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Abstract

Modern society is heavily reliant on synthetic polymers, commonly known as plastics; however plastic pollution
is causing an immeasurable damage to marine and land eco-systems. Sustainable alternatives are actively being
sought-after, such as biodegradable polyesters obtained by enzymatic synthesis. However, wild type enzymes still
pose fundamental efficiency limitations. Protein reengineering approaches can circumvent those building up high-
ly specific, selective and thermostable variants. Here we compare in detail the catalytic mechanisms for poly-
caprolactone synthesis by the wild type enzymes Archaeoglobus fulgidus carboxylesterase (AfEST) and Candida
antarctica lipase B (CalB) by performing Quantum mechanics calculations and Quantum Mechanics/Molecular
Mechanics Molecular Dynamics simulations. We found that bond forming/breaking events are concerted with
proton transfer to or from the catalytic histidine in all the transition states, but with different degrees of coupling
between the motions of the atoms involved. Our results give important insights towards the design of new en-

zyme variants combining good activity with high thermostability in the synthesis of polycaprolactone, which due
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to its biodegradability, biocompatibility and permeability characteristics is of great importance for biomedical
applications, such as protein delivery, tissue engineering, gene delivery, orthopedic devices and resorbable su-

tures.

Introduction

Synthetic polymers are extensively used by industry and technologies such as in packaging, textiles, electronic
devices, machinery, pharmacy and by medicine as highly advanced materials'. However, in the last years, ecolog-
ical concerns have stimulated the search for better alternatives to commodity plastics, especially because most of
these polymers are non-biodegradable, persisting on the environment. There is, thus, a great urgency to find more

sustainable alternatives, since plastic pollution is endangering ecosystems”.

Precisely, due to the non-biodegradability of conventional commercial polymers like poly(propylene) and
poly(ethylene), the aliphatic-family of polyesters have been on the spotlight due to their ability to biodegrade in a
reasonable time-scale’. Among aliphatic polyesters, poly(caprolactone) (PCL) deserves a special focus for its bio-
degradability, biocompatibility and permeability, meaning that PCL is a good candidate for biomedical applica-
tions, such as protein delivery, tissue engineering, gene delivery, orthopedic devices and resorbable sutures*.
However, widespread commercialization of PCL is hampered due to synthesis and production issues, together
with related economic obstacles, although the thermoplastic supply and demand of biodegradables is on high® and

PCL could be fueled up.

Synthesis of polyesters (e.g. PCL), can be performed mainly by two distinct mechanisms: (i) polycondensation
polymerization and (ii) ring-opening polymerization (ROP)’. The major drawbacks of polycondensation mecha-
nism are the high temperatures and long reaction times generally required, that favor racemization’, as well as, the
systematic use of hazardous metallic catalysts. But in the case of reactions performed by ROP, they can be highly
efficient because no byproducts, such as alcohols, are produced and no substrates need to be activated. This is a
significant advantage over polycondensation polymerization both from a green chemistry perspective due to the
atom-efficiency, but also because yields and molecular weights are favored'®'". Aiming to achieve the desired
polymer properties, the ROP mechanism has been continuously refined over the years'. Several combinations of
initiators and catalysts have been evaluated for ROP synthesis, and enzyme-catalyzed ROP was considered one of

10,12,13

the most promising approaches . When compared to conventional chemical routes, enzymatic catalysis gives
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a more precise construction of well-defined structures, such as highly control of enantio-, chemo-, regio-, stereo-
and choro-selectivity. More important, enzymes are recyclable, eco-friendly, usually do not require the use of tox-

ic reagents, and avoid the problems associated with trace residues of metallic catalysts''"'*.

