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Abstract
Protein evolution depends on the adaptation of these molecules to different functional challenges. This occurs by 
tuning their biochemical, biophysical, and structural traits through the accumulation of mutations. While the 
role of protein dynamics in biochemistry is well recognized, there are limited examples providing experimental evi
dence of the optimization of protein dynamics during evolution. Here we report an NMR study of four variants of the 
CTX-M β-lactamases, in which the interplay of two mutations outside the active site enhances the activity against a 
cephalosporin substrate, ceftazidime. The crystal structures of these enzymes do not account for this activity en
hancement. By using NMR, here we show that the combination of these two mutations increases the backbone dy
namics in a slow timescale and the exposure to the solvent of an otherwise buried β-sheet. The two mutations located 
in this β-sheet trigger conformational changes in loops located at the opposite side of the active site. We postulate 
that the most active variant explores alternative conformations that enable binding of the more challenging sub
strate ceftazidime. The impact of the mutations in the dynamics is context-dependent, in line with the epistatic ef
fect observed in the catalytic activity of the different variants. These results reveal the existence of a dynamic 
network in CTX-M β-lactamases that has been exploited in evolution to provide a net gain-of-function, highlighting 
the role of alternative conformations in protein evolution.
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Introduction
Protein dynamics are at the heart of protein function 
(Baldwin and Kay 2009; Smock and Gierasch 2009; 
Sekhar and Kay 2019; Kuzmanic et al. 2020). These dynam
ics encompass a wide range of frequencies that can match 
the timescales of different cellular and biochemical pro
cesses. The static pictures of proteins provided by X-ray 
crystallography provide snapshots of possible conforma
tions, most likely representing the lowest-lying energy 
state under the conditions of the crystallization experi
ment. However, proteins can explore alternative, less po
pulated conformations that can be functionally relevant 
(Bhabha et al. 2011; Clore 2014; Weikl and Paul 2014). 
Indeed, methodological advances in molecular dynamics 
and NMR spectroscopy have provided evidence of the ex
istence of alternative conformations in equilibrium with 
the most populated one in solution, together with an as
sessment of the timescale of these processes (Korzhnev 
et al. 2004; Hansen and Kay 2014; Long et al. 2014). 
Knowledge of the less populated conformations enables 
shifting this equilibrium toward them by protein 

engineering eliciting new functions, as shown by a recent 
work (Knoverek et al. 2021). These equilibria are expected 
to play a key role in protein evolution, as shown in some 
studies (Tokuriki and Tawfik 2009; Zou et al. 2015; 
Campbell et al. 2016; Petrović et al. 2018). Nevertheless, 
a full picture of protein evolution including the concept 
of protein dynamics is still lacking.

The study of protein evolution is complicated by several 
issues: first, mutations have pleiotropic effects; second, the 
impact of mutations on a given trait is not always additive, 
giving rise to epistatic effects. In this regard, the impact of 
mutations in different biochemical and biophysical traits 
(function, stability) has been thoroughly studied in protein 
evolution (Petrović et al. 2018). In contrast, the study of 
protein dynamics as a molecular trait that can be fixed 
along an evolutionary pathway resulting in a 
gain-of-function has received limited attention (Tomatis 
et al. 2008; Gonzalez et al. 2016).

Antibiotic resistance mediated by β-lactamases is a un
ique model system to study protein evolution since bacter
ial survival in the presence of antibiotics depends on the 
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biophysical and functional features of a single enzyme. For 
this reason, some β-lactamases have been exploited as a 
model system to study protein evolution, such as the class 
A serine-β-lactamase (SBL) TEM (Weinreich et al. 2006; 
Salverda et al. 2010; Palzkill 2018; Gonzalez et al. 2019; 
Fantini et al. 2020; Cheng et al. 2021; Modi et al. 2021). 
The substrate profile of class A β-lactamases has been 
shaped by the evolutionary pressure of antibiotic use. 
SBLs with penicillinase activity (e.g., TEM and SHV families) 
are able to confer resistance against penicillins and first- 
generation cephalosporins. Some SBLs have evolved by gain
ing hydrolytic capacities against second- and third- 
generation cephalosporins. This is the case of the extended- 
spectrum serine-β-lactamases (ESBLs, such as those from 
the CTX-M family) (Bush 2018). The newer generations of 
antibiotics generally include larger chemical substituents 
that do not fit into the enzyme active sites. As a result, 
the expansion of the substrate spectrum of many SBLs re
sults from mutations that enable the accommodation of 
these new drugs by augmenting the active-site volume 
(Salverda et al. 2010; Palzkill 2018). Ceftazidime, a third- 
generation cephalosporin, was originally developed based 
on this rationale. The bulky substituents in ceftazidime (in 
comparison to cefotaxime, fig. 1) make it a poor substrate 
that cannot fit into the deep and narrow active site of class 
A SBLs.

