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Tuberculosis (TB) is a chronic disease caused by the bacillus Mycobacterium tuberculosis(Mtb) and re-
mains a leading cause of mortality worldwide. The bacteria has an external wall which protects it from
being killed, and the enzymes involved in the biosynthesis of the cell wall components have been
proposed as promising targets for future drug development efforts. Cyclopropane Mycolic Acid Synthases
(CMAS) constitute a group of ten homologous enzymes which belong to the mycolic acid biosynthesis
pathway. These enzymes have S-adenosyl-L-methionine (SAM) dependent methyltransferase activity
with a peculiarity, each one of them has strong substrate selectivity and reaction specificity, being able to
produce among other things cyclopropanes or methyl-alcohol groups from the lipid olefin group. How
each CMAS processes its substrate and how the specificity and selectivity are encoded in the protein
sequence and structure, is still unclear.

In this work, by using a combination of modeling tools, including comparative modeling, docking, all-
atom MD and QM/MM methodologies we studied in detail the reaction mechanism of cmaA2, mmaA4,
and mmaA1 CMAS and described the molecular determinants that lead to different products. We have
modeled the protein-substrate complex structure and determined the free energy pathway for the re-
action. The combination of modeling tools at different levels of complexity allows having a complete
picture of the CMAS structure-activity relationship.

© 2017 Elsevier Inc. All rights reserved.
1. Introduction

According to the last WHO report, near 10.4 million people
around the world developed tuberculosis (TB), leading to 1.4
million deaths in 2015 [1]. Traditional therapies for TB involve long
treatments with first generation drugs such as isoniazid, rifampi-
cine, pyrazinamide and ethambutol [2]. Nevertheless, the emer-
gence of multidrug resistant (MDR) and extremely drug resistant
(XDR) Mycobacterium tuberculosis (Mtb) and the negative interac-
tion between various drugs to treat TB and the ones for AIDS,
demonstrate the urgent need to develop new therapies. The host's
immune response toTB infection relies in phagocytosis of the bacilli
by the macrophages leading to granuloma formation that stops
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bacterial replication. Inside the macrophages bacteria face stressful
conditions characterized by hypoxia, inducible nitric oxide syn-
thase derived NO and nutrient deprivation [3]. The bacilli in
response switches to a non replicative (latent) state, where it can
remain hidden and alive for decades [4]. Mtb has an external wall
which protects the bacilli from the hostile conditions it faces inside
the macrophage. This external wall is composed of glycolipids, an
ester of trehalose and mycolic acid (MA), a very long chain fatty
acid, with 40e60 carbon atoms [5]. In this sense, proteins involved
in the biosynthesis of the external wall are attractive targets for
drug design [6,7].

Cyclopropane Mycolic acid synthases (CMAS) are a family en-
zymeswith amethyl transferase activitywhich act by transferring a
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methyl group from S-adenosyl-L-methionine (SAM or AdoMet) to
the double bond of immature mycolic acids. These proteins have
the typical Rossmann fold subdomain of nucleic acid binding pro-
teins and a MA recognition domain.

Due to the difficulty in working with these proteins in vitro, in
particular from a biochemical approach, most of the experiments
that evaluate their activity have been performed with knockout
strains analyzing the resulting MA lipid profile with thin layer
chromatography (TLC) or nuclear magnetic resonance. The pro-
posed reaction mechanism can be described in two distinct steps:
the first one, supposedly the same in all CMAS, consist of the
transfer of the methyl group from SAM to the double bond of the
olefin, yielding S-adenosyl-L-homocysteine and a secondary car-
bocation. The second step, specific to each member of the family,
consists in the resolution of the carbocation to either: i) a cyclo-
propane, in cis as proposed for cmaA1, pcaA,mmaA2 and cmaA2, the
latter also proposed to produce the trans isomer [8e12], ii) a trans
double bond with vicinal methyl group (mmaA1) [13] or iii) a (S,S)-
methyl-alcohol (mmaA4) [14]. An exception to this behaviour is
mmaA3 [15], which takes the product of mmaA4 and transfers a
methyl group to the previously formed alcohol forming an methyl-
ether. A summary of the different reactions carried out by CMAS
can be seen in Fig. 1.

