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Abstract

Enzymatic synthesis of polymeric biobased materials is a powerful approach to make these processes
greener, more economical, and safer for scale-up. Herein, we have reengineered a hyperthermophilic
carboxylesterase to improve product yield in the synthesis of poly(e-caprolactone) and triblock
poly(e-caprolactone)-co-poly(ethylene glycol), two important biomaterials. Our design strategy comprised
extensive Quantum Mechanics/Molecular Mechanics Molecular Dynamics simulations, enzyme
expression, enzymatic assays and characterization of the products. Our best mutants showed yields for
poly(e-caprolactone) of 30-70 %, while the WT enzyme only achieved 9-12 %. The best mutants
consistently formed stronger hydrogen bonds to the nucleophilic oxygen in the reactants and with the

leaving lactone oxygen at the intermediate 1, reflecting the best active site compromise preorganization



for stabilization for two consecutive transition states that involve the same active site machinery. Our
findings set the underpinning grounds to redesign other enzymes for polyesterification reactions.
biodegradable polyesters, polycaprolactone, polyethylene glycol, enzymatic synthesis, carboxylesterase,

AfEST, lipase, CalB, QM/MM MD simulations, protein engineering.

Introduction

Aliphatic polyesters namely poly(e-caprolactone) (PCL) and poly(e-caprolactone)-co-poly(ethylene
glycol) (PCL-PEG) are bioresorbable materials with attractive properties. They are widely used in various
biomedical applications, such as systems for drug and gene delivery or implant materials for tissue
engineering.' Their synthesis can be accomplished mainly by two polymerization routes:
polycondensation polymerization or ring-opening polymerization (ROP). The ROP mechanism has been
continuously refined with several combinations of initiators and catalysts evaluated to attain the synthesis
of the desired polymer properties. Enzyme-catalyzed ROP (eROP) was considered one of the most
promising approaches.*® Overall, enzymatic synthesis has several advantages over traditional chemical
synthesis that make them better suited to obtain products for biomedical applications, namely by: 1) the
use of milder/greener reaction conditions in terms of temperature and pressure conditions; 2) the type of
solvents involved; 3) the high control of the stereo-, chemo-, regio- and choro-selectivity; 4) the absence
of toxic metal and/or organo-catalysts.>*

The wild-type (WT) serine-hydrolases (e.g. esterases and lipases) have been extensively tested for eROP
of lactones or macrocyclic esters.”'> A generalized eROP reaction of e-caprolactone (e-Cl) is shown in

Fig. 1.
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Fig. 1 Generalized eROP reaction for lipase conversion of &-Cl into PCL.

The most commonly employed enzyme has been Candida antarctica lipase B (CalB), a mesophilic
enzyme usually used in the immobilized form on Lewatit VP OC 1600 (Novozyme 435).'“" CalB
immobilization improves its stability and reusability,**' however, it also has disadvantages, such as lower
activity and selectivity for several monomers®, mass-transfer issues and the high-cost of these enzymes,
particularly at large scale. Furthermore, petroleum-based carriers for enzyme immobilization are not truly
green. Nonetheless, one the major limitations of these enzymatic polymerizations is the poor control of
the polymers molecular weight, for example, immobilized CalB has been previously shown to produce
PCL (number average of molecular weight (M, ) of 9,480 g/mol in toluene at 60 °C for 88 hr), PCL-PEG
(63-70 % yield at 70 °C, M, of 12500-17600 ' and in a latter work, M, of 11900-19000 and 1.28-1.59
polydispersity index at 70 °C'*). This enzyme was also previously reengineered for PCL synthesis,
however, the obtained polymers M, values (between 5730-12280 g/mol) were still highly variable and
similar to those obtained with the WT enzyme.? All of these limitations still prevent these eROP
reactions from industrial adoption, thus requiring the use of other enzymes and/or modified enzymes.