Several lipases (EC 3.1.1.3) and some carboxylesterases (EC 3.1.1.1) have been employed to produce
polyesters over different ROP conditions, yielding polymers with a vast array of molecular weights (My)'>".
Among lipases the immobilized lipase B from Candida antarctica (CalB) is one of the most studied> . Alt-
hough this enzyme is able to synthesize, in some instances, polyesters with relatively high molecular weights and

2921 (including PCL), in most cases the polymers have low molecular weights**>. Other factors that

good yields
limit the industrial application of these enzymes are: (i) the low activity and selectivity for some monomers; (ii)
unfavorable compatibility in chemoenzymatic reactions; (iii) low stability under harsh reactions conditions**. Re-
garding the last point, although CalB immobilization increases the stability and reusability of the enzyme, the
immobilized enzyme still displays maximum activity at 40 °C with substantial activity drop at higher tempera-
tures for some substrates'®. Even when higher catalytic activities are obtained with temperatures in range of 60-
80°C, which happens for many substrates and in low-polarity solvents™, higher molecular weight polymers are

frequently produced at lower reaction temperatures (40°C, 45°C)'®***’ Hence, the severe conditions required at

industrial scale can compromise catalysis.

However, rational protein engineering approaches can be employed to address these limitations and expand the
scope of enzymes for polyester synthesis by ROP **7°. Particularly good starting points for enzyme design are
enzymes from thermophiles, which have been recognized as potential catalysts in various biotechnology applica-

31-34

tions™ . The thermophilic esterase from the hyper-thermophilic archacon Archaeoglobus fulgidus (AfEST) was

previously tested for the synthesis of the aliphatic polyester PCL in various organic solvents and solvent-free sys-

3% The free form of the enzyme (at a concentration of 25 mg/ml), catalyzes the formation of polymer

tems
chains with number-average molecular weight (M,) of 1400 g/mol and with a monomer conversion of almost
100%, in toluene at 80 °C for 72h*’. On the other hand, the immobilized form of the enzyme (80 mg), achieves
the production of polymer chains with molecular mass (M,) of 1160 g/mol and monomer conversion of 100%, in

the same conditions’. Meaning, that the immobilization process in AfEST does not necessarily produce polymers

with higher molecular weights.
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Considering PCL as case-study for aliphatic polyesters synthesis, here, we draw lessons from how Cal.B and
AfEST differently achieve PCL synthesis in the quest to obtain enzymes able to match high conversion with high
thermostability. We compare in detail, the catalytic mechanisms of the wild type enzymes by performing Quan-

tum Mechanics/Molecular Mechanics (QM/MM) Molecular Dynamics (MD) simulations and QM calculations.

Methods
Initial systems setup and classical Molecular Dynamics of the intermediates

The initial structures were modeled from AfEST and CalB crystal structures (pdb codes 1JJTI** and 5A71%, re-
spectively) and protonation states were assigned with MolProbity*'. The reactants (RC), intermediates (INT-1,
EAM and INT-2) and products (PC) were geometry optimized in Gaussian09* using B3LYP*, with the 6-
31G(d) basis sets and a Polarizable Continuum Model (PCM)* solvent description. Atomic partial charges were
calculated resorting to the Restrained Electrostatic Potential (RESP)* method from HF/6-31G(d) single point en-
ergy calculations. The initial position of e-caprolactone (e-Cl) was obtained by Molecular docking. The MD sim-
ulations of all the intermediates in the reaction profiles were performed using the Amber molecular dynamics
program (AMBER18)* with the parm99SB*” and GAFF™ force fields. All the minima in the catalytic cycle were
subjected to 20 ns triplicate simulations with different initial velocities, for a total combined time of 60 ns. Refer-
ence structures were calculated for all simulations, based on the structure with lowest root-mean-square deviation
(RMSD) to the average of the simulation®. More information can be found in the Supporting information (SI) -

Material and Methods.

