nature catalysis

Article

Epistasis arises fromshifting the
rate-limiting step during enzyme
evolution of a 3-lactamase

https://doi.org/10.1038/s41929-024-01117-4

Christopher Frohlich® "0, H. Adrian Bunzel ® 2*47, Karol Buda®?,
Adrian J. Mulholland ® 3, Marc W. van der Kamp ® 34, Pal J. Johnsen',
Hanna-Kirsti S. Leiros® & Nobuhiko Tokuriki®®

Received: 29 June 2023

Accepted: 25 January 2024

Published online: 23 February 2024

% Check for updates Epistasis, the non-additive effect of mutations, can provide combinatorial

improvements to enzyme activity that substantially exceed the gains from
individual mutations. Yet the molecular mechanisms of epistasis remain
elusive, undermining our ability to predict pathogen evolution and engineer
biocatalysts. Here we reveal how directed evolution of a -lactamase yielded
highly epistatic activity enhancements. Evolution selected four mutations
thatincrease antibiotic resistance 40-fold, despite their marginal individual
effects (<2-fold). Synergisticimprovements coincided with the introduction

of super-stochiometric burst kinetics, indicating that epistasis is rooted in
the enzyme’s conformational dynamics. Our analysis reveals that epistasis
stemmed from distinct effects of each mutation on the catalytic cycle. The
initial mutation increased protein flexibility and accelerated substrate
binding, whichis rate-limiting in the wild-type enzyme. Subsequent
mutations predominantly boosted the chemical steps by fine-tuning
substrate interactions. Our work identifies an overlooked cause for
epistasis: changing the rate-limiting step can result in substantial synergy
that boosts enzyme activity.

Enzymesrely onintricate intramolecularinteractions between amino
acids to organize the active site and achieve efficient catalysis. Rewir-
ing these interactions through evolution often leads to unexpected
and non-additive effects on protein fitness in a phenomenon known
as epistasis'™. Positive epistasis, wherein the effect of mutations is
more beneficial when combined thaninisolation, is highly desirable
in protein engineering and often drives evolutionary trajectories. In
contrast, negative epistasis is caused by mutations that act antagonisti-
cally, which adversely affects protein fitness and canbe detrimental to
protein engineering campaigns. Consequently, epistasis often dictates

enzyme evolution by providing access to, or restricting, mutational
paths'®. Such non-additive interactions can be introduced by vari-
ous factors, including changes in structural interactions and protein
conformational dynamics. For example, epistasis can arise by rewir-
ing the interactions of active site residues, thereby establishing new
interactions with the substrate. Also, mutations that change confor-
mational dynamics can improve enzymatic activity in a highly syner-
gistic fashion’™, for instance, by epistatically altering the dynamics
of solvent-exposed loops to aid substrate entry or enhance active-site
organization's,
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Fig. 1| Positive epistasis drives the evolution of 0XA-48. a, During directed
evolution of OXA-48, selection for resistance against the oxyimino-cephalosporin
CAZ was performed at increasing CAZ concentrations from 0.5to 14 pM.

b, CAZ resistance conferred by OXA-48 was improved 43-fold over five rounds of
evolution (see Supplementary Table 1 for all ICs, values). ¢, Mutations acquired
duringevolution, such as F72L, S212 and T213A, cluster around the active site
serine (S70) and the Q and 35-B6 loops that affect substrate specificity (purple).
d, The adaptive landscape of the mutations found during evolution shows high
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epistasis. Each node represents a unique variant indicated by single-letter amino
acid codes. Values within each node reflect the CAZ IC,, fold change relative to
wtOXA-48. Purple arrows indicate the trajectory followed during evolution (see
Supplementary Table 2 for all IC,, values). e, Comparison of the effects of single
mutations (grey, F72L; dark grey, S212A; black, A33V; no expected effect for T213A)
onthelCs, fold changes along the evolutionary trajectory reveals a high degree of
epistasis (purple). f, Comparison of the fold-change improvements relative to the
previous variants reveals diminishing returns (purple area) in CAZ resistance.

While the link between structural changes and epistasis has
been intensively studied, the mechanistic relationship between epi-
static mutations and the overall catalytic cycle is often overlooked.
Concerning epistasis, mechanistic studies may be particularly impor-
tant because evolution typically enhances the slowest steps in the
catalytic cycle??, which might change the rate-limiting step result-
ing in non-additive effects. Here we hypothesize that studying how
mutations impacteach step in thereaction could reveal novel mecha-
nisms of epistasis, which would improve the predictability of evolution
and provide a better understanding of the overall permissiveness of
adaptive landscapes.

The B-lactamase OXA-48 is an excellent model system for study-
ing epistasis in the context of antimicrobial resistance develop-
ment?* %, OXA-48 uses a catalytic serine (S70) to cleave B-lactams
in a three-step mechanism comprising enzyme-substrate complex
formation (ES), formation of an acyl-enzyme intermediate (EI), and
hydrolytic product release (E + P) (ref. 26). OXA-48 confers resistance to
many carbapenem and penicillin 3-lactams, but only slowly hydrolyses
oxyimino-cephalosporins such as ceftazidime (CAZ)”. Low catalytic
activity for CAZ hydrolysis has been attributed to the substrate’s bulki-
ness, potentially requiring sampling of alternative loop conformations
to promote cephalosporin binding and hydrolysis'®*, While we have
recently demonstrated that single mutations in OXA-48 can result
in low-level CAZ resistance by increasing the flexibility of active site
loops® >, the mutational effects on the overall catalytic cycle and their
potential for epistasis remain elusive.

Inthis Article, we used directed evolution to study the mechanistic
drivers of epistasis during the adaptation of an antimicrobial resistance
gene. After subjecting the B-lactamase OXA-48 to iterative rounds
of mutagenesis and selection, we constructed an adaptive fitness land-
scape of the introduced mutations thatidentifies positive epistasisasa
key driver for enzyme evolution. By combining biochemical, structural
and computational methods, we reveal how evolution alters the pro-
tein’s conformational dynamics to accelerate substrate binding and
hydrolysis, thereby changing the rate-limiting step and introducing
epistasis. This detailed understanding of mutational effects on the
whole catalytic cycleis crucial for predicting epistatic interactions'™,
whichis relevant to the evolution of enzymaticactivity and the design
and engineering of novel enzymes®.

