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Cooperative interactions between amino acids are critical for protein function. A genetic
reflection of cooperativity is epistasis, which is when a change in the amino acid at one
position changes the sequence requirements at another position. To assess epistasis within an
enzyme active site, we utilized CTX-M f-lactamase as a model system. CTX-M hydrolyzes
f-lactam antibiotics to provide antibiotic resistance, allowing a simple functional selection
for rapid sorting of modified enzymes. We created all pairwise mutations across 17 active
site positions in the f-lactamase enzyme and quantitated the function of variants against
two P-lactam antibiotics using next-generation sequencing. Context-dependent sequence
requirements were determined by comparing the antibiotic resistance function of double
mutations across the CTX-M active site to their predicted function based on the constit-
uent single mutations, revealing both positive epistasis (synergistic interactions) and neg-
ative epistasis (antagonistic interactions) between amino acid substitutions. The resulting
trends demonstrate that positive epistasis is present throughout the active site, that epistasis
between residues is mediated through substrate interactions, and that residues more toler-
ant to substitutions serve as generic compensators which are responsible for many cases of
positive epistasis. Additionally, we show that a key catalytic residue (Glul166) is amenable
to compensatory mutations, and we characterize one such double mutant (E166Y/N170G)
that acts by an altered catalytic mechanism. These findings shed light on the unique bio-
chemical factors that drive epistasis within an enzyme active site and will inform enzyme
engineering efforts by bridging the gap between amino acid sequence and catalytic function.

epistasis | cooperativity | enzyme mechanism | enzyme evolution | fitness

The structure, function, and evolution of proteins stem from both the primary amino
acid sequence and complex interactions between amino acid residues, leading to epistasis.
To understand enzyme function and to engineer enzymes for use in chemical production,
biomedical research, and potential therapeutics, we must understand the basic mechanisms
that drive enzyme function through epistasis between residues. Our ability to efficiently
engineer an enzyme for a given function depends on understanding how amino acid
sequence relates to enzyme function, which is driven by residue interactions (1, 2). These
interactions are exceedingly complicated, with highly interconnected networks of residues
that serve different roles, leading to the use of machine learning as a prominent tool for
enzyme engineering (3, 4).

Deep mutational scanning (DMS) for individual codons is a widely used tool for testing
the role of individual amino acids within a protein (5) and has been implemented in several
enzyme systems, revealing the contributions of individual residues to enzyme function
(6-8). This involves randomizing a single amino acid residue, creating a library containing
all 20 amino acids at that given position, and testing for protein function. Increasingly,
thanks to advances in NGS (next-generation sequencing) technology and cost efficiency,
DMS for multiple residue positions, rather than a single position, has been used to char-
acterize epistasis between amino acids within proteins (9-11), within a protein—peptide
interaction interface (12), in a protein—protein interaction interface (13), and in sequential
residues across an enzyme (14). Previous work in directed enzyme evolution (15-17),
natural enzyme evolution (18-20), and enzyme evolvability (21, 22) informs the current
understanding of epistasis and the contributions of amino acid interactions to enzyme
function. To add to this literature, and to further advance enzyme engineering, we empir-
ically surveyed amino acid interactions within an enzyme active site using extensive pairwise
DMS as previously implemented in nonenzymatic protein systems (9—14). This provides
both a basic scientific understanding of how sequence dictates protein function and a
valuable dataset to inform machine learning algorithms for protein engineering.

Compared to nonenzymatic proteins, which typically do not rely on the breaking and
reforming of covalent bonds for function, an enzyme active site requires precise chemistry and
the stabilization of high-energy transition states. We, therefore, hypothesized that surveying
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an enzyme active site would provide relevant information specific to
enzyme function versus that of nonenzymatic proteins. Here, we test
this hypotheis by comprehensively characterizing pairwise epistasis
within the active site of CTX-M (cefotaximase from Munich).

CTX-M-14, a class A p-lactamase antibiotic resistance enzyme,
provides a well-studied model system with a straightforward means
of functional characterization—growth rate of Escherichia coli in
media containing p-lactam antibiotic. Further, f-lactamases are a
representative model system in that they act as serine hydrolases,
which catalyze hydrolysis of an amide bond. Serine hydrolases
play a role in a number of crucial physiological processes in both
prokaryotic and eukaryotic organisms and represent important
therapeutic targets (23, 24).

Epistasis is defined here as nonadditive fitness effects when two
mutations are present within the active site compared to the fitness
of the constituting single mutations. Since enzyme function is
highly dependent on the substrate, we tested two p-lactam sub-
strates, which produced different epistasis profiles. Notably, the
CTX-M-14 enzyme is an outstanding catalyst for the substrates
tested, with a catalytic efficiency (£,,/K},) for cefotaxime hydrolysis
of approximately ~1 to 3 x 10° M™" s”' (25-27). Mutations to
CTX-M-14 are largely detrimental to its B-lactamase function,
which we previously demonstrated in a DMS experiment of indi-
vidual codons throughout the active site (27). Therefore, we antic-
ipated a mutational fitness landscape disparate from previous
studies targeting the evolution of a novel catalytic function (15,
17, 18) since the vast majority of double mutations are expected
to produce a nonfunctional enzyme. As a result, many instances
of positive epistasis found in this study can be attributed to mask-
ing, a classic form of positive epistasis between genes where two
nonfunctional genes in the same pathway produce a nonadditive
result because the function level cannot go lower in the double
than the nonfunctional level observed for the single mutants (28).
Alternatively, we observe instances of positive epistasis that are not
attributed to masking and interrogate one such example (E166Y/
N170G) that utilizes an altered catalytic mechanism that resem-
bles a class C p-lactamase enzyme.

Through wide-scale DMS of the CTX-M-14 active site, we
show that positive epistasis is common, that epistatic interactions
are mediated through the substrate, that residues more tolerant
of amino acid substitutions serve as hotspots of positive epistasis,
and that an active site residue that performs key chemical steps
(Glul66) is surprisingly amenable to compensation, suggesting a
path to the evolution of altered enzyme mechanisms.

