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1 | INTRODUCTION

Charlotte M. Miton

| Nobuhiko Tokuriki

Abstract

New enzyme functions often evolve through the recruitment and optimization
of latent promiscuous activities. How do mutations alter the molecular archi-
tecture of enzymes to enhance their activities? Can we infer general mecha-
nisms that are common to most enzymes, or does each enzyme require a
unique optimization process? The ability to predict the location and type of
mutations necessary to enhance an enzyme's activity is critical to protein engi-
neering and rational design. In this review, via the detailed examination of
recent studies that have shed new light on the molecular changes underlying
the optimization of enzyme function, we provide a mechanistic perspective of
enzyme evolution. We first present a global survey of the prevalence of
activity-enhancing mutations and their distribution within protein structures.
We then delve into the molecular solutions that mediate functional optimiza-
tion, specifically highlighting several common mechanisms that have been
observed across multiple examples. As distinct protein sequences encounter
different evolutionary bottlenecks, different mechanisms are likely to emerge
along evolutionary trajectories toward improved function. Identifying the spe-
cific mechanism(s) that need to be improved upon, and tailoring our engineer-
ing efforts to each sequence, may considerably improve our chances to succeed
in generating highly efficient catalysts in the future.
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The current model of enzyme evolution entails the
recruitment and optimization of a preexisting activity in

How are catalytic functions optimized by evolution? This
is a key question for protein scientists and evolutionary
biochemists who are attempting to decipher the molecu-
lar principles of enzyme evolution. The answers to this
question are critical for protein engineering and design to
improve or modify enzyme activity, or to create enzymes
endowed with novel functions that do not exist in
nature.’

Gloria Yang and Charlotte Miton contributed equally to this study.

a protein scaffold. In addition to possessing high cata-
lytic efficiency for their native substrate, many enzymes
also exhibit promiscuous activities toward secondary
substrates.”™* It has been extensively discussed that
these latent promiscuous activities constitute a reservoir
from which new chemistry can gradually emerge during
functional optimization.>*>® Many questions remain
regarding the origin of promiscuity itself, and this topic
has been debated in several articles over the last
decade.” ' In this review, we focus on discussing
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another important aspect of enzyme evolution: optimi-
zation and its underlying molecular mechanisms. When
an enzyme possessing a weak promiscuous catalytic
activity is recruited or selected, how do mutations alter
its molecular architecture to rapidly adapt to a new sub-
strate upon environmental change?

To address this question, it is first necessary to
reflect upon the mechanisms by which enzymes recog-
nize their native cognate substrate, and their promiscu-
ous adventitious substrates, respectively. Natural
enzymes achieve high rate-acceleration through the pre-
cise preorganization of active site residues that provide
tailored electrostatic- and geometric-complementarities
with their native substrate, enabling specific transition
state (TS) recognition and stabilization.'>'* In addition,
their structural motions have often been tuned by evolu-
tion to facilitate unique catalytic cycles, that is, the cap-
ture and release of chemical intermediates along the
reaction coordinate.'>'® In this context, low-level pro-
miscuous activities are likely to be the result of a sub-
optimal fit between the active site and the promiscuous
TS, originating from poor geometric and electrostatic
complementarities and/or unsynchronized dynamics.**°
Thus, the optimization of a promiscuous activity is
likely to involve the tinkering of enzyme-substrate
interactions to form a more optimal Michaelis complex
and TS,” and the alteration of structural motions to
adapt to new catalytic cycles.'”

In recent years, a number of studies have docu-
mented the molecular changes associated with an
increase in activity during evolutionary cycles. Starting
from the promiscuous activity of either a a natural or
computationally-designed enzyme, these studies found
that the optimization of enzyme function could be
achieved by directed evolution. Other natural examples
were identified via bioinformatic-based approaches,
such as ancestor sequence reconstruction (ASR)
(Table 1). In the following sections, we present a collec-
tion of works that have shed new light on the mecha-
nistic basis of enzyme evolution and outline the critical
molecular determinants that govern functional transi-
tions. First, we provide a global view of the distribution
of activity-enhancing mutations derived from several
evolutionary trajectories, and quantify their role and
contribution to the enhancement of novel catalytic
activities. Second, we highlight studies that obtained
atomic-resolution snapshots along evolutionary trajec-
tories and inferred the mechanisms by which muta-
tions improve promiscuous functions. Finally, we
provide some perspectives on, and directions for this
matter, which we believe will further enhance our
understanding of enzyme evolution and improve our
ability to engineer novel catalysts.

B o WILEY-L

2 | AGLOBAL VIEW OF THE
DISTRIBUTION OF ACTIVITY-
ENHANCING MUTATIONS

First, we would like to provide a bird's eye view on the
mutational effects necessary to promote a novel promis-
cuous function by discussing the following questions:
(a) What fraction of mutations is beneficial to the new
enzymatic function? (b) How are these beneficial muta-
tions distributed across an enzyme's structure? and
(c) How many beneficial mutations are required to reach
sufficient catalytic efficiency? While each model consti-
tutes a unique case in terms of attributes and response to
mutations, when observations are drawn from diverse
enzymes they can reveal general trends and patterns that
underlie the optimization of a novel catalytic activity.