CTX-M β-lactamases are one of the most prevalent and 
widespread ESBLs among Gram-negative bacteria (Bonnet 
2004; Doi et al. 2017; Bush and Bradford 2020; Castanheira 
et al. 2021). According to the β-lactamase database (Naas 
et al. 2017), 251 variants have been reported, with substi
tutions scattered throughout the protein structure 
(supplementary fig. S1A, Supplementary Material online). 
CTX-M β-lactamases possess a narrow and deep active 
site located between an α and an αβ domain, delimited 
by the β3 strand and several loops, known as 105-, SDN-, 
Ω-, and 240-loop (fig. 2 and supplementary fig. S1B, 
Supplementary Material online). CTX-M enzymes, in con
trast to the family of TEM β-lactamases, are able to hydro
lyze cefotaxime. However, they are less efficient in 
hydrolyzing ceftazidime. The Galán group proposed that 
ceftazidime and cefotaxime have been driving forces of 
the evolution of CTX-M variants (Novais et al. 2010). In 
particular, the D240G substitution has been identified as 
an initial mutation leading to different evolutionary path
ways (Novais et al. 2010; Ghiglione et al. 2018).

CTX-M-14 has evolved ceftazidimase activity by only 
two substitutions, V231A and D240G at the two termini 
of the β3 strand (fig. 2), giving rise to CTX-M-16 (Bonnet 
et al. 2001). The single variants CTX-M-27 (D240G) 
(Bonnet et al. 2003) and CTX-M-9 (V231A) (Sabaté et al. 
2000) are also present among clinical isolates (D’Andrea 
et al. 2013). However, the enhanced ceftazidimase activity 
is not accompanied by an enlargement of the active site 
(Chen et al. 2005), as reported for other class A 
β-lactamases (Poirel et al. 2002; Levitt et al. 2012; Patel 
et al. 2017; Palzkill 2018). The CTX-M-14, CTX-M-16, 
CTX-M-27, and CTX-M-9 crystal structures are almost 

identical in the unbound form (supplementary fig. S1C, 
Supplementary Material online) (Chen et al. 2005). An ele
gant analysis of the anisotropy factors in high-resolution 
crystal structures led Shoichet and coworkers to propose 
that the enhanced ceftazidimase activity could be related 
with a more flexible β3 strand (Chen et al. 2005). Molecular 
dynamics simulations have suggested that the D240G sub
stitution would enable an open conformation favoring cef
tazidime binding that is not captured by crystallography 
(Brown et al. 2020). However, there are several gaps to 
be understood to describe the adaptive success elicited 
by these mutations. On the one hand, there is a lack of dir
ect experimental evidence accounting for these dynamics 
in solution. On the other hand, the structural bases of the 
gain-of-function induced by the hydrophobic mutation 
V231A are unknown, as is the epistatic interaction with 
mutation D240G.

Recent work from Bowman and coworkers (Porter et al. 
2019) identified the presence of a binding pocket in 
CTX-M-9 that is created transiently by conformational 
fluctuations of the protein scaffold. This binding site 
(named a “cryptic pocket” by the authors) leads to the 
solvent exposure of otherwise buried protein residues 
through the displacement of the Ω-loop (Porter et al. 
2019), a conserved region in SBLs that plays a key role in 
the evolution of hydrolytic abilities toward different ce
phalosporins (Banerjee et al. 1998; Palzkill 2018). Despite 
the fact that the Ω-loop sequence is not altered by these 
mutations (Chen et al. 2005), we reasoned that different 
conformations of the protein scaffold enabled by muta
tions at positions 231 and 240 could affect protein dynam
ics beyond the β3 strand structure, enlarging or increasing 
the population of a cryptic pocket, thus providing a mech
anism to bind and hydrolyze ceftazidime. To address 
this issue, we studied the protein dynamics of these 
four CTX-M variants by NMR in a wide range of timescales, 
from picoseconds to hours. We found that CTX-M 
enzymes possess a rigid scaffold, as revealed by the fast 
backbone dynamics studies. This scaffold enables the accu
mulation of destabilizing mutations that enhance the cata
lytic activity against ceftazidime. Mutations V231A and 
D240G increase the slow dynamics in a slow timescale, 
with a large epistatic interaction that results in an overall 
increase in the dynamics of different active-site loops, in
cluding the Ω-loop, and also affects the positioning of 
catalytic residues, such as K73 and E166. We conclude 
that the interplay of these two mutations in CTX-M-16 in
creases the protein dynamics at the αβ domain, impacting 
the augmented exposure of buried protein regions in 
CTX-M-14. In other words, this reveals how evolution 
can tune the population of alternative conformations, re
sulting in improved fitness.

Results
The Two Mutations Show Positive Epistasis
All four CTX-M variants were purified with high yields 
(250 mgCTX-M/Lculture). The double mutant (CTX-M-16) 
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showed some precipitation at pH 8 or temperatures higher 
than 30 °C, in contrast to the high stability of the other 
three CTX-M enzymes under these conditions over long 
periods. We first replicated the kinetic analysis of the 
four CTX-M variants from refs (Chen et al. 2005; Patel 
et al. 2018) for cefotaxime, ceftazidime, and the first- 
generation cephalosporin cephalothin (fig. 3 and 
supplementary table S1, Supplementary Material online). 
The stability issues of CTX-M-16 did not compromise its 
kinetic characterization. Unfortunately, the high KM values 
observed in all cases for ceftazidime hydrolysis precluded 
the determination of the individual kinetic parameters, 
as already discussed in the literature (Patel et al. 2018).