Quantum mechanical/molecular mechanical (QM/MM) calculations

The QM/MM calculations™ were performed using the internal semi-empirical hybrid QM/MM functionality
implemented in AMBER18* with periodic boundary conditions. The PM6°'"* semi-empirical method was em-
ployed for the high-level layer (QM) and the MM region was described by the Amber parm99SB force field*’.
Corrections were later applied to the obtained PM6 potentials of mean force (PMFs) by performing geometry op-

timizations of the high-level layer models with the exchange correlation functional of 6-31G(d) basis set for
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B3LYP*, M06-2X>* and wB97XD™, according to Carvalho et al. and Bownan et al.>>*®. The coordinates for the-

se structures are provided in the SI.

Electrostatic embedding®’ was employed and the boundary treated via the link atom approach. Long-range elec-
trostatic interactions were described by an adapted implementation of the Particle Mesh Ewald (PME) method for
QM/MM™. The high-level layer in the reactants complex for AfEST include the PCL model compound, S160,
the side chains of H285, D255 and G88, G89 and A161. For CalB besides the PC and S105, the high-level layer
also includes the side chains of H224, D187, the backbone of Q106 and T40 residue. The total number of atoms
in the high-level layer in the reactants is 57 for AfEST and 60 for CalB. For the other intermediates, the high-
level layer includes the same protein residues plus either the INT-1, EAM, INT-2 or the PC. The cluster model
transition states where also calculated (with the exchange-correlation functional B3LYP) and vibrational frequen-
cy calculations were carried out to confirm them. The initial structures were INT-1 and INT-2 and the reaction
coordinates were restrained in 0.1 A steps using the umbrella sampling method, except near the transition states
were smaller steps of 0.02 A were employed. The (PMFs) were computed resorting to the Weighted Histogram

Analysis Method (WHAM)™.

Results and Discussion
Catalytic mechanisms of the wild-type enzymes

It is well-known that the enzymes CalB and AfEST display the classical a/p hydrolase fold, dimer arrangement
and Ser-His-Asp catalytic triad®™®" (Figure 1). Yet, they are structurally quite distinct. AfEST has a cap domain
composed of five helices from two separate regions (residues 1-54 and 188-246)*, while CalB lacks this structure
and has two highly mobile short a-helixes, helix a5 (residues 142-146) and helix al0 (residues 268-287), where
the former acts as the putative 1id**®*. Furthermore, both enzymes display two pockets, an acyl-binding pocket
and a secondary alcohol-binding pocket, with different sizes and orientations™**’. The pockets of CalB display a
total volume of 204.6 A®, while the AfEST pockets have an overall volume of 343.5 A’ ®. The AfEST catalytic
triad is composed by the residues S160-H285-D255 and is located at the interface between the classical o/ hy-
drolase fold and the cap domain®®. CalB has the catalytic triad S105-H224-D187, which is located close to the

d*% The stated serine residues act as nucleophiles, the histidine residues act as an acid/base (trans-

5

putative li
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ferring protons between the catalytic serine and the substrate) and are stabilized by the aspartate residues''**%.

The enzymes also have a region called oxyanion hole, where a particular spatial arrangement of hydrogen bond
donors stabilizes the negative charge that is developed on the oxygen atom of the tetrahedral intermediate struc-

tures that are formed during the catalytic mechanism®*

. For CalB, the hydrogen bond donors are the backbone
amides of T40 and Q106 and the side-chain hydroxyl group of T40%", while for AfEST the hydrogen bond donors

are the backbone amides of G88, G89 and A161°° (Figure 1).

Al161

Q106 si60 D187
CalB
G88/89 A
H224
Ty H285

Figure 1. Catalytic triad and oxyanion hole residues of CalB and AfEST

The first half part of the catalytic cycle or acylation step (Scheme 1), concerns the nucleophilic attack of the
serine side-chain oxygen (Os.;) on the carbonyl carbon of the &-Cl substrate, which occurs concomitantly with
proton transfer from the Og,, to the histidine residue forming the first tetrahedral intermediate structure (INT-1)%.