2.1 | What fraction of mutations
improves catalytic activity?

Derived from numerous enzyme engineering efforts,
the fraction of beneficial mutations is estimated to be
very low: the screening of mutagenized libraries typi-
cally results in the identification of less than 10-20
activity-enhancing mutations. Recent developments in
massive-scale mutational analysis platforms, that is,
deep mutational scanning (DMS), are now providing a
systematic and more statistical picture of the distribu-
tion of fitness effects (DFE) in proteins.>*®® The overall
DFE measured during several DMS experiments across
different target enzymes is consistent with the observa-
tions inferred from enzyme evolution campaigns:
~60-70% of mutations are deleterious, 30-40% are neu-
tral, and less than 5% of mutations confer improve-
ments in function.®*”®* It should be noted that the
selection pressure applied during DMS is often coupled
to cell growth, such that the DFE not only reflects on
changes in catalytic activity but also in protein expres-
sion, stability, and solubility. However, these observa-
tions must be put into perspective: assuming a protein
sequence encompassing hundreds of amino acids, even
a very small percentage of all available substitutions
could still yield a substantial diversity of beneficial
mutations. For example, nearly 2% of all possible single
point substitutions in an enzyme of 300 amino acids
(5,700 variants) would still correspond to 114 available
beneficial mutations. Indeed, in a DMS study with
VIM-2 f-lactamase, more than a hundred beneficial and
specificity-altering mutations were identified across
25 different positions (Figure 1a).°®> This represents a
significant reservoir of accessible beneficial mutations
within the local sequence space that can be harnessed.
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FIGURE 1 A global view of the distribution of activity-enhancing mutations. (a) Histogram of the distribution of fitness effects for all
missense mutations in the enzyme VIM2 under selection for growth at 128 pg/ml of ampicillin. The dashed vertical lines indicate fitness

score cutoffs used to classify fitness effects as positive, neutral, or negative. The bar graph at the top indicates the total percentage of positive,
neutral, or negative variants. (b) Cartoon representations of the crystal structures of VIM2%® (left, PDB ID: 5yd7) and amiE®* (right, PDB ID:
2uxy) with the positions of all activity-enhancing mutations highlighted as blue spheres. Red circles indicate the location of the active site.
The active site Zn>* ions of VIM2 are depicted as orange spheres, whereas two active site residues of amiE, Trp138 and Cys166, are depicted
as sticks. (c) Fold-change in k,/Ky of several evolved enzymes against the number of missense mutations acquired during directed

evolution. Panel A is adapted from Ref. 65, Panel C from Ref. 62

2.2 | Where are activity-enhancing
mutations located?

While the fraction of beneficial mutations is largely con-
sistent regardless of the enzyme model, the distribution
of beneficial mutations on the tertiary structures seems to
vary considerably among enzymes. In some cases, benefi-
cial mutations cluster around the active site, for example,

in the DMS study of VIM-2 p-lactamase, 23 out of 25 posi-
tions that contain at least 1 specificity altering mutation
were located within 15 A of the catalytic zinc ions
(Figure 1b).°> 4-Oxalocrotonate tautomerase and Tn5
transposon-derived kinase have yielded similar patterns,
where the majority of activity- and specificity-altering
mutations tended to cluster in the first or second
shell.®*®* In contrast, the majority of beneficial and
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specificity-determining mutations occurring in amiE
appear located far from the active site: most of the
395 mutations that specifically enhanced growth on
isobutyramide were 9-21 A away from the active site
(Figure 1b).°* Similarly, 53/106 (50%) of mutations in
TEM-1 f-lactamase that were found to increase fitness
toward cefotaxime are localized on the enzyme surface
and far from the active site.® While the mutations
observed in directed evolution and ASR studies are more
biased, that is, they only represent mutations that were
selected during adaptation, these studies have also
unveiled the contributions of both proximal and distal
mutations. In general, mutations closer to the active site
(<10 A) tend to have larger effects, however, a consider-
able number of activity-enhancing mutations remain
>10 A away from the catalytic center.®"*® Moreover, dis-
tal mutations can cause large improvements in activity.
For example, a mutation located 13 A away from the
active site improved ceftazidime hydrolysis by a
p-lactamase by more than 600-fold®® and a mutation 19 A
away from the active site improved the activity of a fatty
acid desaturase by ~30-fold.”