Results

Evolution of 0XA-48is driven by positive epistasis

To investigate how epistasis drives the evolution of OXA-48, we per-
formed five cycles of directed evolution starting from the wild-type
OXA-48 (WtOXA-48), using error-prone polymerase chain reaction
(PCR) mutagenesis followed by selection onincreasing CAZ concentra-
tions (Fig. 1a). Variants arising along the evolutionary trajectory were
characterized by their half-maximal inhibitory concentrations (ICs,)
from antibiotic dose-response growth curves. Five mutations accumu-
lated along the evolutionary trajectory, F72L > S212A > T213A > A33V
> KS5IE, resulting in Q5 conferring 43-fold increased CAZ resistance in
Escherichiacoli (Fig.1b and Supplementary Table 1). Although minimum
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inhibitory concentrations (MICs) are typically used in clinical con-
texts, we evaluate functional activity on the basis of IC, values due to
their higher resolution (twofold resolution; see Supplementary Table1
for MIC values)®. The mutations acquired during evolution cluster
around the active site or structural elements known to alter substrate
specificity, such as the nucleophilic S70 or the Q (D143-1164) and
B5-B6 (T213-K218) loops (Fig. 1c)”. Interestingly, F72Land T213A have
been described in environmental and clinical isolates®**, suggesting
that laboratory evolution reflects the natural adaptation of patho-
gens tosome degree. K51E increased resistance development by only
1.1-fold compared with Q4. Thus, we focused analysis on the molecular
origins of epistasisin Q4 (A33V/F72L/S212A/T213A), which conferred
a40-fold higher CAZ resistance over wtOXA-48in E. coli (Supplemen-
tary Table1).

To study the interplay between mutations acquired along the
evolutionary trajectory, we constructed an adaptive landscape
of all 16 mutational combinations based on the four mutations in
Q4 and determined their IC, values when produced in E. coli (Fig. 1d
and Supplementary Table 2). Overall, positive epistasis greatly shaped
the evolution of Q4 and resulted in a resistance increase of 40-fold in
contrast to the 3.4-fold predicted increase for strictly additive gains
from single-point mutations (Fig. 1e and Supplementary Fig. 1a). To
quantify the apparent positive epistasis, we analysed the contribu-
tion of each mutation to the IC,, fold change across every possible
genetic background (Supplementary Fig. 1b). Strikingly, epistasis is
primarily driven by interactions with F72L, the first mutation acquired
duringevolution and the only single-point mutation that significantly
(twofold) increased resistance in the wild-type background (analysis
of variance (ANOVA), degrees of freedom (d.f.) 4, P< 0.001; Supple-
mentary Table 3). For example, the combination of F72L with either
S212A or T213A (referred to as alanine mutations hereafter) confers
8.2-fold and 11.7-fold higher resistance than expected (Supplemen-
tary Fig.1c). We note that changes in thermostability (7;,) did not drive
epistatic adaptation (Supplementary Fig. 1d and Supplementary
Table 4). Except for F72L, which reduced the T, by 6 °C, the selected
mutations barely affected the thermostability. Thus, the observed
epistasis does not stem from changes in protein stability, but from
specificintramolecularinteractions that affect the enzyme’s function.
Interestingly, we observed diminishing returns epistasis in resistance
development for higher-order variants along the evolutionary trajectory
(Fig.1f). Asdescribed above, F72L increased the IC,, by twofold, followed
by a fivefold gain in IC,, through S212A. All later mutations, however,
provided lower improvements than expected. For instance, addition
of T213A to F72L/S212Aresulting in Q3 conferred only a3-foldincrease
in resistance instead of the 6.3-fold effect of T213A in F72L. Given that
the alanine mutations arelocated in neighbouring positions, they prob-
ably have redundant effects on the CAZ IC,. Thus, their effects do not
combine additively and lead to lower-than-expected improvements.

Evolution selects for an epistatic burst phase
Tounderstand the molecular origins of epistasis, we studied the reaction
kinetics of the OXA-48 variants (Fig. 2a). We monitored the conversion
of CAZ by wtOXA-48,F72L and Q4 using astopped flow and discovered
thatall enzymes catalysed the conversion of CAZ with aninitial activity
burst (Fig. 2b and Supplementary Fig. 2). At 400 uM CAZ, wtOXA-48
possessed a 1.5-fold higher rate in the burst phase than in its subse-
quent steady-state phase. Interestingly, the burst phase became more
pronounced during evolution. F72L and Q4 show 4.6-fold and 48-fold
higher burst-phase rates than their respective steady states. Evolution
thus selectivelyimproved the burst-phase over the steady-state activity.
Toobtainkinetic parameters for the burst phase for arange of vari-
ants along the evolutionary trajectory, we assayed substrate conver-
sionwithamicrotitre plate reader at4 °C (Table 1and Supplementary
Fig. 3). As expected, F72L improved the k., /K, of the burst phase by
8-fold compared with wtOXA-48, while S212A and T213A provided only

marginal improvements (~1.5-fold). Similar to the IC;, effects, F72L
displayed strong pairwise epistasis with either S212A or T213A at the
kinetic level and improved k.,./K), by 70-fold and 60-fold compared
with wtOXA-48, respectively. Positive epistasis shaped the evolution
of k.,/Ky, culminating in a 470-fold and 800-fold improvement in Q3
and Q4, respectively. The burst-phase k,,/Ky, values excellently cor-
relate with the in vivo IC, values (R*= 0.97; Pearson correlation, d.f.7,
P<0.001; Fig. 2c), Notably, that correlation is much stronger than
the corresponding effect observed for the steady-state k,./Ky, values
(R?=0.85; Pearson correlation, d.f. 7,P < 0.001; Table 1 and Supplemen-
tary Figs. 3-5). Fast degradation of CAZ is crucial to bacterial fitness,
although in vivo resistance could also be affected by other factors,
suchasinvivo stability, protein production and translocationinto the
periplasm***, The excellent correlation of the k_,./K\, and ICs, values
intheburst phase, however, suggests that the resistanceincreases are
dominated by enhanced burst-phase activity.

