calculations.

Results and Discussion

The MMP2+(R)-SB-3CT and MMP2-(S)-SB-3CT complexes
are compared in Figure 1. These complexes are obtained by
docking, followed by MD simulation and QM/MM geometry
optimization. Similar to (R)-SB-3CT in the MMP2 active
site, the phenoxyphenyl side chain of (S)-SB-3CT fits into
the S1” pocket, and the hydrogen bond (1.83 A) between
the backbone NH of Leul9l to the pro-S oxygen of the
sulfone is preserved. The second oxygen of the sulfone is
exposed to solvent. In contrast to (R)-SB-3CT, the plane of
the thiirane ring of (5)-SB-3CT points away from the zinc.
The Zn—S distance in MMP2+(S)-SB-3CT (4.55 A) is
significantly longer than in MMP2-+(R)-SB-3CT (2.91 A).
As a consequence, a water molecule coordinates with the
zinc in the (S)-SB-3CT complex (Zn—O distance is 2.11 A)
but not in the (R)-SB-3CT complex (3.58 A). The MMP2
complex of the oxirane analogue of (S)-SB-3CT is generated
by replacement of the sulfur of the thiirane with oxygen.
The QM part and adjacent regions were examined visually
(see Supporting Information Figure S1 for a superposition
of the reactants and transition states for 3 and 4) to ensure
that the reactant complex and the transition state have similar
hydrogen-bonding patterns with the solvent water molecules,
to avoid spurious differences in barrier heights caused by
minor changes in the solvent.

A. Deprotonation and Ring-Opening of the Inhibi-
tor. The reactant, transition state (TS), and product structures
for the inhibition of MMP2 by (S5)-SB-3CT are shown in
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Figure 1. Structures of (R)-SB-3CT and (S)-SB-3CT in the MMP2 active site optimized at the ONIOM(B3LYP/6-31G(d):AMBER)
level of theory. Residues of MMP2-(R)-SB-3CT and MMP2-(S)-SB-3CT are shown in ball-and-stick representation with atom
colored according to atom types (H, C, N, O, S, and Zn, shown in white, cyan, blue, red, yellow, and gray, respectively). The

same color scheme is used in all the figures.

the top two rows of Figure 2 and selected geometrical
parameters are given in Figure S2 (Supporting Information).
The respective structures for the oxirane analogue are shown
at the bottom of these figures. In both reactant structures,
the zinc at the MMP2 active site is coordinated with Glu404,
three histidines, and one water molecule. Depending on how
the Glu404 coordinates with the zinc, two local minima are
identified for the reactant complex of MMP2-(S)-SB-3CT
and of its oxirane analogue (3-R and 3-R’; 4-R and 4-R’ in
Figure 2). In 3-R, the oxygen of the Glu404 that will accept
the transferring proton of (S)-SB-3CT is coordinated (2.05
A) to the zinc, while the other Glu404 oxygen is not (3.29
10\). For 3-R’, the —CO,~ group of Glu404 is shifted so that
the acceptor oxygen is farther from the zinc (3.60 A) and
the other oxygen is coordinated to the zinc (1.96 A). 3-R’ is
only 2.6 kcal/mol higher in energy than 3-R. Likewise, the
oxirane analogue 4-R” is 3.9 kcal/mol higher than 4-R. In
both 3-R and 3-R’, the sulfur of the thiirane is significantly
further from the zinc (by 4.55 and 4.11 A, respectively) than
the distance between the oxygen of oxirane and the zinc in
4-R and 4-R’ (2.32 and 2.26 A, respectively). The energy
of MMP2+(S5)-SB-3CT increases by 4.9 kcal/mol if the sulfur
is constrained to be closer to the zinc, similar to the distance
in MMP2+(R)-SB-3CT (2.86 A).

In the TS identified in the QM/MM calculations, 3-TS
(Figure 2 and Supporting Information Figure S2), the
transferring proton is 1.50 A from the donor carbon and 1.18
A from the acceptor oxygen, indicating that the TS is a little
earlier compared to that of MMP2+(R)-SB-3CT (C—H and
H—O distances of 1.57 A and 1.14 A, respectively). The
breaking C—S bond of the thiirane is elongated to 2.04 A in
3-TS. The Glu404 side chain moves away from the zinc in
order to abstract the proton. The TS of the oxirane analogue
(4-TS) is similar to the thiirane system (C—H and H—O
distances are 1.58 and 1.13 A), but a little later than the (R)-
oxirane TS (C—H and H—O distances are 1.43 A and 1.24
A). In the transition states, the thiirane sulfur and oxirane
oxygen are strongly coordinated to the zinc (Zn—S and

Zn—O distances are 2.38 and 1.94 A, respectively), but the
glutamate is not.