Overall, the wide distribution of activity-enhancing
mutations on protein structures is likely a reflection of
the existence of multiple solutions for improving interac-
tions between an enzyme's active site and its substrate.
Mutations in the active site may generate critical residues
that interact with the substrate and stabilize the TS; how-
ever, second-shell mutations may also help to fine-tune
the key residues in the active site and/or binding pocket
to be more complementary to the target substrate. In
addition, surface mutations may function by altering con-
formational dynamics to more catalytically active confor-
mations. Thus, the effects of proximal versus distal
mutations will vary between different sequences and are
dependent upon the underlying molecular bottleneck
that needs to be improved upon (examples are discussed
in greater detail in Section 3).

2.3 | How many mutations are required
to elicit a new function?

If the optimization of enzyme function cannot be
achieved via single-point mutations and requires multiple
substitutions, how many are necessary to achieve a com-
plete functional transition? A recent systematic analysis
of directed evolution studies demonstrated that the over-
all improvement in activity compared to the total number
of mutations varies substantially with the enzyme model
(Figure 1c).”' However, a prominent trend is that
improvements greater than 1,000-fold typically require

B o WILEY-L

the accumulation of at least 10 mutations. Moreover, the
catalytic improvements along an evolutionary trajectory
often exhibit “diminishing returns,” a hallmark of evolu-
tionary optimization processes whereby the fitness
improvement per mutation is large in early rounds of
evolution but later becomes more incremental.”>”* For
example, during the evolution of phosphotriesterase
(PTE) toward arylesterase activity, the first four rounds
resulted in a ~1,100-fold increase in activity, whereas the
final 14 rounds only saw a ~30-fold increase.** Thus, the
accumulation of a large number of mutations (>10-20
mutations) appears essential to fully achieve the optimi-
zation of a novel catalytic activity, even though late-
occurring mutations may be comparatively less fruitful
(Figure 1¢).”*

2.4 | The effect of mutational epistasis

An intriguing question underlying the distribution of ben-
eficial mutations is the extent to which epistasis influences
the effects of mutations.””’® For example, the effect of a
mutation can switch from beneficial to deleterious (or the
reciprocal), depending on the presence or absence of other
mutations. Thus, as epistasis alters the nature of muta-
tions, it restricts the accessibility of available substitutions
and hence impacts evolutionary outcomes. On the scale of
an entire protein sequence, epistasis appears relatively
scarce, for example, DMS studies conducted on the RNA
recognition motif of poly(A)-binding protein and the IgG-
binding domain of protein G found that pairwise epistasis
occurred in only 4-5% of double mutants.”””’® By contrast,
among activity-enhancing mutations, epistasis appears
highly prevalent and can drastically alter the effect of
mutations.'®**7°7! A systematic analysis of nine examples
of enzyme evolution revealed that 82% of functional muta-
tions exhibit epistasis, with nearly half appearing either
neutral or deleterious in the wild-type background, only to
become beneficial following the fixation of other muta-
tions along the trajectory.® Thus, the distribution of
activity-enhancing mutations may be altered progressively
as adaptation proceeds. Predicting epistasis and identifying
mutations that can collectively improve the enzyme activ-
ity by several orders of magnitude is a key challenge for
the field of protein evolution and engineering; it requires
an in-depth molecular understanding of the epistatic net-
works embedded within enzymes structures. A detailed
discussion of the epistatic constraints on evolution and
the molecular mechanisms underlying epistasis is beyond
the scope of this review; thus, we refer readers to the excel-

lent references therein for further insights into this
matter 68,75,76,82-85
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3 | MOLECULAR MECHANISMS
OF ACTIVITY-ENHANCING
MUTATIONS

Understanding the mechanisms by which mutations alter
the molecular architecture of enzymes to increase cata-
lytic activity remains a great challenge in the field. Over
the years, an increasing number of studies described the
molecular changes occurring in enzymes, evolving in
nature or the laboratory. Importantly, these studies also
demonstrate how enzyme-substrate interactions are
altered from promiscuous, suboptimal interactions to
highly organized, optimal ones. In this section, we

(a)

/(NH F84
2"

(b)

Q
/ v
12 mut.

V51Y T83K,

‘ E53S/T, S110N
B1 +8 a.a.
K210 K210

B7 - g7

RA95.0

9 mut.
F84L, N328D, S331C
+6aa.

RA95.5-5

highlight and discuss several major mechanisms that
have emerged from these recent examples, providing an
atomic-level view of the evolution of novel enzyme func-
tions (Table 1).

3.1 | Creation of new interactions with
the substrate

One accessible solution for enzyme evolution is the crea-
tion of new interactions with a novel substrate. The intro-
duction of a new residue in the active site may alter
electrostatic interactions with the substrate and improve

o=

/

N110 §'
18mut / s
F180Y K210L ---
‘07 Tioas. pe Y180 Y51

B7
RA95.5-8F

FIGURE 2 Creation of new enzyme-substrate interactions by evolution. (a) Schematic representation of key active site residues in

AtzA and TriA. The Ser-Asn dyad, involved in atrazine dechlorination, is substituted to Cys-Asp during the evolution towards melamine

deamination.'® An additional active site residue, Phe84, is also mutated to leucine. The active site Fe?