Even though there is some experimental evidence related to the
activity of CMAS we still do not know the molecular determinants
for each CMAS specificity. Moreover, due to the difficulty in per-
forming biochemical experiments little is known about the reaction
mechanisms and enzyme kinetics. The activity of enzymes in a
living cell is based on a complex network of interactions among
biomolecules, exchanging information and energy through
biochemical processes and conformational changes. These events
could go from complex macromolecular arrangements in the micro
and nano-scale to atomistic detail changes in the active site.
Consequently, different modeling techniques, each proper for a
particular scale, are commonly used. Moreover, a single process
often spans more than a single time or spatial scale. In this sense,
the necessity arises for combining modeling techniques in multi-
scale approaches.

In this work we link each CMAS sequence to its activity and to
the production of each specific MA modification. We used
comparative modeling and docking to model the proteins struc-
tures and ligand binding, molecular dynamics to understand the
conformational regulation of the activity and QM/MM to study the
Fig. 1. General information of CMAS protein family. A) Proposed activities of different CM
can have a bicarbonate ion and a glycine or a glutamic acid residue. We only depicted the
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underlying reaction mechanism. We propose that each CMAS
controls its activity at different levels, by either regulating the
solvent accessibility of the active site, the binding small molecules
in the active site, or simply changing certain amino acids involved
in the reaction mechanisms. The combination of modeling tools at
different levels of complexity yields a complete picture of the CMAS
structure-activity relationship.
2. Materials and methods

Comparative Modeling. Models of umaA, ufaA, Rv3720, mmaA1
andmmaA3were done with MODELLER [18] manually curating the
alignment. A more detailed description is presented in the Sup-
plementary Methods section.

Docking. Docking of the olefin substrate was performed with
rDock [19,20] for 100 runs using the standard docking protocol.
Visual inspection of the solutions was performed to discard poor
conformations and the lowest energy solution was kept in each
system.

Classical molecular dynamics. MD simulations were done with
AMBER14 [21]. Complex structures were solvated in TIP3P water
10 Å radius truncated octahedron box. Amber14SB [21] was used
for the protein while GAFF [22] was used for the substrates (Bi-
carbonate, Olefin and SAM/SAH). Simulations were performed
treating electrostatic interactions with Particle Mesh Ewald [23]
with a time step of 2fs. Production simulations were done for
150ns for cmaA2 and mmaA1 and 500ns for mmaA4. Further in-
formation on classical simulation parameters is provided in the
Supplementary Material.

QM/MM Steered molecular dynamics. The chosen level of theory
was DFTB [24,25] as it offered a balance between quality and
needed computational time. The simulation strategy is similar to
classic simulations. A minimization was performed for 2000 steps
with CG in periodic boundary conditions. Heating was performed
with the Berendsen thermostat from 10K to 300K in 50 ps with a
coupling constant of 1 ps. Finally, the density equilibration was
performed with the Langevin thermostat [26] and the Berendsen
barostat for another 50 ps. From there a 500 ps NPT simulationwith
a fixed reaction coordinate was performed to take snapshots every
12.5 ps for steered molecular dynamics (SMD) simulation. Free
energy profiles are obtained from the Jarzynski relationship [27,28].

For all cases, the first reaction step of was done with a 1 fs
timestep using a Hybrid Differential Relaxation Algorithm (HyDRA)
AS. B) General fold and depict of the active site. Depending on the CMAS the active site
Gly/bicarbonate active site.
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previously developed in our group [29]. The reactionwas computed
along 50,000 simulation steps (12,500 QM/MM steps). The reaction
coordinate used is the following:

RC ¼ d(CSAM � CH3 � SSAM) � d(CSAM � CH3 � CDoubleBond)

where CSAM � CH3 is the methyl group to be transferred, SSAM is the
sulfur atom of SAM y CDoubleBond is one of the atoms from the double
bond of the olefin. The coordinate moving velocity was 0.04 Å per
ps.