Results

DMS Reveals the Relative Fitness of CTX-M-14 Single and Double
Mutants. Based on X-ray crystal structures of CTX-M enzymes,
17 active site residues were targeted for mutagenesis and functional
selection as shown in Fig. 14. In previous work by our group,
DMS of single codons was performed to elucidate the individual
functions of the 17 selected amino acids within the CTX-M-14
active site (27). Here, in order to understand their interacting
functions, codons were randomized in pairs so that each residue
was randomized with 16 partners, giving 136 double-position
libraries (16 + 15...+ 2 + 1 = 136) containing 49,096 double
mutants (19° x 136) in total. To assess the amino acid sequence
requirements for function, each library was introduced into E. co/s,
and the resulting clones were selected for function by growth in
media containing either cefotaxime or ampicillin, both of which
are P-lactam antibiotics that CTX-M-14 readily hydrolyzes. The
distribution of amino acid pairs in the population of functional
clones after the selection was assessed by NGS to determine the
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frequency of amino acids relative to the wild-type amino acid.
For comparison, we also determined the frequency of each amino
acid in the naive library pools before B-lactam antibiotic selection.
The frequency of each possible amino acid substitution was
compared to the frequency of the wild-type amino acid and was
used to calculate the relative fitness of each amino acid substitution
conferred to E. coli after antibiotic selection (Eq. 1) (17).

/ /
F _ 1 N;rfut _ l N‘f‘f/T
= 10810 Nmzz've 0810 Nmzive ’ 1
mut wT [ ]

The first term of Eq. 1 accounts for the frequency of a given
amino acid (V. ;:ft ,) within an antibiotic-selected library and its
frequency in the naive library (V*#¢). The second term accounts
for the frequency of the wild-type amino acid before (2V, "%”f) and
after selection (N“;/T) Within each library, the wild-type enzyme
has a relative fitness value F = 0, while a deleterious amino acid
substitution has a fitness F < 0, and a beneficial substitution has
a fitness F > 0. This calculation provides a quantitative estimate
of the relative levels of function supplied by each amino acid
substitution at a given active site position for a given antibiotic
selection. The expected relative fitness of a double mutant, based
on the performance of its two constituting single mutations within
the same library, was compared to the observed fitness of the
double mutant to determine epistasis according to the DMS2
model developed by Schmiedel and Lehner (29).

In the DMS2 model (Fig. 1B), a Loess regression is used to
determine epistasis between mutations. The fitness of each dou-
ble mutation (z-axis) is compared to the additive fitness of the
individual single mutants based on a nonlinear model. Double
mutations for which the fitness was significantly greater than
expected based on the constituting single mutations (above the
95th percentile) were designated as positively epistatic, whereas
double mutations where the fitness was significantly less than
expected based on the constituting single mutations (below the
5th percentile) were characterized as negatively epistatic. Error
for each fitness measurement was estimated based on sequencing
coverage (number of counts), as previously described by
Schmiedel and Lehner (29). Additionally, the standard deviation
STD between fitness values of synonymous codons was imple-
mented as an additional error estimate, as described previously
by Firnberg et al. (30). As depicted in ST Appendix, Fig. S1, the
median error value estimated based on sequencing coverage by
the DMS2 program was ¢ = 0.27 for cefotaxime and ¢ = 0.28
for ampicillin selection. The median error estimated based on
synonymous codon fitness values was S7D = 0.23 and S7D =
0.25 for cefotaxime and ampicillin, respectively. Furthermore,
we found that error between synonymous codons generally
decreased with higher postantibiotic selection count numbers
(ST Appendix, Figs. S2F and S3F), which is accounted for in the
DMS2 structure program 6 value estimate. Further description
of error estimation can be found in the Materials and Methods
and SI Appendix, Supplementary Materials.

Negative epistasis detection was limited since many double
mutants fell below the limit of detection described in the Materials
and Methods section due to low frequency. Enzyme variants with
fitness values below this lower limit of detection were deemed
ineligible for negative epistasis evaluation. Only 2,396 double
mutants were eligible to be assessed for negative epistasis for cefo-
taxime and 6,354 were eligible for ampicillin. This was expected
given that we previously established that even single mutations
within the CTX-M-14 are generally quite deleterious to function
(27). Additionally, compensatory mutations (instances of positive
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Fig. 1. (A)Randomized libraries were created, selected for function, and sequenced to determine epistasis between amino acid residues. (B) The DMS2 method
established by Schmiedel and Lehner was used to determine epistasis by plotting the observed double-mutant fitness (z-axis) versus the fitness of the constituting
single mutants (x- and y-axes). The black mesh represents the median running surface of the Loess regression to determine positive epistasis so that double
mutants above the 95th percentile surface exhibit positive epistasis (blue), and those below the 5th percentile surface exhibit negative epistasis (red). Double
mutants that did not exhibit epistasis lie between the 5th and 95th percentile surfaces (gray). A sample of 10,000 mutants is shown here to limit the pdf size.

(C) Among residues exhibiting positive epistasis, the single-mutant fitness of the constituting single mutations was largely deleterious (red) or in some cases
combines a deleterious mutation with a neutral or positive fitness mutation (blue).

epistasis) that improve enzyme fitness in a given mutation back-
ground are of greater interest for the purposes of protein engineer-
ing and will be the primary result discussed here. Among the
42,218 double mutation pairs eligible for positive epistasis deter-
mination for cefotaxime, 1,360 (3.2%) exhibited positive epistasis.
For ampicillin, 1,103 (2.7%) of 40,663 eligible double mutants
exhibited positive epistasis. Eligibility requirements were deter-
mined by abundance of sequencing counts, as described in the
Materials and Methods section.

Positive epistasis results were disparate between substrates, evi-
denced by the differential connectivity in Fig. 2 A and B. Cefotaxime
and ampicillin share several hotspots of positive epistasis for both
substrates (8] Appendix, Fig. S4), including 166 and 104, but differ
at other positions. Most starkly, position 235 is mutated in 16%
of positively epistatic pairs for cefotaxime (224/1,360) but is
mutated in only 7.8% of positively epistatic pairs for ampicillin
(86/1,103). More specifically, of the double mutations that exhibit
positive epistasis for cefotaxime and ampicillin, 268 pairs exhibit
epistasis for both, making up 20% (268/1,360) and 24%
(268/1,103), respectively. While hydrolysis of both substrates by
CTX-M-14 occurs by the same catalytic mechanism, these differ-
ential results suggest that compensation to rescue partial enzyme

function can occur through different paths, depending on the
substrate.