In line with previous reports, none of the mutations had 
a significant impact on the catalytic efficiency against cefo
taxime and cephalothin, which are already good substrates 
of CTX-M-14 (fig. 3 and supplementary table S1, 
Supplementary Material online). The impact of these mu
tations is evident in the ceftazidimase activity, which is 
15-fold increase in CTX-M-16 with respect to CTX-M-14. 
The single mutations had different effects on the activity 
against this substrate: mutation V231A (in CTX-M-9) did 
not induce significant changes in the kinetic parameters, 
while D240G (in CTX-M-27) increased the activity 5-fold. 
Figure 3 clearly shows a positive epistatic effect between 
these two mutations, since when V231A is added in the 
background of CTX-M-27, it results in a 3-fold increase 
in the ceftazidimase activity, in agreement with previous 
experiments (Chen et al. 2005).

Backbone Resonance Assignments
We recorded the 15N-1H HSQC spectrum of each CTX-M 
variant. The spectra of all variants showed an excellent 
cross-peak dispersion and intensity, notwithstanding the 
molecular mass of these proteins (28 kDa). Their signal dis
persion revealed that all variants were properly folded 
(supplementary fig. S2, Supplementary Material online), al
lowing us to rule out the presence of unfolded or mis
folded forms.

A comparison of the different spectra showed that those 
of CTX-M-14 and CTX-M-16 present the largest differences 
(supplementary fig. S3, Supplementary Material online). 
The backbone resonances of these two variants were as
signed based on standard triple resonance experiments. 
Among the 251 nonproline residues of the CTX-M variants, 

241 resonances were unambiguously assigned in CTX-M-14 
(96%) and 244 (97%) in CTX-M-16 (supplementary tables 
S2 and S3, Supplementary Material online, respectively). 
The missing residues in both variants are M68 to T71, 
D163, I221, and S237. In addition, in CTX-M-14, residues 
L44 and active-site residues S72 and K73 remained un
assigned. In contrast, S72 and K73 showed sharp reso
nances in CTX-M-16. Most of these residues are located 
near the active site or in solvent-exposed regions. The 
cross-peak of the catalytically essential S70 is also missing 
in the HSQC spectra of the class A SBLs Toho-1 (Sakhrani 
et al. 2021), TEM-1 (Savard and Gagné 2006), PSE-4 
(Morin and Gagné 2009), and KPC-2 (VanPelt et al. 
2019), suggesting that it is under conformational exchange. 
Finally, the HN and NH amide assignments from the 
CTX-M-14 spectrum were adapted to the HSQC of 
CTX-M-27 based on their high similarities 
(supplementary fig. S3 and table S4, Supplementary 
Material online), and those of CTX-M-16 were extrapo
lated to the chemical shifts of CTX-M-9 (supplementary 
fig. S3 and table S4, Supplementary Material online).

A secondary structure prediction using TALOS+ (Shen 
et al. 2009) was consistent with the crystal structures, re
vealing 11 α helices and 5 β strands (supplementary fig. 
S4, Supplementary Material online). Small differences 
were observed on residues 159–164 located in the 
Ω-loop. Their chemical shifts in CTX-M-14 are closer to 
those corresponding to a β strand, while in CTX-M-16, 
they display values attributable to a loop. Other small dif
ferences are located near the mutated sites.

The Point Mutations Induce Local Chemical Shift 
Perturbations
Substitutions D240G and V231A on CTX-M-14 elicited dis
tinct chemical shift perturbations (CSPs) on the HSQC 
spectra (fig. 4 and supplementary fig. S5, Supplementary 
Material online). V231A perturbed 24 cross-peaks from re
sidues located in the αβ domain, in particular resonances 
from residues located in strands β3 and β5, and in two 
loops: one connecting helix α9 and strand β3, and the 
loop connecting strands β4 and β5 (fig. 4). The D240G sub
stitution induced small perturbations in 15 cross-peaks 
corresponding to residues from the 240- and 270-loops, 
and the resonances of T165-R178, located in the Ω-loop 
(fig. 4). Finally, the 45 perturbations in CTX-M-16 

FIG. 1. Chemical structure 
of cefotaxime and ceftazidime. 
The R1 (at the left) and the 
R2 (at the right) chains are 
highlighted. 
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correspond to the additive contributions of the two sub
stitutions observed in the simple mutants (fig. 4).

Fast Backbone Dynamics Is Not Affected by the 
Mutations
To investigate the impact of substitutions V231A and 
D240G on the dynamics of the CTX-M-14 scaffold, longitu
dinal (R1) and transverse (R2) 15N relaxation rates and 
1H–15N-NOE were measured. From these measurements, 
we calculated the S2 parameter using the Lipari–Szabo 
formalism to obtain information on the backbone 
dynamics in the picosecond to nanosecond timescale 
(supplementary tables S5 and S6, Supplementary 
Material online).

The four β-lactamases displayed similar profiles 
(supplementary fig. S6, Supplementary Material online) 
and average relaxation parameters (R1 ∼ 0.70 s−1; R2 ∼ 
25 s−1; 1H–15N NOE ∼ 0.8; S2 ∼ 0.9; supplementary table 
S7, Supplementary Material online). The calculated 
correlation time of ∼19.2 ns is consistent with a molecular 
weight of 28 kDa, allowing us to disregard the formation of 
dimeric species (supplementary table S7, Supplementary 
Material online). These data indicate that all variants are 

highly ordered and rigid, displaying few residues with 
low amplitude motions in the picosecond to nanosecond 
timescale.