The kinetics of the burst phase unveiled fundamentally different
catalytic effects between F72L and either the S212A or T213A variant
(Fig. 2d and Supplementary Fig. 3). Michaelis—Menten kinetics of
wtOXA-48 did not show saturation due to its high K, >300 puM). Intro-
duction of F72L led to saturation kinetics and substantially decreased
the K\ t0165 + 15 uM, suggesting animprovement in substrate binding.
In contrast, the Michaelis—-Menten plots remained linear upon intro-
ducing S212A or T213A and only showed marginal increases in Kk ,/Ky
(1.6-fold). Interestingly, the double mutants F72L/S212A and F72L/
T213A maintained the relatively low K}, value observed for F72L while
also increasing k., by five- to sevenfold (Table 1 and Supplementary
Fig. 3). Thus, epistasis between F72L and S212A or T213A probably
originates fromaninterplay betweenimproved binding and catalysis.

Burst phases have been previously observed in B-lactamases,
where fast formation of an acyl-enzyme intermediate during the first
turnover is frequently followed by rate-limiting deacylation®*~°, Sur-
prisingly, the burst phases observed here have amplitudes much larger
thanasingle turnover. For example, Q4 displayed a burst-phase ampli-
tude corresponding to 3.8 turnovers at 400 uM CAZ (Fig. 2b). Such
super-stoichiometric bursts cannot be explained by asimple two-step
reaction mechanism comprising a fast followed by a slow step® .
Instead, super-stoichiometric bursts are probably caused by the inacti-
vation of the enzyme during substrate conversion over several catalytic
cycles® . We note that Q4 did not show any evidence for a classical
burst stemming from fast acylation and slow deacylationat 1,200 pM
CAZ, even at the millisecond timescale. While the exact mechanism
underlying the biphasic behaviour is unclear, substrate-induced inacti-
vation becomes faster during evolution, indicating that the mutations
acquired during evolution increase conformational flexibility (Sup-
plementary Fig.2). Theinactivationrate also increases with substrate
concentrations, which argues for an induced-fit mechanism in which
the presence of the substrate or enzyme-bound intermediate triggers
inactivation®. Notably, substrate-induced inactivation appeared fully
reversible, asindicated by activity assays after incubating Q4 with CAZ
(Supplementary Fig. 6a). In addition, inactivation is not caused by a
change in the oligomeric state, as shown by both dynamic light scat-
tering and size exclusion chromatography (Supplementary Fig. 6b,c).
Thus, turnover apparently triggers areversible conformational change
toalessactive state, resulting in the observed burst.

The dependence of the burst phase on the CAZ concentration
provides important insights into its role in evolutionary adaptation.
With decreasing CAZ concentrations, the turnover rates of the burst
and steady-state phases become similar, and the burst phase amplitude
decreases. The burst thus became less pronounced at substrate concen-
trations down to 50 pM at 25 °C (Fig. 2b). This is probably because, at
lower concentrations, substrate-induced inactivationis rarer,and any
enzyme thatis deactivated has more time to recover to the active state
before encountering another substrate molecule. Notably, selection
was performed under even lower substrate concentrations (<14 pM)
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A33V/F72L/S212A/T213A). a, Enzymatic hydrolysis of -lactams proceeds via an
enzyme-substrate complex (ES), formation of an acyl-enzyme intermediate
(EI), and hydrolytic deacylation (E + P). b, Evolution amplified the super-
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light to dark colours). ¢, In vitro burst-phase activities correlate well with the
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error bands display the 95% confidence interval. d, Michaelis—-Menten kinetics
of the burst phase determined at 4 °C. e, Substrate binding was measured

by W-fluorescence and was substantially accelerated during evolution (CAZ
concentration:100-1,200 pM, light to dark colours). f, Comparison of k;and
k../Ky between wtOXA-48 (red), F72L (purple) and Q4 (blue) reveals that binding
isnolonger rate-limiting in the burst phase of Q4 (determined at 25 °C; point
above the diagonal line at k, = k.,/K\, indicates that binding is not rate-limiting).

compared with the in vitro kinetic analysis. Thus, the enzymes prob-
ably remained predominantly in the burst state under the selection
conditions. Taken together, while evolution boosted resistance at the
evolutionarily relevant CAZ concentrations, a catalytic bottleneck
emerged at high and physiologically irrelevant concentrations that
limits activity after the initial burst.

Faster binding and reaction drive positive epistasis

Based on our Michaelis-Menten kinetics, we hypothesized that
epistasis in OXA-48 resulted from an interplay between binding and
the chemical reaction. F72L apparently unlocked the accessibility of

thefitness landscape by substantially accelerating substrate binding,
which allowed S212A and T213A to take effect and further boost cataly-
sis (Fig. 2). We dissected this relationship by assaying CAZ binding (k,
and k_;; Fig. 2a) and solvent isotope effects in wtOXA-48, F72L and Q4.
By focusing on wtOXA-48 and F72L, we aimed to reveal the mechanistic
role of F72L and its ability to recruit subsequent mutations. Compari-
son with the evolved variant Q4 then allowed us to shed light on the
combinatorial effect of F72L with the other mutations.

CAZ binding was assayed by monitoring changes in protein
tryptophan fluorescence. In agreement with our burst phase results,
CAZ binding progressed with biphasic kinetics (Fig. 2e), where the
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Table 1| IC,, and burst-phase catalytic parameters of
OXA-48 variants®®

IC5, (mgl™) Kea (57) Ku(uM)  keo/Ky

(M's™)
WLOXA-48 0.013+0.002 - - 36
F72L 0.029+0.003 0.005+0.001 165£15 30
S212A 0.015£0.001 - - 6.0
T213A 0.013+0.001 = = 5.4
F72L/S212A  0140+0.002 0.025+0.002 9520 260
F72L/T213A  0177+0.037 0.036+0.009  160+70 225
S212A/T213A  0.023+0.003 - - 35

Q3 0.389+0.015 0.018+0.002 10+3 1,700

Q4 0.513+0.054 0.077£0.006 2745 2,900

*Errors are reported as the standard deviation of the mean (n=2). ®Catalytic parameters were
determined at 4°C. -, not calculated due to linearity of the Michaelis-Menten plot.