PNAS 2024 Vol.121 No.12 2313513121

Mutants that displayed positive epistasis can be divided into
two categories depending on whether the effects of individual
mutations had a neutral (or slightly positive) fitness effect or a
deleterious fitness effect. For cefotaxime resistance, most of the
positive epistasis arose from the combination of two mutations
(88%), each of which was deleterious to function. In this case,
mutations combined to create a double mutant that was more
fit than expected based on the two constituting mutations
(Fig. 1C, red points). It was less common that one of the two
mutations was deleterious, while the other was neutral or positive
(12%) (Fig. 1C, blue points). In this case, the negative effect of
one mutation was offset more than expected by the positive or
neutral effect of the other mutation. Interestingly, there are no
double mutants observed where two neutral or positive muta-
tions combined to produce an enzyme that was more active than
expected. This could be related to the fact that cefotaxime is an
excellent substrate for the wild-type enzyme and improving it
further is difficult. Positively epistatic double mutants for ampi-
cillin were more likely to have one neutral or positive mutation,
with 75% of positively epistatic pairs including two deleterious
mutations and 25% including one neutral or positive mutation.
This is likely because there is a wider range of CTX-M-14 muta-

tions that have no effect on ampicillin fitness compared to cefo-
taxime (27).

https://doi.org/10.1073/pnas.2313513121
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Fig. 2. The positive epistasis network for the 17 CTX-M-14 active site residues tested in this study for (A) cefotaxime and (B) ampicillin. The red color gradient
represents the general connectivity of each residue or the number of positive epistatic pairs each residue participates in, regardless of the second residue in a
given interaction. The thickness of each black line represents the specific connectivity between two pairs of residues or the number of positive epistatic pairs
for each combination of residues. Specific positive epistasis is quantified in the blue heatmaps below for (C) cefotaxime and (D) ampicillin. () The relative level
or magnitude of positive epistasis was calculated by subtracting the expected fitness (median of the Loess regression for a given point in 3-D space shown in
Fig. 1B) from the observed fitness for each double mutant that exhibits positive epistasis. The plot displays the level of deviation from expected fitness for each
double mutant on a log,, scale. The median deviation from expected fitness was F = 1.3 or 20x fitter than expected on a log,, scale for both substrates tested.

Epistasis Exhibits a Highly Connected Network, with Tolerant
Residue Positions Highly Represented. Fig. 2 shows the network
of amino acid connections that lead to positive epistasis for
cefotaxime (Fig. 24) and ampicillin (Fig. 2B) among CTX-M-14
variants. The red color scale represents the general connectivity of
a given position so that more darkly colored residues are involved
in a higher number of double position mutations that lead to
positive epistasis, regardless of the interacting partner. This scale is
quantified in S/ Appendix, Fig. S4. The lines connecting positions
represent specific connectivity between them or the number of
double mutants that lead to positive epistasis for a given pair
of positions. Specific connectivity is quantified in the heatmap
below, for cefotaxime (Fig. 2C) and ampicillin (Fig. 2D). Positive
epistasis is generally observed across active site residues, with each
of the 17 active site residues participating in at least 21 positive
epistatic mutations.

Mutations exhibiting positive epistasis do so at variable levels.
The magnitude of epistasis for each positive epistasis pair was
calculated by subtracting the expected fitness value (the median
Loess regression fit) from the observed fitness value (Fig. 2E).
Synergistic mutations are centered around F = +1.3 greater than
expected, which is a 20-fold increase in the log;,-based fitness
value. As shown in Fig. 1C, many positively epistatic mutant pairs
are composed of two deleterious mutations. They combine to
produce a double-mutant enzyme that performs better than
expected, fitting the definition of positive epistasis, but the major-
ity of positively epistatic double mutants are still significantly less
fit than the wild-type enzyme—the average double-mutant fitness
among positively epistatic pairs is /= -2.1 for cefotaxime and
F=-1.7 for ampicillin (S Appendix, Fig. S5). This is an example
of masking epistasis and is analogous to genetic systems where
two nonfunctional genes in the same pathway do not have an

https://doi.org/10.1073/pnas.2313513121

additive effect (28). Within CTX-M-14, as an example, mutations
S70P and D240C exhibit positive epistasis. Positive epistasis
between S70P and D240C is not because the combination of
mutations produces a highly functional enzyme (this double
mutant has a fitness 7= -1.7); instead, positive epistasis is detected
because S70P effectively kills the enzyme, making the second
D240C mutation inconsequential and thereby masking its effect
in a way that is not specific to the amino acid identity at position
240. In future engineering efforts where the goal is improved
catalytic activity, it will be important to differentiate between pos-
itive epistasis due to a nonspecific masking effect such as this,
versus due to improved catalytic activity.

Residue Mutation Tolerance Plays a Role in Positive Epistasis. It
has been established that neutral or slightly beneficial mutations
can act as generic stabilizers within proteins, opening the door
to a host of mutations that are deleterious in isolation (22, 31,
32). It follows, therefore, that if a residue position can survey a
wide number of mutations with only a modest fitness cost, it
could participate in a wider range of compensatory (positively
epistatic) interactions with surrounding residues. We tested this
hypothesis by comparing each residue’s tolerance for mutation
to its likelihood to participate in positive epistasis. The mutation
tolerance for each residue, or the effective number of substitutions
(%), was determined in a previous study (27). £* (calculated by
Equation 2, Materials and Methods) reflects the diversity of amino
acids that occur at a position following selection and ranges from 1,
where only a single amino acid is found, to 20, where each amino
acid type is present at equal frequency, i.e., maximal diversity (33,
34). We found no clear correlation between 4*values and positive
epistasis for cefotaxime (Fig. 34), which is limited by the stringent
sequence requirements for cefotaxime in the CTX-M active site.

pnas.org
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In contrast, sequence requirements for ampicillin are far less
strict, with £* values as high as 12.3 and four out of 17 residues
having values above five. As seen in Fig. 3B, we found that higher
mutation tolerance generally leads to more participation in posi-
tive epistatic pairs for ampicillin. Increases in mutation tolerance
at low £*values are loosely correlated with an increase in compen-
satory (positive) epistasis. As mutational tolerance increases past
k* =2 to 3, however, there are diminishing returns on increasing
compensability. This suggests that a residue does not need to be
capable of surveying a broad range of amino acids but that some
wiggle room in fitness space can lead to compensatory mutational
pairs and opens evolutionary paths for a protein.