Intermediate-range Dynamics Are Preserved Upon 
the Mutations
We next explored if the substitutions on CTX-M-14 im
pacted the dynamics in the microsecond to millisecond 
timescale. For this aim, the effective transverse relaxation 
rates (R2, eff) were measured by means of CW-CPMG ex
periments. These experiments are challenging due to the 
molecular weight of CTX-M enzymes and the low-stability 
issues of CTX-M-16 that precluded recording spectra at 
temperatures higher than 25 °C and over long periods. 
Thus, CPMG experiments were performed on CTX-M-14 
and CTX-M-16 at 20, 15, and 7 °C. Most residues displayed 
flat relaxation dispersion profiles, and only a few of them 
revealed the presence of fast-intermediate conformational 
exchange, that cannot be correlated to the introduced 
mutations (supplementary fig. S7, Supplementary 
Material online). In order to cover a wider range of time
scales, we performed 15N CEST experiments acquired at 
7°C (data not shown). We did not observe significant 

FIG. 2. CTX-M structure. (A) 
The Ω-loop (Ω-L), β3 strand, 
105-loop (105-L), 240-loop 
(240-L), 270-loop (270-L) and 
SDN-loop (SDN-L) are high
lighted. S70 (spheres or 
sticks, yellow), E166 (spheres or 
sticks, orange), and the substitu
tion sites: V231A (spheres or 
sticks, cyan) and D240G 
(spheres or sticks, blue) are 
also shown (PDB 1ylt). (B) 
Surface representation of 
CTX-M enzymes. The color cod
ing is the same used in (A) (PDB 
4pm5).

FIG. 3. Catalytic efficiencies for cephalosporins. kcat/KM for cefotaxime (left), cephalothin (middle), and ceftazidime (right) of CTX-M-14, 
CTX-M-9, CTX-M-27, and CTX-M-16. Units of kcat/KM are μM−1 s−1.
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dynamics within the CEST timescales (slow exchange re
gime). However, the poor signal-to-noise ratio of the 
CEST profiles for the low intense resonances (due to the 
size of the proteins) may preclude the detection of some 
dynamics, and CEST was uninformative for these residues. 
We can therefore discard the presence of relevant dynam
ics in the microsecond to millisecond timescale induced by 
these mutations.

Slow Dynamics Is Tuned by the Mutations in a 
Context-dependent Manner
Finally, we interrogated the protein dynamics in the milli
second to hour timescale by H/D exchange experiments 
(supplementary table S8, Supplementary Material online). 
We classified the H/D exchange regimes into three cat
egories: fast (full exchange observed in <20 min), slow (ex
change time between 20 min and 10 h), and no exchange 
(exchange times longer than 10 h). These results are sum
marized in figures 5, 6, and supplementary figure S8, 
Supplementary Material online.

In CTX-M-14, 36 residues showed fast exchange, all of 
them corresponding to solvent-exposed residues or resi
dues located in loops (fig. 5 and supplementary fig. S8
and table S8, Supplementary Material online). Forty-nine 
residues exchanged in the slow regime, most of them lo
cated around the active site, on 105-loop, and in strand 
β3 (fig. 6 and supplementary fig. S8 and table S8, 
Supplementary Material online). None of the 129 residues 
located in the main α helixes and the β strands (except for 
β3) showed any exchange after 10 h (fig. 6 and 
supplementary fig. S8 and table S8, Supplementary 
Material online).

Both single mutants, CTX-M-9 and CTX-M-27, showed 
a significant increase in the number of signals under fast 

exchange compared with CTX-M-14, with 60 and 54 
fast-exchanging residues, respectively (fig. 5 and 
supplementary fig. S8 and table S8, Supplementary 
Material online). On the other hand, these variants pre
sented 46 (CTX-M-9) and 38 (CTX-M-27) residues in 
slow exchange (fig. 6 and supplementary fig. S8 and table 
S8, Supplementary Material online). In both cases, the mu
tations had a local effect, impacting on their immediate 
environment. The V231A substitution in CTX-M-9 im
pacted the exchange rates of six residues downstream 
from position 231 in the strand β3 and in the sequence 
stretch between the α9 helix and β3 strand, which con
nects the α and αβ domains (fig. 5). In the case of 
CTX-M-27, the D240G mutation showed faster exchange 
rates in the loop connecting α9 and β3, in a few residues 
at the C-terminus of the β3 strand, and in residues from 
the 270-loop (fig. 5).

The number of resonances with an enhanced exchange 
regime was significantly higher (103 residues) in the dou
ble mutant CTX-M-16 (fig. 5 and supplementary fig. S8
and table S8, Supplementary Material online). A simple in
spection of the distribution of these residues in the protein 
structure reveals that the fast-exchanging residues in 
CTX-M-16 are much more than those expected based 
on a simple additive effect of the single mutants. All resi
dues in the β3 strand spanning from positions 231 to 
240, extending to the 240-loop and the N-terminus of 
the adjacent β4 strand were found to experience fast 
exchange. In addition, an increased exchange rate was 
detected in the different loops surrounding the active 
site: the 105-, SDN-, Ω-, and the 240-loop (fig. 5). 
Interestingly, the catalytic residue E166 was also in a fast 
exchange regime in CTX-M-16, in contrast with the lack 
of exchange in the other three variants (supplementary 
table S8, Supplementary Material online). Finally, 44 

FIG. 4. Chemical shift perturba
tions. CSPs larger than 0.07 
with respect to CTX-M-14 are 
mapped on the structures of 
CTX-M-9 (PDB 1ylj), 
CTX-M-27 (PDB 1ylp), and 
CTX-M-16 (PDB 1ylw). 
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residues experienced a slow H/D exchange (fig. 6 and 
supplementary fig. S8 and table S8, Supplementary 
Material online), while 62 amide groups buried in the 
CTX-M structure do not exchange at all (fig. 6 and 
supplementary fig. S8 and table S8, Supplementary 
Material online).