fast phase probably reflects binding to the burst phase ensemble. The
slow phase indicates the presence of a second state that is probably
related to the steady-state ensemble. Since the slow phase occurs on
asimilar timescale as enzyme deactivation and the chemical reaction
(Fig. 2b,e), it probably reflects a combination of these processes and
binding to the less active state. Given that the burst phase is most
probably the physiologically relevant phase, we decided to focus our
analysisonthefast-binding phase (Table 2). For wtOXA-48, CAZ binding
(ky) is1.5-fold slower than the burst-phase k.,./Ky,, which suggests that
binding—and not bond-breaking or product release—limits catalytic
efficiency inthe wild type. Notably, k, constantly increases during evo-
lution (3.2-foldin F72L and 6,000-fold in Q4).In Q4, k; istenfold faster
than k,/Ky, indicating that evolution shifted the catalytic bottleneck
fromsubstrate binding to either the chemical steps or product release
(Fig. 2f). Counterintuitively, the K, determined from k_/k; did not
follow the trends observed for K}, and was 2.6-fold higher for F72L
than for wtOXA-48. This observation serves as a reminder that Ky, is
an imperfect approximation for substrate affinity and supports our
hypothesis that epistasis in OXA-48 has kinetic and not thermody-
namic origins. Epistasis is most probably driven by a change in the
rate-limiting step resulting from faster substrate binding (k;) and not
by improved substrate affinity (Kp).

To further test our hypothesis that evolution shifted the
rate-limiting step, we determined solvent isotope effects by assay-
ing product formation at 400 pM CAZ in 80% D,O (Table 2). Solvent
isotope effects >1 indicate rate-limiting deprotonation during the
hydrolysis of the acyl-enzyme complex (k;). The burst-phase isotope
effects for wtOXA-48 and Q4 are close to 1, whereas a small isotope
effect was observed for F72L (1.4). These isotope effects suggest that
hydrolysis of the acyl-enzyme affects the overall rate in F72L, while
deacylation is not rate-limiting in wtOXA-48 and Q4. In contrast to
the burst-phase effect, F72L and Q4 had pronounced isotope effects
of 2.8 and 2.5 in their steady state. Since our data on the evolution of
super-stoichiometric burst phases suggest that a conformational
change triggersinactivation, the observed increase inisotope effects
fromtheburst phase to the steady state probably indicates that hydro-
lysis becomes rate-limiting in the less active state. Alternatively, the
conformational equilibriumitself could have anisotope effect causing
the differencesin activity.

Our combined data on binding and activity demonstrate how
evolution successively optimized the catalytic cycle and gradually
changed therate-limiting step. Inthe burst phase, whichis probably the
physiologically relevant phase, the slowest step appears to be substrate
binding in wtOXA-48, binding or deacylationin F72L, and acylationin
Q4. Our analysis indicates that the apparent change in rate-limiting

Table 2 | Burst-phase binding and catalysis kinetics®

wtOXA-48 F72L Q4
k,(M"'s™) 15.2+0.5 29+3 90,600+700
k. (s™) 0.026+0.001 0.127+0.001 2.0+01
Ko (M) 1,700 4,500 22
Kear/ Ky (M's™) 24 320 9,600
Burst-phase KIE® 0.7 1.4 1.0
Steady-state KIE® 0.8 2.8 25

°Obtained by stopped flow at 25°C. Errors are reported as the standard deviation of the mean
(n=2). "Determined at 400 uM CAZ.

step causes the observed epistatic effects. In other words, because
substrate binding is slow in wtOXA-48, it is likely that neither S212A
nor T213A substantially affect activity in the wild-type background and
require F72L to accelerate substrate binding for their improvements
to take effect fully.

F72L and alanine mutations orthogonally tune dynamics
Tounderstand how evolution modulated the conformational dynamics
of OXA-48, we determined the crystal structures of F72L, Q5, and Q5
covalentlyboundto CAZ (PDBIDs: 8PEA, S8PEB and 8PEC; Supplemen-
tary Table 6 and Supplementary Fig. 7). Comparison of the apo struc-
tures of F72L and Q5 with wtOXA-48 (PDB ID: 4S2P (ref. 38)) provided
insightsinto the structural role of F72L during evolution (Supplemen-
tary Fig. 8). In wtOXA-48,F72 is embedded within an aromatic pocket
formed by Y144, F156, and W157, in close proximity to the active site
S$70. The F72L mutation disturbs this aromatic network, which prob-
ably reduces the thermostability (Supplementary Fig. 1d) and allows
the Qloop harbouring F156 and W157 to adapt a different conforma-
tion. Despite the introduction of S212A and T213A in the f5-6 loop,
the overall shape of this loop is preserved in Q5. Similarly, the overall
active site architecture (for example, S70 and K73) was maintained in
all variants (Supplementary Fig. 7). We note that upon CAZ binding
in Q5 (Q5-CAZ), the Q loop becomes highly disordered to the point
that it could not be refined anymore (Supplementary Fig. 7d), which
suggests that incubation with CAZ leads to population of a state that
could potentially be less active.

To estimate how the conformational dynamics changed during
evolution, we performed ensemble refinements based on the crystal
structures of wtOXA-48, F72L and QS5 (Fig. 3a). Despite their differences
in resolution (Supplementary Table 6), both F72L and QS5 revealed
an increased flexibility primarily resulting in the Q loop adopting
various alternate conformations. In addition, we performed atomistic
molecular dynamics (MD) simulations of apo wtOXA-48 and Q4 that
support this change in dynamics and reproduce the enhanced flexi-
bility, particularly of the Qloop (Supplementary Fig. 9). This increase
in Q-loop dynamics probably accelerates substrate binding and caused
the observed change in rate-limiting step>*’.