Generic Compensators Are Common among Positive Epistasis
Interactions. The 10 mutations that most often participate in
positive epistasis, which we have termed “generic compensators”
since they are not allele specific, are shown in Fig. 3C. Generic
compensators identified within CTX-M-14 stabilize the enzyme
or provide a neutral/positive fitness effect that compensates for a
wide range of mutations elsewhere in the active site. Among the
generic compensators identified, 4/10 for cefotaxime and 3/10
for ampicillin have a neutral or positive fitness effect (blue bars)
in isolation. In the entire population, 20% of single mutations
had a neutral or positive fitness effect for ampicillin, while only
9.5% had a neutral or positive fitness effect for cefotaxime. This
indicates that individually beneficial mutations are overrepresented
among generic compensators.

Generic compensators were assessed for stability changes to
CTX-M-14 to determine whether compensation was due to an
improvement in catalysis or due to stabilization of the enzyme.

We found that 8/10 (cefotaxime) and 9/10 (ampicillin) generic
compensators were predicted to enhance the stability of the
enzyme based on melting temperature determination and/or
FoldX modeling of AAG. Stabilizing mutations that allow muta-
tions at other positions have been thoroughly described in another
class A p-lactamase, TEM-1 (35, 36). The most common mutation
among pairs of mutations exhibiting epistasis against cefotaxime,
D240D, was experimentally tested for protein stability. While pro-
line mutations often stabilize protein structure, due to a more
rigid peptide bond, D240P results in a lower melting temperature
and, therefore, destabilizes CTX-M-14 (5] Appendix, Fig. S6). The
remaining generic compensators were examined for stability, quan-
tified as AAG, using the FoldX program (37). The most common
mutation in ampicillin epistatic pairs, Y105W, was also found to
destabilize the enzyme, based on FoldX predictions based on its
crystal structure (PDB: 7UON). This indicated that the D240P
and Y105W mutations, rather than stabilizing the enzyme, pro-
vided a catalytic advantage that led to positive epistasis with many
partner mutations, which was sufficient to overcome any destabi-
lizing effect these mutations have on the protein (S/ Appendix,
Figs. S6 and S7). The remaining generic compensators [aside from
mutations at G236, which likely destabilize the enzyme by intro-
duction of a side chain that disrupts the p3 strand (27)] are sta-
bilizing as shown in SI Appendix, Fig. S7 and indicated by an
asterisk in Fig. 3C. Glutamate 166 mutations that act as generic
compensators were universally found to be stabilizing (5] Appendix,
Fig. S7). This is unsurprising, as it has been established in class A
fB-lactamases (38), and other enzymes (22), that catalytic residues
are often destabilizing; therefore, mutation of these residues has
a stabilizing effect. This leads to a tradeoff between stability and

cefotaxime
A Positive epistasis vs. mutation tolerance B Positive epistasis vs. mutation tolerance C
(cefotaxime) (ampicillin)
w (2
T 300 ®gles” T 3004
) D240 )
23 £3
T 5 T235 T 5
2 § 2004 N @ 8 200 ©°%° N104
g 2 TopaBR276 & =4 E166 g v105 © D240  ® gpg7
4= = 176 u= = N132
R L MM 5 = 130 @p N108
] k23901 ] o785
8 g 1004 ®n132 8 z 100+ 1043276
[ [ 57;%170 Number of positive epistatic pairs
3 .Kéfg,‘ 3 peicsd containing mutation
0+ 04——r ————————
0 . 5 10 . 15 0 » 5 10 o 15 ampICIllln
k* (effective number of substitutions) k* (effective number of substitutions) Y105W
N104G *
" o . E - e . S237R *
D Positive epistasis vs. distance Positive epistasis vs. distance N170R *
(cefotaxime) (ampicillin) E166S *
E166C *
200 » 200 G236P *
£ T G236Y *
Q9 Q g E166L *
Q - 2 (0] -
Ty 150 * 104:105 L % 150 E166T *
© g + 166:235 S 5 I T T T T 1
[2] (2}
05; = 100 qﬁ) 2 1004 +166:236 0 10 20 30 40 50
‘5 @ 170:238 * 2402276 5 ® Number of positive epistatic pairs
- 2 o 66470 o 2 ¢ 166:170 containing mutation
2% 504 . 2.130:240 @ - 73:132 :
S ooy 2z« ez €28 597w WE Lo
. o =] . o * )
z o- ; V oot z o 3 TIRA RS IR I neutral mutations
0 5 10 15 20 25 0 5 10 15 20 25 Bl deleterious mutations
Distance (A) Distance (A) *  stabilizing mutations

Fig. 3. The relationship between positive epistasis and other factors is plotted to understand the drivers of positive epistasis within the active site. Effective
number of substitutions, or k* (x-axis), plotted versus the number of positive epistasis pairs (y-axis) for a given position when selected against cefotaxime (A)
or ampicillin (B). The top 10 most common mutations found among positive epistatic mutation pairs for cefotaxime or ampicillin (C). Stabilizing mutations are
indicated by an asterisk, and their estimated AAG values for their effects on protein stability are shown in S/ Appendix, Fig. S7. The blue and red bars indicate
that the mutation had a positive or neutral (blue) or negative (red) effect on enzyme fitness relative to the wild type. The Angstrom distance between alpha
carbons (x-axis) plotted versus the number of positive epistasis pairs (y-axis) for each pair of positions when selected against cefotaxime (C) or ampicillin (D).
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catalytic activity, described as the stability—function hypothesis
(39).

