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Abstract

Deep mutational scanning (DMS) has recently emerged as a powerful method to study protein
sequence-function relationships but it has not been well-explored as a guide to enzyme
engineering and identifying pathways by which their catalytic cycle may be improved. We report
such a demonstration in this work using a Phenylalanine ammonia-lyase (PAL), which deaminates
L-phenylalanine to trans-cinnamic acid and has widespread application in chemo-enzymatic
synthesis, agriculture, and medicine. In particular, the PAL from Anabaena variabilis (AvPAL*)
has garnered significant attention as the active ingredient in Pegvaliase®, the only FDA-approved
drug treating classical Phenylketonuria (PKU). Although an extensive body of literature exists

on the structure, substrate-specificity, and catalytic cycle, protein-wide sequence determinants

of function remain unknown, as do intermediate reaction steps that limit turnover frequency,

all of which has hindered rational engineering of these enzymes. Here, we created a detailed
sequence-function landscape of AvPAL* by performing DMS and revealed 112 mutations at 79
functionally relevant sites that affect a positive change in enzyme fitness. Using fitness values and
structure-function analysis, we picked a subset of positions for comprehensive single- and multi-
site saturation mutagenesis and identified combinations of mutations that led to improved reaction
kinetics in cell-free and cellular contexts. We then performed QM/MM and MD to understand

the mechanistic role of the most beneficial mutations and observed that different mutants confer
improvements via different mechanisms, including stabilizing transition and intermediate states,
improving substrate diffusion into the active site, and decreasing product inhibition. This work

- Corresponding author (nikhil.nair@tufts.edu, @nair_lab).

Equal contribution
AUTHOR CONTRIBUTIONS.
N.U.N., K.M,, T.C.C., and V.D.T. conceived the idea, N.U.N., T.C.C., V.D.T. designed the research project and T.C.C., V.D.T., N.B.K,,
AS., G.G.S., PK.R,, N.U.N. co-wrote the manuscript. T.C.C., V.D.T., K.M., and A.R. performed the experiments. T.C.C. and V.D.T.
analyzed the data. N.B.K., A.S., G.G.S., P.K.R. performed analysis of the computational results. All the authors have reviewed the
manuscript and approved it for submission.

COMPETING INTERESTS.
Authors (N.U.N., V.D.T,, T.C.C., K.M.) and Tufts University have applied for a patent on the workflow and enhanced activity variants.
N.U.N., V.D.T., and T.C.C. are cofounders of Enrich Bio, Inc.

CODE AVAILABILITY.
All open-source and commercial software used are described in the methods section.

SUPPORTING INFORMATION.
Mutational library design and characterization, DMS results, mutant enzyme characterization data, results from MD metadynamics,
steered MD, QM/MM, and QM/MM metadynamics simulations.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Trivedi et al.

Page 2

demonstrates how DMS can be combined with computational analysis to effectively identify
significant mutations that enhance enzyme activity along with the underlying mechanisms by
which these mutations confer their benefit.
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INTRODUCTION.

Deep mutational scanning (DMS)1-1° has emerged as a powerful method to assess
sequence-function relationships?8, identify functional hotspotsl’, and accelerate and/or
broaden engineering campaigns?8: 1°. Specifically, DMS provides a comprehensive map

of sequence—function relationships to explore the protein fitness landscapes?’, discover new
functionally relevant sites29, and identify beneficial combinations of mutations for protein
engineering?L. Building upon these previous efforts at DMS guided protein engineering,

we developed a workflow to engineer an ammonia-lyase (AL, EC 4.3.1.%), a relatively
understudied family of enzymes — and further assess how specific mutations overcome
different steps in the catalytic cycle that limit activity.

Phenylalanine ammonia-lyases (PALs), which deaminate L-phenylalanine (Phe) to frans-
cinnamic acid (tCA) and ammonium (NH4*), are widely found associated with secondary
metabolism in plants, bacteria, and fungi2? and contain the rare 4-methylideneimidazole-5-
one (MIO) adduct. The MIO adduct enables deamination without an exogenous cofactor
such as pyridoxal 5-phosphate (PLP) and/or co-substrate(s)?3. Biocatalytic applications for
natural product and fine chemical synthesis, as well as therapeutic potential have driven

the discovery, expression, characterization, and engineering of PALs® 24-28 |n particular,
the recent success translating PALs into enzyme replacement therapies for phenylketonuria
(PKU) management and potential use as a cancer therapeutic have further increased interest
in engineering this class of enzymes2%-32, While there is extensive literature on the structure
and catalytic mechanism of PALs, and a generalized understanding of how residues in

the substrate-binding pocket contribute to specificity and turnover using semi-rational and
homology-guided mutagenesis studies33-3%, there is poor understanding of how enzymatic
performance can be improved by mutating residues that are not in contact with the bound
substrate.

We previously developed a growth-coupled enrichment for rapid screening of high-activity
variants of AvPAL™* (the double mutant C503S-C565S PAL from Anabaena variabilis,
currently used to formulate the PKU drug Pegvaliase®) in £. co/R®. Building on our

prior work, we first utilized DMS to provide a detailed sequence-function landscape

of AVPAL™* and identified 79 functionally relevant sites that improve activity. Next, we
selected seven hotspots for single- or multi-site saturation mutagenesis to study their
interactions and further enhance catalytic activity. Interestingly, many beneficial mutations
were not well-represented in the natural sequence diversity of homologous PAL enzymes.
We observed that few mutations showed positive fitness with increasing number of
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co-mutating residues, as evidenced by the two best combinations of mutation among

the 7 sites, a double (T102E-M222L) and triple (TO12R-M222L-D306G) mutant. These
displayed a ~2.5-fold improvement in k4 (and >3-fold increase in catalytic efficiency).

To understand the mechanistic role of key mutations, we performed modelling studies
(Quantum Mechanical, QM/MM, and Molecular Dynamics, MD, including metadynamics)
and concluded that there are multiple pathways to enhance PAL catalytic activity, including,
i) decreased root mean square fluctuation (RMSF) of substrate in the active site, ii) greater
proximity of the substrate to catalytic residues, iii) stabilization of the substrate in the

near attack conformation, iv) stabilization of the transition and intermediate states, and v)
facilitated diffusion of the substrate to the active site. Based on the unique experimental

and computational insights, we also created another variant (T102E-M222L-N453S) that
displayed lower product inhibition and ~6-fold higher activity in a whole-cell context. In
summary, we provide a combined DMS and modeling workflow that we used to engineer
enhanced catalytic properties of PALs, while simultaneously advancing the understanding of
their basic enzymology.

RESULTS & DISCUSSION.

Overview.

