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ABSTRACT: The reaction mechanism of mycolic acid cyclopropane synthase is investigated using hybrid
density functional theory. The direct methylation mechanism is examined with a large model of the active site
constructed on the basis of the crystal structure of the native enzyme. The important active site residue Glu140
is modeled in both ionized and neutral forms. We demonstrate that the reaction starts via the transfer of a
methyl to the substrate double bond, followed by the transfer of a proton from the methyl cation to the
bicarbonate present in the active site. The first step is calculated to be rate-limiting, in agreement with
experimental kinetic results. The protonation state of Glul40 has a rather weak influence on the reaction
energetics. In addition to the natural reaction, a possible side reaction, namely a carbocation rearrangement,
is also considered and is shown to have a low barrier. Finally, the energetics for the sulfur ylide proposal,
which has already been ruled out, is also estimated, showing a large energetic penalty for ylide formation.

Mycobacterium tuberculosis mycolic acid cyclopropane
synthases (MACSs) catalyze the cyclopropanation of the double
bond of unsaturated mycolic acids at proximal and distal posi-
tions, using S-adenosyl-L-methionine (SAM or AdoMet) as the
methyl donor (/). The mycolic acid products are lipid components
of the cell envelope of mycobacteria (2). This chemical modifica-
tion is significant for the pathogenicity, persistence, and virulence
of M. tuberculosis, making these enzymes therapeutic targets for
antibacterial drugs, like isoniazid and ethionamide (3, 4).

Four members of the MACS family have been identified,
namely, CmaAl, CmaA2, MmaA?2, and PcaA (/h—1e). These
enzymes were found to have different selectivities. CmaAl was
found to be responsible for cis cyclopropanation at the distal
position of a-mycolate (/b), while CmaA2 was shown to be
involved in trans cyclopropanation at the proximal position of
oxygenated mycolate (/d). MmaA?2 is required for cis cyclopropa-
nation at the distal position of a-mycolate or at the proximal
position of oxygenated mycolate (/e). PcaA catalyzes cis cyclopro-
panation at the proximal position of a-mycolate (/¢). The crystal
structures of CmaAl, CmaA2, and PcaA have been determined,
and they revealed >50% identity in their primary sequences,
indicating a conserved reaction mechanism (39). In the structure of
CmaAl in complex with the product S-adenosyl-L-homocysteine
(SAH) and didecyldimethylammonium bromide (DDDMAB)
(Figure 1), the inhibitor DDDMA cation adopts a U shape and is
inserted into the binding pocket. Several aromatic residues, such
as Tyrl6, Tyr33, and Tyr232, are thought to provide stabilization
to the positive charge of the ammonium through cation—x
interactions (5). A bicarbonate ion is located close to the
ammonium cation and hydrogen-bonded to Glul40, Hisl67,
and Tyr232 and the Ser34-Cys35 peptide (5).
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There is another type of bacterial cyclopropane synthase,
namely Escherichia coli cyclopropane fatty acid synthase
(CFAS), which uses unsaturated phospholipids as substrates (6).
CFAS shares up to 33% sequence identity with MACS and also
harbors a bicarbonate ion in the active site, suggesting a similar
catalytic mechanism (7).

A direct methyl transfer reaction mechanism for the enzymatic
cyclopropanation has been proposed (Scheme 1) (8) on the basis
of the crystal structure (5) and also on the basis of fluorine
substitution (8g), onium chalcogen effect (87), and deuterium
isotope effect (87) studies. In the first step, the transfer of a methyl
from AdoMet to the substrate double bond occurs to form a
carbocation intermediate. Then the bicarbonate ion acts as a
general base to take a proton from the methyl group, resulting in
ring closure. Mutations of three active site residues of E. coli
CFAS (E239, H266, and Y317, corresponding to E140, H167,
and Y232 in CmaAl, respectively), which form hydrogen bonds
to the bicarbonate, result in a dramatic decrease in activity (7).
This observation might confirm the role of the bicarbonate in the
reaction. The first step is suggested to be rate-limiting on the basis
of the onium chalcogen effect study, in which the AdoMet was
substituted with SeAdoMet and TeAdoMet and different turn-
over numbers were obtained for the three different methyl
donors (8i). In addition, substitution of the methyl donor with
deuterium shows an inverse isotope effect, further confirming the
suggestion that the methyl transfer step is rate-limiting (8i).