Substrate Proximity Allows Interaction from Physically Distant
Residues. A primary principle of coevolution-guided structural
determination is that residues in close proximity are more likely
to be epistatic to one another and, therefore, to coevolve (40, 41).
'This principle has also been demonstrated in DMS experiments of
nonenzymatic proteins and between proteins in protein—protein
interactions (9). We find in the CTX-M-14 active site, however,
that the distance between residues (up to 21 A between alpha
carbons in this study) is not a determinant of positive epistasis
between them. Since the catalytic selection used here requires
the presence of a substrate/transition state in the active site, the
substrate can bridge the distance between residues, limiting the
effects of distance on amino acid cooperativity (Fig. 3 D and E).
The substrate as a determining factor is also evidenced by the
variation in results between cefotaxime and ampicillin.
Glutamate 166 and threonine 235 are one such example of
distant residues exhibiting high levels of eplsta51s for cefotaxime,
but not ampicillin, hydrolysis. Of the 361 (19%) double-mutant
pairs in the Glu166 and Thr235 library, 129/361 mutation pairs
(35%) exhibit positive epistasis. Both Glul166 and Thr235 are
conserved among CTX-M enzymes, and alternative amino acids
have poor fitness against cefotaxime—with the exception of
E166Y, which has partial function (27). The residue alpha carbons
sit 15.3 A apart, with their closest atoms (Glul66 OE1 and
Thr235 OG1) 10.7 A apart in both the apo structure (PDB:
1YLT) and the substrate-bound structure (PDB: 4PM5). This
distance places the residues outside of the direct contact range of
4 to 8 A (29, 42). Both residues do, however, interact with cefo-
taxime as shown in PDB 4PM5 (SI Appendix, Fig. S8). In the
wild-type enzyme (and likely in those double mutants exhibiting
positive epistasis), epistatic interactions between positions 166
and 235 are likely mediated through the cefotaxime substrate. The
identity of Thr235 in a wild-type background is key to positioning
cefotaxime appropriately so that Glu166 is correctly oriented to
deprotonate a water molecule during acyl-enzyme hydrolysis
(81 Appendix, Fig. S9A). Through amino acid changes at 166 and
235, this precise orientation is changed, allowing for covariation
at the two residue positions mediated by substrate interactions.

Glu166 Is Highly Amenable to Compensation Compared to Other
Key Catalytic Residues. Ser70 serves as the nucleophile in the
serine B-lactamase mechanism (SI Appendix, Fig. S9A). Previous
studies have shown that orienting the substrate, particularly
cephalosporin substrates, within the active site to achieve an
optimized Biirgi-Dunitz angle of nucleophilic attack on the f-
lactam ring is highly precise (43). Lys73 serves as part of the
proton shucttle that facilitates both acylation of the substrate and
deacylation of the covalent intermediate to form the hydrolyzed
product (44). Despite Glul66 performing active site chemistry
that requires precise reactivity and molecular geometry, we found
that Glu166 is much more amenable to compensation than Ser70
and Lys73. For all active site residues tested, 166 is the most
prevalent position among paired mutations that exhibit positive
epistasis for both substrates, with 330 and 234 pairs for cefotaxime
and ampicillin, respectively (ST Appendix, Fig. S4). Conversely,
positions 70 and 73 are the residues least involved in epistatic pairs
for cefotaxime and among the least for ampicillin (87 Appendix,
Fig. S4).

'The low incidence of compensation for positions 70 and 73 and
the high incidence of compensation for position 166 indicate that
the role of Glul66 is much more “compensate-able” compared to
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those of Ser70 and Lys73. This may be due to the intricate proton
shuttle involving Ser70 and Lys73, which necessitates residues with
the proper pK, picking up and losing a proton at precisely the right
time (SI Appendix, Fig. S9A). Even changes to the environment
surrounding an amino acid can lead to changes in pK, that alter
catalysis (45), so it is likely that CTX-M enzymes have evolved
with little room for error in this finely tuned mechanism. The
pairwise mutations tested here are likely insufficient to create an
altered proton shuttle mechanism that results in efficient hydrolysis.
The role of Glu166, however, can be (very poorly) substituted for
by bulk water in the active site. This may be the catalytic mecha-
nism that prevails among stabilizing Glu166 substitutions (Fig. 3C
and S/ Appendix, Fig. S7), suggesting that the tradeoff between
stability and catalytic function plays a larger role at position 166
compared to positions 70 and 73.

While Glu166 is highly conserved over evolution, we previously
demonstrated that 1) Tyr166 can be substituted and retain partial
CTX-M fitness and 2) low levels of CTX-M activity against cef-
tazidime, a cephalosporin antibiotic, are not at all dependent on
the identity of Glul66 but still rely on other active site residues,
such as Ser70 and Lys73 (27). These two findings indicate that
the fitness landscape is more forgiving for mutations at Glu166
compared to Ser70 and Lys73. While this fitness landscape is not
forgiving enough to be evident in B-lactamase evolution, which
has fitness constraints beyond those evaluated in this controlled
experiment, it is sufficient to move toward an alternative enzyme
mechanism with the addition of one compensating mutation. We
next tested one of these: E166Y paired with N170G.

Volume and Physicochemical Compensation Allow for an Altered
Catalytic Mechanism. Positions 166 and 170 have high levels of
epistatic interaction, including 75 mutation pairs with positive
epistasis for ampicillin and 68 pairs for cefotaxime. Among these,
E166Y/N170G was selected for further validation since it has
the largest deviation from expected fitness. The double mutant’s
relative fitness, F = 0.66, is +3.3 greater than the median Loess
regression (F = -2.67), indicating that the enzyme is approximately
2,000-fold more fit than expected. The E166Y/N170G double
mutant was tested for stability to rule out the possibility that
its increased fitness is solely due to increased protein stability.
We demonstrated that EI66Y/N170G has a decreased melting
temperature compared to wild-type CTX-M-14 (8] Appendix,
Fig. S6), suggesting that its fitness was instead due to catalytic
function.

The wild-type, the E166Y and N170G single mutants, and the
E166Y/N170G double-mutant enzymes were purified and tested
for activity by determining steady-state kinetic parameters
(87 Appendzx, Fig. S10). In the class A serine p-lactamase mecha-
nism, 4,,(s"') represents the substrate turnover rate once substrate
is bound. K}; (4M) is dependent on the substrate binding affinity
(Kp) and the acylation (£,), and deacylation (&;) rates. k,,/K,,
(UM s7Y) is often referred to as the catalytic efliciency, representing
the rate of substrate binding (#; and 4_,) and acylation (&) (46).