To understand how the conformational dynamics affected the
substrate-bound state along the evolutionary trajectory, we performed
MD simulations of various OXA-48 variantsinthe acyl-enzyme complex.
These models were constructed on the basis of the Q5-CAZ crystal struc-
ture with the unresolved Qloop taken from the apo wtOXA-48 structure
(SupplementaryFig. 7). To avoid biases from the loop conformation, we
alsoanalysed Q4 using the Qloop from the apo Q5 structure, resulting
in virtually identical results (Supplementary Figs. 9-15). To explore
how evolution affected the enzyme flexibility, we determined per-
residue root-mean-square fluctuations (RMSFs) for all variants (Fig. 3b
and Supplementary Fig. 11). As expected from the MD simulations of
the apostate, introduction of F72L predominantly increased the RMSF
values of the Q-loop region. Interestingly, the a-helix preceding the
Qloopincreasedinrigidity, indicating that the added space provided
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Fig.3|Evolution of a catalytically superior ensemble. a, Ensemble refinement
of wtOXA-48, F72L and QS reveals increased mobility of the Qloop. b, ARMSF
values relative to wtOXA-48, F72L and Q4 from MD simulations reproduce the
increased flexibility of the Q-loop region (see Supplementary Fig. 11 for other
variants). Error bands indicate the standard error of the mean. ¢, PCand cluster
analysis show that F72L modulates the conformational landscape in ways likely
to accelerate binding displayed as the population shaded in blue (arrow added
to highlight change in populations; see Supplementary Figs.12 and 13 for other
variants). d, Cluster representatives indicate that evolution (Q4 variantin blue

versus wtOXA-48in grey) displaced the Qloop and adjacent a-helix as indicated
by the arrow. e, Dynamical correlation analysis reveals that the movement of the
acylated S70 becomes tightly coupled with the protein scaffold, particularly
the oxyanion hole, by means of the alanine mutations. In contrast, F72L
predominantly decreases the interaction of S70 with the Q loop (increased and
decreased correlations relative to wtOXA-48 are shown in blue and red lines,
respectively). Line width corresponds to the strength of the correlation. Only
statistically significant changes compared with wtOXA-48 are shown (¢-test,
a=0.05; see Supplementary Fig. 15 for other variants).

by F72L allowed that helix to pack tighter against the protein. Further-
more, the solvent-exposed loops covering the active site became
morerigid uponintroduction of the alanine mutations, which signals
higher organization that probably aids transition-state stabilization.

To further dissect how the mutations affect the protein dynam-
ics, we analysed the conformational landscape of the enzyme by

principal component (PC) and cluster analysis (Fig. 3c and Supple-
mentary Figs. 12 and 13). As expected, F72L significantly modulated
the conformational landscape, while introducing the S212A or T213A
mutations barely changed the sampled conformational space (Fig. 3¢
and Supplementary Fig.13). Notably, F72L allows the protein to popu-
late a different conformational ensemble, in which the space created
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by the loss of the phenylalanine sidechain allows the neighbouring
a-helix to slide toward the centre of the protein while increasing
the conformational freedom of the Q loop (Fig. 3d and Supple-
mentary Fig. 14). This movement is accompanied by a tightening of
an H-bonding network below the Q loop involving T71, Y144 and
Q169 (Supplementary Fig.14a).

While our MD analysis supports that F72L accelerates substrate
binding and thereby shifts the rate-limiting step, the structural role of
S212A and T213Ais more elusive. Since these mutations did not affect
the sampled conformational space, we hypothesized that dynamical
cross-correlation analysis might allow us to identify regions that show
correlated movements with the substrate covalently bound to S70 (Fig.
3e and Supplementary Fig. 15). Dynamical correlations signal com-
municationbetweenresidues, withanincreasein correlation strength
suggesting astronger interaction network. When analysing the changes
in the correlation of the acylated S70 with the rest of the protein, we
observed distinct dynamical changes wrought by either F72L or the
alanine mutations on the protein scaffold. F72L primarily decreased
the dynamical correlation between S70 and the Q loop, which agrees
withtheincreased flexibility and improved substrate binding conferred
by F72L. In contrast to F72L, S212A and T213 had an entirely different
effect on the protein dynamics. Notably, S212A and T213A enhanced
the correlation of S70 with the neighbouring B-strands that harbour
the oxyanion hole (Fig. 3e and Supplementary Figs.14b and 15)*°. This
increased correlation could be rooted in the increased rigidification
ofthe B5-B6 loop, harbouring the S212A and T213A mutations, which
in turn allows for a tighter interaction of the loop with the substrate
(Supplementary Figs. 11 and 15). Dynamical correlations between the
nucleophile and the oxyanion hole may explainincreasesin k., because
they signify better preorganization and the ability to stabilize the
transitionstate'>**>, Overall, the effects of F72L and the alanine muta-
tions on the correlations were largely orthogonal, like their effects
on conformational sampling. Such orthogonal dynamical relation-
shipsare probably central to the epistatic effects not onlyin OXA-48, but
also for the evolution of other natural and designer enzymes**,

Discussion

Unraveling the molecular mechanisms underlying epistasis is vital for
understanding enzyme evolution'*. Many previous studies on epistatic
enzyme evolution focused on exploring epistatic mechanisms froma
structural perspective, forinstance, by demonstrating directinterac-
tions between mutations or synergistic effects on conformational
dynamics®®**, In contrast, our observations highlight that the mole-
cular basis for intramolecular epistasis can also be rooted in changes
in the catalytic cycle. We describe how distinct mutations shifted the
rate-limiting step from substrate binding to the chemical reaction in
the B-lactamase OXA-48, thereby causing strong phenotypic epistasis
(Figs.1and 2). Intriguingly, the adaptive mutations introduced into
OXA-48 are structurally orthogonal, but mechanistically epistatic:
F72L induces dynamical and structural perturbations that are largely
independent of the S212A and T213A, and vice versa (Fig. 3). Since CAZ
binding is rate-limiting in wtOXA-48, F72L must be incorporated first
toaccelerate binding and unlock the effect of S212A and T213A on the
chemical step. Here, evolution shifted the slowest step from binding
to chemistry. We note that shifting the rate-limiting step between
other stages of the catalytic cycle could likewise result in epistasis.
While genetic context-dependent effects on k. and K, have been previ-
ously reported®, deciphering their underlying epistatic relationship
has remained challenging. Here, gaining detailed insights into the
origins of epistasis was only possible by in-depth characterizations
of the burst-phase and steady-state kinetics, isotope effects and
dynamical analysis. To the best of our knowledge, thisis the first report
onhow changing the reaction bottleneck from binding to the chemical
step leads to synergyinevolution. We hypothesize that similar effects
arelikely tobe of vastimportancein the evolution of other biocatalysts.