An alternative approach is to employ enzymes from hyperthermophile hosts. In general, these enzymes
have many advantages for industrial applications; notably, they are easier to purify when expressed in
mesophilic hosts and have a higher resistance to chemical denaturants. Reactions at higher temperatures
also provide fewer risks for microbial contamination.* Finally, higher temperatures also decrease the
viscosity of the medium and aggregation of the resulting polymer products, allowing for the enzyme to
more easily access the polymer units, which is very promising for large-scale polyesters synthesis. The
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hyperthermophilic carboxylesterase from the archaeon Archaeoglobus fulgidus (AfEST) was previously
employed in the synthesis of PCL.>*’ The existing forms, free and immobilized, allow the formation of
polymeric chains with M, values between 670-1580 g/mol and monomer conversion ratios between
45-100 % at 80 °C.** Interestingly, the immobilized form did not substantially improve the polymer
M, .***” Comparing with CalB, AfEST displayed a better Michaelis-Menten constant (k,,) for &-CI, but an
inferior rate constant (k_).”> Both enzymes have an o/f hydrolase fold composed by a Ser-His-Asp
catalytic triad and an oxyanion hole region responsible for the stabilization of the negative charge
developed on the oxygen atom of the tetrahedral intermediate structures.”®* The serine residue of the
catalytic triad act as the nucleophile and the histidine as an acid/base (transferring protons between the
catalytic serines and the substrate) that are stabilized by the aspartate residue.®***' These enzymes differ
on the residues that make the oxyanion hole and on the sizes and orientation of the acyl-binding and
alcohol-binding pockets.’*** Additionally, AfEST has a cap domain composed of five helices from two
separate regions (residues 1-54 and 188-246),* whereas CalB active site is flanked by two highly mobile
short a-helixes, helix a5 (residues 142-146) and helix a10 (residues 268-287), where the former acts as

the putative 1id.***

Protein engineering has been essential to better understand protein’s function, enzyme dynamics, and
active site architectures.”® To the best of our knowledge AfEST has not been engineered for
polymerization reactions. It has however been engineered to improve the affinity between AfEST and
organophosphorus compounds’” and in the resolution of ibuprofen esters.”® Here, we have used this
enzyme, for the first time, as a starting point for reengineering for enzymatic polymerization reactions.
We performed computational design and experimental validation for AfEST mutants to improve PCL and
triblock PCL-b-PEG-b-PCL synthesis. We have calculated the one- (1D) and two-dimensional (2D)
profiles for the acylation steps for all the variants. The enzyme mutants were then expressed, the reactions

tested, and the obtained polymers characterized.

Results



Enzyme mutant’s free energy surfaces for the acylation step

Enzymatic synthesis is nowadays widely used to obtain fine chemicals and active pharmaceutical
ingredients (APIs). However, the use of enzymes for polymer synthesis has been lagging behind these
applications. Immobilized enzymes have mainly dominated polyester synthesis, but, although
immobilized enzymes are more stable can be reused, these enzymes are expensive to use in large scale,
and the use of petroleum-based carriers for enzyme immobilization is not truly green.

Recombinant thermophile enzymes can be used in chemical processing due to their intrinsic in-built
properties since their origin host has evolved to live under extreme conditions that are normally
denaturing for many mesophilic enzymes. Here we have used the AfEST carboxylesterase as our starting
point and as a proof-of-concept, we tried to turn it more similar in terms of polyester synthesis activity to
CalB, without compromising its stability. Our rational approach was based on a detailed characterization

of the reaction profiles for the rate-limiting acylation step (Fig. 2).
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Fig. 2 General enzymatic mechanism for the acylation step of the ROP reaction.

Previously, we have determined the enzymatic catalytic mechanisms for the production of PCL**’ and
PCL-PEG”** by WT-CalB and compared it to WT-AfEST and found important differences.

Here, we designed several mutants to make the first intermediate (INT-1) structure of AfEST more
similar to the one of WT-CalB, to further stabilize the second transition state (TS,) structure and
consequently, make the enzyme more active towards this product. We changed different regions in the
enzyme, including the oxyanion hole residues, other residues that interact with the lactone ring and

residues close to the histidine-aspartate pair. We found that for the best mutants we were able to decrease



the overall free energy barriers for the rate-limiting step (Fig. 3). We predicted several mutants able to
increase the formation of the polyesters that were later tested in-vitro.
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Fig. 3 Stationary points along the acylation step for the WT enzyme and mutants. Each line denotes the
free energy for each mutant calculated with PM6/parm99SB and later corrected with the

exchange-correlation functional B3LYP with Grimme D3 dispersion.*!