Previously, a metal-assisted sulfur ylide mechanism was sus-
pected, in which the reaction starts by deprotonation of the
methyl substituent of AdoMet (8a, 8b). However, this has
subsequently been ruled out (8e).

In this study, we use density functional theory (DFT) calcula-
tions to shed more light on the reaction mechanism of MACS. A
large model of the active site is designed on the basis of the crystal
structure of CmaAl. The protein surrounding is modeled by
homogeneous continuum model. Recent studies of three different
kinds of enzymes have shown that at a model size of ~150—200
atoms, the solvation effects almost vanish and the choice of
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FiGure 1: X-ray structure of the active site of CmaAl in complex with SAH and the DDDMA inhibitor (coordinates taken from Protein Data

Bank entry 1KPH) (9).

F1GURE 2: Optimized structures of the reactant, transition state, and carbocation intermediate for the nonenzymatic methyl transfer reaction.

Distances are in angstroms.

Scheme 1: Proposed Reaction Mechanism for Ring Formation in Cyclopropane Synthase
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dielectric constant becomes less important (9). This methodol-
ogy, called the cluster approach, has been successfully applied in
studying a wide spectrum of enzymes (/0), including a number of

methyltransferases (/7). The results reported here can be ex-
tended to the other members of the MACS and CFAS families.

COMPUTATIONAL DETAILS

All calculations were performed employing the DFT func-
tional B3LYP (/2) as implemented in Gaussian03 (/3). Geometry

Hzc/\'
)

A

optimizations were conducted using the standard double-¢ plus
polarization 6-31G(d,p) basis set. On the basis of these optimized
geometries, final energies were evaluated with the larger
6-311+G(2d,2p) basis set. To estimate the polarization effects
of the surrounding protein environment, single-point calcula-
tions were performed at the same level of theory as the geometry
optimizations using the conductor-like polarizable continuum
model (CPCM) method (/4) with the default UAO radii (united
atom topological model). The dielectric constant was chosen
to be 4, a value that has been used in many previous
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applications (9—11). For the small nonenzymatic model (see
below), frequency calculations were performed at the same
theory level as the geometry optimizations to obtain zero-point
energies (ZPE) and to confirm the nature of stationary points. In
the active site model, however, the size of the system (more than
180 atoms) prohibited the calculation of frequencies. However,
because ZPE effects for the methylation step in the nonenzymatic

FIGURE 3: Optimized structure of the active site model with ionized
Glul40 (React). Asterisks denote atoms that are kept fixed to their
crystallographically observed positions in the geometry optimization.
For the sake of clarity, some hydrogen atoms are not shown.
Distances are given in angstroms.

Glul40
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model are calculated to be less than 1 kcal/mol, the omission of
these in the large model is justified. In addition, to preserve the
structural integrity of the large active site cluster model, certain
atoms were kept fixed to their crystallographic positions during
the geometry optimizations (see below). Apart from these
centers, the geometries were fully optimized, including those of
transition states.

TS1
25 23.9
20-. rﬂ Int1 171 Ts3
= 15 / 13.8
g 10 R s—
5 4
04
D -5+ TN
5 |
s -10—_ . Prod \x\\
Q a5 Cluster (deprotonation) 28 \
B Cluster + solvation (deprotonation) \Prod2
E 204 Cluster (rearrangement) [ | \-24.7
-25 -{ —— Cluster + solvation (rearrangement) [-22.2]
] [:33.3]
-35

FIGURE 5: Calculated potential energy profile for MACS-catalyzed
cyclopropane formation with ionized Glu140 (black line for carboca-
tion deprotonation and red line for carbocation rearrangement).
Values in brackets are without solvation effects.