Catalytically perfect enzymes, inwhichthe reactionrate is limited
only by substrate diffusion, display catalytic efficiencies (k.,/Ky) of
>108M™s™, Although the k_,/K\, of wtOXA-48 is orders of magnitude
below the diffusion limit, our analysis unexpectedly revealed that CAZ
binding is rate-limiting in this variant (Fig. 2). This stands in contrast
to many in other serine 3-lactamases where acylation and deacyla-
tion are often catalytic bottlenecks**. The extended size of CAZ has
led to the hypothesis that its binding is more challenging than that of
other B-lactams’®*¢. OXA-48 furthermore differs from other serine
B-lactamasesin thatitaccommodates the carboxylate group adjacent
to the oxyimino-moiety of CAZ within its active site (Supplementary
Fig.16)***%, which probably additionally slows down CAZ binding result-
inginrate-limiting complex formation. Understanding how individual
steps affect overall catalytic activity is crucial for understanding and
predicting enzyme evolution and designing more efficient drugs that
exploit mechanistic bottlenecks.

Our findings show the selection of a super-stoichiometric burst
phase that correlates with increasing levels of antibiotic resistance
(Fig. 2). The origin of such a burst phase cannot be described by a
simple two-step reaction mechanism and is probably driven by the
selection of pre-existing conformational sub-states and changes in
conformational dynamics (Fig. 3)>'***, The intrinsic limitations of the
OXA-48 system, comprising slow substrate binding and various pos-
sible substrate-bound states that can undergo inactivation, prevented
the exact determination of the catalytic mechanism. Nonetheless, our
kinetic and structural analysis revealed thatincreased loop flexibility
and tighter substrate interactions drove the evolutionary improve-
ments. While fully understanding these structural effects probably
requires advanced NMR or mass spectroscopy, we conclusively show
that the evolution of burst-phase kinetics introduces a kinetic bottle-
neck that restricts efficiency at elevated CAZ concentrations (Fig. 2b).
Importantly, this bottleneck is irrelevant at the comparably low sub-
strate concentrations used during selection, where the burst behavior
vanishes. We hypothesize that offsetting activity enhancements under
physiologicallyirrelevant and high substrate concentrations probably
relieved selection pressure and facilitated improvements at the CAZ
concentrations during selection.

In conclusion, our study demonstrates how mutations that
orthogonally affect different steps along the catalytic cycle can cause
positive epistasis by shifting the catalytic bottleneck. Traditionally,
epistasis analysis has focused on structural and dynamical inter-
actions. Our research underscores the importance of considering
mechanistic effects throughout the catalytic cycle to grasp the origins
of epistasis fully. Especially with regard to 3-lactamases and other
resistance-mediating enzymes, a detailed comprehension of epistasis
is essential to anticipate the emergence of novel pathogens and predict
resistance phenotypes. Such a detailed understanding will not only
help fight antimicrobial resistance, but also aid the design of drugs
exploiting catalytic bottlenecks and advance enzyme engineering.

Methods

General material

Luria-Bertani (LB) agar, LB broth, chloramphenicol, ampicillinand CAZ
were purchased from Sigma-Aldrich. Primers (P) used for this study
are presented in Supplementary Table 7. All cloning enzymes were
purchased from Thermo Fisher Scientific, if not stated otherwise. The
E. coliE. cloni10G (MP21-5) was obtained from Lucigen. All strains used
and constructed in this study are presented in Supplementary Table 8.
Kinetic data were fitted using Prism v. 9.0 (GraphPad Software).

Directed evolution and cloning

The construction of the low copy number vector pUN-blagy .45 (PA1S
origin; 10-20 copies per cell) was previously published*. Error-prone
PCR was performed using 10 ng pUNE-4-blagy, .5, GoTag (Promega),
25 mM MgCl, (Promega), 10 pM P7/P8 and either 50 uM oxo-dGTP or
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1uMdPTP (JenaBioscience). PCR products were Dpnl digested for1h
and 37 °C, and 5 ng of each product was used for asecond PCR, which
was performed as described above, but without mutagenic nucleotides.
PCR amplicons were digested using Ncol, Xhol and Dpnlfor1hat 37 °C,
purified for ligation with the vector backbone and transformed into
MP21-5. To insure a sufficient mutational depth, we aimed for library
sizes of at least 5,000 colonies, which was determined by plating on
agar plates supplemented with 25 mg I chloramphenicol LBand one to
two amino acid changes per round of evolution, which was determined
by Sanger sequencing (Azenta).

The fitness landscape was constructed in the pUN vector back-
ground using Goldengate cloning and the corresponding primers in
Supplementary Table7.Inshort, we performed whole vector amplifica-
tion followed by digestions with Lgul and Dpn/for1h 37 °C. Ligations
were performed using 10-20 ng of DNA for 1 h at room temperature
using T4 ligase and transformed into MP21-5, and clones were grown
on25 mg I chloramphenicol LB agar plates and verified using Sanger
sequencing (Azenta).

For protein expression, OXA-48 variants were subcloned into
a pDEST-17 (pURR) expression vector without the leader sequence
and with a 6-His-tag using P2/P37 and P35/P36. Amplicons were
digested using Notl and Xhol, ligated as described above and trans-
formedinto MP21-5. Vectors were isolated using the plasmid miniprep
kit (Qiagen). pURR expression vectors were transformed into £. coli
BL21Al. Clones were selected on agar containing ampicillin 100 mg I™
and verified using Sanger sequencing (Azenta).

Selective plating

MP21-5 cultures harbouring either pUNE-4-blagy,.45 OF a library of
OXA-48 were plated on LB agar plates containing increasing concentra-
tions of CAZ and grown overnight at 37 °C (Supplementary Table1). Up
to eight colonies grown on the highest concentrations were recovered
and their genotype characterized by Sanger sequencing (Azenta).
Before determining their IC,, values, the corresponding mutantalleles
were subclonedinto anisogenic pUN vector backbone and transformed
into MP21-5, to exclude mutational effects outside of the target gene.

IC,, determination

IC,, values were determined as described previously”*. In brief,
cultures were grown to full density under 700 rpm shaking overnight
at 37 °C. Overnight cultures were diluted in phosphate-buffered
saline to a density of 10° cells mI™ and used to inoculate a 384-well
plate (Thermo Fisher Scientific) with a CAZ gradient (0 to 32 mg ™)
at a final cell density of 10° cells ml™. Plates were incubated statically
at 37 °C for 20 h. The absorbance was determined as OD, using an
Epoch spectrophotometer (Biotek). Dose-response curves and their
IC;, value were determined on the basis of a non-linear fit.

