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Abstract: There has been much debate about the extent to which mutational epistasis, that is, the
dependence of the outcome of a mutation on the genetic background, constrains evolutionary tra-
jectories. The degree of unpredictability introduced by epistasis, due to the non-additivity of func-
tional effects, strongly hinders the strategies developed in protein design and engineering. While
many studies have addressed this issue through systematic characterization of evolutionary trajec-
tories within individual enzymes, the field lacks a consensus view on this matter. In this work, we
performed a comprehensive analysis of epistasis by analyzing the mutational effects from nine
adaptive trajectories toward new enzymatic functions. We quantified epistasis by comparing the
effect of mutations occurring between two genetic backgrounds: the starting enzyme (for example,
wild type) and the intermediate variant on which the mutation occurred during the trajectory. We
found that most trajectories exhibit positive epistasis, in which the mutational effect is more bene-
ficial when it occurs later in the evolutionary trajectory. Approximately half (49%) of functional
mutations were neutral or negative on the wild-type background, but became beneficial at a later
stage in the trajectory, indicating that these functional mutations were not predictable from the ini-
tial starting point. While some cases of strong epistasis were associated with direct interaction
between residues, many others were caused by long-range indirect interactions between muta-
tions. Our work highlights the prevalence of epistasis in enzyme adaptive evolution, in particular
positive epistasis, and suggests the necessity of incorporating mutational epistasis in protein engi-
neering and design to create highly efficient catalysts.
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Introduction
The evolution of an enzyme toward a new function
often requires the accumulation of multiple adaptive
mutations. However, neutral and deleterious muta-
tions predominate among all possible mutational
steps and adaptive mutations are scarce. A strategy
to efficiently identify functional mutations is pivotal
for our understanding of enzyme evolution and our
ability to engineer and design novel enzymes. Func-
tional mutations can be found in the first shell (resi-
dues directly interacting with the ligand) of the
active site, and are typically responsible for gain or
loss of interactions between enzyme and substrate.
Remote mutations, located in the second- (residues
interacting with the first shell) and third- shells
(residues beyond the second shell) of the active site,
can also contribute to functional adaptation because
of the intertwined nature of amino acids network
within an enzyme."? Recent promising advances in
bioinformatics and computational structural biology
have rendered de novo enzyme design feasible, using
computational algorithms to predict the phenotypic
effects of mutations.>® For example, tools have been
developed to rationally design enzymes through the
creation of “smart” mutant libraries, where predic-
tion guides functional “hotspots” or “islands” to
explore, enabling a relatively small screening effort
to isolate functional mutations.®1° Despite these
advances, genuine success is rare and creating de
novo catalysts in the laboratory remains a challenge:
only a handful of examples have been reported to
yield new enzymes with high catalytic efficiency
(kea/Knr> 10°) in the laboratory.'12

On the other hand, growing evidence from
molecular evolution and evolutionary biochemistry
indicates that the prediction of functional mutations
can be a daunting task.'®!* Epistasis, that is, non-
additive interactions between mutations, implies
that mutations exhibit different phenotypic effects,
depending on the genetic background on which they
occur.’®!® For example, a functional mutation may
only confer a beneficial effect upon the prior fixation
of permissive mutations.'”2° Conversely, the adapt-
ive potential of a mutation can be diminished or
become deleterious in the presence of other, restric-
tive mutations.2?? Thus, the accumulation of a
subset of mutations that collectively provide a signif-
icant change in enzymatic function may be strongly
contingent on each individual step of a mutational
trajectory.?>?* Functional mutations can be masked
in the background of a starting point (for example,
wild-type enzyme) if they appear neutral or deleteri-
ous until other mutations epistatically render them
beneficial on an alternative background (e.g., during
adaptive trajectories). Therefore, predicting benefi-
cial mutations may not be achievable,?® without
prior knowledge of the epistatic interactions that
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arise upon combining mutations. Numerous studies
have demonstrated that epistasis constrains the fix-
ation of functional mutations during adaptive
enzyme evolution.?3° Yet, a general consensus on
the role of mutational epistasis, based on a quantita-
tive survey of its type and prevalence, remains to be
established. Trends that unveil how epistatic muta-
tions influence the accessibility of different adaptive
trajectories will provide valuable insights into pro-
tein engineering and design: should we integrate
epistatic interactions into the prediction and identifi-
cation of functional mutations?®! And if so, how can
we account for these constraints at the molecular
level?