The overall workflow of this work is summarized in Fig. 1. Starting with a randomly
mutagenized library, we first performed deep mutational scanning (DMS) of AvPAL*
using a growth-based high-throughput screen (HTS) to evaluate the fitness — or change

in relative frequency — of each mutation. Briefly, we deep sequenced plasmid libraries from
the naive and three enrichment passage populations to identify mutations that occurred

at each position, calculated the change in frequency for every mutation in each of the
enriched passage populations relative to the naive library (fitness), and mapped the fitness
onto the protein sequence and structure. Using fitness, structural insights, and domain
knowledge, we classified certain positions as mutational hotspots from which we generated
site-saturation mutagenesis libraries of each position alone, or in combination. We then
enriched these libraries using our HTS, as before, and identified additional variants that
further enhanced activity. Next, we performed MD, including metadynamics, and QM/MM
studies to characterize the catalytic mechanism of AVPAL*, and assess the functional
impact that these mutations have on its catalytic activity. Finally, we used data from all
investigations to devise more active AvVPAL* variants.

Deep mutational scanning (DMS) of AVPAL* and analysis of active site residues.

The naive library contained approximately 2—4 amino acid mutations per gene, had a broad
distribution of mutations (no major bias), and had an average of 5.6 (range 2—7) substitutions
per residue (Fig. 2a&b). Comparatively, the enriched library from the third passage averaged
only 0.6 (range 0-5) mutations per position, and also contained only 222 positions with at
least one mutation (relative to the overall protein size of 565 amino acids). We found that all
premature nonsense codons in the naive library were rapidly depleted, and the library also
shifted from majority non-synonymous to synonymous mutations during enrichment (Fig.
S1).
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To evaluate the relative increase of each mutant variant in library during enrichment, we
calculated a fitness score for each mutation (File S1). We found that the maximum fitness
scores and growth rate generally increased across passages, and there was a good correlation
between enzyme specific activity and fitness, indicating a strong positive selection for

PAL activity using our PAL enrichment method (Fig. S1-4). Overall, 93% of mutations

in the library had negative fitness by the third passage, meaning that most mutations were
decreasing in their relative proportion, and thus, resulted in variants that are deleterious
(Fig. 2c). Notably, the active site residues — catalytic and substrate binding — were

generally non-permissive to mutations (Fig. 2d, €), and our data is in good agreement

with published literature. Y78, Y314, and the MIO-forming triad (A167, S168, and G169)
that are implicated to play essential roles in catalysis3” and highly conserved in PALs,

were found to be non-permissive to mutations. L104, F107, L108, and L171 in AvPAL*

are part of the substrate binding pocket that interacts with the hydrophobic moiety of Phe.
Among these, L104, L171, and L219 are three of the most highly conserved residues in
tyrosine/phenylalanine ammonia lyases (TPALs) and mutases23 and any substitution at these
positions had negative fitness (Fig. 2e). F107 equivalent position shows more diversity,

as PALs contain F14, TPALs contain basic amino acids R1° or H8, whereas aminomutase
carry more polar amino acids C 38 or S39, In PALs, F107 forms edge-edge interaction

with the phenyl ring of the substrate?8 and hence a mutation to Tyr is likely to be

minimally disruptive, consistent with neutral fitness of F107Y in our data. In an earlier
study, L108A, G mutations were shown to drastically reduce the enzyme activity suggesting
it is not permissive to mutations28. However, we found L108Q, M to have positive fitness,
suggesting the need for a large uncharged sidechain to fill-in the active site and maintain
favorable interaction with the substrate. We confirmed L108Q and M to be more active

and L108G to be less active than parental AvPAL* on phenylalanine (Fig. S5). Though
LL108M agrees with the requirement of hydrophobic residue to maintain nonpolar contacts?®,
L.108Q is an unusual amino acid change to a polar residue at an otherwise conserved
position. Generally, L108 equivalent position is conserved in ammonia-lyases active on
phenylalanine, and His is found to be present in enzymes active on Tyr23. On performing
sequence analysis on AvPAL* homologs against the RefSeq protein database, we observed
out of the 998 sequences, Leu and His are present at the 108-equivalent position in 490
sequences each, accounting for 98.2% of the sequences, and Ala, Lys, Met, GIn, Thr

are found in the remaining 18 sequences (Table S1). The M222 position shows greater
permissivity in the library and its natural diversity in homologs. Of the same 998 homologs,
469 had Val, 396 had Met, whereas, lle, Asn, Thr, and Leu were found in 105, 15, 7 and 6
sequences, respectively. We found M222L, V to have higher fitness and thus, higher activity
compared to parental AvPAL*. This is consistent with a recently concluded study on PcPAL,
where bulkiness of the residues lining the active site were considered important3®. F363,
K419, and E448 all showed negative fitness for all substituted amino acids sampled and are
conserved in PALs and TALs with available structures. 1423 showed negative fitness for all
mutations, including Thr, the equivalent of which in Petroselinum crispum PAL (PcPAL)
(1460T) demonstrated a modest 1.15-fold increase in keyt*0. Thus, many of the outcomes of
the analysis of DMS data related to active site residues are largely consistent with published
data on PALSs, supporting the validity of the workflow and calculated fitness scores as proxy
for enzyme activity (Fig. S4). Further, we identified 4 distinct active site mutations at L108
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and M222 that increase AvPAL™* activity, only one of which has been previously reported
(M222L, by our group)3®.

Sequence-function characterization highlights hotspots that enhance activity.

To accurately identify “hotspots”, positions where mutations contribute most highly to
enhance activity, we calculated a fitness gradient. The fitness gradient was determined by
calculating the fitness of each mutation at each position for each passage (P#1, #2 and

#3) relative to the Naive library (P#1 versus Naive, P#2 versus Naive, P#3 versus Naive),
followed by linear regression over passages, thereby overcoming any subtle biases from a
single timepoint (Fig. S6). We omitted the N-terminal residues from consideration because
they were previously shown to be dispensable for AVPAL* activity28, and also filtered

the fitness scores to ignore any mutation with a frequency of zero in any passage or less
than 0.625 % in passage #3, to better identify the most significant mutations. From the

225 positively fit mutations in P#3, we identified 12 positions (and 14 mutations) with the
most positive fitness gradients (Fig. 3a). We then mapped the fitness onto the structure

of AVPAL (PDB ID: 2NYN) with phenylalanine docked in the active site to investigate
where the most fit positions are located relative to the active site and one another (Fig. 3b).
Interestingly, we found that the most fit mutations were clustered at either end of the protein
chain, with many quite distal from the active site. To investigate further, we calculated the
distance of the a-carbon of each residue to the a-carbon of Phe docked in the active site

of the same chain (Fig. 3c). We found that 7 of 12 of the fittest mutations were >50 A

from the docked Phe. Noting that AVPAL* is a homotetramer composed of dimers with
chains oriented anti-parallel, we found that intramolecular distal residues were proximal to
adjacent active sites (Fig. 3d). We see that positions 268, 294, 306, 400, and 494 from the
B-chain are closest to the A-chain substrate Phe, as are the 407, 533 and 534 positions from
the C-chain. In fact, previous investigations into the structure of AvPAL* have identified
loops in the adjacent chains that play an important role in forming the active site pocket
(Fig. 3c, f)28. Interestingly, we also observed that the top 4 mutations (G218S/A, M222L,
and N453S) were in highest abundance as single site mutants (i.e., did not co-occur), and
triple mutants were completely absent, suggesting a need to further investigate these hotpots
combinatorically (Table S2).