* Glu140

FIGURE 4: Optimized structures of stationary points along the reaction pathway with ionized Glul40. For the sake of clarity, His15, Tyr16,
His141, the Thr168-1le169 peptide, part of the Ala138-Phel39-Glul40 peptide, and some hydrogen atoms are not shown.
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FIGURE 6: Optimized structures of stationary points along the reaction pathway with neutral Glu140.

RESULTS AND DISCUSSION

Model of the Nonenzymatic Reaction. First, we designed a
small model consisting of a truncated sulfonium cation that
mimics the SAM cofactor, and a 3-hexene as a model of the
substrate, to study the nonenzymatic methyl transfer reaction.
No surrounding residues are included, and the model consists of
40 atoms with a total charge of +1. The comparison between this
model and the active site model will be helpful in the analysis of
the effects of the various parts in the enzyme active site. The
optimized structures of the reactant complex, transition state,

and the carbocation intermediate complex are shown in Figure 2.
The methyl transfer is calculated to occur through an Sy2
mechanism. The barrier is calculated to be 26.6 kcal/mol, which
increases to 28.7 kcal/mol (¢ = 4) and 29.2 kcal/mol (¢ = 80)
upon inclusion of solvation effects. The reaction is calculated to
be endothermic by 18.7 kcal/mol without solvation effects, and
by 19.9 and 20.1 kcal/mol with & values of 4 and 80, respectively.
At the transition state (TS), the critical Sp—C distance is 2.66 A
and the methyl group is close to planar (improper H—-C—H—H
dihedral angle of 159°). The distances between the methyl carbon
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and the two carbons of the double bond are 2.42 and 2.28 A.
Downbhill from the transition state, a carbocation intermediate
was located with the methyl group bound asymmetrically to the
double bond. The distances between the methyl carbon and the
two carbons are now 1.65 and 2.05 A, respectively. This asym-
metric feature has also been observed previously for other
methyl-bridged carbocations at both the B3LYP and MP2
levels of theory (/5). The symmetric bridging fashion, namely a
protonated cyclopropane ring, has also been considered. How-
ever, its energy is slightly higher (~1 kcal/mol), and it turns out to
be a transition state that connects the two asymmetric forms.

The results of this small model show thus that the enzyme
environment has to lower the barrier for the methyl transfer
by ~10 kcal/mol. Also, the enzyme has to provide a suitable base
that abstracts the proton to complete the reaction.

Model of the Active Site. A large model of the active site was
devised on the basis of the X-ray crystal structure of CmaAl in a
complex with SAH and the DDDMAB inhibitor [Protein Data
Bank (PDB) entry 1KPH (5)]. The model contains SAH, the
bicarbonate ion (HCO; ™), Tyr33-Ser34-Cys35, Glyl137-Alal38-
Phel39-Glul40, and Thr168-Ile169 backbones, and truncated
models of the side chains of Hisl5, Tyrl6, Tyr33, Glul40,
Hisl41, His167, Thr168, and Tyr232 (Figure 3). SAH was
converted to SAM via addition of a methyl group to sulfur,
and it was truncated with two and three carbons on each side of
the sulfur center, a case similar to the model used in the none-
nzymatic reaction described above. On the basis of previous
studies, this model of SAM has been shown to adequately
describe the S—C bond and to have sufficient flexibility to
accommodate structural changes taking place during the
reaction (9¢, 11). All residues are truncated such that only
important side chains or peptide backbones are included in the
model (see Figure 3). Hydrogen atoms were added manually. The
important Glul40 residue is hydrogen-bonded to the bicarbonate
and has a significant influence on the deprotonation step. As its
protonation state is not established, this residue is modeled in
both the ionized and neutral forms. To preserve the structural
integrity of the cluster model, the truncation atoms were kept
fixed to their crystallographic positions during the geometry
optimizations. These atoms are marked with asterisks in the
figures below. As a substrate, we used 3-hexene as in the none-
nzymatic model. The model with an ionized Glul40 consists of
181 atoms with a total charge of —1, while with a neutral Glu140
it consists of 182 atoms with a total charge of 0.