In the INT-1 structure the histidine residue is positively charged and stabilized by the aspartate residue

For CalB, the &-Cl substrate binds weakly to its active site pocket as is reflected in the high value of Ky of 0.72
M®. Accordantly, in the MD simulations we can see that the e-Cl substrate is significantly mobile during the sim-
ulations, with the distance between it and the catalytic serine ranging between 3.22 + 2.30 A and 9.76 + 0.81 A
(Figure SI1). Consequently, we resorted to model the INT-1 as our initial structure, which is in accordance with
previous studies’. Despite the large distance to the serine residue, we can observe in two replicas, that the car-
bonyl oxygen of the &-Cl substrate establishes a hydrogen bond with the side-chain hydroxyl of the oxyanion-
hole residue T40 (Figure 2A). The nucleophilic attack proceeds via formation of a first transition state structure

(TS,), which has a free energy barrier (AG*) of 6.0 + 0.1 kcal/mol (at the exchange-correlation functional B3LYP
6



153
154
155
156
157
158

159

160

161

162

163
164
165
166
167
168
169
170
171
172
173
174

175

level, Figure 4) generating the INT-1 (Figure 2B). The TS, and all other transition states in this catalytic cycle are
concerted, meaning that bond making/breaking events occur simultaneously with proton transfer to or from the
histidine. In INT-1 the backbone amide groups of the oxyanion hole Q106 and T40 stabilize the developing nega-
tive charge on the substrate oxygen atom (Ooxyanion) (1.90 £ 0.12 A and 2.24 + 0.32 A, respectively). This structure
has a AG of - 1.1 £ 0.1 kcal/mol (with the exchange-correlation functional B3LYP, Figure 4). The HE2 atom of

H224 is 1.97 + 0.24 A from the oxygen

Scheme 1. First half part mechanism for the CalB and AfEST enzymatic synthesis of PCL.
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atom of &-Cl substrate (Oy,) in the reference structure (Figure 2B).

For the AfEST simulations, we observe less variation in the position of &-Cl substrate (Figure 3A and SI2),
which is also in accordance with the reported Ky of 0.093M%’ (7.7 folds lower than the one for CalB). The Ogyyan-
ion atom makes a hydrogen bond with the backbone amide group of residue G89 (1.96 + 0.84 A, away in the
reference structure, Figure 3A). Although the combined size of the pockets is substantially larger in AfEST than
in CalB®, the £-Cl substrate makes more interactions in AfEST because its higher hydrophobic nature®’. The
formation of the INT-1 from the RC, proceeds via the TS; with a AG* of 9.8 = 0.1 kcal/mol (with the exchange-
correlation functional B3LYP, Figure 4B). We also tested the proton transfer step in a stepwise mechanism. In this
case the serine proton is transferred to the histidine, while the substrate is not correctly positioned for the nucleo-
philic attack. The barrier associated with this step amounted to 37 kcal/mol (Figure SI13). In INT-1, the HE2 atom
is 2.13 £ 0.47 A from the Ojuione atom in the reference structure (Figure 3B) and has a AG of 4.4 + 0.1 kcal/mol
(with the exchange-correlation functional B3LYP, Figure 4B). The amide groups of G88, G89 and A161 make
hydrogen bonds with the Ogyyanion atom (distances of 2.28 + 0.52 A, 1.70£0.13 A and 1.95 £ 0.23 A, respective-

ly), stabilizing the negative charge that has developed in this atom. Furthermore, the oxygen atoms of D255
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interchangeably make hydrogen bonds with the HD1 atom of the positively charged H285 during the simulations
(2.01 £ 0.67 A, Figure 3B). This interaction highlights the importance of an aspartate residue in the stabilization

of the histidine residue.

The INT-1 is then converted into the enzyme activated monomer structure (EAM) by ring-opening and assisted
by proton transfer from the histidine residue. In CalB, the second transition state structure (TS;) is 8.4 £ 0.1
kcal/mol above the reactants and the overall AG#* for this step is 9.5 kcal/mol (with the exchange-correlation func-
tional B3LYP level, Figure 4A). For AfEST, the TS, has an overall AG* of 19.4 = 0.2 kcal/mol for the ring-

opening (with the exchange-correlation functional B3LYP, Figure 4B).