For the second step in cmaA2, the chosen reaction coordinate for
cmaA2 was:

RC ¼ d(HSAM � CH3 � CSAM � CH3)�d(HSAM � CH3 � OHCO3)

where HSAM � CH3 is the proton to be transferred and OHCO3 is the
oxygen acceptor. The guide velocity was 0.08 Å per ps.

The second step in mmaA4 and mmaA1, The simulation is done
for 50000 steps with a 1fs timestep. In mmaA4 no reaction coor-
dinate was required. In mmaA1 we used the following shown
below:

RC ¼ d(HCarbocation � CCarbocation)�d(HCarbocation � OD139)

3. Results

Comparative modeling of CMAS family membersProteins of
the CMAS family have the typical Rossmann fold of methyl-
transferases. The particular CMAS fold consists of 7 beta sheets (6
parallel and one antiparallel) and 13 alpha helix of variable length.
CMAS fold can be divided in two distinct sub structures: the
nucleoside binding motif, mainly made of beta sheets, common to
the methyltransferase superfamily; and the substrate binding
motif, mostly alpha helical, specific to each family. The active site
presents, a series of aromatic residues (Tyrosines and Phenylala-
nines) which form an aromatic cluster involved in substrate bind-
ing [30], the AdoMet/AdoCys binding site is composed of polar
amino acids which interacts with the nucleoside and the backbone
of the Met/Cys of the cofactor. One remarkable characteristic of
some members of the enzyme family is the emergence of a bicar-
bonate/carbonate binding site (Fig. 1B). This site is formed by a
histidine, a cysteine backbone amide, a tyrosine and a glycine. In
mmaA1, mmaA3 and mmaA4 the glycine is replaced by an aspartic
or glutamic acid, thus displacing the bicarbonate.

Crystal structures of cmaA1-2, pcaA, mmaA4 and mmaA2 have
been published so we performed comparative modeling of the
remaining CMAS umaA, mmaA1 and mmaA3 (Figure S2) having
some minor differences among them. umaA turned out to have a
different configuration of the hX helix and the h1 helix, not previ-
ously observed. Models of ufaA and Rv3720 were not used for the
structural analysis due to low identity in the N-terminal region. To
analyze substrate recognition we docked a model substrate of the
olefin in the active site of each CMAS by rDock.

Based on the characteristics of its active site we classified the
proteins in two distinct families: the ability to bind bicarbonate or
instead to have an acidic residue in that position. In the first group
we find cmaA1-2, pcaA and mmaA2 which have electronic density
maps compatible with a bicarbonate ion and are deposited in the
PDB as such [31]. The modeled umaA, shares the same structural
features as this group of CMAS, His, Cys, Tyr and Gly in the binding
site, so we classify it as a bicarbonate binder (Fig. 1).

In the second group we have the proteins which have a Gluta-
mic/Aspartic acid instead of the previously conserved Gly, mmaA1,
Please cite this article in press as: L.A. Defelipe, et al., Structural and m
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mmaA3 and mmaA4. The acidic side chain replaces the bicarbonate
ion. While mmaA1 has an aspartic acid replacing the bicarbonate,
both mmaA3 and mmaA4 have a glutamic acid residue. A whole
family sequence alignment is shown in Figure S1.

3.1. The reaction mechanism of CMAS

Initially we present the free energy profiles for the methyl
transfer and the formation of the carbocation intermediate for
three model protein systems, cmaA2, mmaA4 and mmaA1, selected
as reference cases for each product type: cyclopropane, hydroxyl
and methyl olefin. We subsequently show the resolution of the
carbocation for the three systems.