Mutation of the oxyanion hole residues

The oxyanion hole regions of CalB and AfEST are significantly different. Whereas in CalB the hydrogen
bond (HB) donors are the side-chain hydroxyl group of T40 and the backbone amides of T40 and Q106,
in AfEST the HB donors are the backbone amides of G88, G89 and A161. The loop is also significantly
larger in AfEST. In CalB, it spans 6 residues (from residue 38 to residue 43), wherein AfEST it is
composed of 10 residues (86-95) (Fig. S1). When we superimpose the structures, we can observe that the
loop residues closer to the nucleophilic serine are G39 and T40 in CalB, and G87, G88 and G89 in
AfEST. T40 in CalB superimposes with G88/G89 in AfEST (Fig. S1 and S2). Accordingly, we have

mutated G88 and G89 to threonine residues and tested their effect on &-Cl binding and ring-opening. For



G88T we observe that there is not enough space for the threonine side-chain to be facing the substrate.
We observe a conformation where the threonine side-chain is oriented in the opposite direction (Fig. S3),
but with a TS, free energy barrier significantly higher than in the WT enzyme. Consequently, this
mutation was discarded, and we focused instead on G89T. In this case, the new side-chain hydroxyl group
of T89 is able to adopt two distinct conformations (G89T-1 and G89T-2, Fig. 4a and 4b, respectively):
one where it is oriented towards the substrate negatively charged oxygen (O, ) facing the oxyanion hole
(Fig. 4a), as T40 in CalB (Fig. S2b). For this conformation (1), the rate-limiting step is the first one, with
a AG* of 12.3 kcal/mol (Fig. 3). In the RC structure (Fig. 4a), the distance between the serine hydroxyl
hydrogen and the nitrogen atom of H285 is quite large (4.29 A), reflecting the fact that with this mutation,
the active site needs to substantially reorganize to stabilize of the first transition state (TS,) structure. At
the INT-1, the T89 side-chain and the remaining amide groups of the oxyanion hole region make HBs to

the O__, while the H285 is making a weak HB to the lactone oxygen atom (O

oxy”?

«oo) (Fig. 2 and 4b). In the
other G89T conformation (2), the side-chain hydroxyl is oriented in the opposite direction from the
oxyanion hole region and it is making an OH-x interaction with the benzyl ring of the F218 side-chain.

Therefore, the oxyanion hole region for this mutant is significantly different, since the negatively charged

0O,,, makes a rather weak HB with A161 at both RC and INT-1 structures. Also, although H285 is closer

to the O, than the serine oxygen (O, ), the angles are far from ideal ( 8 =146.3°, @=143.1° and

Ser.
¥=128.6°, Fig. 4b and 4e) when comparing with the other conformation (1). As a consequence, the TS,

and INT-1 structures from the second conformation are significantly higher in energy (INT-1 16.5
kcal/mol above the RC) and the overall free energy barrier of 23.4 kcal/mol is higher than in the WT
enzyme (4.6 kcal/mol higher, Fig. 3, 4h and 4k). The presence of the new HB acceptor in a new enzyme
scaffold is not necessarily better since it does not occupy the same relative position in the catalytic triad
residues of CalB. Accordantly, in the results from the experimental validation for the G89T (Table 1), we

observe some improvement for PCL synthesis, but no improvement for PCL-PEG synthesis.
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Fig. 4 Top) Reference structures for the AfEST mutants G89T-1, G89T-2 and G89A: RC with &-Cl (a-c)
and INT-1 (d-f). Bottom) Calculated 2D-PMFs for the first (g-i) and second (j-1) steps of G89T-1,

G89T-2 and G89A. The distances are given in A and the relative energy values in kcal/mol.

Since we noted that there is some improvement in placing in this position, the same residue that is present
in CalB (for one of the conformations), we also tested other residues in this position, such as the G§9A
mutation (Fig. 4c), where we are substituting a highly flexible glycine with a residue with the small
methyl side-chain. In this case, we also get a significant change in the conformation of the oxyanion loop.
The change in position of the oxyanion loop is relayed to the N-terminal a-helix and the protein loop with
the catalytic histidine (Fig. S4). Consequently, the distance between the H285 HE atom and O, is
improved at the RC structure and, at the INT-1, the distance towards O, is now 2.13 A, which is also an

improvement in relation to the WT enzyme (Fig. 4c and 4f, Table 1).