Figure 2. CalB active site pocket: A) e-CL substrate in the RC structure; B) INT-1 structure.

For both enzymes the TS, show the highest calculated free energy values (including the deacylation steps, that
we will detail further in the text). Consequently, the rate-determining step for the enzymatic synthesis of PCL is

the formation of the EAM, which is in accordance with previous studies’""

. For CalB, the reported turnover
number (k) of 72.9 s for the immobilized form, corresponds to a free energy of about 15.0 kcal/mol at 45 °C%.

For AfEST, the ke, of 0.064 s! corresponds to a AG* of 22.7 kcal/mol at 80°C*. Our calculated barriers of 9.5



193  kcal/mol and 19.4 + 0.2 kcal/mol (with the exchange-correlation functional B3LYP for CalB and AfEST - Figure

194 4A and B, respectively) for ring-opening are thus in good agreement with experimental data.

195
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197  Figure 3. AfEST active site pocket: A) &-Cl substrate in the RC structure; B) INT-1 structure.
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Figure 4. Calculated potentials of mean force (PMFs) for the formation of the EAM structure (acylation step)
with both enzymes. Each line denotes the corrected free energies calculated with different theory levels. More

information can be found in Figures SI4 and SIS.

The orientation of the histidine/aspartate residues in the INT-1 and connected transition states (TS; and TS,) in
the PMFs and in the small cluster models (Figure 2B, Figure 3B and 5) offer an explanation for the enzymes en-
ergy differences. As mentioned before, all transition states are concerted, with bond making/breaking events oc-
curring simultaneously with proton transfer to or from the histidine. In the INT-1 of AfEST, the HE2 atom of the
H285 residue is closer to the Os, atom than to the Oy, atom (1.85 A and 3.42 A, respectively, Figure 5). This ge-
ometry favors coupling of the vibration motions of the proton transfer to Og., with bond making to the lactone. In
fact, TS; and INT-1 are close in energy, favoring the reverse reaction (to TS;). In opposition, in CalB the HE2

atom of H224 is closer to the Oy, atom than the Os, atom (1.66 A and 2.71 A, respectively, Figure 5). This leads

10
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to a latter and higher energy transition state, when going in the reverse direction and much less displacement of
the histidine proton in the forward direction (to EAM), facilitating concomitant proton transfer and lactone open-
ing, decreasing the overall free energy barrier. Consequently, in CalB the active site arrangement is such that it
further promotes Oy, leaving, lowering the TS, barrier. On the other hand, in AfEST, the active site arrangement
promotes Os, leaving, making the INT-1 to TS; backwards free energy barrier lower and the overall AG* is much
higher. To further show this, we ran a simulation in which the histidine residue of CalB is in a position similar to
the one observed in AfEST. In this simulation the energy decreases 4.2 + 0.1 kcal/mol (with the exchange-

correlation functional B3LYP level, Figure SI6) as the histidine moves closer to the Oy,e.

“4u m 271 ~
127
——p
166
v H224 H224 108 L 151

INT-1
(CalB)
H285
© sts H285
1.62
1.82 107 1.20 U
eCl TS INT-1
1 (AfEST)

Figure 5. Scheme of the cluster model structures of TSy, INT-1 and TS, for CalB and AfEST (for simplicity in
the image representation the oxyanion and catalytic aspartate residues were deleted). The same trend observed in
the full models is kept in these small models: In INT-1 the distance from the histidine proton to Oy, is smaller for
CalB, favoring the forward reaction, whereas in AfEST the distance to Os,, is smaller. More information can be
found in Table SI1. The structures were geometry optimized with the exchange-correlation functional B3LYP

with dispersion added.