Methylation with Ionized Glul40. In the reactant structure
(React, Figure 3), the hydrogen bonding network between the
bicarbonate and the Ser34-Cys35 peptide, Glul40, His167, and
Tyr232 is well-reproduced in the model compared to the crystal
structure. No significant interaction is observed between the
3-hexene substrate and its surrounding residues. The methyl
group to be transferred is well-situated on the top of the substrate
double bond. The distances between the methyl carbon and the
two double bond carbons are 3.74 and 4.01 A. Similar to those of
other methyltransferases studied previously, the methyl transfer
is found to take place via an Sn2 mechanism (9¢, 11). The
optimized transition state for this step (TS1) and the resulting
carbocation intermediate (Intl) are shown in Figure 4. The
barrier is calculated to be 23.9 kcal/mol (21.1 kcal/mol without
solvation), and Int1 lies at 13.8 kcal/mol (9.2 kcal/mol without
solvation) relative to React. The barrier is thus ~5 kcal/mol lower
than that of the nonenzymatic model with an ¢ of 4. At TS1, the
critical S—C distance is 2.48 A, which is somewhat shorter than in
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F1GURE 7: Calculated potential profile for MACS-catalyzed cyclo-
propane formation with neutral Glul40 (black line for carbocation
deprotonation and red line for carbocation rearrangement). Valuesin
brackets are without solvation effects.

the nonenzymatic model (2.66 A) but is slightly longer than the
corresponding distance in N-methyltransferases (9¢, 17). The
distances between the methyl carbon and the two double bond
carbons are now 2.41 and 2.39 A. The Gly137-Alal38 and Tyr33-
Ser34 peptide oxygens interact with the transferred methyl group,
with O---H distances of 2.17 A. These interactions provide
stabilization to the methyl carbocation in TSI and contribute
thus to the lowering of the barrier.

Downhill from this transition state, the formed Int1 carboca-
tion is calculated to be asymmetric. The bond distances between
the methyl carbon and the two carbons are 1.67 and 1.91 A,
which are similar to those of the nonenzymatic model (1.65 and
2.05 A, respectively). At Intl, we can see that the anionic
bicarbonate is quite close to the carbocation (O---C distance
of 2.94 A). It provides electrostatic stabilization to the carboca-
tion intermediate and also assists in lowering the barrier. In
addition, the nearby Tyr33 residue might provide w—cation
interaction to stabilize the carbocation intermediate (/6).

In the following step, three events are seen to take place
concertedly, namely, the transfer of a proton from the methyl
group of the carbocation to the bicarbonate, the transfer of a
proton from bicarbonate to Glu140, and ring closure to form the
cyclopropane product. The optimized transition state (TS2) is
shown in Figure 4. The barrier is calculated to be only 3.3 kcal/
mol from Intl. According to this, the bicarbonate functions as a
bridge to shuttle the proton from the carbocation to Glul40,
which can be considered as the base in this step. The energy of the
product complex (Prod) is calculated to be 11.7 kcal/mol lower
than that of React (22.1 kcal/mol without solvation). The large
solvation effect observed is due to the charge separation in React
(+1 on SAM and —1 each on Glul40 and bicarbonate),
compared to Prod (neutral SAH, neutral Glul40, and —1 on
only bicarbonate).