* is depicted as a green sphere.

(b) Schematic representation of the stepwise evolution of a designed retro-aldolase, RA95.0.°>>*’ (left) The catalytic dyad (K210-E53 and a
water molecule) from the initial RA95.0 design, (centre) was mutated to a distinct triad (K83-N110-Y51) in RA95.5-5 during directed
evolution. (right) Further evolution resulted in the emergence of a catalytic tetrad (K83-N110-Y51-Y180) in RA95.5-8F. Key active site
residues for Panels A and B are depicted as sticks; new residues installed at each evolutionary stage are highlighted in blue. The mutations

fixed between each step of the trajectory are indicated on the gray arrows. The chemical structures of atrazine (left) and melamine (right) in
Panel A, and the 1,3-diketone mechanism-based inhibitor of retro-aldolases in Panel B are shown in purple. Panel B is adapted from Ref. 55
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its catalysis. In some cases, the establishment of essential
catalytic groups is needed to achieve radical functional
transitions. A notable example was described during the
natural evolution of cyclohexadienyl dehydratase (CDT)
activity from an ancestral solute binding protein.*’ In this
case of de novo enzyme evolution, the ancestral scaffold
possessed an incomplete catalytic machinery; the intro-
duction of a glutamate residue within the binding pocket
early in CDT evolution, established general-acid catalysis
that was essential to the new function. Another remark-
able example is the mechanistic transition from atrazine
chlorohydrolase (AtzA) to melamine deaminase (TriA),
two homologs performing herbicide degradation in
nature (Figure 2a). The evolutionary transition requires
the Ser—Asn catalytic dyad assisting atrazine dechlorina-
tion in AtzA to be substituted to a Cys—Asp for melamine
deamination to occur.'® A similar mechanism was
reported during the directed evolution of a computation-
ally designed retro-aldolase, RA95.0 which initially con-
tained a catalytic Lys210 designed to facilitate C—C bond
cleavage of (+) methodol.’>*® During the directed evolu-
tion of RA95.0, the function of Lys210 was taken over by a
new mutation, T83K, which was inserted across the active
site in an environment that better promotes catalysis
(Figure 2b).”> Even more surprisingly, further directed
evolution resulted in the introduction of three additional
mutations in the active site (V51Y, S110N, F180Y), which
formed a hydrogen-bonding network with Lys83.>” This
new catalytic tetrad catalyzes retro-aldolization of (+) met-
hodol via a completely retuned catalytic mechanism.’”>®

Beyond these extreme cases, new active site interac-
tions appear to reinforce or complement preexisting ones
by providing residue(s) that coordinate unique moieties(s)
of the new substrate nonexistent in the native substrate.
For instance, a six-residue insertion within an active site
loop was observed during the neofunctionalization of
apicomplexan lactate dehydrogenase from an ancestral
malate dehydrogenase (AncM/L).?® This insertion dis-
places an active site arginine in favor of a new Trp107, for-
ming hydrophobic interactions with the methyl
substituent of the novel substrate, pyruvate. Several other
studies, including the natural divergence of maltases and
isomaltases® and HisA/TrpF isomerases,*>° or the labo-
ratory evolution of arylester hydrolysis in PTE,* also
described a similar phenomenon.

While the creation of a novel interaction with the sub-
strate may be intuitive, this mechanism is not common in
the literature. One explanation may be that promiscuous
substrates typically interact with preexisting catalytic
machinery, taking advantage of its inherent reactivity
albeit in a suboptimal fashion.®®®*” Thus, the creation of
new interactions may not be necessary as functional opti-
mization can be achieved without drastic alterations of
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enzyme-substrate interactions, particularly when the tar-
get substrate closely resembles the native one.

3.2 | Active site reshaping

A more prevalent evolutionary mechanism to enhance
catalysis is the reshaping of the active site. This mecha-
nism typically involves the tailoring of enzyme-substrate
interactions to promote geometric complementarity. In
this case, mutations typically occur around the active site
to alter its overall shape and size, without necessarily
affecting the electrostatic environment or catalytic
machinery. These active site modifications are, of course,
case-specific: some enzymes require a narrowing of the
active site cavity to promote a snug fit with smaller sub-
strates.”>*>*”*! For example, during the laboratory opti-
mization of a computationally designed diels-alderase
(DA_20_00), a ~9,700-fold increase in chemical profi-
ciency was achieved by the insertion of a 24-residue
helix-turn-helix motif, and the stepwise contraction of
the cavity by multiple mutations to constrain the sub-
strate in a productive orientation (Figure 3). This sub-
stantial remodeling of the binding pocket improved
complementarity to the substrate without affecting the
position of the designed catalytic residues.***° Similar
observations were reported during the evolution of cyto-
chrome P450g); towards propane hydroxylation®*** and
the evolution of the adenylation domain of tyrocidine
synthetase (TycA) toward smaller," or backbone-
modified amino acids.*