Combinatorial mutagenesis reveals optimal single and combined mutations at hotspots

From our analyses, we selected 7 hotspot positions (102, 218, 222, 268, 306, 360, and 453)
for further investigation (Fig. 3e). We generally classified these residues as comprising 2
regions: and i) residues located within the loops surrounding the active site (268, 306, 360,
and 453) (Fig. 3f), and ii) residues clustered within a bundle of a-helices that form a surface
in the active site (102, 218, 222) (Fig. 3g). The 102, 218, 222, 360, and 453 positions most
likely act on the intra-chain active site, while the 268 and 306 positions are from an adjacent
chain (chain B, relative to the active site of chain A, and vice versa).

Though computational approaches like GRAPE*!, CompassR*2, SNAP243, PROVEAN#4,
DeMask*® etc. can be used to inform the sites for combinatorial library, we observed

that the trends in fitness scores from our study, which correlate well with the observed
specific activity, did not agree well some of the computational predictions (Fig. S7, Table
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S3). Hence, to identify the improved variants, we generated combinatorial libraries (like
synthetic shuffling*® and CASTing?’) from 7 hotspots using single ("Cy —i.e., 7 choose

1), triple (C3 — 7 choose 3), and septuple (“C7 — 7 choose 7) site saturation mutagenesis
libraries. We constructed the three libraries in a manner allowing us to extensively cover

all the combinations practically possible. For instance, 'Cs library allows us to sample up
to a maximum of three sites, whereas C- allows us to sample all seven sites (please see
material and methods, Fig. S8 for more details). We then enriched these libraries using

our HTS and calculated the fitness of each residue. Fig. 4a shows the fitness of single site
saturation mutagenesis of all sites when passaged individually ("C4). For all sites, we found
substitutions that had higher fitness than the wildtype. For example, the T102 position shows
the most permissive behavior with seven amino acid substitutions showing positive fitness
including A, S, P, E, R, K, and H. The other six positions display more restrictive pattern
with only 3—-4 amino acids showing positive fitness (Fig. 4a). In total we found 28 individual
substitutions with higher fitness than the native residue at that position and 24 substitutions
with positive fitness. Interestingly, only 2 of these 24 have previously been described to
enhance AvPAL* activity (our previous work36) — the remaining being first described here.
However, fewer mutations showed positive fitness scores when evaluated in combination
using ’Cz and ’Cy libraries (Fig. 4b, c). This indicates that while many mutations contribute
to positive fitness individually, most are not readily additive or synergistic in combination.
This agrees with the observation that double mutants from a G218X-M222X library are

less fit than single mutants at either of those positions (Fig. S9). Indeed, the G218S
mutation, while highly fit in isolation, is generally unable to contribute significant fitness
score when combined with 1 to 6 other mutations (Fig. 4a—c, Fig. S9). Looking at the
naturally occurring diversity at the seven sites investigated in the present study, we found
both agreement with the natural diversity and numerous mutations with positive fitness that
are not found naturally (Fig. 4d). For four of the seven positions (218, 222, 306, 360),

we find that the natural diversity fully recapitulated the fittest variants found in our study.
However, for other sites (102, 268, 453), we were able to find novel mutations that are not
predictable through sequence alignment alone. We also noticed that position 306 has very
high natural diversity but is restricted to only two mutations with positive fitness (Glu, Gly).
Conversely, 453 is naturally restricted to only two amino acids naturally (Asn, Glu) but
many alternate mutations increase fitness.

To identify the most active variants from the “Cg and ’C5 libraries, we picked 20 random
colonies from each enriched culture, tested them for growth and tCA production, and
sequenced the top 14 (Fig. S10-11, Table S4). From this subset, we identified new
variants with improved kinetic parameters (Table 1). Among these, T102E-M222L and
T102R-M2221-D306G displayed 2.4- and 2.25-fold improvement in the Kcg;, respectively.
Interestingly, T102R-M222L-D306G showed some substrate inhibition (Fig. S12, apparent
at > 10 mM Phe), although, it did display the highest activity at lower substrate
concentrations (< 300 pM), which is most relevant for PKU treatment. Beyond having
isolated the most active AvPAL™* variants, these results have two additional implications.
First, only a small combination of mutations at these sites synergistically and/or additively
enhance AvPAL* activity (Fig 4c). Second, the propensity of these mutations to act
additively and/or synergistically may be explained by the mechanism by which they
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contribute to PAL activity. To understand the mechanism by which the different mutations
may contribute increasing activity, we performed in silico modelling studies.

MD studies reveal mutants with local fluctuations in the active site impact the near attack
conformation.

Having identified mutations that enhance AvPAL™ activity, we were interested in
understanding the mechanism contributing to increased activity. We conducted extensive
all-atom atomistic MD studies for different mutants of AvPAL* to ascertain the stability

of the attack conformation. The starting enzyme substrate (E-S) complex was derived

using docking studies; each MD simulation was 500 ns x 2 long, and all post-simulation
studies were conducted from 100" ns onwards. AvPAL* is a homotetramer, of closely
interlocking monomers®: 14 28 Each tetramer contains four catalytic sites, and each active
site is comprised of residues from three different monomers and one MIO group. Each active
site is capped by two flexible loops: an inner loop which is packed tightly in the active site
and forms interactions with the substrate and an outer loop which serves as an external cap.
The outer loop is attributed to forming a barrier to bulk solvent, preventing access to the
active site?8, Reaction mechanisms of PALSs have been extensively studied and involve the
formation of the N-MIO intermediate (Fig. Sf)3 8. Here, we focused on the formation of the
first intermediate state of the substrate in the active site (before covalent binding with MIO,
Fig. S13a-b). During this step, Y314 functions as the catalytic base.