The mutation of Glul66 to tyrosine led to a steep drop-off in
catalytic activity for cefotaxime (Table 1): The turnover rate, 4,
decreased 30,000-fold, and the catalytic efficiency, £,/K,;
decreased 300-fold, ameliorated only by an extremely low K,
which in this case was unlikely to be due to tighter substrate
binding, but rather due to a greatly decreased deacylation rate, or
k;. The N170G substitution also lowered catalytic activity for
cefotaxime, although not to the extent of E166Y. The 4, of the
N170G enzyme decreased twofold while K}, increased eightfold,
resulting in a 15-fold decrease in £,,/K, compared to the wild-type
enzyme (Table 1). Similar to the E166Y mutant, the E166Y/
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Table 1. Steady-state kinetic parameters of CTX-M-14 hydrolysis of ampicillin and cefotaxime

Cefotaxime Ampicillin
CTX-M-14 Ko S Ky, tM Koo/ Ky pM 7' 571 Kegn 8™ Ky tM Koo/ Ky pM 7' 571
WT 76+ 3 105+ 11 0.72 +0.08" 55+ 2} 33+4 1.7+0.2
E166Y" 0.0024 £5x 107 7.0+0.7 0.00035+4x10° 0.0015+1.6x10* 84+4  0.00018+9x10°
N170G 40+3 850 + 120 0.047 +0.008 1.8+0.03 101 0.18 +0.02
E166Y/N170G 0.15+0.003 2.5+04 0.06 +0.01 0.0026 + 0.0002 211 0.0012 +6x 107

*Previously published data (26).

1The SE for k./K), was calculated by propagating the error of kand K, respectively, using Equation 2 (Materials and Methods).

$The + symbol represents the SE for each value.

N170G double mutant exhibited a low K}, of 2 pM, but the
turnover rate was greatly increased, 62x higher than that for the
E166Y single mutant. While the E166Y/N170G double mutant
was not as effective of an enzyme as wild-type CTX-M-14 (£,,/
K, is 12-fold lower than that of the wild type), introduction of
N170G, a mutation which is also detrimental in the wild-type
background, showed a marked improvement over the E166Y sin-
gle mutant (exhibiting a 170-fold increase in £,,/K),), indicative
of epistasis. We suspect that while less fit when tested at increasing
cefotaxime concentrations in steady-state kinetics experiments,
the E166Y/N170G enzyme reached a fitness threshold that
allowed it to survive at a similar frequency as the wild-type enzyme
in survival selection (F = 0.66). It should also be noted that
steady-state kinetics experiments were performed at 25 °C, while
fitness selection was performed at 37 °C.

To quantitate the above observations on nonadditivity of the
E166Y and N170G substitutions, we performed thermodynamic
cycle analysis using Equation 3 (47):

AAGE;66v/N170G6 = AAGE 66y + AAGy 706 + AGT.

The change in free energy due to the mutations (AAG) was
calculated for the £, /K, values for the single mutants and E166Y/
N170G double mutant (Table 2), according to Equation 4
(Materials and Methods). The AAG for the E166Y and N170G
enzymes was 4.53 and 1.62 kcal/mol, respectively, which sums to
6.15 kcal/mol. However, the AAG for the EI66Y/N170G double
mutant is 1.47 kcal/mol, which results in a very large interaction
energy (AG)) of -4.68 kcal/mol (Table 2). Thus, the double
mutant is -4.68 kcal/mol more active than expected based on
simple additivity of the effects of the single mutants. In other
words, the k_ /Ky value for the E166Y/N170G double mutant
is 2,600-fold higher than expected based on the values of the single
mutants. Thus, the thermodynamic cycle results agree with the
predictions from deep sequencing that E166Y and N170G act
nonadditively in cefotaxime hydrolysis. Note that the E166Y/
N170G mutant showed an interaction energy (AG,) of -2.42
kcal/mol with ampicillin as substrate; however, the large error on
the AG; value (5 kcal/mol) precludes any conclusion with regard
to synergy and epistasis (Table 2). Fitness results, similarly, did
not predict epistasis for E166Y/N170G under ampicillin selection,
with a double-mutant fitness value of F = -2.3. This substrate-
specific result may be due to the unique orientation of the Q-loop
(residues 165 to 170) required for cefotaxime hydrolysis, but not

for ampicillin hydrolysis. This is consistent with our previously
published results where Q-loop mutations P167E and N170G
have limited effects on ampicillin fitness for CTX-M-14 (27).
To further understand the interaction between the E166Y and
N170G mutations, the double-mutant protein was crystallized,
and the X-ray crystal structure in comparison to the wild-type
enzyme (PDB: 1YLT) can be seen in Fig. 4 with statistics reported
in Table 3 (PDB: 8SJ3) (Table 3). We found that N170G com-
pensates for the E166Y mutation, which introduces a bulky tyros-
ine residue, through volume compensation. This relationship is
quantified in SI Appendix, Fig. S11 based on the equation of
Dutheil and Galtier (48). The E166Y/N170G crystal structure
also showed that the catalytic water molecule coordinated between
Glul66, Asn170, and Ser70 in the wild-type enzyme was no
longer present in the double mutant (Fig. 4C). Instead, Tyr166
interacted directly with Ser70, suggesting that the catalytic mech-
anism differs from the wild type since Glul66 acts by deproto-
nating the catalytic water, which then carries out the deacylation
reaction (S/ Appendix, Fig. S9A). The mechanism cannot be
defined based only on this crystal structure but may resemble that
of class C B-lactamase enzymes, which utilize a tyrosine (Tyr150)
in place of the glutamate found in class A f-lactamases (49, 50).
Note that there is a new water molecule in the E166Y/N170G
structure that is coordinated by the hydroxyl of Tyr166, the
hydroxyl of Ser70, and the carbonyl oxygens of Leul69 and
Ser237 (Fig. 4Cand ST Appendix, Fig. S12). One possibility is that
Tyr166 acts as a base to abstract the proton from this water that
then attacks the acyl-enzyme ester for the deacylation reaction
(SI Appendix, Fig. S9B). However, the positioning of this water is
not optimal for deacylation, which would be consistent with the
lower catalytic activity relative to the wild type (S Appendix,
Fig. S9B). Finally, the N170G substitution creates space for
Tyr166 not only due to removal of the Asn side chain but also
due to a conformational change of the omega loop on which
residues 166 and 170 reside (Fig. 4D). The loop is twisted and
shifted away from the active site to create more space for Tyr166
and substrate. Coincident with the conformation change, the phi/
psi angles of residue 170 change from -178.7°, 12.1° in the wild
type to -78.6°, 115.2° for the E166Y/N170G enzyme. Note that
the -78.6° 115.2° phi/psi angles are not favorable for asparagine.
Therefore, the glycine substitution compensates for the presence
of Tyr166 by removal of the side chain as well as promoting a
conformational change that creates additional extra space by sam-
pling angles that are not possible with asparagine at position 170.