Conversely, an enlargement of the cleft may be
required to remove steric hindrance and improve the
access of larger substrates to the catalytic machin-
ery.?#82947:52 For instance, the directed evolution of
pseudomonas aeruginosa arylsulfatase (PAS) toward pho-
sphonate hydrolysis resulted in the enlargement of its
active site to better accommodate the bulkier new sub-
strate.?’ Similarly, in the evolution of the metallo-
B-lactamase NDM1 toward phosphonate hydrolysis,
mutating a tryptophan to glycine removed a steric clash
and enhanced enzyme-substrate complementarity.?®

Active site reshaping is the most frequently observed
mechanism in the literature (24 out of the 32 examples
herein, Table 1) and the consequences of active site res-
haping can be substantial; several studies have observed
more than 1,000-fold increases in activity from this
molecular strategy. The prevalence of this mechanism
suggests, as previously discussed, that enzymes often pos-
sess preexisting residues that are able to form key interac-
tions with promiscuous substrates, such that a modest
active site reshaping may ensure rapid functional
adaptation.
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FIGURE 3 Active site reshaping by evolution. (top) Cutaway views of the substrate binding pocket of designed and evolved diels—
alderases, in the same orientation, and overlaid with the phosphorylated product analog bound in CE20 (PDB ID: 405t) depicted as sticks.
Two key catalytic residues, T195Q and D121Y, introduced by design in the scaffold of a diisopropylfluorophosphatase (DFPase, PDB ID: lela)
to generate diels-alderase activity in mutants DA_20_00 (PDB ID: 3ilc), CE6 (PDB ID: 3u0s), CE11 (PDB ID: 405s) and CE20 are highlighted
as sticks. A designed 24-residue helix-turn-helix motif that was incorporated into the structure is represented as cartoon, while a buried water

molecule, present in all structures, is depicted as a red sphere. The number of mutations fixed between each step is indicated on the grey
arrows. (bottom) Catalytic efficiency for the diels-alderase reaction at each step of the trajectory, on a log scale. Adapted from Refs. 63 and 64

3.3 | Conformational tinkering of active
site residues

As previously discussed, enzyme evolution involves a sig-
nificant number of remote mutations that do not directly
interact with the substrate. While the effect of distal muta-
tions is often hard to decipher, a significant number
appear to contribute to fine-tuning the position and
dynamic motion of active-site residues; a phenomenon
known as “conformational tinkering.””** For example,
during the laboratory evolution of an N-acyl-homoserine
lactonase toward paraoxon, two distal mutations contrib-
uted to the shift of an active site residue, Phe68, by 3 A,
which promoted interactions with the leaving group of the
new substrate.*” Moreover, a fascinating sequence of
mutational events has been reported by several other stud-
ies. (a) An initial mutation introduces a key residue that
can potentially interact with the substrate but fails to effi-
ciently do so due to mispositioning or the presence of con-
formational heterogeneity, that is, the sampling of
multiple discrete rotamers of a residue. (b) Distal muta-
tions subsequently alter the conformation of this key resi-
due to become more catalytically competent. For example,
during the directed evolution of PTE toward arylesterase
activity, the first mutation that directly interacts with the
new substrate, H254R, exhibited conformational heteroge-
neity. The subsequent fixation of multiple distal mutations
contributed to the gradual shift of Arg254 to occupy a bent
conformation that provides m-cation interactions with the

leaving group of the substrate (Figure 4a).*>*® In addition,
the directed evolution of an acyltransferase (LovD) for
higher simvastatin synthesis also saw the accumulation of
distal mutations that progressively restricted the confor-
mational sampling of Tyr188 within the catalytic triad, sta-
bilizing a conformation that restored the catalytically
active geometry (Figure 4b).*! Similar sequential events
were observed during the directed evolution of a designed
retro-aldolase™ and the natural evolution of chalcone
isomerase (CHI).>*> Finally, during the evolution of a
designed Kemp Eliminase (KE07),*> the sampling of three
distinct active site configurations, each with different cata-
lytic efficiency, was observed along the evolutionary trajec-
tory.36 Over time, distal mutations resulted in the
stabilization of the most catalytically efficient configura-
tion, exhibiting improved positioning and orientation of a
key Trp50 with respect to the substrate.