3.2. Methyl transfer and carbocation formation

The proposed reaction mechanism for the first reaction step is
common to all CMAS familymembers and in particular for the three
ones we studied (cmaA2, mmaA4 and mmaA1). We performed the
corresponding free energy QM/MM simulations starting from the
previous modeled structures. The reaction mechanism, the transi-
tion state and the free energy profiles are shown in Fig. 2a,b and c
respectively. In all cases the transition state configuration is closer
to products than to reactants, with DG# values of 14.39 kcal/mol in
cmaA2 (Fig. 2c, Figs. S3a and b), 14.03 kcal/mol for mmaA4 (Fig. 2c,
Figure S5a) and 12.23 kcal/mol formmaA1 (Fig. 2c, Figure S5c) and a
DG0 of 2.7 kcal/mol for cmaA2, 7.40 kcal/mol for mmaA4 and
2.01 kcal/mol formmaA1 (Table S1). The same reaction but inwater
solvent occurs with a DG# of 16.67 kcal/mol and a DG0 of 10.50 kcal/
mol(Figure S3d). The stabilization of the TS provided by the protein
environment can be estimated to be small, only 2.28 kcal/mol for
cmaA2 while the effect is higher for the products.

As already mentioned, Tyr 22 is an active site conserved residue.
In order to study its role in CMAS reactionwemutated it to Alanine
using mmA4 as model. The computed free energy profile shows a
higher activation barrier (18.34 kcal/mol) and a lower product
stability, 9.23 kcal/mol, comparable to the one observed in water
(Fig. 2c and Figure S5c). Certainly, the conserved tyrosine plays a
role in the stabilization of the transition state and the product. This
is also observed when mutating the equivalent tyrosine (Y30) in
cmaA2, produces a higher barrier and lower stability product (See
Figure S3c). Interestingly, when comparing the reactionmechanism
by using the so called More O'FerralleJencks plot, in which is
possible to see in a consistent manner if the reaction proceeds in a
concerted, associative or dissociative way by plotting bond
breaking distance (Yaxis) and bond forming distance (X axis). If the
reaction is concerted a Y¼ X straight line is plotted, when the bond
breaks before the other bond is formed (a dissociative mechanism)
the line goes below the concerted one whereas if the reaction has
an associative character the line goes above the concerted line. The
reaction in the three proteins proceed in an almost concerted
manner whereas Y22A mutant present a rather associative mech-
anism (See also Figure S7 and Figure S9). Therefore, it is clear that
Tyr 22 helps the Methyl to be released from SAM. Mulliken pop-
ulations (Fig. 4) in cmaA2 are rather stable during the reaction until
the transition state when a charge inversion between SAM (ca 0.7
to 0 charge units) and the olefin (0e0.9 charge units) is observed.
When looking at the same property in the mutant (mmaA4 Y30A,
Figure S11a and c) and the reaction in water solvent a more abrupt
increase in charge at early stages is observed as well as a higher
absolute value (close to 1 charge unit) for the formed carbocation.
This clearly suggest that the aromatic residue present in the
proximity of the active site is playing a role by electrostatic stabi-
lization (possibly by means of cation-Pi interactions) of the tran-
sition state and the product. This seems to be a conserved feature of
echanistic comparison of the Cyclopropane Mycolic Acid Synthases
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Fig. 2. Reaction mechanism for the carbocation formation in cmaA2, mmaA4, mmaA1 and water. A) Reaction mechanism scheme of the first step. B) Transition state snapshot
from cmaA2 showing the planar methyl group. Dashed lines show the sulfur bonds. C) Free energy profile of the first step of the reaction in cmaA2, mmaA4, mmaA1 and water. D)
More O'FerralleJencks plot.
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the three analyzed CMAS. From this data we can conclude that
there is no significant difference in the reaction mechanism for the
first step in between the three proteins.