The potential energy profile for formation of the cyclo-
propane with the ionized Glul40 model is shown in Figure 5.
From this, one can see that the first step is rate-limiting,
in accordance with the onium chalcogen effect experi-
ments (8i). Experimental rate constants have been mea-
sured to be in the range of 2—12 min~"' (75, 84, 8i), which
can be converted to barriers of around 19 kcal/mol using
classical transition state theory. The calculated barrier
of 23.9 kcal/mol is thus in quite good agreement, but
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somewhat overestimated. Similar behavior was also seen in
a previous study of the mechanism of methylguanine-DNA
methyltransferase (11d).

Scheme 2: Possible Carbocation Rearrangement
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Methylation with Neutral Glul40. The calculations de-
scribed above assume that the Glul40 residue is in the ionized
form and acts as a general base to take a proton from the
bicarbonate during the deprotonation of the carbocation inter-
mediate. However, it can be envisioned that this residue instead is
in the neutral form. This could lead to different energetics,
especially for the deprotonation step. We have therefore inves-
tigated the reaction mechanism for this scenario.

*
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F1GURE 8: Optimized structures for the transition states, intermediates, and products for carbocation rearrangement with both ionized (left) and

neutral (right) Glu140.
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In the reactant complex (called React’ in Figure 6), the
negatively charged bicarbonate now is donating a hydrogen
bond to His167 and accepting a hydrogen bond from the neutral
Glul40. The optimized structures of the transition state for the
methyl transfer (TS1’) and the resulting carbocation intermediate
(Intl’) are also displayed in Figure 6. The critical geometric
parameters of TS1" are quite similar to those of TSI with ionized
Glul40. The S—C distance is 2.57 A, slightly longer than that in
TS1, indicating slightly later transition state when the Glul40
residue is neutral. Correspondingly, the distances between the
transferred methyl carbon and the two double bond carbons
become slightly shorter (2.33 and 2.35 A). The barrier is
calculated to be 23.2 kcal/mol (22.1 kcal/mol without solvation),
which is very similar to that with ionized Glul40 (23.9 kcal/mol).
The resulting carbocation intermediate Intl’ lies at 11.2 kcal/mol
relative to React’, also quite similar to Intl.

In the next step, the bicarbonate takes a proton from the
methyl group, which is concomitant with ring closure. The
transition state (TS2') and resulting product (Prod’) were also
optimized and are depicted in Figure 6. The barrier now becomes
19.0 kcal/mol relative to React’ (18.4 kcal/mol without solvation),
only ~2 kcal/mol higher than that with ionized Glul40. The
reaction now is only slightly exothermic, as the resulting en-
zyme—product complex (Prod’) lies 3.4 kcal/mol lower than
React’. The energies of this scenario are summarized in Figure 7.

As one can see in Figures 5 and 7, both cases, with Glul40
being ionized or neutral, give reasonable and quite similar
barriers. In both cases, the first step is calculated to be rate-
limiting, with a barrier of ~23 kcal/mol. The deprotonation step
has an only slightly higher barrier with neutral Glu140 compared
to the ionized one.

Carbocation Rearrangement. From Intl and Intl’, it is
conceivable that the carbocation can undergo a rearrangement
through a [1,2]-hydride shift, forming a more stable tertiary
carbocation intermediate, which then would become deproto-
nated to form 3-methyl-3-hexene (Scheme 2) (17).

We have here located the transition states for this rearrange-
ment for both cases, i.e., with Glul40 being ionized or neutral.
The optimized TSs (called TS3 and TS3') together with the
resulting tertiary carbocation intermediates (Int2 and Int2') are
shown in Figure 8. It turns out that in both cases these
rearrangement reactions have somewhat lower barriers com-
pared to those of the deprotonation reactions described above.
The obtained energies are inserted in the graphs shown in
Figures 5 and 7 for comparison.

For the case of anionic Glul40, the barrier from Intl is
calculated to be 1.7 kcal/mol (3.2 kcal/mol without solvation
correction), compared to 3.3 kcal/mol (1.3 kcal/mol without
solvation) for the proton transfer (TS2). The subsequent transfer
of a proton from the tertiary carbocation Int2 to the anionic
bicarbonate has also a very low barrier (18). Together, these two
steps are exothermic by 38.5 kcal/mol, indicating that the
rearrangement is irreversible.