In this study, we provided a quantitative survey
of epistasis during adaptive evolution. Based on
nine previous studies that examined the evolution
of novel functions in both natural and laboratory
systems, we systematically analyzed the epistatic
effects of functional mutations that were collectively
responsible for large increases in new function. To
investigate how epistasis hinders the predictability
of functional mutations from a starting enzyme, we
characterized the type and degree of epistasis occur-
ring between two genetic backgrounds: the starting
enzyme (e.g. wild type) background and the back-
ground of the intermediate variant in which the
mutation was fixed during its evolutionary trajec-
tory. We also analyzed the structural position of
these functional mutations, in order to identify the
physical interactions that allowed distant mutations
to exhibit significant mutational epistasis. We
defined several molecular mechanisms that mediate
strong epistasis. Finally, we highlight the impor-
tance of integrating epistatic interactions for the
identification and prediction of functional mutations
in protein design and engineering.

Results

Dataset collection and analysis

of mutational epistasis

We chose nine case studies from previously pub-
lished work describing adaptive trajectories of
enzymes towards a new function, for example, an
increase in catalytic efficiency for a new substrate or
a lower affinity for an inhibitor (Table I). In these
examples, the authors characterized the functional
effects of adaptive mutations, that is, their depend-
ence on the genetic background. Some explored all
possible combinations (2") of a given set of n muta-
tions to depict an empirical fitness landscape;*%32
others studied the mutational effects on a restricted
subset of genetic backgrounds, by a posteriori engi-
neering each individual mutation onto the wild-type
background. Out of nine examples, four represent
adaptive trajectories that occurred in nature. Among
these four, two examples originate from evolution
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Table 1.

Summary of the Nine Evolutionary Trajectories

Catalytic Target Number of Most likely
Enzyme activity® molecule® mutations® trajectory? Source’ References
TEM-1  B-lactamase Cefotaxime 5 G238S > E104K > 34
A42G > M82T >
(g4205a) Clinical isolates
DHFR  Dihydrofolate Pyrimethamine 4 S117N > S58R> 35
reductase N50I> I73L
AtzA Atrazine Melamine 9 S331C > F84L > 36
chlorhydrolase N328D > E125D >
T219P > T2171 > .
V92L, > G255W > Reconstruction of a
1253L, possible trajectory
LinByr Haloalkane B-hexachloro 7 A274H > 1134V > between extent 37
dehydrogenase cyclohexane I1138L > A112V > enzymes
M2531 > A135T >
A81T
ANEH epoxide Hydrolase (S)-1 enantiomer 5 B>C>D>F>E* Rational design (ISM) 40,41
PAMO Baeyer—Villiger (R) enantiomer 4 A442N > P440F > 42,43
monooxygenase 167Q > 14431
Be-11 B-lactamase Cephalexin 4 G262S > L250S > 38
N70S > V112A
Arylester (2NH) 26 (for) see ref. Vg? - Directed evolution 11,39
. (PTE™-> PTE™®) (random)
PTE Phosph random
osphotriesterase and Table S1
Paraoxon 14 (rev) see ref. 39 39

(PTEA®-> neoPTE)
and Table S1

# Catalytic activity refers to the native activity of the enzyme.

b Target molecule indicates the substrate or inhibitor for which the enzyme evolved.

¢ Number of mutations fixed during the adaptive trajectory.

9 Most likely trajectory extracted from the literature or reconstructed (see Mat. and Meth.). The order of fixation of muta-

tions in the trajectory proceeds from left > right.

¢ Source refers to the experimental framework that enabled the isolation of combinatorial mutations.

fFor ANEH, we used the same labelling of the mutations as ref. 40. B-E refers to clusters of mutations co-mutated in
ANEH by ISM. See Supporting Information Table S1 for detailed clustering of mutations.