The conformational tinkering of active site residues
might be an important mechanism in enzyme evolution.
While the introduction of a key residue in the active site
may provide a stepping stone for further evolution, its
configuration may be inadequate within its novel sur-
rounding environment. Thus, the alteration of the resi-
due's position and dynamics by other mutations,
including distal ones, is essential to achieve efficient
catalysis. The most extreme manifestation of this phe-
nomenon is “conformational selection,” as described by
Hong et al, which may be closely linked to the
evolvability of promiscuous functions.>®*¥~%!
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FIGURE 4 Conformational tinkering of active site residues by evolution. (a) Repositioning of the mutated active site residues, H254R
and D233E (depicted as sticks), over the course of PTE evolution toward 2-naphthyl hexanoate (2NH) hydrolysis (from left to right, PDB ID:
4pcp, 4xaf, 4xd5, 4xag, 4xay, and 4e3t).*® (b) Representative snapshots of the reorganization of the K79-S76-Y188 catalytic triad during LovD

evolution, observed by molecular dynamics simulations (MDs). Catalytic and noncatalytic regimes are depicted in purple and red,

respectively. Tyr188 is gradually shifted by distal mutations from a noncatalytic to catalytic orientation. The percentages indicate the

occupation of the representative side-chain conformation in simulation time. Red (dotted) arrows indicate the sampling of multiple

conformational rotamers. The total number of mutations acquired at each evolutionary stage is indicated beneath the names of the variants.

Panel B was adapted from Ref. 41

3.4 | Repositioning or switching of metal
cofactors

Analogous to the conformational tinkering of a key resi-
due, the repositioning of active site cofactors, such as
metal ions, has been described as a recurring evolution-
ary mechanism.”” The laboratory evolution of serum
paraoxonase PON1 toward phosphotriester hydrolysis
identified an active site mutation, H115W, which altered
the metal coordination of the catalytic Ca**, following a
1.8 A upward displacement of the cofactor.****%* Inter-
estingly, molecular dynamics simulations (MDs) suggest
that the Ca”" position is plastic: the upward metal posi-
tion appears to have preexisted in PON1 wild-type; sev-
eral mutations shifted the equilibrium toward the
upward, more catalytically competent, metal coordina-
tion for the PTE activity. A similar phenomenon was also
observed during PTE evolution toward arylesterase activ-
ity, where the distance between two active site Zn>* ions
decreased in the most evolved variant.*>** Intriguingly,
the subsequent reverse evolution of PTE (back toward its
native PTE activity) resulted in the precise restoration of
the Zn®' distances to the wild-type configuration.>*
Finally, in the directed evolution of serine p-lactamase
Bcll toward broader antibiotic specificity, a decrease in

the distance between two-active site Zn** appeared to be
critical to stabilizing the new reaction intermediate and
improving the rate-limiting step of the reaction.*>**
Furthermore, several studies have highlighted the
importance of promiscuous metal binding in modulating
metalloenzymes' specificity.”* For instance, examination
of the specificity of EcoRV restriction endonuclease rev-
ealed a single leucine to isoleucine mutation that was
able to invert the enzyme's affinity from Mg>* to Mn**
and, in turn, alter specificity.”> In natural or laboratory
evolution, the switching of cofactor(s) is thus another
avenue through which novel functions may emerge.”®

3.5 | Alteration of enzyme
conformational dynamics

Beyond local conformational tinkering, distal mutations
can modulate the dynamics of larger structural elements,
from loops to whole protein domains, which may be
essential to complete catalytic cycles.'”?”~%° However, it
may be difficult to capture the extent of, and the preci-
sion with which, conformational dynamics are fine-tuned
during enzyme evolution. A case in point was made by a
study that attempted to enhance the enantioselectivity of
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a haloalkane dehalogenase, DhaA, for p-bromoalkanes
by transplanting the active site features (eight amino acid
substitutions and an 11-amino acid insertion) of a closely
related enantioselective homolog, DbjA, into the DhaA
scaffold.”” While the active site geometry of the chimeric
enzyme (DhaA1l2) was virtually identical to DbjA, the
hybrid enzyme failed to become enantioselective due to
inadequate amplitudes of motions and hydration levels
(Figure 5a).

In enzymes for which catalytic cycles proceed via sig-
nificant conformational transitions to accommodate dis-
tinct reaction intermediates, for example, via the
sampling of open/closed states, an evolutionary

reshaping of such transitions may be crucial to adapt to a
new catalytic cycle.**3*1%1%! Two aforementioned evo-
lutionary studies illustrate this scenario: PTE and
CDT.** In the former case, a series of mutations along
the evolutionary trajectory anchored the active site Loop
7 in a productive (closed) conformation, while eliminat-
ing the sampling of the nonproductive (open) conforma-
tion (Figure 5b).*® By contrast, other mutations increased
the flexibility of another active site loop (Loop 5), thus
resulting in markedly different motions when compared
to the wild type enzyme. In the latter example, inactive
or weakly active CDT ancestors were found to mainly
adopt an open, noncatalytic conformation.*”** The

DhaA12

FIGURE 5 Alteration of enzyme conformational dynamics by evolution. Backbone B-factors of (a) DhaA, DbjA, and DhaA12

haloalkane dehydrogenases, obtained by molecular dynamics simulations (MDs),?’” and (b) phosphotriesterase (PTE) WT, and variants R6,
and R22 (PDB ID: 4pcp, 4xag, 4pcn) crystal structures, shown as cartoon putty representation.*® The B-factors are visualized by a color scale
mapped onto the structure, and ribbon thickness. (a) The average structures of covalently bound fluorescent probes are shown as yellow
sticks. A schematic of the active site transplantation events (mutations and ERB) is represented in the upper right corner of each enzyme.
(b) The active site location of PTE is indicated by a red circle, and two Zn>* ions shown as green spheres. The number of mutations fixed
between each step of the trajectory is indicated on the gray arrow. Panel A is adapted with permission from Ref. 27
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conformational landscape of CDTs was gradually altered
by evolution, such that the closed active conformation
became more stabilized for greater improvements in cata-
lytic efficiency.