As the binding conformation of the substrate is not yet identified in any of the PAL crystal
structures, we performed the docking of Phe in AvPAL™* structure using Autodock4 and then
chose energetically and structurally feasible conformation for further studies. We observed
the binding energy to be —3.03 kcal mol~1 for the E-S complex. Maintenance of close
proximity between substrate and catalytic residues over the period of the MD simulation is
indicative of a stable E-S complex and formation of near-attack conformation. We measured
the distances between substrate amino nitrogen (Phe(N)) and the MIO methylidene carbon
(MIO(CPB2)) and adjacent chain tyrosine 314 hydroxyl oxygen (Y314(0)) for the variants
(Fig. S14). We used L108G as a control for our modeling studies as it has previously been
validated as a deleterious mutation8. Fitter variants, M222L and G218S, but not N453S,
show improved near-attack conformation as indicated by closer proximity to MIO when
compared to controls, parental AvPAL* and low activity variant L108G (Fig. 5a—d, Table
S5). The double and triple mutants, T102E-M222L and T102R-M222L-D306G, also interact
closely with the reactive MIO(CB2) compared to controls (Fig. 5e—f). Next, we calculated
root mean square fluctuation (RMSF) for mutant backbone atoms and normalized them
over the parental AvPAL* to identify the flexible regions. Higher values are characteristic
of flexible regions that readily displace from their average position in the parental enzyme
during simulation and vice-versa for negative values. Four flexible regions in the high-
activity single mutants show altered dynamics compared to parental: residues 65-110, 290—
325, and 400-430 (Fig. 59, S14). These regions are located around the active-site and the
interface of the dimeric subunits. The loop residues 290-325 constitutes an access channel
of the enzyme and residues 310-318 forms the second shell of the active site. Region
65-110 interacts with phenyl group of the substrate. From Fig. 5g, we concluded that

the dynamics of AvPAL* changed with every mutation and the negative control (L108G)
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showed very high fluctuation in the access channel (290-325) and second shell that likely
disrupt profitable substrate interactions. In addition, we also evaluated the Free Energy
Surface (FES) obtained from different sets of metadynamics experiments, which provide
us an understanding of the energy bins associated within the active site and the regions
around it. These data further support our assertion that many of the beneficial mutations
stabilize interactions between the substrate and active site (Fig. S15). Overall, our MD
simulations suggest that for four of the five higher activity variants studied (M222L, G218S,
TO12E-M222L, and T102R-M222L-D306G), the substrate more readily approaches the
catalytic site forming a stable near-attack conformation. However, for N453S, our analysis
revealed behavior largely unchanged from parental, suggesting that its mode of action may
not involve direct modulation of interactions between substrate and catalytic residues.

Steered molecular dynamics (SMD) studies show steady and seamless diffusion of Phe in
mutant N453S.

Due to the location of N453S in the periphery of the active site (~12 A), we suspected

it could impact Phe diffusion. We therefore performed SMD of AvPAL* and the mutant
for comparison studies. One of the near attack conformations was chosen to simulate the
egress path taken by the Phe from the active site. Subsequently, we used the same path as

a shadow to simulate the Phe reassociation studies. With the primary force constant, both
egress and the reassociation of the Phe favored substrate diffusion in N453S compared to
AVPAL™* (Fig. 6, Movie S1-S2), details are explained in the supplementary section (Fig.
S16). We conducted umbrella sampling as an extension of SMD studies to estimate the
energetics during the translocation of Phe along the path. A series of configuration or
reaction coordinates across the path were chosen from the SMD studies and constructed
based on the distance between the center of mass (COM) of MIO and that of the Phe. The
path was discretized into multiple windows that were chosen for every 0.5 A of the Phe
movement from the active site till it reached the periphery of the protein. The umbrella
sampling studies on Phe translocation sheds light on mutation N453S and the residues along
the path that are responsible for the substrate stabilization and anchoring as it enters the
active site. The potential of mean force (PMF) graph shows that N453S has two minima,
which were not observed in the AVPAL*, at a distance of ~5-6 A and ~10-11 A between
the COM of MIO and that of Phe (Fig. 6a). The conformational changes of Phe were
extracted from umbrella sampling and mapped on the protein for AvPAL* and N453S (Fig.
6b—c). For AvPAL™*, the path is narrow towards the active site leading to slightly constrained
and energetically less favorable entry (Fig. 6b). The path for N453S is wider and more
energetically favorable, especially in a region close to the active site where the substate
shows well organized conformations projecting the amino group towards the positively
charged residues (Fig. 6f). Due to this, the phenyl group of Phe likely enters the active site
and forms a precise Michaelis complex (Fig. S17).

In addition, we calculated the binding energy for E-S complex from region that showed
differences in AVPAL* and N453S denoted as asterisk (*) in the PMF profile (Fig. 6a).

The binding energy for N453S improved by ~35 kcal mol~1 when compared to AvPAL*
(Fig. 6d). The conformation of the substrate and its interacting residues were extracted from
the region denoted by asterisk in Fig. 6b—c that represents a low-energy region for both
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AvPAL* and N453S. In AvPAL™*, Phe was found to interact with Y78, the backbone of
Q311 and G85, whereas in case of N453S, Phe showed interactions with A88, R313, and
R317 (Fig. 6e—f). In N453S, A88 was observed to have r-alkyl interaction and R317 shows
rt-cationic interaction with the phenyl ring of Phe. Among electrostatic interactions, the

salt bridge plays a major role in stabilizing and anchoring Phe. R313 and R317 shows salt
bridge interaction with the carboxylic group and N451 interacts with the amino group of

the Phe. In AVPAL*, Phe amine interacts with the backbone of Q311, the carboxylic group
interacts with the backbone nitrogen of G85 and hydroxyl group of Y78 with hydrogen bond
interactions (Fig. 6e). We did not observe any interactions with the phenyl ring that could
slow movement of the substrate in either case.

Because N453S showed improved access of the substrate Phe to the active site, we
hypothesized that combining it with our other mutants might further improve the enzyme
activity. To investigate this, we constructed N453S mutants of the M222L, L4P-G218S,
T102E-M222L and T102R-M222L-D306G variants. We characterized these new variants

by evaluating the kinetics of the purified enzymes (Fig. 7a—e, Table S6), and determining
the whole cell conversion of Phe to tCA (Fig. 7f) and growth rate (Table S7) of strains
expressing these variants. We found that all the active N453S added variants displayed
similar kinetic parameters as parental AvPAL* (Fig 7a—e, Table S6), despite their parental
counterparts having >2-fold higher activity. Further, presence of N453S in G218S and
T102R-M2221-D306G backgrounds completely abolished activity (Fig. 7c, ). The reduced
Vmax for all new variants was surprising because all the active N453S combinations
displayed improved whole cell tCA conversion when compared to their parental counterparts
(Fig. 7f). In fact, TL02E-M222L-N453S gave >6-fold higher conversion of Phe to tCA when
compared to AvPAL* (Fig. 7f). Since the SMD studies suggested more favorable substrate
ingress in N453S, we hypothesized that Phe may more readily displace tCA from the active
site, reducing product inhibition, a known issue with PALs*8-50, and may explain higher
fitness in the cellular context. To test this, we determined the activity of AvPAL*, N453S,
T102E-M222L and T102E-M222L -N453S in the presence and absence of 150 pM tCA (Fig.
S18). We found that in both cases, the N453S variants were less inhibited by tCA. This
illuminates the significance of product inhibition in applications where PAL is encapsulated
and tCA concentrations are likely to build to higher levels. The T102E-M222L-N453S
variant, which exhibits 6-fold better whole cell conversion of Phe to tCA, might be a good
potential candidate for these applications (e.g., probiotic therapy for PKU).