B. Vibrational Frequencies and Reaction Path Fol-
lowing. While the full frequency calculations at the current
level of theory are not feasible for the whole system (9208
atoms), the two lowest vibrational modes can be calculated.
Only one imaginary frequency is found for 3-TS and 4-TS
(1018i and 540i cm™', respectively), verifying that these
structures are transition states. Two reduced size (partial)
models were built from the full thiirane and oxirane TS
complexes by extracting all the QM atoms (46 atoms), the
MM atoms that are allowed to move during geometry
optimization (936 atoms), and enough frozen MM atoms to
surround the first two parts, for a total of 2747 atoms. When
the transition states of the reduced systems were reoptimized,
the key parameters changed very little (rmsd = 0.04 A, C—H
and O—H distances involving the transferring proton changed
by less than 0.01 A). The fact that these changes are quite
small suggests that the reduced systems are good models of
the full protein—inhibitor complexes. Using the optimized
transition states of these reduced size models, the full
frequency analysis and calculation of the intrinsic reaction
coordinate (IRC) are both practical with the latest version
of the code.*” The frequency analysis for the partial models
of the TSs gives imaginary frequencies close to the full
system for both the thiirane (1031i cm ") and oxirane (601i
cmfl). As a part of the present work, similar calculations
were carried out for the TS structure for the inhibition of
MMP2 by (R)-SB-3CT.** The imaginary frequencies are 767
and 642i for the full and reduced size thiirane systems,
respectively. For its oxirane analogue, the imaginary fre-
quencies are 1217i and 1234i for the full and reduced size
systems, respectively.

The IRC was calculated using the reduced size model to
generate the reaction path from the reactants to the products
through the TSs. The profiles of the IRC paths, and the key
structures, are shown in Figure 3 (see Supporting Information
Figure S3 for R enantiomer). The reaction path calculations
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Figure 2. Reactants, transition states, and products for (S)-SB-3CT (3) and its oxirane analogue (4) in the MMP2 active site
optimized at the ONIOM(B3LYP/6-31G(d):AMBER) level of theory. Energies (in kcal/mol) were calculated at the ONIOM(B3LYP/
6-311+G(d,p):AMBER) level using electronic embedding with the reactant complexes used as the reference states. 3-P1 and
4-P1 are the cis isomers of the unprotonated ring-opening products. 3-P1” and 4-P1” are the trans isomers. In 3-P2 and 4-P2,
the cis ring-opening products are protonated by the water molecule, and the resulting hydroxide anion coordinates with the zinc.

clearly demonstrate that there are no additional barriers
between the TSs and the reactants, and TSs and the products,
for both MMP2-+(S)-SB-3CT and its oxirane analogue. The
reaction path shows that the R enantiomer of SB-3CT and
its oxirane analogue open to the trans products. The
corresponding reaction paths for the S enantiomer of the
thiirane and oxirane lead to the cis products, 3-P1 and 4-P1.
The cis products are 6.9 and 5.4 kcal/mol higher than the
trans products, 3-P1” and 4-P1’, partly because of less
favorable interactions with the active site. The different
stereochemical outcome for the two enantiomers demon-
strates that stereoelectronic control exists in the transition
state. Animations of the normal mode corresponding to the
imaginary frequencies and the IRC paths for MMP2-(S)-

SB-3CT and its oxirane analogue are provided in the
Supporting Information.

C. Thermodynamics. The energy profiles for (S)-SB-3CT
(3) and its oxirane analogue (4) in the MMP2 active site are
shown in Figure 4 and summarized in Table 1. The ring-
opening barriers for the S-thiirane and S-oxirane in the active
site of MMP2 are 16.1 and 20.5 kcal/mol, respectively. The
thiolate ring-opened product from the thiirane (3-P1) and
the alkoxide ring-opened product from the oxirane (4-P1)
both show tight coordination with the zinc in these product
complexes. The protonated Glu404 moves significantly away
from the zinc. The water molecule in both 3-P1 and 4-P1
moves away from the zinc to distances of 3.16 and 3.37 A,
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Figure 3. IRC profiles for (S)-SB-3CT (a) and its oxirane analogue (b) in the MMP2 active site using the partial model at the
ONIOM(B3LYP/6-31G(d):AMBER) level of theory. Key bond lengths are in angstroms.

respectively. The reaction energies for thiirane and oxirane
are —13.3 and —14.9 kcal/mol, respectively.