Protein expression and purification

Cultures of E. coliBL21Al harbouring modified pURR expression vector
with blagy,..sor mutantalleles were growninterrificbrothsupplemented
with 100 mg I ampicillin at 30 °C and 220 rpm. Protein expression
was induced by adding L-arabinose (Sigma-Aldrich) to a final concen-
tration of 0.2% when the cultures reached an 0D, of 0.4. Cultures
were expressed for 16 hat 15 °C and centrifuged at 4 °C for 30 min, and
the cell pellets were stored at —20 °C for purification. Protein purifica-
tionwas performed using HisPur Ni-NTA spin columns (Thermo Fisher
Scientific) as published previously?*. For crystallization, the His-tag was
cleaved overnight at 4 °C using in-house produced tobacco etch virus
(TEV) protease and the TEV-cleaved product was purified through an
additional round of HisPur Ni-NTA columns (Thermo Fisher Scientific).

site’®. In 50 mM HEPES (VWR), pH 7.5 including 50 mM potassium
sulfate (Honeywell), enzymes were diluted to 0.2 mg ml™ and mixed
with 5XSYPRO orange (Sigma-Aldrich). Using an MJ minicycler
(Bio-Rad), a temperature gradient (25 °C to 70 °C) was performed
with a heating rate of 1°C min™. All experiments were performed
in triplicates, and the melting temperatures (7) were determined
as the inflection point of the melting transition found from the first
derivative.

Burst-phase and steady-state enzyme kinetics
Room-temperature burst kinetics were obtained under burst-phase
conditions using an SX20 stopped flow (Applied Photophysics) by
monitoring substrate depletion by absorbance at 260 nm. Enzyme
and substrate were mixed 1:1 at 25°C and in 0.1 M phosphate
buffer (Sigma-Aldrich, pH 7.2) supplemented with 50 mM NaHCO,
(Sigma-Aldrich). Burst kinetics were assayed at final enzyme concen-
trations of 10 uM and final substrate concentrations varying between
50 and 400 M (equation (1)).

P
E_O = Usteady X t— (Usteady - Uburst) X (1 - e_kXt) 1k ()]

Catalytic parameters (k. Ky and k../K\,) were determined
under burst-phase and steady-state conditions using CAZ
(AE=-9,000 M cm™) at 260 nm by measuring the initial enzymatic
reaction rate in an Epoch plate-reader (Biotek). Burst phase rates
were determined at 4 °C, and steady-state parameters were deter-
mined at 25 °C. Reactions rates were obtained in at least duplicates at
a final enzyme concentration of 1 uM (final assay volume of 100 pl).
Ultraviolet-transparent 96-well plates (Corning) were used. Assays
were performed in 0.1 M phosphate buffer (Sigma-Aldrich, pH 7.2),
supplemented with 50 mM NaHCO, (Sigma-Aldrich).

Kineticisotope effects
Kinetic isotope effects (KIE) were determined at 25 °C using an SX20
stopped flow (Applied Photophysics) from burst kinetics obtained at
400 uM CAZ.KIEs were calculated fromthe ratio of the ratein 80% D,0
(Sigma-Aldrich; kp) and water (k,;; equation (2)).

k

KIE = -2 2
% 2)

Binding kinetics

CAZbindingkinetics were assayed using an SX20 stopped flow (Applied
Photophysics) by tryptophane fluorescence, with an excitation wave-
length of 280 nm, a 305 nm lower cutoff emission filter and a 0.2 mm
excitation pathlength. Enzyme and substrate were mixed 1:1at a final
enzyme concentration of 1 pM, and the final substrate concentration
was varied between100 and 1,200 pM. Binding was assayed at 25 °C and
in 0.1 M phosphate buffer (pH 7.2) supplemented with 50 mM NaHCO,
(Sigma Aldrich). Binding was recorded on a log timescale, and rates
were obtained by global fitting of the observed biphasic curves to a
double-exponential decay (equation (3)).

Fluorescence = A; x exp™ * + A, x exp~* + ¢ (3)

where k; and k, are the observed binding rates and A, and A, are the
amplitudes of the two signals with an offset of c. To enable global fit-
ting, k; and k, were fitted to a linear equation each (equations (4) and
(5)), where ki ,,, K ons k1 orr@Nd &, o Were shared between all datasets.

Fluorescence-based thermostability ki = Kyon X €(CAZ) + Ky off 4)
Thermostability was performed as previously published using

purified OXA-48 enzymes, containing 6-His-tag and TEV cleaving ka = kyon X € (CAZ) + ky,ofe ()]
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Size exclusion chromatography

Changesinthe molecular size were studied using size exclusion chro-
matography:50 nM, 10 pM wtOXA-48 and 10 pM of the mutant R1I89A/
R206A mutants. RIS9A/R206A has been previously described to dis-
rupt the dimer interface of OXA-48 and elutes later®. Separation was
performed in 0.1 M phosphate buffer (Sigma-Aldrich, pH 7.0) using
a Superdex 200 10/300 GL column with a flow rate of 0.5 mI min™ at
4 °C. Elution was monitored by recording the absorbance at 280 nm.

Dynamiclight scattering

The hydrodynamic radius of Q4 was determined using a zetasizer
(Malvern Panalytical). To that end, 1 ml of 10 uM Q4 was assayed in
either the presence or absence of 400 uM CAZ in 0.1 M phosphate
buffer (Sigma-Aldrich, pH 7.0) supplemented with 50 mM NaHCO,
(Sigma-Aldrich). The experiment with CAZ was repeated after a
15 minincubation at room temperature.

Sequential mixing

To assess the reversibility of the burst phase, 20 pM Q4 was
pre-incubated with 400 pM CAZ, and mixed with a second batch of
400 pM CAZ after a delay of 1,000, 2,000 and 3,000 s in an SX20
stopped flow (Applied Photophysics) by monitoring substrate deple-
tion by absorbance at 260 nm.