QM/MM reveals stabilization of the transition state in the hyperactive active mutants.

Although two reaction mechanisms have been proposed for PALSs that proceed either
through a Friedel-Crafts (FC) like intermediate>! or an N-M10 adduct®, there is increasing
support for the latter3. To investigate, we simulated the N-MIO adduct reaction mechanism
that involves formation of near attack conformation where Phe is oriented suitably for
proton abstraction by the hydroxyl group of Y314 (Fig S13a-b). This deprotonation results
in formation of the nucleophilic amino moiety activating Phe for interaction with the
electrophilic M108. These rearrangements are referred to as the first step. The starting point
of the E-S complex derived from well equilibrated MD simulations (1 ps simulations) that
shows the least distance between reactive groups, i.e., Y314(O)-Phe(N) and MIO(CB2)-
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Phe(N). To get the least distance between the reactive groups for the QM/MM simulation,
we scanned across the MD simulation and this E-S coordinate (MD-ES, Table S8) for the
distance between the combined COM of MIO and Y314 and that of the amino group of the
substrate.

All forms of quantum chemical calculations performed in this study were to delineate the
reaction pathway and free-energy barrier for the first step of proton abstraction and the
intermediate state 1 (I1S1) formation where the substrate amine forms an attack conformation
with MIO(CB2) (Fig. 8). The first step of the investigation is based on the generally
proposed mechanism, as shown in Fig. S19. We obtained the detailed reaction mechanism,
the optimized structures of transition states and intermediates which are shown in Fig. 8a—c
and the calculated overall relative free energy graph is given in Fig. 8d. To understand the
mechanism, we implemented the new functionality by NAMD that can execute multiple
QM regions in parallel®2, All four active sites of PAL were treated under QM code
simultaneously while the rest of the protein was treated under MM force field (Fig. S20).
The E-S complex is defined as the zero-point ground state (GS, 0 kcal mol~1) to which

all other energies are compared for each mutation. To define the attack conformation from
Michaelis complex, we conducted QM/MM using PM7 function by including active site
residues Y314, Q452, R317, MIO, and Phe until the distance between the Y314(0O) and
substrate amine approached ~1.5 A (Table S9). The distance we observed is similar to

that derived by QM/MM on TAL from Rhodobacter capsulatus®3 and crystal structure

from PcPALS3. This was used as starting point reaction coordinates for transition state (TS)
optimization using higher level QM/MM simulations based on B3LYP def2-SVP D4 TS.
TS and IS were studied until the substrate H* was abstracted by Y314, and then until

the Phe moved to an optimum attack conformation with M10O. We observed the following
sequence of events in the first step of the reaction in parental AvPAL*. After the near-attack
conformation was formed, the bond between the Y314(0O) and abstracted H* was stretched
from 1.04 A to 1.21 A and at the same time, the carboxyl oxygen of the Phe abstracts the
H* from Y314. First transition state (TS1) is formed when the H* from the amino nitrogen
is stretched to 1.28 A, before being completely extracted by Y314, followed by a small
conformational change in the Phe that brings it closer to the MIO to form IS1. For all

tested mutations, the same events were observed for the first step, but the mutations showed
different energies for the TS1 and IS1. The energies for both the TS1 and 1S1 correlated
with the experimental data and the energies can be graded as L108G < AvPAL* < M222L <
G218S< T102E-M222L < T102R-M222L-D306G and suggest that formation of 1S1 through
TS1 may be rate-limiting in AvPAL*, but shifts to a downstream step in all mutants other
than N453S (Fig. S21). The conformational changes observed during the formation of the
IS1 is described in supplementary information and Fig. S22.

Next, to understand the barrier-crossing events shown in the QM/MM simulations in depth,
we conducted hybrid QM/MM techniques combined with metadynamics, which enhances
the sampling of coordinates relevant to the reaction. This way we can observe how the
system accelerates across the reaction barriers by itself and escapes from local minima (Fig.
S23). We further characterized the TS1 and IS1 structures by transition path sampling (TPS)
simulations, and this was plotted over the free energy surface (FES). FES and TPS derived
from QM/MM metadynamics could clearly differentiate the mutants and AvPAL* and
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showed thermodynamically favorable energy paths for TL02E-M222L and T102R-M222L-
D306G (details in supplemental information, Fig. S23).

CONCLUSIONS.

In summary, we report an approach where insight gleaned from DMS can guide further
protein engineering while also provide a starting point for fundamental studies that elucidate
limitations to the catalytic cycle. We also provide the most extensive sequence-function
analysis of an MIO-containing enzyme, AvPAL*, and created variants with improved
activity. By performing computational studies (QM/MM, MD, steered MD + QM/MM), we
identified the mechanisms through which the mutations enhanced enzyme activity, which in
turn, allowed us to identify variants that have promising applications in cell-free biocatalysis
(T102E-M222L, T102R-M222L-D306G) and cell-based systems (T102R-M222L-N453S).
Not only does this significantly advance enzymology and engineering of PALs, but also
demonstrates the power of using DMS to guide basic and applied enzymology.

METHODS.

Strains and general techniques for DNA manipulation.

AvPAL™* error prone library enriched as described previously was used in the current
study36. PCR was performed using Phusion DNA polymerase or Platinum™ SuperFi Il
Green PCR Master Mix (ThermoFisher Scientific). £. coliNEB5a (New England Biolabs)
was used for plasmid propagation and £. co/i MG1655 rph+was used for screening of
libraries and purification of recombinant AvPAL* and its mutants. Sequences of constructed
plasmids were confirmed through DNA sequencing (Genewiz). AvPAL* was expressed
under constitutive T5 promoter from plasmid pBAV 1k carrying chloramphenicol resistance.

Next generation sequencing (NGS) of library and data processing.

Plasmid libraries and PCR products were outsourced to Genewiz (New Jersey, USA) for
sequencing on lllumina MiSeq Nextra paired end sequencing platform (2 ~ 250 bp). For

all the samples sequenced we received 1-5 million reads with average length of 160 bp
after trimming. The bioinformatic workflow is depicted in Fig. S24. Briefly, the raw fastQ
files were evaluated for quality score, read length, adaptor and duplicate read content using
FastQC package. Subsequent analysis was performed using Geneious Prime® 2020.2.4. The
reads were paired and merged using BBMerge package®?, filtered for adaptor sequences,
short and poor-quality reads using BBDuk package. The reads were then mapped onto
reference gene (AVPAL*) using BowTie2 package®®. The mapped reads were then analyzed
for single nucleotide variants to detect mutations. This variant call file was used to calculate
the fitness score using Eqgn 1.

Cvu,sel +0.5 Cv,inp+0.5

Lo=In &l sel 0.5 ™ Crotal,inp 0.5

Equation 1

The fitness values thus determined were represented using heatmap to show the residues
with positive and negative fitness.
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Physical linking of distal mutations for amplicon sequencing.