In summary, the mutations at the termini of the β3 
strand that expand the substrate spectrum of CTX-M en
zymes strongly affected slow dynamics, and the extent of 
the impact of these mutations depends on the context, 
as observed for the ceftazidimase activity.

Discussion
In this work, we provide direct evidence of the role of pro
tein dynamics in a slow exchange regime in one evolution
ary pathway of the CTX-M β-lactamases that involves the 
substitution D240G, identified as a key step in the diversi
fication of this family of enzymes (Novais et al. 2010).

By resorting to NMR spectroscopy, we have analyzed 
the dynamics on timescales ranging from picoseconds to 
hours of the parental enzyme CTX-M-14, the single mu
tants CTX-M-27 and CTX-M-9, and the double mutant 
CTX-M-16. Each substitution gave rise to CSPs on residues 
located mostly near each mutated site. The observed CSPs 
in the double mutant CTX-M-16 were additive (fig. 4 and 
supplementary fig. S5, Supplementary Material online), in 
contrast to the epistatic interaction between the two mu
tations observed in the catalytic efficiency. We therefore 
did not consider the CSPs for the analysis.

The scaffold of the CTX-M variants studied here is rigid, 
as revealed by the picosecond to nanosecond dynamics. 
The four variants showed limited dynamics, even at the 
Ω-loop (supplementary fig. S6, Supplementary Material

online). These results and the calculated S2 values are in 
agreement with similar NMR experiments in other class 
A β-lactamases such as Toho-1 (Sakhrani et al. 2021), 
TEM-1 (Savard and Gagné 2006), PSE-4 (Morin and 
Gagné 2009), and BlaC (Elings et al. 2020), and in chimeric 
variants inspired by TEM-1 and PSE-4 (Gobeil et al. 2019). 
Despite these β-lactamases sharing <40% of sequence 
identity and displaying different substrate profiles, the ri
gidity of the fold of class A β-lactamases seems to be con
served in enzymes that are currently undergoing different 
evolutionary strategies.

The key differences in dynamics were revealed by the H/ 
D exchange experiments, which provide information 
regarding slow backbone dynamics (figs. 5, 6 and 
supplementary fig. S8, Supplementary Material online). 
Since these experiments are sampling a slow dynamic 
range, we restricted our analysis to the exchange phenom
ena detected at the first HSQC spectra (i.e., the shorter time 
frame detected by this experiment). The main impact of 
the mutations is located at the β3 strand (CTX-M-9) and 
in the 270-loop (CTX-M-27). NMR confirms that the intro
duction of Gly residues (such as in D240G) increases the dy
namics of this strand. Ibuka and coworkers early suggested 
that the presence of several glycine residues in ESBLs con
fers flexibility to the β3 strand (Ibuka et al. 1999), which 
provides one of the active-site walls. The sequence of this 
strand in CTX-M-14 is T230VG232DKTG236SG238D240. In 
this stretch, residue G236 is present in all class A 
β-lactamases, while G232 is present only in ESBLs 
(Ambler et al. 1991). Along these lines, Bonnet et al. 
(2003) suggested that the D240G mutation would further 
increase this flexibility. This hypothesis was supported by 
an analysis of high-resolution crystal structures of 
CTX-M-14, and the single mutants CTX-M-27 and 

FIG. 5. Residues in H/D fast ex
change regimen (<20 min) in 
(A) CTX-M-14 (PDBs 1ylt), (B) 
CTX-M-9 (PDB 1ylj), (C) 
CTX-M-27 (PDB 1ylp), and (D) 
CTX-M-16 (PDB 1ylw) are 
mapped in their crystal struc
ture. Unassigned residues are in
dicated in black.
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CTX-M-9 by Shoichet and coworkers. In this seminal work, 
changes in the thermal anisotropic parameters suggested a 
concerted movement of the β3 strand elicited by the 
D240G mutation (Chen et al. 2005). However, this analysis 
cannot explain the increase of ceftazidime hydrolysis in 
CTX-M-16 induced by the V231A substitution (fig. 3).

This NMR study provides several unexpected findings that 
help understanding the impact of these mutations in the gain 
of ceftazidimase activity. The V231A mutation alters the dy
namics in protein regions that do not interact directly with 
the substrate, in contrast to D240G. This accounts for the 
lack of improvement of activity against ceftazidime in 
CTX-M-9 versus CTX-M-27 (fig. 3). Only the combination 
of the two mutations results in increased dynamics of the en
tire β3 strand. In this regard, when mutation V231A is added 
after D240G to give rise to CTX-M-16, it results in a much lar
ger enhancement of the exchange rates, revealing that the 
epistatic effect observed in the catalytic activity is due to 
the synergistic interaction between these mutations reflected 
in the backbone dynamics.