ISM iterative saturation mutagenesis, for forward, rev reverse, 2NH 2-naphthyl hexanoate.

observed in clinical isolates of pathogenic bacteria:
TEM-1 B-lactamase to hydrolyze cefotaxime, a third
generation cephalosporin® and a dihydrofolate reduc-
tase (DHFR) to circumvent an anti-malaria drug inhibi-
tor, pyrimethamine;*® and two are reconstructed from
evolutionary transitions between two extent enzymes:
atrazine chlorhydrolase, AtzA, and melamine deami-
nase, TriA,?® and two haloalkane dehydrogenases, Lin-
Bur and Lingy; 2 Three examples represent adaptive
trajectories created by laboratory directed evolution: Be-
II B-lactamase was evolved towards the hydrolysis of a
first generation p-lactam antibiotic, cephalexin.®® PTE,
a phosphotriesterase, was evolved toward arylesterase
activity,!! and then back to its original PTE activity.>®
The last two studies represent the rational design of
enzymes in the laboratory, through the improvement of
enantioselectivity in ANEH epoxide hydrolase’®*! and
PAMO Baeyer—Villiger monooxygenase towards a
thioether,**43

We then determined a mutational trajectory for
each adaptive evolution, that is, the order in which
mutations were accumulated in a stepwise manner
during the evolutionary trajectory. For the directed
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evolution examples (PTE and Be-II), we retained the
mutational order as it appeared in the evolutionary
experiments. For the natural evolution examples, we
either followed the plausible trajectory proposed in
the original article, or we reconstructed a likely trajec-
tory such that a mutation providing the highest
improvement of the enzyme fitness among the var-
iants would be selected at each round (Table I). First,
we observed that approximately half of adaptive tra-
jectories exhibit diminishing returns (Supporting
Information Fig. S1), a distinctive pattern of evolu-
tionary and optimization processes, in which the
enzyme fitness improvement per mutation is large in
early rounds of evolution and then becomes more
incremental as evolution proceeds, indicating that the
evolved enzymes have approached a local fitness pla-
teau (or local maximum).***® However, in LinByr,
ANEH, PAMO and Bec-II, the functional improve-
ments did not decelerate but rather steadily increased
which suggests that these enzymes have not reached
the end of their evolutionary potential.*®

Next, we quantified the extent of epistasis
within each trajectory toward a new function by
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comparing the effect of a mutation on two different
genetic backgrounds: the starting enzyme (e.g. wild
type) background and the background of the interme-
diate variant on which the mutation was fixed during
the trajectory. We calculated the fold change in
enzyme fitness (¥) provided by a mutation i on the
wild-type background (AF,,;,=F,;.;/F,;) and the
change caused by the same mutation on the interme-
diate variant j in the trajectory, (AF;,=F;./F;) (Sup-
porting Information Table S1). Then, epistasis was
determined by comparing the fold changes in the tra-
jectory over the wild-type background (AF;;/AF,, ;).
For the sake of simplicity, we considered that >1.5-
fold change is significant, and less than 1.5-fold
change is neutral (or nearly neutral). Whereas each
experimental system exhibited different experimental
errors for the enzyme fitness measurement, most
studies reported error rates less than 1.5-fold. It
should be noted that the enzyme fitness represents a
physicochemical property of the enzymes, such as:
enzymatic catalytic efficiency (k..s/Kn), enzymatic
activity in crude cell lysate, inhibitory concentration
by an antibiotic or inhibitor [minimum inhibitory con-
centration (MIC) and ICsl, and enantioselectivity
factors (E) (Supporting Information Table S1).
Whereas these properties are not necessarily corre-
lated to organismal fitness, they are described as
selectable traits in natural or laboratory evolution. In
order to circumvent the multiplicity of fitness units
presented, we restricted our analysis to the fold
change in enzyme fitness caused by a mutation, as
measured by the ratio of the mutational effect on the
trajectory over the wild type (AF;/AF,, ;). We classi-
fied the mutations into five different subtypes,
according to their epistatic effects and single effect on
each independent genetic background. i) Neutral des-
ignates mutations that show less than 1.5-fold change
in enzyme fitness on both backgrounds (0.7 <[AF};
and AF,,;1<1.5). (ii - v) Functional refers to non-
neutral mutations that exhibit >1.5-fold improvement
in either genetic background (AF;; or AF,,,>1.5).
Among functional mutations, ii) no epistasis refers to
mutations that do not significantly alter the enzyme
fitness depending on the background (mutations are
additive, AF;;/AF,,; ~ 1). (iii — iv) Positive epistasis
applies to a mutation that becomes more beneficial
when combined with prior substitutions on the trajec-
tory, compared to its effect on the wild-type back-
ground (AF;;/AF,, ;>1.5). It can be divided in two
subclasses: iii) Positive magnitude epistasis refers to
cases where the effect is neutral or positive on the
wild-type background and is further amplified on
the trajectory (AF;; > AF,,;>0.7 or AF;; >
AFy, ;>1.5); and iv) Positive sign epistasis, which
refers to mutations causing a deleterious effect on
the wild-type background but a beneficial effect
on the trajectory (AF,,; <0.7 and AF;,>1.5). v)
Negative epistasis applies to a mutation that
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becomes less beneficial on the trajectory back-
ground compared to its original effect on the wild
type (AFJ‘) i/AFwt, i <0.7).