3.3. Carbocation resolution

3.3.1. Formation of cyclopropane in cmaA2
The free energy profiles for the carbocation resolution in cmaA2

were performed in the WT protein and also in the E148A mutant,
since E148 is a conserved residue in the cyclopropane subfamily
that could be involved in the reaction as it is adjacent to the active
site. As mentioned before, cmaA2 and all members of the cyclo-
propane subfamily, bind a bicarbonate ion which has been pro-
posed to be responsible for the abstraction of a proton from the
methyl group (Fig. 3a), as bicarbonate has a pKa¼ 10.3. According to
our results HCO3

� abstracts a proton from the methyl group while
concomitantly transferring its own proton to E148 during the for-
mation of the new CeC bond. When comparing the DG# between
WT and E148A there is a small but significant difference in the
barrier (1.36 vs 2.20 kcal/mol). The reaction in water has a barrier
that is significantly higher (24.44 kcal/mol) and the product present
a lower stability than in the protein (Fig. 3a and Figure S4). The high
DG# difference could be explained by the presence of the strong
bicarbonate base in the right position to subtract the proton from
the methyl group. In water, the solvent has to act as a base, a pro-
cess less favorable. Mulliken populations of the carbocation reach a
neutral charge in all simulations. In the case of HCO3

�, in the WT
protein has a value close to �1 while in E148A is closer to 0 (�0.3)
(Figure S12). The effect of E148 seems minimal in the reaction
mechanism of cmaA2. Distance analysis suggests that the three
reactions (WT, E148A, and water) show that the reaction mecha-
nism is similar in all systems. (Figure S8). It should be noted that as
the QM system is rather small, differences seen between WT and
E148A could be lower and non significant. Also the level of theory in
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use has an RMSE (Root Mean Square Error) higher than 2 kcal/mol
which does not allow to discern between WT and E148A reac-
tions.(see Fig. 4)

3.4. Formation of Methyl-alcohol in mmaA4

In mmaA4 formation of the Methyl-alcohol occurs spontane-
ously during equilibration time when a rearrangement of carbo-
cation dihedral angles occur. The reaction proceeds with the
transfer of a proton from a water molecule to E149 and the
concomitant attack of the hydroxyl to the carbocation (Figure S10a
and S13). The active site is ready to produce the attack as soon as
the dihedral rearrangement happens. Key for the reaction is the
presence of E146 and E149 that function as a water trap, keeping a
water molecule confined and ready for the attack, once the car-
bocation is correctly positioned. Results can be seen in Fig. 3c and d,
distances and mulliken populations are in Figures S10a and
Figure S13a. At first glance mmaA3 and mmaA4 have identical
structures, but if we take a closer look, there is a significant dif-
ference in the configuration of the N-terminal region. The confor-
mation of the hX helix may determine the solvent accessibility to
the active site and therefore regulate the specific enzymatic activity
of the CMAS (Figure S16). In mmaA4 holo and apo structures an
“open” conformation is observed. We propose that the open
conformation allows water to enter, even when the substrate is
bound and therefore mmaA4 is able to hydroxylate the substrate
and not mmaA3.

3.5. Formation of Methyl-olefin in mmaA1

The resolution of the carbocation in mmaA1 also happens with
no barrier, similar to the observed results in cmaA2 (Fig. 3e,f,
Figure S6, Figure S10b and Figure S13b). The concomitant transfer
of the proton from the carbocation to D139 derives in the formation
echanistic comparison of the Cyclopropane Mycolic Acid Synthases
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Fig. 3. Reaction mechanism for the resolution of the carbocation in cmaA2, mmaA4 and mmaA1. A) Reaction mechanism scheme for cmaA2. B) Free energy profile for cmaA2.
C) Reaction mechanism scheme for mmaA4. D) Dihedral (black point and a trend line in blue, 95% confidence interval in grey) and distance (red line) for barrierless reaction of
mmaA4. E) Reaction mechanism scheme for mmaA1. F) Free energy profile for mmaA1. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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of a new double bond. The reaction is highly exothermic
(�22,91 kcal/mol, Table S2).