Many other residues show altered dynamics only in the 
double mutant, that is, the epistatic interaction is not lim
ited to effects in the strand β3. First, residue E166, acting as 
a general base in the catalytic mechanism (Banerjee et al. 
1998; Palzkill 2018; Tooke et al. 2019), only showed fast 
H/D exchange in the double mutant CTX-M-16. Studies 
on different SBLs have shown that the conformation of 
E166 is tuned by different active-site mutations (Banerjee 
et al. 1998; Palzkill 2018; Brown et al. 2020; Tooke et al. 
2021). Mutations in position 240 are responsible for this 

effect when combined with other substitutions mostly lo
cated in the active-site loops (supplementary fig. S9, 
Supplementary Material online, cf. in CTX-M-27, KPC-2, 
and KPC-4) (Brown et al. 2020; Tooke et al. 2021). We pro
pose that changes in the β3 strand induced by the syner
gistic interaction of the substitutions in positions 231 and 
240 result in an orientation of E166 favoring ceftazidime 
hydrolysis.

Second, the signal corresponding to residue K73 could not 
be assigned in CTX-M-14, 9, and 27. This residue is involved in 
the acylation step and makes hydrogen bonding interactions 
with the catalytic S70 and key water molecules in the active 
site (Nichols et al. 2015; Palzkill 2018; Tooke et al. 2019; 
Pemberton et al. 2020). The absence of this resonance can 
be accounted for by assuming that K73 is undergoing dynam
ics in an intermediate timescale, in agreement with the two 
conformations reported in the crystal structures of 
CTX-M-9 and CTX-M-14. In the double-mutant CTX-M-16, 
K73 was observed as a single, sharp line, revealing that its dy
namics is modified when the two mutations are present. This 
can be interpreted by assuming that: (1) K73 is adopting a sin
gle conformation, more favorable for ceftazidime hydrolysis 
or (2) K73 is under a more rapid exchange between two con
formations, lowering the energetic barrier to access the con
formation favoring ceftazidime hydrolysis.

Third, CTX-M-16 also exhibited increased dynamics in the 
active-site loops: 105-, SDN-, 240-, 270-, and Ω-loop. Fourth, 
we observed increased dynamics in the loop connecting helix 
α9 and strand β3 that links the α and the αβ domains. In sum
mary, the slow dynamics elicited by the two mutations in the 

FIG. 6. Slow dynamics on CTX-M 
enzymes. Residues in fast, slow, 
and no exchange regimen in 
(A) CTX-M-14 (PDBs 1ylt), (B) 
CTX-M-9 (PDB 1ylj), (C) 
CTX-M-27 (PDB 1ylp), and 
(D) CTX-M-16 (PDB 1ylw) are 
mapped on to their crystal 
structure. Unassigned residues 
are indicated in black. 
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β3 strand is transmitted to essential active site residues (E166 
and K73) and all active-site loops.

We interpret that this effect is due to a breathing mech
anism of the enzyme that partially exposes the β3 strand to 
the solvent, as revealed by the H/D exchange rates in the 
double mutant. This agrees with the tradeoff between ac
tivity and stability proposed by Shoichet (Chen et al. 2005) 
and Palzkill (Patel et al. 2015, 2018; Brown et al. 2020), who 
showed that these substitutions decrease the thermo
dynamic stability. We propose that the reduced stability 
of the double variant in solution is due to this breathing 
mechanism that transiently exposes hydrophobic regions 
(supplementary fig. S10, Supplementary Material online), 
leading to partial precipitation. This can be directly attrib
uted to the increased dynamics in the loop connecting the 
α and αβ domains that may lead transiently to a more 
open active site that can better recognize ceftazidime. 
Although it is tempting to speculate that this may be 
due to a larger population containing the cryptic pocket 
identified in CTX-M-9 (Porter et al. 2019), our results do 
not provide a direct link with the findings from the 
Bowman group, which may correspond to a different time
scale, but do support the concept of a functional role for 
the cryptic sites. Despite the sampled timescale observed 
may be considered slow, the nonadditivity of this effect 
correlates with the epistatic interaction between the mu
tations that results in an enhanced activity against ceftazi
dime. In the case of Metallo-β-lactamases, loop dynamics 
in a faster timescale [revealed by relaxation dispersion ex
periments (González et al. 2016)] was correlated with an 
expansion of the substrate profile. However, an increase 
in loop dynamics is less challenging for the protein fold 
than the breathing mechanism herein proposed, and a 
slower timescale is consistent with this mechanism.

A rational redesign of the β-lactamase TEM aimed at in
creasing the population of a cryptic site led to an increase in 
the penicillinase activity of this protein, compromising the 
activity against cefotaxime (Knoverek et al. 2021). This ac
tivity tradeoff between penicillin and cefotaxime hydrolysis 
has been linked to the population of the cryptic site of TEM 
enzymes (Hart et al. 2016). This tradeoff has not been re
ported for CTX-M β-lactamases (Bonnet 2004; Palzkill 
2018), suggesting that similar folds may have different cryp
tic sites, a hypothesis that deserves further analysis.

Our current results uncover the presence of a dynamic 
network in the CTX-M fold that is exploited in evolution 
by augmenting the backbone dynamics based on a few 
key mutations, even far from the active site. This contrasts 
with the dynamic studies of other SBLs such as TEM, PSE 
(Gobeil et al. 2019), and KPC variants (Galdadas et al. 
2021). Epistatic interactions in the metallo-β-lactamase 
BcII occurred by changes in the hydrogen bonding interac
tions of second sphere residues that increased the dynam
ics of the active-site loops in the microsecond to 
millisecond timescale (González et al. 2016). In this case, 
we observe a subtle change in a buried β strand that is 
transmitted to the whole protein structure and is opera
tive in a slower timescale. Overall, these results highlight 

the relevance of epistatic interactions in protein evolution 
and their direct link with protein dynamics. Finally, this 
study strongly supports the role of alternative conforma
tions and cryptic pockets in protein evolution.