While we have emphasized the importance of tailor-
ing conformational dynamics, the extent to which such
optimization becomes essential for enzyme evolution
remains under debate. For instance, contrasting with pre-
vious examples, a study of two natural homologs of
B-lactamases and their chimeric variants demonstrated
that the alteration of protein dynamics is not necessarily
associated with changes in catalytic activity, nor
required.’®>'°* On the other hand, an extensive structural
study of several variants of TEM-1 f-lactamase unveiled
that two separate mutations caused opposite and incom-
patible dynamic changes to the structure of TEM-1,
despite both enhancing the hydrolysis of cefotaxime, a

(a) Kemp eliminase HG2
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novel antibiotic.>® Thus, we urgently need to advance our
understanding of the role of enzyme dynamics in func-
tion and evolution in order to design better enzyme engi-
neering strategies.'**'%

3.6 | Substrate (re)positioning

In this final section, we highlight studies that provide an
atomic-depiction of the molecular changes directly
impacting enzyme-substrate interactions during enzyme
evolution. In a simple model, the optimization of enzyme
function can be thought of as the process leading to a
higher frequency of productive binding events between
an enzyme and its substrate.'°>'%” While it is challenging
to capture molecular evidence of an increase in produc-
tive complexes per se, some studies have been able to

non-productive binding
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FIGURE 6

eliminase produced a weakly active mutant, HG2 (PDB ID: 3nyd), exhibiting two binding modes for the TS analog, 6-nitrobenzotriazole.

PASCO

PASWT

Substrate repositioning leads to novel enzyme-substrate complexes in evolution. (a) The evolution of a designed kemp

108

(left) Asp127 binds the substrate in a productive orientation (teal sticks), as designed. (right) However, a nonproductive, flipped orientation

(purple sticks), is also observed in the crystal structure. Further evolution stabilized the productive complex upon mutations K50Q and

S265T, which eliminated the nonproductive orientation in subsequent mutants, for example, in the most evolved HG4 variant (PDB ID:
5rgf).>1°% (b) Substrate repositioning induced by mutations T50A and M72V, from PASY" (PDB ID: 1hdh) to PAS®® (PDB ID: 4cxk) during
arylsulfatase (PAS) evolution toward phosphonate monoester hydrolysis.?® Evolution shifted the substrate closer to the catalytic machinery

(Fgly nucleophile, K375 and H211) without altering the position of the catalytic residues, or creating new enzyme-substrate interactions.

Snapshots are representative stationary points from molecular dynamics simulations (MDs)
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observe a transition from predominantly nonproductive
substrate binding modes to more productive ones. For
instance, an early evolved mutant of a designed Kemp
eliminases, HG2, was found to bind a TS analog (TSA),
6-nitrobenzotriazole, in both productive and non-
productive or flipped, orientations (Figure 6a).'°® Further
evolution fixed the mutation K50Q in mutant HG3 and
introduced a new H-bond donor with the TSA. This stabi-
lized the productive complex and caused a >700-fold
increase in k.,/Ky in subsequent mutants, HG3.17 and
HG4.°"'% The elimination of non-productive binding
modes was also described during the ancestor reconstruc-
tion of CHI’> and the directed evolution of alcohol
dehydrogenase A.'°° Counterintuitively, enhancing non-
productive binding may also be a molecular strategy, as
disrupting the frequency of productive binding modes
can alter catalysis: for example, the directed evolution of
an o-transglucosylase produced shorter sugar polymers
as a result of enhanced nonproductive binding"°.

Beyond the dichotomy described above, it may be more
realistic to consider the existence of a continuum of binding
states (or E'S complexes), leading to diverse catalytic effi-
ciencies that depend on the optimality of the enzyme-
substrate interactions, for example, the orientation and
proximity between the reactants. Indeed, promiscuous sub-
strates may generally form less productive or inadequate
interactions with noncognate enzymes™'°. Consequently,
the optimization of an enzymatic activity could require the
subtle tinkering of enzyme-substrate interactions toward
more optimal, productive binding without major alterations
of the catalytic machinery or overall structure. Such tailor-
ing was demonstrated by the directed evolution of PAS
toward phosphonate hydrolysis, where a modest enlarge-
ment of the active site cleft by two proximal mutations
unlocked the access to the catalytic machinery for the bulk-
ier substrate.” Interestingly, this active site reshaping was
accompanied by the formation of a new Michaelis complex
upon substrate repositioning (Figure 6b). As E'S interactions
were more optimally oriented with respect to the catalytic
center, in terms of distance and electrostatic complementa-
tion, evolution resulted in a large increase in TS stabiliza-
tion. Similar observations were made during the evolution
of a designed Kemp eliminase, KE59.”