Mutations in residues that interact with the lactone-ring

The residues that line the lactone ring binding-site were also tested. The mutation V190Q, which occupies
the same relative position of CalB-Q157, decreases the overall barrier to 11.5 kcal/mol (Fig. 3). The
amide group of Q190 makes an HB with S219 (average distance of 2.51 = 0.40 A), and the carbonyl

group stays oriented towards the substrate, moving the O, away in the opposite direction (Fig. 5a). In the

lac

INT-1 structure, the H285 HE hydrogen is substantially closer to O, , than to O, (Fig. 5d). The TS, has

lac? Ser

a free energy barrier of 11.5 kcal/mol and TS, 8.8 kcal/mol, making TS, the rate-limiting step for this
mutation (Fig. 3, 5g and 5j). When the same residue is mutated to a negatively charged aspartate residue
(V190D), the aspartate carboxylate is oriented towards the backbone amide groups of residues V191 and

N192 instead of the substrate. In the RC structure, the O_ is close to the carbonyl carbon of the substrate

Ser

that is going to be attacked and the hydroxyl hydrogen is close to the H285 nitrogen atom (Fig 5b). TS,

AG* is 7.3 kcal/mol (Fig. 3 and 5h). In the INT-1 structure, the H285 HE hydrogen is closer to the O

Ser



than the O, and the barrier towards the TS, amounts to 11.1 kcal/mol (Fig. 3, Se and 5k). The overall

barriers are similar in the two cases (11.5 and 11.1 kcal/mol).
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Fig. 5 Top) Reference structures for AfEST mutants V190Q, V190D and M215L: RC with &-Cl (a-c) and
INT-1 (d-f). Bottom) Calculated 2D-PMFs for the first (g-i) and second (j-1) steps of V190Q, V190D and

M215L. The distances are given in A and the relative energy values in kcal/mol.

When M215 is mutated to a leucine (M215L) the shorter isobutyl side-chain creates more space in the
binding pocket, allowing the substrate &-Cl to bind in two different conformations (RC-1 and RC-2, Fig.
5c and S5, respectively). In the lowest energy structure, the substrate is close to the nucleophilic serine,
but the substrate ring is rotated towards V190 (instead of M215, L257 as in the WT) and the O, is not
oriented towards the oxyanion hole region. There is then a second RC after ring rotation (2, Fig. S5),
which is 7.3 kcal/mol above RC-1. The overall barrier for RC-1 is 12.6 kcal/mol (Fig. 3, 5i and 51).
Although the observed barrier is in fact lower than the WT, in this case the substrate is not able to make
such strong interactions as in the WT enzyme. Accordantly, the observed product yield is similar to the

WT for PCL at 70 °C and PCL-PEG at 90 °C.

Mutations in residues near the catalytic His-Asp pair

Finally, we have mutated residues that are close to the catalytic His-Asp pair. In the L257A mutation, the
positions of D255 and H285 residues change significantly, which is translated in a good position of the
nucleophilic serine to transfer the hydroxyl hydrogen to the H285 nitrogen atom and perform the
nucleophilic attack. However, this mutation also affects -Cl binding (the interaction with L257 is now

absent, Fig. S6). At the INT-1, the H285 is equidistant from O, and O (1.94 and 1.95 A, respectively,

lac Ser

Fig. 6d) and the overall AG" is 10.8 kcal/mol (Fig. 3, 6g and 6;).
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Fig. 6 Top) Reference structures for AfEST mutants L257A, L284F and L284W: RC with ¢-Cl (a-c) and
INT-1 (d-f). Bottom) Calculated 2D-PMFs for the first (g-i) and second (j-1) steps of L257A, L284F and

L.284W. The distances are given in A and the relative energy values in kcal/mol.