Workflow followed for physical linkage of G218, M222 and N453 is indicated in Fig.

S25. Briefly, region immediate downstream to M222 and immediate upstream to N453 was
amplified with primers having homologous region. The amplicon flanked by homologous
region was sealed using NEB-HiFi assembler. The circular plasmid was then used as a
template to amplify ~300 bp region spanning G218-N453. The segment was amplified
using primers with illumine sequencing overhangs. The amplicon was sequenced using
AmpliconEZ Seq Illumina platform at Genewiz.

Construction of site saturation mutagenesis (SSM) libraries.

pBAV1k plasmid containing AvPAL™* was used as template for constructing the site
saturation libraries. The SSM libraries for seven sites of interest were constructed in three
ways; i) individual sites using NNS codon at the target location was constructed following
QuickChange-like method. Briefly, partially overlapping primers were used to perform
inverse PCR, the amplicon was subjected to Dpnl (NEB) digestion to remove the parental
plasmid followed by NEBHiFi assembly (NEB) to assemble and seal the overlapping ends
for improved transformation efficiency. The assembled product was purified using PCR
clean-up kit and electroporated into MG1655 rph+. ii) A new approach of scaling by
mutation was developed to mutate three sites in varying combination (Fig. S8). In this
approach, the clean-up product from approach i) was pooled in equimolar amounts and
used as template for second round of inverse PCR using seven primer pairs individually.
This process was repeated total of three times to generate the “C3 SSM library which was
transformed into £. c/loni DH10B (Lucigen) for achieving large library size. iii) The third
library was constructed by using restricted codon at the seven sites of interest — C7. The
restricted codon was chosen based on the DMS data from error prone PCR library screen
(Table S11). The fragments were assembled using NEB HiFi assembler and electroporated
into £. c¢/loni DH10B after PCR clean-up. The plasmid library from approach ii) and iii) were
isolated from E. cloniand transformed into £. co/i MG1655 rph+enrichment on minimal
media containing 30 mM Phe. Fitness data for these libraries were obtained by sequencing
the seven sites of interest using AmpliconEZ seq (Genewiz). The data was processed as
described in a manner described above.

Enzyme assay, purification, and kinetic characterization.

PAL activity was monitored by measuring the production of tCA at 290 nm over time.
Briefly, 200 L reaction as performed by 1 pg of purified enzyme to pre-warmed PBS
containing 30 mM Phe. The assay was performed in 96-well F-bottom UV Star (Greiner
Bio-One, Kremsmiinster, Austria) microtiter plate and absorbance at 290 nm was measured
every 15 s at 37 °C using a SpectraMax M3 (Molecular Devices) plate reader.

For purification, the enzyme was isolated from 25 mL culture. The pellet was washed

once with PBS and resuspended in 500 puL PBS. This cell suspension was sonicated on

ice using a Sonifier SFX 150 (Branson Ultrasonics, Danbury, CT) (10 s ON; 1 min OFF;

2 min; 40 %), and cell debris was separated from the lysate by centrifuging at 20,000 " g
for 10 min at 4°C. As each construct included a N-term His-tag, the enzyme was purified
via immobilized metal affinity chromatography (IMAC) purification. Briefly, the lysate was
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loaded onto HisPur™ Ni-NTA Spin Plates (ThermoFisher Scientific) and incubated for 2
min. After being washed four times equilibration buffer, pure protein was then eluted using
200 pL of Elution buffer (300 mM NaCl, 50 mM NaH2PO4, 500 mM imidazole, pH

8.0). Elution fractions were then dialyzed using Tube-O-Dialyser tubes (1 kDa MWCO,
Geno-Tech). Protein concentration was estimated by Bradford reagent (VWR) using bovine
serum albumin (BSA) as the standard.

For kinetic analysis, AvPAL* and selected mutants were purified and assayed as described
above. The activity was measured at twelve concentrations of Phe ranging from 15 uM

to 30 mM in PBS, pH 7.4 (PBS) at 37 °C. The initial velocity at different phenylalanine
concentration for AVPAL* and the mutants was analyzed using both Michaelis—Menten (Egn
S2) and Substrate-Inhibition (Eqn S3) models by nonlinear least-squares regression analysis
using GraphPad Prism (v9). The model with the best-fit and R2 was chosen as the preferred
one.

Modelling and induced-fit conformation sampling/enzyme-substrate interaction studies.

3D structure of the PAL enzyme from Anabaena variabilis chosen (PDB ID: 2NYN). The
structure had 2 missing regions (Residues 74-92, 302-309) which were modelled using
MODELLERS36, The PAL structure with the least DOPE Score was selected and chosen for
further studies. The binding conformation of phenylalanine is not identified in any AvPAL*
crystal structures. To compensate, Phe was docked in the active site of the modelled AvPAL*
structure using Autodock4 tool®”. An energetically and structurally feasible conformation
was chosen for the interaction studies and structural analysis in Chimera. The binding
energy was found to be —3.03 kcal mol~1 for the E-S complex.

Molecular dynamics (MD) simulations.

MD simulation was conducted for AvPAL* and mutant complexes from the interaction
studies. The complexes were taken into a system using the AMBER99SB?®8 force field as
implemented in GROMACS®%-63 tools. The complex was placed in a box of volume 1000
nm?3 and then solvated with ~26,230 water molecules. To emulate conditions similar to in
vitro experiments, a salt concentration of 0.15 M NaCl was incorporated into the solvated
system. This has the added benefit of neutralizing the charge of the system. The LINCS was
employed to constrain bond length and fix all bonds containing hydrogen atoms. Berendsen
thermostat®4 was chosen to control the temperature at 310 K. The Particle-mesh Ewald
algorithm (PME)®5 was used to calculate electrostatic interactions with a 10 A cut-off.

The V-rescale and the Parrinello-Rahman algorithms was applied to couple the temperature
and pressure. Energy minimization of the system was obtained using the steepest descent
algorithm with a tolerance value of 1000 kJ mol~1 nm=1 in 1000 steps. The minimized
system was equilibrated for 1 ns each of constant volume and constant pressure ensemble.
The system was then subject to a production run of 500 ns at 1 atm pressure and 310 K,
twice for statistical significance. The coordinates obtained from the production run were
used for post-simulation analysis to observe the effect of the mutations on the dynamics

of the protein. The distances between MIO methylidene atom and substrate amino nitrogen
(MIO(CpB2)-Phe(N)) and Y314 hydroxyl oxygen and substrate amino nitrogen (Y314(0)-
Phe(N)) were considered and plot against each other as a scatter plot. Backbone atoms of
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domains around the active site were considered to calculate Root mean square fluctuation
(RMSF).

Metadynamics-based MD simulations.