D. Product Protonation by Water. Since solvent has
substantial access to the active site of MMP2, the ring-opened
products can be protonated by solvent. Proton transfer from
a nearby water to 3-P1 and 4-P1 gives structures 3-P2 and
4-P2, respectively (Figure 2 and Supporting Information
Figure S2). Proton transfer from the water molecule generates
a hydroxide ion, which coordinates with the zinc, replacing
the thiolate and alkoxide as zinc ligands. For the thiirane
system, the protonated product complex 3-P2 is 8.7 kcal/
mol endothermic compared to the reactant complex 3-R. For
the oxirane system, by contrast, the protonated product
complex 4-P2 is 11.2 kcal/mol exothermic compared to the
reactant complex 4-R. A similar result was observed in the

study of the R enantiomer.>? This difference between the
thiirane and oxirane may explain why both the R and S
enantiomers of SB-3CT are slow-binding inhibitors of
MMP2, while their oxirane analogues are linear competitive
inhibitors.*"

E. Kinetic Isotope Effect (KIE) Calculations Using
the QM/MM Model. In our earlier studies, the KIE
calculation for the R-thiirane could only be carried out for
the solution model.>> However, recent improvements in
computer code and resources have made it feasible to
calculate the full set of frequencies for QM/MM systems.
Using the frequency calculations for the 2747 atom QM/
MM models, deuterium KIEs were calculated for both the
MMP2:(R)-SB-3CT and MMP2-:(5)-SB-3CT complexes.
The Wigner tunneling correction®® contributes a factor of
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Figure 4. Energy profiles for (S)-SB-3CT (3) and its oxirane analogue (4) in the MMP2 active site. Relative energies (in kcal/
mol) were calculated at the ONIOM(B3LYP/6-311+G(d,p):AMBER) level using electronic embedding with the reactant complexes

used as reference states.

Table 1. QM/MM Calculations of the Energetics for the Ring-Opening Reactions of Inhibitions in the Active Site of MMP22

reaction enthalpy

P1 (unprotonated

P1’ (unprotonated P2 (protonated

inhibitor barrier height cis product) trans product) cis product)
(5)-SB-3CT (3)? 16.1 -13.3 -20.2 8.7
(S)-oxirane analogue (4)° 20.5 -14.9 —20.3 -11.2

2 ONIOM(B3LYP/6-311+G(d,p):AMBER)//ONIOM(B3LYP/6-31G(d):AMBER) with electronic embedding; energies in kcal/mol. ? See

Figure 2.

1.15 for R-thiirane and 1.27 for S-thiirane. The calculated
KIE (kp/kp) is 5.9 for the inhibition of MMP2 by (R)-SB-
3CT and 6.7 for (S)-SB-3CT. These numbers agree well with
the experimental result for the racemic mixture (kuy/kp =
5.0).3!

Conclusions

The inhibition of MMP2 by (§5)-SB-3CT (3) and its oxirane
analogue (4) involves the concurrent deprotonation of the
inhibitor by the active-site glutamate, opening of the respec-
tive three-membered heterocycle, and coordination of the
heteroatom anion product to the active-site zinc. For the
present QM/MM calculations, the barrier for this ring-
opening reaction of (S)-SB-3CT in the MMP2 active site is
16.1 kcal/mol, 4.4 kcal/mol lower than the barrier for the
oxirane analogue. Abstraction of a proton from the inhibitor
by glutamate is the key event in the inhibition reaction, as
indicated by the kinetic isotope effects, and is directly
coupled with the ring-opening. In the transition state, the
heteroatom of the three-membered ring moves closer to the
zine, facilitating completion of the deprotonation and ring-
opening events for progress toward the product complexes.
The reaction enthalpies are quite similar (—13.3 kcal/mol
for 3 and —14.9 kcal/mol for 4). Reaction path following
calculations show that ring-opening of (S)-SB-3CT by MMP2
yields the cis product, while ring-opening of (R)-SB-3CT in

the MMP2 produces the trans product. The calculations show
that the protonation of the alkoxide product from the ring-
opening of 4 by a water molecule in the active site is
exothermic, whereas protonation of the thiolate from ring-
opening of 3 is endothermic. The calculated KIEs of the
reaction agree well with the experimental results, increasing
the confidence in the present study. The previous and present
studies provide the solid theoretical support for the inhibition
mechanism of MMP2.
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