It remains difficult to establish which type of mecha-
nism prevails in enzyme evolution, as only a handful of
studies have extensively characterized the gradual
changes of enzyme-substrate interactions during enzyme
evolution, leaving this phenomenon largely undocu-
mented. These limitations result from the challenge of
gathering experimental evidence of subtle changes in
enzyme-substrate interactions, in particular for promis-
cuous substrates that exhibit low catalytic efficiency in
the initial stages of evolution. Yet, resolving atomic-level

views of such interactions is essential to advance our
understanding of enzyme function and evolution.''*

4 | PERSPECTIVES AND FUTURE
DIRECTIONS

A growing number of studies have reported the evolution
of enzymes performed in the laboratory or in nature.
Here, we highlighted over 30 examples that provide
detailed molecular insights into the mechanisms of
enzyme evolution (Table 1). Needless to say, each of
these cases present unique and distinct genetic and
molecular solutions that result from the incredible diver-
sity of enzyme attributes, for example, scaffold and active
site architecture, type and level of native activity, and/or
the acceptance of latent promiscuous substrates. None-
theless, we observe several prominent mechanisms com-
mon amongst these examples of enzyme evolution.
Importantly, we found that most of the examples herein
do not rely on a single mechanism; rather, multiple strat-
egies seem to be required to generate an efficient enzyme.
In some cases, a defined sequence of events along a tra-
jectory appears to be essential: initial mutations occur in
the active site to generate a new interaction with the sub-
strate, while later in the evolutionary process, distal
mutations accumulate in the second-shell to tinker the
position of the initial key residue in order to fine-tune its
interaction with the novel substrate.*>**"°®!12 Such a
sequence of mutational events is strongly associated with
epistasis; the beneficial effects of later mutations only
become realized after early mutations are fixed, which
can severely restrict the accessibility of evolutionary tra-
jectories.®®'"* To engineer and rationally design new and
efficient enzymes, it is crucial to be able to identify the
specific bottleneck that is being encountered, and hence,
tailor our needs to overcome the issue.

Other molecular solutions that are not described in
this review are likely to exist. Therefore, it is important to
keep exploring enzyme systems, using both directed evo-
lution and ASR, to expand our knowledge of the molecu-
lar mechanisms of enzyme evolution. In particular, the
study of extensive functional transitions, such as transi-
tions that bridge distinct catalytic mechanisms or the ret-
racing of the evolution of catalysis from noncatalytic
functions, should prove insightful. It is also intriguing to
comprehensively explore multiple evolutionary transi-
tions within an enzyme superfamily to study how diverse
functions have emerged from the same scaffold.’****® To
date, most studies have focused on single-enzyme sys-
tems, however, understanding the dynamics of coevolu-
tion among multimeric enzyme systems remains
challenging. Furthermore, continuous development of
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new technologies for directed evolution, such as new
library generation and synthesis strategies, will allow us
to more efficiently generate longer evolutionary trajecto-
ries under various conditions, and hence, to explore
larger areas of the sequence space. These strategies
include the effective incorporation of insertions and
deletions,'"” high-throughput screening methods''®'"®
and continuous evolution systems'?>'?!. Finally, a con-
tinuous expansion of available sequence information,
including metagenomic DNA samples, is progressively
filling in the critical gaps between functional transitions
that are observed in nature, which until recently, were
virtually impossible to retrace.

Importantly, more in-depth analyses are urgently
needed to improve our understanding of the underlying
mechanisms of functional transitions. Traditional enzy-
mology and structural techniques such as Brensted plots,
Arrhenius plots, stopped-flow kinetics, pH profiles,
kinetic isotope effects, crystallography, and nuclear mag-
netic resonance can all be employed to generate a chemi-
cally informed, atomic-resolution view of how mutations
directly affect protein function. On the other hand,
cutting-edge biochemical and biophysical techniques,
such as recent advances in MDs,””*?? femtosecond, time-
resolved and multitemperature crystallography'***** and
single enzyme kinetics'*>'*® should provide atomic-
resolution depictions of conformational and catalytic het-
erogeneity in enzymes, and inform on the extent of
dynamic sampling. By observing catalysis in action, we
may be able to gain incredible insights into the molecular
basis of enzyme evolution and challenge the classical
views of enzyme catalysis.'"" The combination of larger
sequence space exploration, increased rounds of directed
evolution, and detailed molecular characterizations of
variants obtained along a trajectory, will provide a com-
prehensive view of the evolutionary bottlenecks that need
to be overcome during the optimization of an enzyme
function. To concur with Newton et al., “there has never
been a better time to study enzyme evolution!”"*’
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