In the L284F and L284W mutations we see the same trend as before. The His-Asp pair moves and this
leads to a better orientation of the protein dipoles for stabilization of INT-1 and to a similar or worst
stabilization of TS, (Fig. 6h and 6k). The rate-limiting free energy barriers change to 11.0 and 10.8

kcal/mol, respectively (Figs. 6i and 61), which are significantly lower than in the WT enzyme (Fig. 3).

M215L_L257A

14 15 16 17 18 19 20 21 22 23 24 25 14 15 16 17 18 19 20 21 22 23 24 2
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Fig. 7 Top) Reference structures of AfEST mutant active site M215L-L257A: RC with &-Cl (a) and
INT-1 (b). Bottom) Calculated 2D-PMFs for the first (¢) and second (d) steps of M215L-L257A. The

distances are given in A and the relative energy values in kcal/mol.
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Finally, in the double mutant M215L-L257A, we are combining a mutation adjacent to the catalytic
aspartate with another, closer to the substrate. At the RC, we observe a new position of the substrate that
differs from both single mutants, where the substrate is closer to 192 and Y188, and above the
nucleophilic serine (Fig. 7a and S6). The catalytic serine is still able to make an HB with the histidine. At

the INT-1, we can see that the H285 is almost equidistant of O,,.and O, (0.06 A difference, Fig. 7b). The

lac

AG" for this double mutant is 8.3 kcal/mol (Fig. 3, 7c and 7d).

Reactions and products characterization

In order to verify our computational predictions, we have expressed the WT enzymes and the
characterized mutants. We have performed the synthesis of PCL and PCL-PEG at two different
temperatures and characterized the obtained products by ATR FTIR. The selected temperature range was
based in previous studies were higher monomer conversions were observed between 70-90 °C, but
products M, were higher at 70 °C.>>*

To check if the WT enzymes were active, we measured the remaining &-CIl by GC (Table S1), which
showed that AfEST enabled higher substrate conversion. Nevertheless, the remaining &-CIl might just
indicate the formation of 6-hydroxycaproic acid.” A better indication of polymer formation is based on

products assessment, including the isolation yields, which are summarized in Table 1.

Table 1 Product yields (in %) for PCL and PCL-PEG synthesis by the WT-AfEST and its mutants.

PCL PCL-PEG
Mutation
70 °C 90 °C 70 °C 90 °C
WT-AfEST 9 12 9 44
G&89T 45 34 2 39
G89A 32 47 26 56
V190Q 30 53 16 47
V190D 25 59 29 50
L257A 29 48 27 55
14

L284F 40 55 34 57

L284W 34 55 70 66

A1 ~T 1 A0 ~A AN



M215L-L257A 60 42 9 28

WT-CalB 0 9 0 8

The AfEST-mediated ROP polymerizations gave rise to the typical white solid products with isolation
yields varying between 2-70 % for PCL-PEG copolymer. For PCL, isolation yields in the range of 9-60
% were obtained at 70 °C and in the range of 12-59 % at 90 °C.

For the mutants, we can relate the differences in product yields at the different temperatures with
structural changes in enzyme loop containing the catalytic aspartate (D255, residues 253 to 257). For
example, in the double mutant M215L-L257A, the product yield decreases 1.43-fold for PCL at 90 °C
when compared to the yield at 70 °C. In this case, we are disrupting a Van der Waals (VdW) interaction
between M215 and L257 (Fig. S6). In opposition, in the single mutant M215L, L215 is still able to
interact with L257 and we observe an improvement in yields between the two temperatures.

Importantly, the reactions carried out with the AfEST mutants provided in general a more efficient route
to prepare PCL homopolymer and PCL-PEG copolymer, than simply using the WT or even compared to
WT-CalB. For example, when comparing the PCL-PEG polymerization reaction carried out at 70 °C
using WT-AfEST and L257A mutant, the yield increased from 12 to 49 %. Another important observation
was that PCL-PEG was typically isolated in higher yields than in the case of PCL, independently of the
mutant used.