Materials and Methods
Numbering Scheme
Residues are numbered according to the SBLs standard 
numbering scheme (Ambler et al. 1991).

Bacterial Strains and Plasmids
Escherichia coli DH5α was used for cloning and E. coli 
BL21(DE3) for protein expression and purification. 
CTX-M (residues 25–290) genes were inserted into the 
pET28b+(TEV) plasmid (with the TEV cleavage site instead 
of thrombin) (Kapust et al. 2001; Houben et al. 2007) and 
the resulting plasmids were used for protein expression.

Site-directed Mutagenesis
All CTX-M variants were constructed by site-directed mu
tagenesis. The primers, (Genbiotech, Argentina) listed in 
supplementary table S9, Supplementary Material online, 
were used to introduce the desired mutations into the 
pTP123-CTXM14 (Patel et al. 2015) plasmid using Pfx 
Platinum DNA polymerase (Invitrogen, USA). All con
structs were verified by DNA sequencing (University of 
Maine DNA Sequencing Facility, USA). Then, the coding 
regions for residues 25–290 (no signal peptide) were 
PCR-amplified with Taq polymerase (Invitrogen, USA) 
and the primers (Genbiotech, Argentina) listed in 
supplementary table S9, Supplementary Material online. 
The amplicons were digested with NdeI and XhoI 
(Invitrogen, USA) and ligated in the pET28b+(TEV) plas
mid, that had been digested with the same enzymes. The 
gene sequences were verified with DNA sequencing.

Protein Expression and Purification
Escherichia coli BL21(DE3) cells were transformed with the 
different expression plasmids [pET28b+(TEV)-CTX-M-14, 
-9, -27, or -16]. They were then inoculated in minimal me
dium M9 supplemented with 50 µg/ml kanamycin and 
were grown to OD600nm ∼ 0.6. For the NMR experiments, 
the medium was supplemented with the isotopes: 13C 
and/or 15N (Cambridge Isotope Laboratories, USA). 
Protein expression was induced with 200 μM IPTG and 
the cultures were incubated overnight at 20°C under gen
tle agitation. The cells were collected by centrifugation and 
disrupted by sonication in buffer A (50 mM Tris–HCl pH 8, 
200 mM NaCl) supplemented with 10 μg/ml DNAse, 
4 mM MgCl2, and 2 mM PMSF. The insoluble fractions 
were removed by centrifugation. The crude extracts were 
loaded in Ni-sepharose columns equilibrated with Buffer 
A and then washed with Buffer A supplemented with 
4% imidazole. The fused proteins were eluted with a linear 
gradient (100 ml, Buffer A supplemented with 4–100% 
500 mM imidazole). His6-CTX-M-14, −9, or −27 were 
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dialyzed against Buffer A for 16 h to eliminate the imid
azole. His6-CTX-M-16 was loaded in a desalting column 
(Sephadex G-25 Fine resin) equilibrated with 50 mM 
Tris–HCl pH 7.5, 200 mM NaCl, and stored overnight. 
The His6-tags of all CTX-M enzymes were cleaved with 
TEV protease (1:75 TEV:His6-CTX-M) for 2 h at 25°C. 
CTX-M-16 was then loaded in a desalting column equili
brated with Buffer A. To separate the cleaved His6-tags 
from the β-lactamases, the samples were loaded again in 
Ni-Sepharose columns and CTX-M enzymes were col
lected in the flow-through with a purity >95%, as deter
mined by SDS–PAGE. The concentration of the protein 
samples was determined from the absorbance at 280 nm 
using a molar absorption coefficient (ϵ280) of 
24,000 M−1 c/m. The four variants were purified with a 
similar average yield of 250 mgCTX-M/Lculture and the ex
pected molecular weight of 28 kDa.

Enzyme Kinetics
The steady-state Michaelis–Menten kinetic parameters were 
determined to follow β-lactam antibiotic hydrolysis by 
CTX-M enzymes using a Jasco V-670 spectrophotometer. 
The substrates were monitored at 260 nm with 
the following molar absorption coefficient: cefotaxime Δϵ262 

= −7250 M−1 c/m, ceftazidime, Δɛ256 = −7600 M−1 c/m, 
and cephalothin Δϵ262 = −7660 M−1 c/m. The CTX-M con
centration used was dependent on the enzyme:substrate 
pair: 2 nM (CTX-M-14, -9, -27, and -16 and cefotaxime), 
1 nM (CTX-M-14, -9, -27, and -16 and cephalothin), 1 μM 
(CTX-M-14 and CTX-M-9 and ceftazidime), 300 nM 
(CTX-M-27 and ceftazidime), and 40 nM (CTX-M-16 and cef
tazidime). Reactions were performed in 50 mM sodium phos
phate pH 7.0 and 0.1 mg/ml BSA. Initial velocity reaction rates 
were obtained for different substrate concentrations and fit
ted using GraphPad Prism 5 to obtain the steady-state para
meters. Ceftazidime hydrolysis could not be saturated by 
measurable concentrations due to the high Km, so the 
second-order rate constant at steady-state, kcat/Km, was deter
mined by fitting the progress curves to the equation v = kcat/ 
Km[E][S].