Positive epistasis is predominant in the adaptive
trajectories of enzymes

In all trajectories, a significant fraction of mutations
exhibits epistasis between the two genetic back-
grounds (Figs. 1 and 2). Of 59 analyzed mutations,
20 (34%) are classified as non-functional, while 66%
(39 mutations) are functional mutations [Fig. 1(A)].
The former, which were eliminated from our analy-
sis, may be hitchhikers- (bona fide neutral muta-
tions), nearly neutral- (i.e. marginally beneficial or
deleterious) or stability-enhancing- (affecting other
enzymatic properties aside from the catalysis) muta-
tions. Seven of the functional mutations are benefi-
cial but exhibit no or weak epistasis (i.e. their effects
are additive), which represents 12% of total amount
of mutations and 18% of functional mutations
[Fig. 1(A)]. Thus 82% of functional mutations (54%
of total mutations) are classified as “epistatic muta-
tions”. These mutations can be further divided into
25% that exhibit negative magnitude epistasis (eight
mutations, and 14% of total mutations), and 75%
that cause positive epistasis (24 mutations, and 41%
of total mutations). 13% of the functional mutations
(~8% of total mutations) display positive magnitude
epistasis: their beneficial effect (>1.5-fold increase)
onto the wild-type background became even more
beneficial when combined in the trajectory. 33%
(22% of total mutations) also belong to positive mag-
nitude epistasis but their effects in the wild-type
were originally neutral. Moreover, ~15% (10% of
total) showed positive sign epistasis, in which the
effect of the mutation was deleterious on the wild-
type background but subsequently turned beneficial
as they occurred in the trajectory. Thus, 49% of func-
tional mutations (32% of total mutations) did not
appear to be beneficial in the background of the
wild-type, and then became beneficial owing to epis-
tasis [Fig. 1(A)].

Positive epistasis (magnitude or sign; eight out of
the nine trajectories) is the most common form of
epistasis present along the evolutionary trajectories
[Fig. 1(B), 2]. Positive epistasis means that an adapt-
ive trajectory toward a new function will be con-
strained by the order of appearance of mutations: the
beneficial effect of later mutations is contingent on
the fixation of earlier ones.'®!® AtzA represents the
most drastic example: only one (S331C) out of nine
mutations provides a beneficial effect on the AtzAWT
background, no other mutation that became fixed at
later stages yielded a detectable melaminase activity
on the WT background [Fig. 2(A)]. Hence, the first
mutation S331C played a permissive role for the fixa-
tion of the subsequent eight mutations that only
turned beneficial in later rounds; the adaptive trajectory
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relied completely on the initial mutation. The evolution
of TEM-1 is also dominated by positive epistasis (three
out of four mutations), whereby the first mutation
G238S facilitates the fixation of the following adaptive
mutations [Fig. 2(B)]l. The reverse trajectory of PTE
appears overall less epistatic, as 5 out of 14 mutations
show positive epistasis [Fig. 2(C)]. By contrast, the tra-
jectory of DHFR follows the opposite trend as all muta-
tions exhibit negative magnitude epistasis: while each
mutation provides a great enhancement on the wild-
type background, the beneficial effects become much
smaller than expected once the first mutation is fixed
[Fig. 2(D)]. Interestingly, the evolution of DHFR is the
only example in which the enzyme was evolved for a
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loss of recognition of the target molecule (pyrimeth-
amine inhibitor). In all other examples, the selected
trait was a gain of recognition of a new molecule by
increasing a promiscuous activity. Thus, the opposite
trends between DHFR and other enzymes may be asso-
ciated with the trait selected by evolution. Further com-
plications of epistasis and contingency can be observed
by the effect of the available, remaining, mutations at
each evolutionary step along a trajectory (Supporting
Information Fig. S2 and Supporting Information Table
S2). However, as data are only available for a subset of
the selected studies that performed combinatorial muta-
tional analysis, we restricted our analysis to only two
genetic backgrounds.