For the case of neutral Glul140, the barrier is 5.0 kcal/mol (5.4
kcal/mol without solvation) relative to Intl’, which is 2.8 kcal/
mol (3.0 kcal/mol without solvation) lower than TS2'. Now, the
resulting intermediate Int2' is only 5.8 kcal/mol lower than Intl’,
and the 3-methyl-3-hexene Prod2’ is 25.5 kcal/mol lower that
Intl’.

These energies show that the [1,2]-shift is slightly more favored
compared to the deprotonation mechanism described in the
previous sections. However, the fact that cyclopropane is the
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sole product observed for the enzymatic reaction indicates that
the rearrangement cannot take place in the enzyme. This means
that the enzyme somehow must block this side reaction to yield
the desired mycolic acid cyclopropane product. Exactly how this
is achieved is not clear to us at present.

It is possible that the results are artifacts of the active site
model employed in this study. It could, for example, be that the
model is not large enough to account for geometric constraints
that could raise the barrier of the rearrangement reaction and
lower the barrier for proton transfer. It is also possible that it is an
error of the theoretical protocol used in this study. However, tests
of single-point calculations using two other functionals, namely,
BBIK (7/9) and B3PW9I (20), also gave similar results (21).

Sulfur Ylide Mechanism. Although the sulfur ylide mechan-
ism has been ruled out for MACS on the basis of extensive
experimental studies, we still examine this possibility here to
compare the energies. Sulfur ylides are widely used for cyclopro-
panation reactions in organic synthesis (22), where a strong base
is used to generate the reactive sulfur ylide (225, 22e, 23). In the
active site of MACS, a possible base could be the bicarbonate,
even though it does not directly interact with the methyl group.
However, bicarbonate is not expected to be sufficiently strong to
accomplish this. We have optimized the ylide intermediate
structure [Ylide and Ylide' (see the Supporting Information)]
with one proton transferred from the methyl group to the bi-
carbonate ion for both models with ionized and neutral Glu140.
Indeed, the energy of Ylide is as much as 36.5 kcal/mol higher
than that of React with ionized Glul40 and 46.6 kcal/mol with
neutral Glul40. Thus, our calculations further confirm that the
sulfur ylide mechanism is not energetically viable.

CONCLUSIONS

In this paper, we employed density functional theory to
investigate the reaction mechanism of mycolic acid cyclopropane
synthase using a large model of the active site. The energetics for
the direct methylation mechanism were examined for the two
scenarios in which the important Glul40 active site residue is
either ionized or neutral. The calculations support the previously
suggested mechanism and provide a detailed characterization of
the reaction pathway.

Cyclopropane formation proceeds through a two-step me-
chanism: an S\2 transfer of a methyl group from SAM to the
substrate double bond, followed by the transfer of a proton from
the methyl group to bicarbonate coupled with ring closing. The
methyl transfer results in a carbocation intermediate, stabilized
by mainly electrostatic interactions with the negative charge of
the Glul140-bicarbonate diad and two peptide backbone oxygens.
The first step is rate-limiting, in agreement with experimental
observations. The protonation state of Glul40 is demonstrated
to have quite weak effects on the energetics of the reaction.

One interesting observation from the calculations is the fact
that the rearrangement of the carbocation intermediate through a
[1,2]-shift has a slightly lower barrier than the proton transfer.
This would lead to a mixture of products. However, because
cyclopropane is the sole product observed experimentally, the
enzyme has to block this route somehow. We have also specu-
lated that this result could be an artifact of the employed
quantum chemical active site model.

Finally, because of the poor basicity of the bicarbonate, ylide
formation via the transfer of a proton from the methyl group to
the bicarbonate is shown to be energetically very unfavorable.
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