Metadynamics simulations were performed to understand the free energy landscape of the
active site. On completion of simulations, the substrate was expected to find different
potential minima to attain near attack conformation in the active site. Comparative studies
were conducted for AvPAL* and mutations. In metadynamics based approaches, the choice
of a collective variable (CV) in the design of the experiment is crucial. We chose two CVs
i.e., distance between COM (center of mass) of substrate atoms and COM of Y314 atoms
(CV1), and distance between COM of substrate atoms and COM of heavy atoms in the
backbone of residues in conserved secondary structures that were present within 5 A of
G218, M222 and L108 residues (CV2) (Fig. S15a).

Steered molecular dynamics (SMD) studies.

SMD simulations were conducted to identify conformational changes and associated path
samplings when the substrate is exposed to mechanical strain or rupture force, which cannot
be achieved through standard MD simulations. Well equilibrated systems were chosen to
be starting points for the SMD studies. The pulling simulations were implemented using
GROMACS tools. Substrate was pulled by its COM away from the active site and pulled
towards COM of MIO group in unbinding and reassociation process, respectively. The pull
velocity of 0.0005 nm~1 ps~1 with the bias force constant of 310 kJ mol~nm=2 and -30

kJ mol~1 nm=2 were used in unbinding and entry process, respectively. Umbrella sampling
were conducted as an extension of SMD studies to estimate the energetics during the
translocation of the substrate in the path. A series of configuration or reaction coordinates
across the path were chosen from the SMD studies and constructed based on the distance
between the COM of MIO and that of the substrate. The path was discretized into multiple
windows which were chosen for every 0.5 A of the substrate movement from the active site
till it reaches the periphery of the protein.

QM/MM simulation.

E-S complexes were placed in a cubic box with a solute-solvent separation margin of

12 A in each dimension, by means of QwikMD56 program implemented in VMD. The
electroneutrality of the system was maintained by the adding NaCl to maintain a salt
concentration of 0.15 M. CHARMM36 forcefield was used for the protein topology
(generated using psfgen and autopsf programs) and TIP3P water models were used in the
system. During the simulations, a 12.0 A cut-off was applied to short-range, non-bonded
interactions, whereas long-range electrostatic interactions are treated using the particle-mesh
Ewald (PME) method. The equations of motions were integrated using the r-RESPA
multiple time step scheme to update the short-range interactions every step and long-range
interactions every two steps. The time step of integration was set to be 2 fs for all
simulations performed. Thermal equilibrations were conducted by first subjecting the system
to energy minimization using the conjugated gradients method for 1000 steps (2 ps) and then
coupled with a heat bath kept constant at 300 K by the Langevin thermostat with a collision
coefficient of 1 ps~! and a barostat maintained at 1 atm.
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The last step of classical equilibrium was taken to QM/MM interface to select QM region
and initiate QM/MM simulation using QwikMD interface provided in VMD. Four regions in
different chains constituting MIO adduct, Q452, Y314, substrate and water molecules within
3.5 A of the MI1O were selected as QM regions, the total charge for each QM region was
maintained between +1 and —1 for effective Semi-Empirical QM Calculations.

The system was optimized by a 1,000 steps minimization, followed by 10,000 steps of
simulated annealing calculation, equilibration and subjected to an average of 5000 ps
QM/MM hybrid production run using PM767 together with the CHARMM36 force field.
The least distance between the reactive groups were considered as the good guess of the
transition state geometry. This was followed by an average of 1000 ps QM/MM hybrid
production run using PM7-TS. Simultaneously, an average of 1000 ps density function
theory (DFT) based QM/MM hybrid production at B3LYP/ 6-31G(d) level def2-SVP level
implemented in ORCA®8 was carried out and NEB-TS was used to find and optimize TS.
Three input files were provided for the purposes of the QM/MM hybrid production run i.e.,
i) initial conformation from well equilibrated MD, ii) the transition state geometry derived
form QMMM-PM7 and the final product (refer 1IS1 in Fig. 8) that was manually modelled
using the transition state geometry, equilibrated using QMMM-PM7 simulation.

The mutants and the AvPAL* were subjected to QM/MM simulation protocol. In this report
only the first step of the reaction and their corresponding energy values of PM7-TS are
reported. DFT calculations were used only for validating the reaction coordinates of the
transition states and the intermediate state. For benchmarking, we used total of 8 QM
regions to study the changes in activation energy with varying QM region sizes, QM

region 1 (QM1) includes L-Phe and residues within 3A of L-Phe, excluding solvent atoms.
QM1w5A system includes atoms from QM1 and solvent atoms within a 5A from L-Phe
similarly, QM1w5A, QM1w6A, QM1w7A, QM1w10A combines atoms from QM1 and
solvent atoms within 6A, 7A and 10A from L-Phe, respectively. QM2 includes Y78 in
addition to the QM. The inclusion of R317 to the QM2 becomes QM3. For QM4, PHES84 is
added to QM3 leading to 148 atoms (Fig. S26, Table S12). The activation energy (Ea) differs
with £1.0 kcal/mol among QM systems. The QM1 (the smaller QM region comprising an
important residue required for the reaction) with low E, compared to other systems appears
to be sufficient for studying reaction. It was observed that the convergence was slow and is
computationally expensive as the QM size increased.

QM/MM Metadynamics.

5000 ps equilibrated QM/MM reaction coordinate of the E-S was used as initial input
structure for the metadynamics simulations. QM/MM-metadynamics simulations was
carried out at 300 K, 1 bar, 0.5 fs time step and periodic boundary conditions for 1000

ps using NAMD 2.1352 and colvars module8®. The distance between amino-nitrogen of
the substrate & hydroxyl-oxygen of Y314 and distance between amino-nitrogen of the
substrate and methylidene carbon of MI1O adduct were used as two collective variables
(CVs). Gaussians of height 0.2 kcal/mol were added onto the CV coordinate at every step
to construct metadynamics bias potential with width of 1°. QM/MM hybrid production run
using PM7-TS integrator.
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Fig. 1: Overview of work.
We started with a randomly mutagenized library of AvPAL* and performed deep mutational

scanning (DMS). We identified mutational hotspots and used that to guide further
mutagenesis and computational modeling studies (QM/MM, MD, and metadynamics) to
assess multiple pathways to improve enzyme activity. Finally, culling data from DMS,
targeted mutagenesis, and mechanistic modeling aided in design of hyperactive AvPAL*
variants.
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AVPAL* deep mutational scanning (DMS) outcomes.