How Epistasis Impairs Predictability in Enzyme Evolution
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The predominance of positive epistasis was also
observed when we compared the overall functional
increase in the trajectories (difference between start-
ing and most evolved mutant) and the increase calcu-
lated from the null model, which assumes that the
collective increase of all mutations relies on non-
epistatic cumulative effects of all single point muta-
tions on the wild-type background [Fig. 1(C)]. In six
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out of nine examples, the predicted functional increase
based on the null-model fell short compared to the
actual increase obtained over the whole trajectory.
These differences can be large: TEM-1, AtzA, PTE-for
and PAMO, all exhibit more than two-orders of magni-
tude difference between the predicted and observed
increase. The latter two examples are particularly
striking cases of unpredictability: the null model
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anticipates a strong negative effect upon combining 4
and 25 mutations, respectively, whereas together they
epistatically contribute to more than 10%- and 10°-fold
increases in their respective trajectories.

Taken together, our observations highlight the
prevalence of epistasis in adaptive trajectories. The
strong tendency for positive epistasis complicates
the prediction of functional mutations. In half of the
cases within our analysis, mutations were identified
as being beneficial in both backgrounds; hence these
functional mutations are predictable, at least quali-
tatively. Yet, the remaining functional mutations are
unpredictable, as their beneficial effects cannot be
anticipated due to their negative or neutral effect on
the starting background.

Indirect interactions between mutations can
cause strong epistasis

We analyzed mutational sites within protein crystal
structures to determine how the position of muta-
tions relates to the degree of epistasis. First, we
measured the distance between mutations and a key
functional component in the active site, for example,
a catalytic metal ion, a nucleophile or a bound
ligand (analogue or inhibitor) (see Supporting Infor-
mation Table S1 and Materials and Methods for
each case study). Most functional mutations, in par-
ticular the highly beneficial ones, are located less
than 10 A away from key active site residues (Sup-
porting Information Fig. S3), which is consistent
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with previous work investigating the correlation
between structural position and mutational effect.*”
These results indicate that most functional muta-
tions are either directly interacting with the sub-
strate or rather, are located within the second and
third shells of the active site and indirectly affecting
the enzymatic function. The same trend is observed
when plotting the epistasis effect (AF;;/AF,,;)
versus the distance from a key active site feature
[Fig. 3(A)]. Mutations exhibiting strong epistasis are
also clustered within the first and second shells of
the active site (<10 A from a key residue). Over the
course of evolution, an increase in mutation fixation
within the outer shell of the protein is observed com-
pared to the core (Supporting Information Fig. S4).
Next, we measured the distance between a mutation
showing strong epistasis (arbitrarily defined as 3<
AF;/AF,, ;, and 0.5 >AF; ;/AF,, ;) and all prior muta-
tions accumulated in the trajectory [Fig. 3(B)]. In
~40% of cases (five out of 13 mutations: PTE-for-
D233E and -L271F, PAMO-P440F and -L443I, and
Be-II-N70S), at least one residue located less than 4
A away from the epistatic mutation was mutated,
indicating that direct interactions contribute to epis-
tasis. However in the remaining cases, epistasis is
caused by indirect interactions between mutations
(>8 A from the closest prior mutation): TEM-1-
E104K and DHFR-N50I (~8-10 A); and PTE-for-
T1721 and -L271F and TEM-1-A42G (>10 A). Thus,
a direct interaction to either the substrate or the
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prior mutations is not compulsory for strong epista-
sis to occur. Indirect and long-range interactions can
significantly contribute to changes in mutational
effects, indicating that complex network effects can
affect catalysis.