4. Discussion

4.1. The reaction mechanisms in CMAS

In this work we present the QM/MM reactions for three CMAS
(cmaA2, mmaA4 and mmaA1). We show that the rate limiting step
in all three the proteins is the methyl transfer to the olefin, and the
formation of the carbocation intermediate which has a relatively
high free energy barrier (ca 15 kcal/mol). This result is in agreement
with previous reports for cmaA1 performed with restraint optimi-
zations [32] and experimental kinetic measurements determined
in an E. coli cyclopropane synthase variant [33,34]. In those works,
the authors performed the activity measurements in the presence
of the chalcogen series for SAM with Selenium and Tellurium
Adenosyl-L-methionine, showing that the reaction rate depends
strongly on the identity of the atom, being higher with Selenium
and drastically lower with Tellurium. Interestingly, the authors
show that, in water solvent the second reaction step becomes the
rate limiting step. So CMAS catalyze the reaction, first by bringing
Please cite this article in press as: L.A. Defelipe, et al., Structural and m
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reactants and product together, second by lowering the barrier of
the first step even though is not a dramatic stabilization, and third
by clearly lowering the barrier of the second steps.

When comparing the reactions between cmaA2, mmaA4 and
mmaA1 with respect to the reaction in water, a difference in
approximately 4 kcal/mol is observed for the activation energy and
of 8 kcal/mol for the products. The stabilization of the carbocation
intermediate can be due to the presence of a conserved Tyr because
the reaction with an alanine mutant gives a similar barrier to the
one inwater solvent. This observation is in agreement with a recent
study [35] done with a model system for terpene synthase. The
study shows that weak interactions such as cation-p can change
tendencies for competing products deriving in a strong product
selectivity, as the one observed in the case of CMAS. An aromatic
residue (Phe, Tyr and Trp) is capable of stabilizing the positive
charge with the quadrupolar moment generated by its p electrons.
Again, our calculation show that Tyr 30 in cmaA2 or Tyr 22 in
mmaA4 play a critical role in the stabilization of the transition state
(2.4 kcal/mol for DG# and 4.6 kcal/mol for DG0 in cmaA2 while in
mmaA4 the differences are higher, 3 kcal/mol and almost 8 kcal/
mol).

As expected, the second step is different for each enzyme since
echanistic comparison of the Cyclopropane Mycolic Acid Synthases
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Fig. 4. Mulliken populations for carbocation formation in cmaA2 and water. A) cmaA2@C10, B) cmaA2@C11, C) cmaA2-Y30A@C10 and d) water.
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their product is different. In the case of cmaA2 the cyclization re-
action occurs with a low barrier (ca. 2 kcal/mol) while in solution, if
it happens at all, it must overcome a very high activation barrier
(>24 kcal/mol). The catalytic effect produced by cmaA2 can be
explained in terms of base catalysis; water is a very poor base to
subtract a proton from the methyl group while in the protein the
bicarbonate ion acts as a base thus providing the catalytic power
needed for the proton transfer to happen. As mentioned above
differences between systems in cmaA2, due to the small size of the
QM region and the intrinsic methodology error could not be sig-
nificant and the reaction be a barrierless process.

In a previous report [34], the fundamental role of bicarbonate is
shown by means of a carbon dioxide scrubbing experiment,
allowing to control the exact concentration of bicarbonate in so-
lution. Completely removing CO2 from solution results in a total
activity of 3% compared to the normal system. Also when per-
forming the experiments with amino acid mutants at the bicar-
bonate binding site (Y317F and H266A) a significant reduction in
activity was observed.

In mmaA4 the reaction directly occurs without any barrier. A
simple reorientation of the substrate during simulation time (5 ps)
is sufficient for the reaction to happen. The protein scaffold favours
the positioning of the water molecule between two glutamic acids
which act as a base for the hydroxyl transfer to the carbocation in a
selective fashion. Water molecules have a higher residence time
near two glutamic acids present in the active site (Glu 146 and 149)
than in bulk. Long MD simulations (500ns) of the apo structure and
analysis with the WATCLUST tool [36] helped determine this water
site strength. Water is 10 times more prone to be on this site than in
bulk water, underscoring the role of the protein matrix in trapping
the water. Waters can also enter the active site of cmaA2 but the
strength of the site is much lower, about 3 times that of bulk. The
observed closed active site in apo cmaA2 and the lower binding of
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water may help explain why while mmaA4 produces the hydroxyl
product, cmaA2 produces cyclopropane (Figures S14 and S15).
Looking at the aminoacidic composition we observe that V21 is
replaced in mmaA4 to Isoleucine, not allowing for specific
hydrogen bonds to form between the helix and the rest of the
protein due to the bigger sidechain. In particular, this region of
mmaA4 is not able to form two critical interactions (His24-Tyr42
and Tyr25-His150) which stabilizes the helix in the closed confor-
mation in other CMAS. We hypothesize that these destabilize the
alpha-helix leading to the formation of a 3e10 helix in an open
conformation.