Finally, the unambiguous confirmation of polyester formations was obtained from FTIR analysis.
Through the main FTIR spectroscopic features observed for all dried samples, notably (Fig. S7): two main
bands near 2942 and 2964 cm™ and a small shoulder at ca. 2880 cm™, arising from the antisymmetric and
symmetric stretching of C-H bond of methylene groups, characteristic of both PEG and PCL moieties;
one very intense and sharp vibrational band near 1719 cm™, attributed to the carbonyl stretching mode
(C=0) of an ester moiety, characteristic of the PCL moiety; a band at 1469 cm™', attributed to the C-H
bending vibration of PEG moiety; and another two high-intensity bands at 1237 and 1173 cm™ attributed

to the asymmetric and symmetric C-O-C stretching mode, also from an ester group, characteristic of PCL
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units.* Additionally, a broadband centered at around 3450 cm™, arising from the terminal hydroxyl
groups is also observed, which is consistent with the attainment of relatively low molecular weight
polymers. Nevertheless, the relative intensity of this band compared with, for example, those at 2940 and
2963 cm’', clearly decreases for those polymers obtained in higher yields and compared with the
WT-CalB (e.g. L257A versus WT-CalB), thus, indicating higher molecular weights. All these attributions
are in accordance with literature values for similar polymers and also with the polymers obtained with
WT enzymes.**** These characterizations confirmed the success of the new AfEST-mutant mediated
polymer synthesis, especially regarding the WT-AfEST and WT-CalB enzymes (Fig. S2). Moreover, the
main spectroscopic features of the polymers enzymatically synthesized, confirmed the predominant
aliphatic nature with ester linkages, typical of PCL-PEG copolymers. Further studies on those polymers

obtained in higher amounts, can shed more light on their properties.

Discussion

Here, we have reengineered the thermophilic AfEST carboxylesterase for more efficient synthesis of the
aliphatic polyesters (PCL and PCL-PEG), which are interesting biomaterials. Our reengineering
approach was based on the detailed mechanistic characterization of the eROP for PCL and PCL-PEG
copolymers synthesis by CalB lipase and AfEST carboxylesterase enzymes. As discussed before,” the
WT-CalB and WT-AfEST enzymes share many common aspects but are significantly different. The very
different oxyanion hole loop and disposition of the catalytic triad really precludes making simple
substitutions. Nevertheless, some aspects could be mimicked, such as decreasing the oxyanion loop
flexibility, changing the polarity of the active site, or changing the relative position of the His-Asp pair.
By analyzing the results, a common pattern emerges: if the oxygen atom that is directly involved in the
reaction is able to form a hydrogen bond with the histidine in the minima, then the barrier will be lower.
This purely reflects that, for these mutants, there is a better pre-organization of the active site to stabilize
the corresponding transition state for this substrate. Because this is a multistep mechanism, involving the

same catalytic machinery (the histidine acting as a base in the first step and as an acid in the second), we
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also observe a compromise for re-organization. This means that having a particular disposition that favors
a smaller barrier when going from the reactants to the TS,, can have a detrimental effect on the second
step, where the active site rearrangement is necessary for the histidine to stabilize instead the leaving
group (O, ). If at the INT-1 structure, the histidine interacts strongly with the O_, then the reaction tends

lac Ser®

to go backwards toward the reagents. For example, for the WT-AfEST INT-1, the active site is better
organized to stabilize the backwards reaction to the RC, instead of the forward one to the EAM. For
G89T, and particularly G89T-2, the disposition is such that, no productive hydrogen bond is formed

between the H285 and O, and consequently there is a much higher free energy barrier at TS, (from the

Ser
RC to INT-1). The best fold improvement for PCL is for the double mutant (M215L-L257A) at 70 °C for
PCL (60 % product yield, Table 1) and L284W at 70 °C for PCL-PEG (70 % product yield, Table 1). In
both cases, the distances and angles at the optimized structures of the RCs are consistent with weak
hydrogen bonds (2.2 A, 141.7° for L284W and 2.0 A, 144.0° for M215L-L257A). At the INT-1, the

measured values to the O, and O, are similar and consistent with a moderate to weak hydrogen bonds

(Fig. 6f and 7b).

By changing the active site of AfEST in such a way to optimize the active site arrangement and by
achieving the best compromise possible between TS, and TS, stabilization, we were able to design
mutants that were confirmed to produce polymers with higher yields than the WT enzyme. The role in
nature of this enzyme is far from synthetizing polyesters. Here we have improved it to do just

that.