Molecular basis of epistasis

A more fundamental question, and challenge, that
arises from these observations is the identification of
the molecular mechanisms that underlie epistasis.
In several cases, the crystal structure of the evolved
variant(s) was obtained and compared to that of the
wild-type enzyme. Here, we highlight these exam-
ples and discuss, in the light of previous observa-
tions, possible molecular mechanisms (Fig. 4 and
Supporting Information Fig. S5). Four mechanisms
can be derived from the structural observations. (i)
Direct interactions between epistatic mutations, of
which one mutation directly interacts with the sub-
strate. For example, the forward evolution of PTE
proceeded via two key direct interactions between
the fist shell mutation H254R and subsequent muta-
tions L271F and D233E [Fig. 4(A)]. The fixation of
D233E and L271F stabilized the position of R254,
which in turn improved the interaction between
R254 and the substrate.!’3° The effect of D223E and
L271F increased >10- and 3-fold in the trajectory,
respectively, after the fixation of H254R compared to
the wild-type background. (ii) Direct interactions
between mutations, but no direct interaction
between the substrate and the mutations. Although
there is no structure for the evolved variant,
PAMO?%%%2 may fall into this category as the prox-
imity of mutations P440F, A442N and L443I in the
wild-type structure suggests that they interact with
each other (through hydrogen bonding interac-
tions).*® However these mutations are unlikely to
directly interact with the substrate, rather they may
contribute to a functional change by altering the
position of R337%2 [Supporting Information Fig.
S5(A)]. (izi) Indirect interaction between mutations,
and direct interaction between the substrate and
one of the mutations. The first mutation (S117R) in
DHFR interacts with the inhibitor, pyrimethamine®®
[Fig. 4(B)]. The subsequent mutations (58 and 50)
are located a distance from S117R and do not inter-
act with the substrate, but show strong negative
epistasis (0.06-fold and 0.03-fold, respectively). Simi-
larly, the first mutation G238S in TEM-1 is directly
interacting with the substrate (although it may also
resolve a steric conflict®®), and the second mutation
(E104K) interacts with neither the first mutation
nor the substrate [Fig. 4(C)]. Yet, the effect of
E104K is altered by >100-fold upon the fixation
of G238S, which to date remains poorly under-
stood.®® It is likely that long-range interactions
between these two residues propagate through a
loop (Q-loop), potentially via position 240. (iv) Indi-
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rect interaction between mutations and no direct
interaction between the substrate and the muta-
tions. These examples represent the most compli-
cated epistatic networks for enzyme function. The
long-range epistatic effects may be associated with
fine-tuning of key catalytic components in the active
site and/or change in conformational dynamics. In
Be-I1, strong positive sign epistasis occurs between
mutations G262S (round 1) and N70S; both of these
mutations are located below the active site floor and
are distant from the substrate?® [Fig. 4(D)]. While
the first mutation G262S causes a 0.5-1.0 A shift of
a catalytic Zn2?", a later mutant containing N70S
displays altered dynamics for several active site
loops. The effect of N70S, which is deleterious in the
WT background, showed strong positive sign epista-
sis and only became beneficial in combination with
G262S.%6 Repositioning of metal ions was also
observed in the evolution of PTE [Supporting Infor-
mation Fig. S5(B)] and a displacement of non-
mutated active site residues has been observed in
several other systems such as ANEH*' and TEM-1
[Supporting Information Fig. S5(C-D)].

Overall, these molecular descriptions of epista-
sis suggest that long-range interactions that cause
strong epistasis are rather common. The interactions
could act through various ways, including loop repo-
sitioning, protein dynamics, or through displacement
of active site residues or co-factors.

Discussion

Our comprehensive
that epistasis, and in particular positive epistasis, is
widespread during the adaptive evolution of enzyme
functions. Despite a broad range of enzyme fitness
parameters used in each experiment, eight out of nine
case studies are largely driven by positive epistasis
within the evolutionary trajectory. Positive epistasis
indicates that mutations that are fixed at early rounds
of evolution play a permissive role for the beneficial
effects of later mutations. Thus, evolutionary trajecto-
ries may be restricted and the accumulation of muta-
tions limited to a certain order by positive epistasis,
particularly at later stages.’! This implies that there
are actually fewer available trajectories than one
would predict from the total number of fixed muta-
tions separating the wild-type from an optimized geno-
type. Observations from previous studies have
suggested that beneficial and adaptive mutations are
very rare; 0.01-1% of single amino acid substitutions
are beneficial, 30-50% are highly deleterious, 50—70%
are nearly neutral or neutral,®® indicating that only a
handful of mutations can increase catalytic activity.
Therefore, the scarcity of available functional muta-
tions, combined with positive epistasis restricting their
fixation, indicate that only a few evolutionary trajecto-
ries may be accessible. Indeed, a number of natural
and laboratory evolution studies have demonstrated

characterization demonstrates
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ment of a catalytic zinc ion.