a) Mutation frequency in naive and passages #1-3. Positions (a.a.) corresponding to the
three most highly enriched positions are labeled (218, 222, and 453). b) Number of
mutations sampled at each position in the naive (dark blue) and passage #3 (red) libraries.
The naive library had an average of 5.6 mutations per position across all 565 positions.
Passage #3 library had an average of 0.6 mutations per position across 222 positions. c)
Fitness of all mutations present at all positions in the passage #3 library. Negative fitness
denotes mutations that decrease in frequency over passages; the highest fitness mutations
are labeled (G218A, G218S, M222L, 1268T, D306G, G360C, and N453S). Position labels
(x-axis) are the same for panels (a-c). From here we identified 79 functionally relevant sites
of these, 7 positions T102, G218, M222L,, 1268, D306, G360 and N453 showed maximum
fitness gradient and are thus referred to as hotspots. d) Active site residues of AvPAL* (grey
sticks) with phenylalanine ligand (yellow) docked. e) Fitness heatmap of active site residues
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at passage #3. Wildtype residues of AvPAL* are bordered in black and listed above the
residue position. Grey boxes indicate mutations not sampled in library.
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Fig. 3: Identification and location of highest fitness positions.
a) Gradient of fitness is calculated from passages 1-3. Only mutations with a frequency

greater than zero in all passages and a passage #3 frequency greater than 0.625 % are shown.
A positive gradient indicates increasing fitness across passages. b) Fitness score for the

top variant found at that position is mapped to the structure of a single chain of AvPAL*.

c¢) Distance of the a-carbon of docked phenylalanine to the a-carbon of every residue in
AVPAL* within the same chain. Residues with a passage #3 fitness < 1 are dark blue, 1-2
are pink, and > 2 are red outlined in black. Active site loops are numbered 1-4 and shaded
grey. d) High fitness residues that are distal from the active site are proximal to active sites
of other subunits when visualized as part of a homotetramer. Chains A (white), B (light
blue), C (dark blue), and D (grey) are shown from top and two side views. Residues near
the active site are red. ) Locations of most fit residues relative to the active site of Chain A.
Chains A (white), B (light blue), C (dark blue), and D (grey) are shown. The MIO adduct

is black and the phenylalanine in yellow with red and blue oxygen and nitrogen atoms,
respectively. Fit residues are colored red with sidechains shown. f) Residues 400, 407, 306,
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and 453 are in the active site loops (rendered opaque) previously identified as important for
active site stability. g) Residues 102, 108, 218, and 222, are part of a-helices that form a
surface within the active site, near the phenyl ring of the docked phenylalanine.
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Fig. 4. Characterization of site saturation mutant libraries.
Fitness heatmaps of a) “Cy, b) ’Cs, and ¢) 7C; mutant libraries. Relative fitness is shown

as two gradients, from highest fitness (red) to zero fitness (white) and zero fitness to
lowest fitness (dark blue). Relative fitness for 1C library was calculated at each position
individually, and at all positions in combination for 7C3 and 7C7. d) Sequence comparison
to 100 proteins with greatest homology to AvPAL*. Black cells are the 7 hotspot positions,
numbered for AvPAL*. Yellow cells indicate positively fit mutations found during our
enrichments that were unique relative to the homologous proteins. A green gradient was
applied to the natural residues indicating frequency of residue at each position, with dark
green as the most frequent and light green as infrequent.
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Figure 5. Results from MD.
Scatter plots of distance calculated between Y314(0)-Phe(N) and MIO(CB2)-Phe(N) atoms

in parental AvPAL* (black), a) G218S (green), b) M222L (red), c) N453S (pink), d) L108G
(blue), ) T102E-M222L (purple), and f) T102R-M222L-D306G (khaki). The scatter plot
shown here is average of two runs. g) RMSF (root mean square fluctuation) plot of protein
backbone atoms (carboxylate, Ca.,, amine). The RMSF values of mutants are normalized to
that of the parental enzyme so that only major movements are amplified. All variants are
plotted on the same scale. Regions with high deviation from the parent are boxed.
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Figure 6. Results from SMD and umbrella sampling for parental AvPAL* and N453S.
a) The conformational transition of the substrate along the PMF profile, b) extracted from

the parental and c) mutant N453S. The peripheral regions of the substrate entry path are
highlighted as R1, R2, R3, and R4. They composed of residues 397-403, 308-315 of chain
C and 83-94, 446-455 of chain A, respectively. The region marked in as (*) in (a) is the free
energy dip that facilities the substrate entry in N453S. d) Binding free energy calculations
showed higher affinity of Phe for mutant N453S. e, f) E-S complex extracted from free
energy calculations with least binding energies for parental and mutant (dotted box in (d))
reveal that the substrate is stabilized by salt bridges and hydrogen bonds in N453S and only
hydrogen bonds in the parent. Green lines show hydrogen bond interactions, orange lines are
salt bridge interactions, and light pink lines are hydrophobic interactions.
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Figure 7. Kinetic characterization and whole cell activity of N453S variants.
a—e) Michaelis-Menten plots of AvPAL* and high active variants combined with N453S.

L4P-G218S-N453S and T102R-M222L-D306G-N453S did not exhibit any activity at any
of the Phe concentrations tested. Kinetic parameters are listed in Table S3. f) Whole cell
conversion assay indicates that active enzymes are more active when encapsulated in £. coli
cells even though there do not display superior kinetic parameters.
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Figure 8. QM/MM studies on AvPAL* variants.
Proposed reaction mechanism. a-c) Transition states for the first step of the reaction, where

proton transfer takes place, with Phe (pink), MIO (yellow), catalytic Y314 (blue), and R317
(green), and other protein residues (light grey) as stick models. Only polar hydrogens are
shown for clarity. All distances are in A. d) Relative energy landscape for AvPAL* (black),
M222L (red), G218S (blue), L108G (green), T102E-M222L (pink), and T102R-M222L-
D306G (cyan) for all the steps from ground state (GS) to IS1. Energies along paths are not to
scale. Relative energy values for TS1 and IS1 from three independent runs are also in Table
S10.
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Table 1.

Kinetic constants of highest activity AvPAL* variants.
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Fold increase

PAL-variant Model  Vinax (umoleminmg™) Ky (M) Kj(mMM) ket 571 Kead! Ky (S7HpM™) Keat
AVPAL* MM 0.93+0.01 137+0 - 0.97 0.007 1.00
M222L MM 1.85 +0.02 145+7 - 1.93 0.013 1.99
L4P-G218S sl 1.86 +0.02 199+9 208+ 39 1.94 0.010 2.00
G218S sl 1.49 +0.02 180+9  164+26 1.55 0.009 1.60
G218A sl 1.01 £0.02 434 96+ 18 1.05 0.024 1.09
T102P MM 1.88 £ 0.02 253+ 20 - 1.96 0.008 2.02
T102E-M222L MM 2.33+0.02 144 6 - 2.43 0.017 251
T102S-M222L sl 1.88 +£0.02 11146 371+136  1.96 0.018 2.02
T102M-M222L- sl 1.15+0.01 48+3  147+24 1.20 0.025 1.24
D306G-N453G

T102R-M222L - sl 2.16 £ 0.02 96+4  169+21 2.25 0.023 2.32

D306G

MM - Michaelis-Menten (Eqgn 2), SI — Substrate inhibition, (Eqn 3)
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