Table 2. Free energy values and additivity relationships for single and double mutants for k_,./K,,

E166Y N170G E166Y/N170G AG,
AAG k_, /Ky, Ampicillin 5.40 £ 2.75 1.31+£0.21 4.29+2.19 -2.42+5.15
(kcal/mol) Cefotaxime 4.53 +0.69 1.62 +0.52 1.47 +0.29 -4.68 £ 1.50
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Fig. 4. Crystal structure of the CTX-M-14 E166Y/N170G mutant (PDB: 85)3, tan) compared to CTX-M-14"T (light blue). Oxygen is shown in red and nitrogen in
dark blue. Black lines represent potential hydrogen bonds, determined based on the proximity of oxygen and hydrogen atoms by the Chimera FindHBond
tool. (A) In the wild-type enzyme, Ser70 is primed for nucleophilic attack through a catalytic water molecule, which is activated by Glu166. Here, you see the
water molecule coordinated between Glu166 and Ser70. (B) The bulkier tyrosine base of the E166Y/N170G mutant enzyme (tan) is compensated for by a glycine
mutation in the same loop, which opens up space in the bottom of the active site. (C) In the mutant enzyme structure, the catalytic water molecule is no longer
coordinated between residue 166 and Ser70, suggesting that CTX-M-14 E166Y/N170G acts by an altered catalytic mechanism, made possible by volume and
physicochemical compensation, or epistasis, between the two mutations. The omit map displaying electron density for the two active site waters can be found
in S/ Appendix, Fig. S8. (D) In a more detailed stick model representation of the active site that shows the entire omega loop, the catalytic water for the wild type
is shown as a dark red sphere, while the new water in E166Y/N170G is in red. Note the twist and shift of the omega loop residues in the double mutant away
from Ser70 to expand the active site. The side chains of Thr168 and Leu169 are not shown for clarity. (£) The cefotaxime-bound structure of the S70G mutant
(PDB: 4PM5, green) is overlapped with the E166Y/N170G mutant structure to demonstrate how the mutations may alter orientation of the enzyme in proximity
to cefotaxime. (F) The acylated ampicillin enzyme-substrate complex of the E166A mutant enzyme (PDB: 8B2W, salmon) is overlapped with the E166Y/N170G
mutant structure to display the orientation of Tyr166 toward the acylated substrate.

Discussion G (GB1) (10) describe a low incidence of positive epistasis that is
limited to a handful of residues. In another study of a class A
fB-lactamase by Gonzalez and Ostermeier, all sequential pairs of
mutations throughout TEM-1 were created. Similarly to this survey
of the CTX-M active site, they found a high incidence of positive

epistasis (6.8%) (14), although the survey was limited to sequential

This survey of a serine hydrolase active site demonstrates basic prin-
ciples of compensation between residues, some of which deviate
from previously established principles of nonenzymatic proteins.
We found that positive epistasis is prevalent throughout the CTX-M
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active site. Not only is positive epistasis substrate-dependent, but
physically distant residues affect one another through the substrate.
Additionally, the residues that most frequently participate in posi-
tive epistasis are more amenable to mutation.

Positive epistasis was prevalent throughout the CTX-M active
site, with each of the 17 residues surveyed participating in at least
one positive epistatic interaction (S/ Appendix, Fig. S4) and approx-
imately 3% of mutation pairs exhibiting positive epistasis (3.2%
for cefotaxime and 2.7% for ampicillin). Previous studies of epista-
sis in the RNA binding domain of the Saccharomyces cerevisiae
Poly(A) protein (RRM) (9) and the IgG-binding domain of protein

https://doi.org/10.1073/pnas.2313513121

pairs and did not focus on the B-lactamase active site. Taken
together, this indicates that an enzyme active site contains residues
that are more highly dependent on one another for function, com-
pared to the RNA or protein binding interface of a protein.

We found epistatic residue pairs within the CTX-M active site
that interact from a distance through the substrate. This is reflected
in the substrate-specific epistasis between mutations at Glu166
and Thr235 and the E166Y/N170G double-mutant enzyme. High
levels of epistasis between Glu 166 and Thr235 were evident under
cefotaxime selection, but not ampicillin selection (Fig. 2 A-D),
indicating that positioning of cefotaxime for catalysis is responsible
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for their functional interaction. The E166Y and N170G mutations
were found to be highly positively epistatic for cefotaxime
(Table 1) but were not significantly epistatic for ampicillin accord-
ing to both fitness results (S Appendix) and steady-state kinetics
(Table 1). Bridging through the substrate is likely why close prox-
imity did not increase the likelihood of epistasis between residues.
Previous studies found that positive epistasis was most enriched
between residues close together in physical space for an RNA
binding domain (9) and in the IgG-binding domain of protein G
(GB1) (10). Substrate selectivity is key to our basic understanding
of enzyme function, and understanding its drivers is of great inter-
est to the field of enzymology.

Although epistasis was not entirely limited to specific hotspot
residues as described in other, nonenzymatic proteins, we found
that it was enriched in generic compensators. Many of these generic
compensators were destabilizing, indicating that instead of stabi-
lizing the protein to balance out additional mutations, they provide
a background with a catalytic advantage for the enzyme. There was
a general association between a position’s tolerance to mutation
(k%) and participation in positive epistasis, indicating that muta-
bility opens doors to positive epistasis, leading some neutral muta-
tions, such as D240P and Y105W, to act as generic compensators.
Generic compensating mutations that are neutral in a wild-type
background open doors to additional mutations through epistatic
interactions. This supports previous findings that neutral mutations
earlier in evolution can cement a given evolutionary pathway as
complementary mutations accumulate alongside them (51, 52).