Scheme 2. Second half part mechanism for the CalB and AfEST enzymatic synthesis of PCL.
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In the second half part of the catalytic cycle (

Scheme 2), also called the deacylation step, the second tetrahedral intermediate structure (INT-2) is generated
after nucleophilic attack by the oxygen atom of the alcohol moiety of a molecule of 6-hydroxycaproic acid (6-
HCA) to the carbonyl carbon atom of the EAM. The 6-HCA molecule is the initiator (init) for the polymerization
reaction and was previously formed in a primary step, with the ring-opening of a molecule of &-Cl and post prod-
uct hydrolysis®. The PCL product is formed concomitantly with proton transfer from the histidine to the serine

residue, regenerating the free enzyme.

In the reaction catalyzed by CalB, the average distance of the carbonyl carbon atom of EAM to the hydroxyl
oxygen atom of 6-HCA molecule (Oy) is 4.83 + 0.69 A and the hydroxyl hydrogen atom of the 6-HCA mole-
cule is 5.06 + 1.05 A away from the NE2 atom of H224 Figure 6A and SI7). The INT-2 is generated via third
transition state structure (TS3), which is 7.7 + 0.2 kcal/mol above the EAM (Figure 7A). The hydroxyl hydrogen
atom is transferred from the 6-HCA molecule to the NE2 atom of H224, while in a concerted manner a bond is
formed between the Oy, and the carbonyl carbon of the EAM, generating the INT-2 (1.4 = 0.1 kcal/mol below
the EAM, Figure 7A andFigure 6B). The reaction proceeds to the PCL product release, through the formation of
the last transition state structure (TS,, 4.1 kcal/mol above the INT-2, Figure 7A), regenerating the free enzyme

that is now, ready for another turnover (Figure 6C).

In the reaction catalyzed by AfEST, the 6-HCA molecule is in the medium pocket and the Oy, atom of 6-HCA
molecule 4.86 + 1.61 A away from carbonyl carbon atom of the EAM (Figure 6D and SI8). Bond forming the
initiator occurs simultaneously with proton transfer from the HOj,; atom to H285, as it happens in CalB, with 7.7
kcal/mol (with the exchange-correlation functional B3LYP, Figure 7B), being required to reach the TS;. The INT-
2 (Figure 6E) is 12.0 kcal/mol below TSz and 7.9 £+ 0.1 kcal/mol below the EAM (Figure 7B). The PCL product

is released after breakage of the COsg,, bond and proton transfer from H285 to the serine oxygen (2.09 = 0.29 A

12



254  away, Figure 6F). This step requires 7.6 kcal/mol (Figure 7B) and after PCL product release, the serine hydroxyl

255  side-chain is regenerated.
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Figure 6. CalB and AfEST active site pockets, respectively: A and C) EAM structure with a 6-HCA molecule; B and D) INT-2
structure; C and F) Free enzyme with the PCL model compound.
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Figure 7. Calculated potentials of mean force for the deacylation (PCL product release) with both enzymes. Each
line denotes the corrected free energies calculated with different theory levels. More information can be found in

Figures SI9 and SI10.

4.Conclusions

We have determined the catalytic mechanisms of the wild type CalB and AfEST enzymes by performing
QM/MM and MD simulations. By determining the full catalytic cycles, we showed that the formation of the
EAM is the rate-determining step for this substrate, with the overall barrier for CalB (9.5 kcal/mol) significantly
lower than the one for AfEST (19.4 kcal/mol), which is in accordance with the experimental data®*"""">. Our
results also show that the major differences between the enzymes occur exactly during lactone ring opening. By

comparing the structures, we can observe that the different scaffolds of the enzymes allow for different arrange-

ments of the catalytic triad residues. Here we showed that these different geometries have important consequenc-
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es in the way these enzymes convert &-Cl. Since the transition states are concerted (proton transfer occurs con-
comitantly with C-O bond making/breaking), a smaller distance to Oy, favors the coupling of the motions of pro-
ton transfer to C-Oy,. bond breaking. In opposition a smaller distance to Og,, favors the coupling of the motions of
proton transfer to the C-Og,, bond. In accordance, the histidine in AfEST is significantly closer to Osg,, favoring
transfer in an early transition state in the reverse direction, while in CalB the same proton is closer to the Oy, re-
sulting in the corresponding transition state in the reverse direction and significantly less atom displacement when

going in the forward direction leading to a smaller overall free energy barrier.