that the evolution of protein function from a given
starting point is repeatable, that is, only a subset of

functional mutations are repeatedly fixed in parallel

51.53-55 where the same substi-

56-58

experimental evolution,
tution appears independently in distinct lineages.
On the other hand, a few cases demonstrated that dis-
tinct mutational trajectories could arise, because of
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constraints exerted by negative sign epistasis.2}?2

Taken together, the evolution of enzymes from a given
genetic background may be highly deterministic,
meaning that only a few mutational trajectories may
originate from a given starting point and that the evo-
lution has to follow a certain order of occurrence to
accumulate beneficial functional mutations.
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It should be noted, however, that the observa-
tion of prevalent positive epistasis is only applied to
mutations that collectively comprise one adaptive
trajectory, but may be irrelevant to how epistasis
prevails across a whole protein fitness landscape.
For example, the analysis of homologous extant pro-
teins that (neutrally) diverged in evolution suggests
a lesser extent of epistasis.?®% In order to obtain a
complete picture of a protein fitness landscape, one
should ideally cover the complete landscape sur-
rounding a starting point, within at least several
mutational steps.?® Under these conditions, the size
of such a library becomes extremely large, which
cannot be explored by current technologies. Alterna-
tively, exploring epistasis through the creation of
multiple alternative trajectories that can be com-
pared to each other would be highly valuable. These
trajectories can be obtained from natural-, or paral-
lel- experimental evolution repeatedly starting from
a unique gene,?? from various orthologous genes,?%5°
toward distinct targets>*1%2 or by evolving an
enzyme back to its original function.®®

For enzyme engineering and design, the preva-
lence of positive epistasis emphasizes the difficulty
of predicting beneficial functional mutations. Our
observations indicate that half of mutational effects
are unpredictable based on the sole enzyme fitness
effect conferred on the starting genetic background.
Recent advances have extended the available toolkit
to computationally predict functional mutations
based on protein crystal structures;>6%64
which improve their prediction capacity by integrat-
ing epistasis.®® High-throughput screening technolo-
gies combined with deep sequencing, should enable
the exploration of vast mutational sets, which may
be generated by mutational scanning.®%%7 Yet, these
technologies predominantly explore mutations that
are located within a single or a few mutational steps
away from a starting point. Thus, even if these plat-
forms can effectively identify a number of single
point functional mutations, combining these muta-
tions may still not be able to provide the desired
(and predicted) functional change. Consistent with
previous studies, 2589 our analysis reveals that a
significant number of strong epistatic effects stem
from long-range interactions, suggesting that epi-
static networks are highly intertwined and can be
mediated by conformational dynamics.!®7%"2 It is
essential that we understand the molecular mecha-
nisms that result in mutational epistasis in order to
enhance our predictive ability for efficient engineer-
ing of novel enzymes. Experimental evolution strat-
egies, when used on multiple genetic backgrounds
and under different conditions, should elucidate the
influence of epistasis on evolutionary outcomes, and
allow us to identify genotypes that display a higher
probability to adapt.

some of
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Materials and Methods

Enzyme fitness measurements

To directly compare the nine evolutionary trajecto-
ries, we reported on the enzyme fitness, that is, on
biophysical properties that were selected by evolu-
tion, which should not be confused with organismal
fitness. While the IC5o of DHFR mutants are closely
related to the organismal fitness, this may not be
the case for kinetic parameters. For example, in
case of Be-II, MIC values increase over the course of
the evolution whereas k../Ky values do not linearly
correlate to fitness improvements,®® hence we used
MIC values, such as for TEM-1. For ANEH, we used
the data found in the Supporting Information of ref-
erence,’’ which provides E-values for all possible
combinations. Note that they slightly differ from the
values presented in the main article by Reetz et al.
For PAMO, the authors provided the AAG* reporting
on the difference in the activation energy between
both enantiomers, from which, to simplify, we calcu-
lated the enantiomeric ratio Er,s (preferential con-
version of the enantiomer R over S) from Egs. (1)
and (2) at 298K:

AAG* = RTInEgs 1)

AAG?)