Methods
Initial Setup

The structure of the WT and mutants complexed with the first tetrahedral intermediate (INT-1) (Fig. 8)

were modeled from the AfEST crystal structure (1JJ1,* 2.20 A resolution, homodimer) and the
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protonation states assigned with MolProbity.* Before any procedure, the sulfonic inhibitor present in the
crystal structure was removed to generate a suitable initial structure for the subsequent computational
analysis. The INT-1 molecule was geometry optimized in Gaussian09*’ using B3LYP* with the 6-31G(d)
basis set and a Polarizable Continuum Model (PCM)* solvent description. The atomic partial charges
were calculated from the optimized structure resorting to the Restrained Electrostatic Potential (RESP)*
method from the HF/6-31G(d,p) single-point energy calculations. Amino-acid substitutions were made
resorting to rotamer's libraries.”' All complexes were minimized and subjected to Molecular Dynamics

(MD) simulations prior to the determination of the reaction profiles.

Molecular Dynamics

Molecular Dynamics (MD) simulations of all complexes were performed using the Amber molecular
dynamics program (AMBER18)** with the parm99SB™> and GAFF** force fields. The structures were
placed within a pre-equilibrated octahedral box of toluene (as previously parameterized)™ with a distance
between the surface of the protein to the box of 10.0 A. 24 Na” ions were added to make the entire system
neutral.

The systems were subjected to two initial energy minimizations and 500 ps of equilibration in an NVT
ensemble using Langevin dynamics with small restraints on the protein of 10.0 kcal/mol to heat the
systems. Production simulations of 5 ns were carried out at 353.15 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 atoms.”® The Particle Mesh Ewald (PME) method*’ was used to calculate electrostatic

interactions with a cut-off distance of 10.0 A.
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Quantum Mechanics/Molecular Mechanics Calculations

The Quantum Mechanics/Molecular Mechanics (QM/MM) calculations™®* were performed using the
internal semi-empirical hybrid QM/MM functionality implemented in AMBER18>* with periodic
boundary conditions. A MD reference structure of each complex was used as the initial structure for the
QM/MM calculations. The PM6 semi-empirical method®**' was employed to describe the QM region
while the MM region was described by the Amber parm99SB force field.”® The reactions were conducted
at 353.15 K. Electrostatic embedding® was employed and the boundary treated via the link atom
approach. Long-range electrostatic interactions were described by an adapted implementation of the PME
method”’” for QM/MM. %

For the 1D and 2D-PMFs the same set of reaction coordinates was used (Fig. 8). They are: 1) the distance
between the H285 proton HE and the D159 oxygen atom (0) and 2) the distance between the H285 proton

HE and the substrate oxygen atom (¢).

0
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Fig. 8 Representation of the QM region and corresponding link atoms. INT-1 R,,R,=(CH,),.

In the 1D-PMF, one reaction coordinated was 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. Then, and in
accordance with our previous work,* the structures from 1D profiles were used as starting points for the
2D-PMF scans. To keep the reaction coordinates at the requested distances and to ensure enough overlap

between windows, an umbrella constraint force of 200 kJ.mol'.A* was used along the reaction path and
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incrementally increased to 1000 kJ.mol"'.A as the reaction coordinates deflect from the minimum energy
path. For every window, a total of 15 ps was simulated with a time step of 1 fs. The distances were
scanned from 1.4 to 2.5 A (o and o) and from 1.0 to 2.0 A (0 and ¢) comprising a total of 132 simulations
for each step and for each mutant. The minimum energy path was traced resorting to the MEPSA software
version 1.4% and the PMFs computed resorting to the Weighted Histogram Analysis Method (WHAM)
with the Monte Carlo bootstrap error analysis.’>* The average structures for the minima in the PMFs

were retrieved and optimized with PM6/parm99SB and used to make all the figures.