Finally, regarding mmaA1, the computed free energy profile
predicts no barrier for the reaction. Most likely, the difference in
activity between cmaA2 (and other bicarbonate binding CMAS) and
mmaA1 is the presence of an aspartic acid instead of a glycine and
bicarbonate ion. In this sense, the length of the aspartic acid chain
also influences the possibility of an attack to the methyl group,
being able to attack only the sp3 carbon next to the carbocation
constrained by the protein matrix.

4.2. A predictive model for the activity of CMAS

A combination of the reaction mechanism results from cmaA2,
mmaA4 and mmaA1 (Free Energy QM/MM calculations), dynamical
configuration of the proteins and their interaction with solvent(all
atom classical MD) and the structural/sequence alignment
(Comparative Modeling and Docking tools) helped us to propose a
model that explains the differential activity in the whole CMAS
family as shown in Fig. 5 and Figure S16. Starting with the presence
of a glycine and a bicarbonate ion, we can conclude that these
proteins (cmaA1-2, pcaA and mmaA2) will produce a cyclopropane
as their main product. If in that position an Aspartic acid is found,
the common product will be a methyl-olefin as produced by
echanistic comparison of the Cyclopropane Mycolic Acid Synthases
d Biophysical Research Communications (2017), http://dx.doi.org/



Fig. 5. Flowchart of structural determinants for CMAS differential activity. Each group has a close up view of the important features of its active site or in the overall structure.
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mmaA1. The other option is to have a Glutamic acid residue in that
position as found in mmaA3 and mmaA4. In this case the product
formation is controlled by the entrance of water to the active site by
the N-Terminal region. In mmaA3, as shown in the model, the N-
terminal acts as a lid preventing water from entering the active site
whereas in mmaA4 the position of this “lid” allows the entrance of
water molecules. We propose that the lack of water leads to the
formation of methyl-ethers inmmaA3,while their presence leads to
methyl-alcohols, as seen in mmaA4. Moreover, this open-closed
conformational change produces also a differential positioning of
a conserved Tyrosine residue, inmmaA3 the residue points towards
the active site while in mmaA4 is solvent exposed. This Tyrosine
position allows a strong hydrogen bond to be formed with the
alcohol group of the olefin, favouring the binding of the hydroxyl-
ated product in mmaA3 and therefore the attack by SAM to yield
methyl ether. The highly hydrophobic site could, in turn, shift the
pKa of the two glutamic acids to higher values, favouring the proton
transfer from alcohol to the glutamic acids during the methyl ether
formation mmaA3, this result can be seen in propKa pKa compu-
tations done from the crystal or modeled structures shown in
Table S3. Although propKa is not a precise methodology, it is able to
reproduce the tendency of the pKa change. cmaA2, the one that
generates a cyclopropane, has a bicarbonate and a glutamic that
will finally get the proton, has a pKa of 7.1. On the other hand
mmaA4, the one that generates a methyl alcohol, has two glutamic
acids which according to propKa are coupled and have a pKa of 5.7
and 8.3, indicating that one of them can easily subtract a proton
from a water molecule generating the OHe that will form the
alcohol.WhilemmaA3, the one that generates themethyl ether, has
two glutamic acids and have a pka of 6.1 and 11.6, this strong basic
glutamic is able to subtract a proton from the alcohol produced by
mmaA4.The combination of modeling tools at different levels of
complexity helped us to shed light into the determinants of product
selectivity in this important protein family of Mtb.
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