Egjs = el (2)

For AtzA and LinByt, we used the Michaelis-
Menten parameters (k../Ky) provided. For DHFR,
the authors supplied In (IC5¢+1) from a fit to growth
rate curves,® from which we isolated the ICso from
Eq. (3):

1050 — eln(IC50+1)_1 (3)

For the PTE-rev trajectory, we extracted crude
lysate activity values from reference.?® Note that due
to the complexity of both PTE trajectories, that is,
having multiple mutations fixed at a given round
and/or shuffling recombination, the fold change on
the trajectory background were all experimentally re-
measured by the authors (calculations provided in
Supporting Information Table S1), instead of dividing
the catalytic activity of the mutants at round n+1/
round n, as for the other seven studies (see reference
39 for more details). Furthermore, to ensure full con-
sistency, we used the re-measured catalytic activity
values of the parent variants (R1, R2, etc...) to draw
the evolutionary trajectories and perform -calcula-
tions, instead of the trajectory values originally
reported. We performed the same calculations for the
PTE-for trajectory, hence values were not extracted
from Ref. 11, but experimentally re-measured and
provided as a personal communication from Dr. Mir-
iam Kaltenbach (manuscript in preparation).
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Trajectories

For the directed evolution examples (PTE-for, PTE-
rev and Be-II), we retained the mutational order as it
appeared at each round of the evolutionary experi-
ments. In most cases, to select a unique trajectory for
each enzyme, we followed the plausible trajectory
suggested by the authors in the original article,
whether natural (AtzA) or artificial (ANEH, PAMO).
Note that for ANEH, the authors recapitulated each
evolutionary step to letters A->F, which sometimes
contain more than one mutation. In a few cases, we
arbitrarily reconstructed a most likely trajectory such
that each mutational step provides the highest
enzyme fitness improvement possible (TEM-1 and
LinByr). For LinByt, we selected mutations based on
the increase in the second conversion step, more rele-
vant for the LinByy-type of activity, as suggested by
the authors.?” For DHFR, we chose the following tra-
jectory: S117 > S58R> N50I> I173L (labeled 0010>
0110> 1110 > 1111 in the original papers), due to its
accessibility, high frequency and common occurrence
in Plasmodium falciparum?”
vivax.3® This trajectory is not the favored one in
P. vivax according to the authors, but this is due to
the use of a multi-parameter analysis including a
combination of growth rate, drug concentration, selec-
tion and drift. To simplify the read-out in our com-
parison, we selected the trajectory that provided a
steady increase in ICsp, and fixed all four mutations.

and Plasmodium

Structural analysis

Wild-type and (when available) mutant structures
were retrieved from the pdb database. AtzA (pdb:
4vly) was excluded from this analysis due to the lack
of detectable melaminase activity on the wild-type
background, which prevented the calculation of the
epistasis ratio (AF;;/AF,, ;). Distances were measured
on the wild-type structure using pymol,”® between the
closest atoms of a key active site residue and of the
residue later mutated, as follows. We used a metal ion
for Be-II (pdb: 1bc2, Zn** (1)), a ligand for DHFR
(pdb: 2619, pyrimethamine), LinByr (pdb: 2bfn, 1,2-
dichloropropane), PTE—for (pdb: 4pcp, overlaid 2-
naphtyl hexanoate analogue from pdb: 4e3t), PTE-rev
(pdb: 4pcn, overlaid paraoxon analogue from pdb:
2rin), ANEH (pdb: 3g0i, valpromide), TEM-1 (pdb:
1btl, N- (benzyloxycarbonyl) amino] methyl] phosphate
overlaid from pdb: Iaxb) and another active site resi-
due for PAMO (pdb: 2ylr, R337). When plotting the
epistasis ratio versus distances, we excluded all substi-
tutions occurring at the first round to prevent a bias
in the distribution of epistatic mutation, as by defini-
tion the first occurring mutation cannot be epistatic.
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