NMR Samples, Data Acquisition and Processing
All experiments were acquired with TopSpin 3.5 (Bruker) and 
standard techniques. The buffer was 100 mM MES pH 6.4, 200 
mM NaCl, and 10% D2O. All the programs were provided by 
the NMRbox platform (Maciejewski et al. 2017).

Backbone Resonance Assignment
The Cα, Cβ, CO, HN, and NH chemical shifts for CTX-M-14 
and CTX-M-16 were assigned using the following experi
ments: 1H–15N HSQC and the three-dimensional spectra: 
HNCA, HN(CO)CA, HNCO, HN(CA)CO, CBCA(CO)NH, 
and HNCACB (Gardner and Kay 1998). The spectra 
were acquired at 20 °C on 1 mM samples at a magnetic 
field of 700 MHz [Bruker Avance III spectrometer 
equipped with a triple resonance inverse (TXI) probe
head]. All spectra were analyzed with CARA (Keller 

2004). The CTX-M secondary structure was predicted 
with TALOS+ (Shen et al. 2009) and the chemical shift 
perturbations (CSPs) for 15N-1H resonances were calcu
lated [CSPNH = (ΔδH

2 + (ΔδN/5)2)1/2].

Relaxation Experiments in Picosecond–Nanosecond 
TimeScale
In proteins, the fast dynamic motions arise in the picosecond 
to nanosecond timescale. A complete set of experiments was 
measured with 700 μM samples of CTX-M-14, -9, -27, and -16. 
It includes inversion recovery experiments (for R1 determin
ation rates), Carr–Purcell–Meiboom–Gill (CPMG) (for R2 de
termination rates), and the 1H–15N nuclear overhauser 
effects (NOE) using standard pulse schemes. All experiments 
were carried out at 20 °C and 700 MHz (Bruker Avance III 
Spectrometer equipped with a triple resonance inverse 
[TXI] probe head) and were acquired in an interleaved 3D ex
periment. The Data Analysis routine of CCPN (Vranken et al. 
2005) was used for the analysis. For R1 determination, the re
laxation delays for inversion recovery were: 100, 200, 400, 600, 
800, 1000, 1300, 1600, and 2000 ms with a recycling delay of 
3 s. For R2 measurements, the CPMG delays were: 16.96, 
33.92, 50.88, 67.84, 84.80, 101.76, 118.72, and 135.68 ms 
with a recycling delay of 3 s. For 1H–15N NOE experiments, 
the recycling delay was 5 s.

The relaxation data of the four enzymes were analyzed 
using the model-free approach introduced by Lipari and 
Szabo (1982a, 1982b). It provides information about the 
global tumbling, characterized by the global correlation 
time (τc), and local motions that are described by the order 
parameter (S2). Tensor 2.0 (Dosset et al. 2000) software 
was used with an anisotropic diffusion model and the fol
lowing PDB files: CTX-M-14: 1ylt, CTX-M-9: 1ylt, 
CTX-M-27: 1ylt, and CTX-M-16:1ylw.

Relaxation Dispersion Experiments
15N CPMG relaxation dispersion experiments were ac
quired on 1 mM samples of CTX-M-14 and CTX-M-16 at 
7, 15, and 20 °C and 600 and 800 MHz using a decoupling 
continuous wave (CW) during the CPMG pulse train 
(Hansen et al. 2008). A constant relaxation time (Trelax) 
of 30 ms and a CPMG frequency (νCPMG) = 1/(2τ) between 
25 and 1000 Hz were used, where τ is the separation time 
of two consecutive 180° refocusing pulses of the 15N 
CPMG pulse train. Spectra were transformed using the 
NMRpipe (Delaglio et al. 1995) program.

The relaxation dispersion profiles [R2, eff (νCPMG)] were 
calculated from the intensity of the peaks (I ) in a series 
of 1H–15N correlation spectra at different νCPMG. The in
tensities were adjusted to the equation: R2, eff(νCPMG) = 
−1/Trelaxln(I/I0), where the intensity of the signal (I) and 
(I0) corresponds to the spectrum using a Trelax of 30 and 
0 ms, respectively.

CEST Experiments
CEST experiments (Vallurupalli et al. 2012) were per
formed with CTX-M-14 and CTX-M-16 on 1 mM samples 
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at 7 °C and 21.1 T. The acquired data comprised a series of 
2D spectra with 15N offsets ranging between 98.0 and 
136.5 ppm obtained in increments of 0.5 ppm. The satur
ation B1 field was 25 Hz with an exchange time of 400 ms. 
The HSQC spectra were acquired with 1024 × 150 complex 
points (t1, t2) and a relaxation delay between scans of 
1.55 s. We used a 3.67 kHz 1H decoupling field.

Proton–Deuterium Amide Exchange
CTX-M samples at 700 µM were lyophilized and then dis
solved in 99.8% D2O (Cambridge Isotope Laboratories, 
USA). Then, a series of 1H–15N HSQC spectra were ac
quired in tandem for 48 h at 700 MHz. The disappearance 
of each cross-peak due to the proton/deuterium exchange 
was analyzed by quantitating the intensity in spectra re
corded at 20, 40, 60 min, 5, 7.5, 10, 15, 20, 25, 30, and 
40 h. The exchange rates were classified into three categor
ies: fast (<20 min), slow (between 40 min and 10 h), and 
no exchange (>10 h).

Supplementary Material
Supplementary data are available at Molecular Biology and 
Evolution online.
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