Crystallography, structure determination and refinement
Crystallization was performed in a 1 pl hanging drop containing
10 mg ml™ enzyme and mixed 1:1 with reservoir solution containing
0.1 M Tris, pH 9.0 (Sigma-Aldrich), and 28-30% polyethylene glycol
mono ethylene ether 500 (Sigma-Aldrich) at 4 °C. Crystals were cryo-
protected by using 15% ethylene glycol (Sigma-Aldrich) in addition
to the reservoir solution, and subsequently frozen in liquid nitrogen.
Diffraction datawere collected onID23-EH2 (F72L) and ID30B (Q5 and
Q5-CAZ), European Synchrotron Radiation Facility, France, at 100 K,
wavelengths 0.8731 A (F72L) and 0.9763 A (Q5 and Q5-CAZ), and the
diffraction images were indexed and integrated using x-ray detector
software®’. For data scaling, AIMLESS was used” and an overall high
completenessand CC1/2>0.5and ameanintensity above 1.0 inthe outer
resolution shell was aimed for (Supplementary Table 6). Molecular
replacement was performed using chain A of PDB ID 6Q5F (ref. 23)
and the program PHENIX 1.12 (ref. 54). Parts of the model were manu-
ally rebuilt using Coot™. Average structure refinement and ensemble
refinement was performed using PHENIX 1.12. PyMOL 1.8 was used
forillustrations (Schrodinger).

MD simulations: system setup

MD simulations were set up analogously to our previous work®*%, Simu-
lations of the apo enzymes were set up as described above for wtOXA-48
(PDB ID: 4S2P (ref. 38)) and Q4 based on the structure of Q5 (PDB ID:
8PEB). No additional restraints were employed for the apo simulations
(see Supplementary Figs. 9 and 10 for all simulated structures). Acyl-
enzyme structures of the OXA-48 variants with covalently bound CAZ
were built onthe basis of the structure of apo wtOXA-48 (PDB ID: 4S2P
(ref.38)), with CAZ added from the holo structure of Q5-CAZ (PDB ID:
8PEC; Supplementary Fig.7). Al OXA-48 variants were modelled on the
basis of this structure using the mutagenesis tool in PyMOL, choosing
the rotamer with the least steric clashes with surrounding atoms. For
comparison, MD simulations for Q4 were also performed based on
the holo structure of Q5-CAZ (PDB ID: 8PEC) and the Q loop of apo
wtOXA-48 (residues D143-1164). This variant is indicated as Q4 (tem-
plate Q5) in Supplementary Figs. 9-13 and 15. The results from those
simulations agreed qualitatively with those obtained from the Q4. The
system was parametrized using tleap®, and enzymes were solvatedin
a10.0 A octahedral box of TIP3P water*”* with net charge neutralized
using the Amber uniform neutralizing plasma*. The ff14SB force field”
was used to describe the protein. Parameters for the carbamylated

lysine (KCX) were previously obtained* from restrained electrostatic
potential fitting as implemented in the RED Server®. Parameters for
the CAZ-acetylated serine were likewise obtained withthe RED Server.

Severalrestraints were applied during the simulations to maintain
a productive conformation. The restraints include a <4.0 A distance
restraint from the nucleophilic water to either the KCX base oxygen
or CAZ carbonyl carbon using one-sided harmonic potentials. The
distance of the KCX N, and catalytic Ser70 O, was likewise restrained
to <4.0 A. Lastly, flat-bottom potentials were applied to the CsCN:C,
(s-130°and >-80°) and C,CsC.N, (<45°and 25 = 95°) dihedral angles. All
restraint force constants were 10 kcal mol A2 during the equilibration
MD and 100 kcal mol A2 during minimization.

MD simulations: simulations

Allsystems were minimized using 10,000 steps of steepest descent fol-
lowed by 10,000 steps of conjugate gradient. During both minimization
steps, the position of all protein atoms was restrained with aweight of
10 kcal mol A2. The minimization was subsequently repeated without
positional restraints. Subsequently, the system was heated from 50 K to
300Kin20 ps,and thensimulated for 50 nsin the NPT ensemble saving
aframe every 100 ps. Langevin dynamics were used with a collision
frequency of 0.2 and a2 fstime step. The Berendsen barostat was used
with isotropic position scaling. All bonds involving hydrogens were
constrained using the SHAKE algorithm. Twenty independent simu-
lations were run per enzyme variant (for a total of 1.0 ps per variant).
All calculations were performed with the Amber18 program package
(sander.MPIfor minimization and pmemd.cuda for MD simulations)>®.

MD simulations: analysis
MD simulations were analysed using CPPTRAJ®". All analyses were
based on C, positions. The first 10 ns of each production MD run were
excludedto allow sufficient time for system equilibration. Root mean
square deviation values were calculated compared with the minimized
starting structures. RMSFs were determined by first calculating an
average structure for each replicate, aligning the trajectory against
therigid core of the average structure (residues 42-83,112-131,162-211
and 220-239), and then calculating the RMSF for each protein residue.
Errorsindicate the standard error of the 40 independent replicates.
For eachvariant, cluster and PC analysis were performed on their
combined 40 replicates. Tothat end, aglobal average structure over all
variants was first determined and all trajectories were aligned by C, to
therigid core of the average structure (residues 42-83,112-131,162-211
and 220-239). Dynamical cross-correlation analysis was performed
with CCPTRA] by calculating the correlation matrix on the basis of
the aligned structures. After the alignment, PC and cluster analyses
were performed for all C, atoms without re-aligning the structures.
To perform the analyses in the same space, both the cluster and PC
analysis were performed simultaneously for all variants. Clustering
based on C, root mean square deviation of the loops was performed
with CPPTRAJ using the kmeans algorithm to split each trajectoryinto
two clusters. PC analysis was performed using mdtraj®® and sklearn®.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Cryogenic crystal structures are deposited at the Protein Data Bank
under the PDB IDs 8PEA (F72L), 8PEB (Q5) and 8PEC (Q5-CAZ).Jupyter
notebooks and input files required to replicate the MD simulations
and analyses of the OXA-48 variants, as well as trajectories and MD
snapshots, are available on the University of Bristol Research Data
Storage Facility (RDSF) at https://doi.org/10.5523/bris.phtj9yrbd-
krq2té6n53k84evkg. The repository furthermore contains PDB struc-
tures of allensemble refinements presented in this work. All other data
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are available from the authors upon reasonable request. Source data
are provided with this paper.
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