These insights using PCL, as a case-study and CalB and AfEST to mediate esterification reactions, are useful
for protein engineering approaches to tailor the enzymes for industrial important poly(esterification), especially
those affording biodegradable aliphatic polyesters which are gaining momentum due to the search for more

sustainable alternatives, since plastic pollution is endangering the environment.
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Material and Methods - Molecular Docking

Molecular docking was performed with AutoDock4.2 suite of programs with the Lamarckian Genetic Algorithm (LGA)'. A
grid box was centered on the oxygen of the side chain of the catalytic serine (residue 160 for AfEST and 105 for CalB). A
total of 100 LGA runs were carried out for each ligand-protein complex. The population was 300, the maximum number of
generations was 27,000 and the maximum number of energy evaluations was 2,500,000. These initial structures were used to
model the INT-1 and INT-2 intermediates.

Material and Methods - Molecular Dynamics

The structures were placed within a pre-equilibrated octahedral box of toluene (a distance of 10.0 A was set, between the
surface of the protein to the box). Counter ions were added to make the entire system neutral. The systems were subjected to
two initial energy minimizations and to 500 ps of equilibration in a NVT ensemble using Langevin dynamics with small re-
straints on the protein (10.0 kcal/mol) to heat the system from 0 K to 300 K. Production simulations were carried out at 300
K in the NPT ensemble using Langevin dynamics with a collision frequency of 1 ps™'. Constant pressure periodic boundary
conditions were imposed with an average pressure of 1 atm. Isotropic position scaling was used to maintain pressure with a
relaxation time of 2 ps. The time step was set to 2 fs. SHAKE constraints were applied to all bonds involving hydrogen at-
qmsz. The Particle Mesh Ewald (PME) method® was used to calculate electrostatic interactions with a cutoff distance of 10.0
A.

22



531

532

533
534

548

Figure SI8. Representative structures of the MD replicas of CalB RCs.
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549 Figure SI3. Proton transfer (PT) for the stepwise mechanism. The much higher free energy barrier for the PT of

550 the stepwise mechanism shows that the concerted mechanism is more feasible.
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554 Figure SI4. Calculated potentials of mean force for the acylation step (formation of the EAM structure) in CalB.
555 The dashed line represents the PM6 PMF and the remaining, denotes the corrected free energies calculated with
556 different theory levels.
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559 Figure SIS. Calculated potentials of mean force for the acylation step (formation of the EAM structure) in AfEST.
560 The dashed line represents the PM6 PMF and the remaining, denotes the corrected free energies calculated with
561 different theory levels.
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Table SI1. Merz Kollman charges for the B3LYP high level layers of structures TS;, INT-1 and TS, of both

enzymes.
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Figure SI6. Calculated potential of mean force for the ring-opening reaction (EAM formation) in CalB when the
histidine residue is in a similar position to the one observed in AfEST. The PMF starts with the histidine residue
in the latter position (HSP-1), which evolve to the one observed in CalB (INT-1) and ultimately to the EAM
structure. The dashed line represents the PM6 PMF and the remaining, the correction performed with the
B3LYP theory level.

Figure SI8. Representative structures from the MD replicas of the AfEST EAM+ 6-HCA intermediate.
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582 Figure SI9. Calculated potentials of mean force for the deacylation step (formation of the PC structure) in CalB.
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588 Figure SI10. Calculated potentials of mean force for the deacylation step (formation of the PC structure) in AfEST.
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