High-level Layer Corrections

For the high-level (HL) layer corrections of the 2D-PMFs we resorted to the method described in detail in
reference®” which is based on the work of Truhlar and co-workers.®* Multiple structures were retrieved
from the 2D-PMFs and subjected to single-point calculations using the Gaussian09 program,*” first with
the semi-empirical PM6°*®! and then with B3LYP* with Grimme D3 dispersion.*' The corrected energies
term ( £ ) was interpolated from those structures employing the following equation:

E=Epyenn +S (AE?A%P)
Where the term AE f,j;% P corresponds to the difference between the free energies for the HL layer set
calculated by B3LYP/6-31G(d,p)** with Grimme D3 dispersion*' and PM6°*®! (low level (LL) theory),
while S represents the cubic spline function of the difference between the HL and LL theory representing

the QM region. All energies mentioned in the text are from the corrected 2D-PMFs with

B3LYP/6-31G(d,p) and with Grimme D3 dispersion.*'

Plasmids Design and Protein Expression

The genes for the WT enzymes and the mutants were synthetized and cloned in pET-24a(+) expression

vectors by GenScript.”

Plasmids were transformed into BL21 Escherichia coli (E. coli) competent cells and grown on antibiotic
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selection plates. Primary cultures were inoculated from agar plates and grown overnight at 37 °C and
diluted 1:100 into 1 L LB supplemented with 50 pg/mL kanamycin. Cultures were grown at 37 °C until
induction with 1 mM IPTG and incubated at 25 °C for 16 hr. Cells were harvested by centrifugation at
4000 rpm for 0.5 hr and resuspended in 0.1 M phosphate buffer pH 7.4. CalB samples were split with half
being prepared as freeze-dried whole cells (W/C). The remaining CalB samples were sonicated alongside
ATfEST samples to lyse cells. The cell free extract (CFE) was collected by centrifugation to remove
unbroken cells and cellular debris and then freeze-dried to yield an off-white solid.

Enzyme expression was detected using a dot blot and all cultures showed detection of a His-tag indicating
expression of the esterases and lipases (Fig. S8). Following cell lysis, 2 puL cell free extract was spotted
onto nitrocellulose membrane and allowed to air dry before being incubated at 25 °C for 1 hr in blocking
solution with shaking (5 % milk powder in phosphate buffer saline (PBS)). After decanting the blocking
solution, the membrane was washed 3 times for 1 min in PBS. Monoclonal
Anti-polyHistidine—Peroxidase was diluted 1:10,000 in PBS and incubated for 1 hr at 37 °C with shaking.
The antibody solution was decanted and the membrane washed 3 times for 5 min in PBS before addition
of the development solution (6 mg diaminobenzidine in 10 mL PBS and 100 pL hydrogen peroxide). The
membrane was developed with shaking until brown coloration of blotted enzymes appeared and the

solution was decanted, membrane washed with MQH,O and imaged.

Reactions Set-up

ROP reactions of 200 puL of substrate (g-Cl) in 600 pL of toluene were carried out at 70 °C and 90 °C for
72 hr. The dried enzyme (cell free extracts or whole cells, Table S1) was added to each reaction medium
to reach a concentration of 25 mg/mL In the case of the assays for PCL-PEG synthesis, 50 pL of
PEG4000 were added as well. WT-AfEST and WT-CalB samples were analyzed by Gas
Chromatography (GC) to evaluate the remaining &-Cl. The GC analysis was carried out using an Agilent

7890B GC equipped with an Agilent HP-5 column (30 m x 0.32 mm x 0.25 pm) and ran with a 160 °C
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isocratic oven method for 5 min. The injection was performed using a Gas flow inlet with a 25:1 split
ratio at a constant pressure of 22 psi. The inlet and detector temperatures were 250 °C. Helium was used
as carrier gas maintained at a flow rate of 25 mL/min. The air and hydrogen flow rates set to 450 mL/min

and 40 ml/min, respectively.

Polymers Characterization

The newly synthesized PCL and PCL-PEG copolymers were extensively characterized by means of
Attenuated total reflectance Fourier transform infrared (ATR FTIR) spectroscopy to assess their main
structural features. Additionally, for comparison reasons, the copolymer synthesized using the
WT-AfEST was also analyzed by ATR FTIR. ATR FTIR spectra of all polymers were obtained using a
PARAGON 1000 FTIR spectrometer equipped with a single-horizontal Golden Gate ATR cell
(Perkin-Elmer, MA, United States). The spectra were recorded after 128 scans, at a resolution of 4 cm™,

within the range of 500 to 4000 cm™.
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