Table 3. Data collection and refinement statistics (mo-
lecular replacement)

CTX-M-14

E166Y/N170G (85)3)
Data collection
Space group P 41
Cell dimensions
a, b, c(A) 42.37,42.37,262.4
o B,y () 90.00, 90.00, 90.00
CCipy 0.82 (0.49)"
Resolution (A) 32.97 -1.50(1.55-1.5)
I/al 3.26 (2.18)
Completeness (%) 96.0 (99.5)
Redundancy 4.9 (5.7)
Refinement
Resolution (A) 3297-15

No. reflections

70,681 (7283)

Ruori/ Reree 0.1424/0.1976
No. atoms 4,575
Protein 4,069
Ligand/ion -
Water 506
B-factors (A% 18.0
Protein 16.74
Ligand/ion -
Water 28.73
rmsd

Bond lengths (A) 0.006
Bond angles (°) 0.91

Statistics belong to one crystal.

*Values in parentheses are for highest-resolution shell.
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This ability to survey a range of mutations that stabilize the protein
or restructure the active site was confirmed to be pivotal for positive
epistatic interactions and the development of an altered catalytic
mechanism in the case of E166Y/N170G.

Due to high sequence stringency for function, the pervasive
epistatic interactions found within the CTX-M active site in this
study are not readily observable over natural evolution. A primary
focus of the current literature on amino acid interaction within
enzymes focuses on evolutionary analysis and/or mutations that
are important in evolution (18-20). Evolution largely excludes
detrimental mutations, preventing the accumulation of multiple
complementary mutations and, therefore, an unbiased view of
amino acid interactions that can be observed through DMS. By
providing this unbiased empirical survey of amino acid interac-
tions, we were able to interrogate trends in amino acid cooperation
that evolution-based studies exclude and which may be important
for future enzyme engineering efforts.

Generally, wild-type CTX-M-14 function was so comparatively
high that few mutants survived selection in significant quantities.
'The resulting positive epistasis, therefore, largely represents com-
pensatory epistasis that partially rescues a highly detrimental single
mutation, including for the subsequently studied E166Y/N170G
enzyme. Empirical studies on enzyme evolution generally aim to
modify an enzyme to bind to a new substrate and catalyze a novel
chemical reaction that was previously impossible or inefficient for
that enzyme (15-17). Instead, we observed compensation in a dif-
ferent context, where the wild-type CTX-M-14 enzyme is exceed-
ingly fit for the tested function, and the surrounding fitness
landscape has steep fitness drop-offs for most mutations in the active
site. Similar to evolutionary analyses, directed evolution focuses on
a handful of mutations that provide a fitness advantage for the
desired function. While this is a much more direct way of obtaining
a desired function, we instead provide a broad view of active site
amino acid cooperation and its effect on CTX-M-14 function.
Furthermore, while the mechanistic scope of this study was nar-
rowed to a select few mutations, the larger dataset will provide value
in elucidating trends in amino acid cooperation (via machine learn-
ing or otherwise) that are not evident in previous studies.

The data provided here give insight into the drivers of epistasis
between amino acids, which include highly specific enzyme—sub-
strate interactions and neutral mutations providing catalytically
favorable backgrounds for residue cooperation. The resulting data-
set is also a valuable tool in training protein engineering algorithms
since recent studies have shown that supervised algorithms out-
perform unsupervised algorithms (53, 54). By providing empirical
datasets that test amino acid interaction within enzyme active
sites, such as this one, we can bridge the gap in understanding
how amino acid sequence translates to protein function.

Materials and Methods

Library Construction. Codon randomization libraries were constructed by
oligonucleotide-directed mutagenesis of plasmid pTP123 containing the wild-
type CTX-M-14 sequence. Positions close in the primary sequence (<18-bp) were
randomized using partially overlapping primer pairs in site-directed mutagenesis
PCR. Positions far apart in the primary sequence (>18-bp) were randomized by
generating codon-randomized megaprimers, which were subsequently used for
site-directed mutagenesis PCR. A detailed description of library construction is
included in S/ Appendix.

Fitness Selection. Codon randomization libraries were transformed into E. coli
(XL1-Blue), and the resulting enzymes were selected for the ability to confer
B-lactam antibiotic resistance in media containing ampicillin or cefotaxime.
Plasmid DNA was isolated from surviving bacteria, amplified and barcoded via
PCR, and underwent 150-bp paired-end Illumina sequencing to determine
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the codons present at the positions of interest before and after B-lactam selec-
tion. Detailed descriptions of the Bacterial Strain Used, Determination of the
Appropriate p-lactam Antibiotic Concentrations, Functional Library Selection, NGS
Preparation, and Deep Sequencing are included in S/ Appendix.

Computational Processing. Following deep sequencing, codon counts were
determined using a custom Python 3.0 script. The number of times each amino
acid occurred at the position of interest was counted to give totals used to calculate
relative fitness using Equation 1 by Stiffler etal. (17). Epistasis classification was
performed using the DMS2 method described by Schmiedel and Lehner (28).
Adetailed description of computational processing can be found in S/ Appendix,
including sequence coverage per library, read number requirements, error esti-
mates, and determination of the lower limit of detection.

Biochemical Characterization. Select mutants were further characterized
using steady-state enzyme kinetics, X-ray crystallography, differential scanning
fluorimetry (DSF), and FoldX modeling. Detailed protocols for bacterial strains and
plasmids used for protein purification, enzyme kinetics, X-ray crystallography,
DSF, and FoldX modeling can be found in S/ Appendiix.

Statistics and Reproducibility. Error in fitness based on NGS reads follow-
ing selection was based on the number of reads for each mutant, as described
by Schmiedel and Lehner (28) and by comparison of synonymous codons, as
described by Firnberg etal.(29). Detailed descriptions of the SE shown inTables 1
and 2 and S/ Appendix, Fig. S6.

Data, Materials, and Software Availability. The CTX-M-14 E166Y/N170G struc-
ture information has been deposited in the Protein Data Bank (https://www.rcsb.org/
structure/85J3) (55) and assigned as PDB ID 8SJ3. Sequencing counts, calculated
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