
Two b-Lactamase Variants with Reduced Clavulanic Acid
Inhibition Display Different Millisecond Dynamics

Wouter Elings,a Aleksandra Chikunova,a Danny B. van Zanten,a Ralphe Drenth,a Misbha Ud Din Ahmad,b,c Anneloes J. Blok,a

Monika Timmer,a Anastassis Perrakis,b,c Marcellus Ubbinka

aLeiden Institute of Chemistry, Leiden University, Leiden, The Netherlands
bDivision of Biochemistry, the Netherlands Cancer Institute, Amsterdam, The Netherlands
cOncode Institute, Amsterdam, The Netherlands

ABSTRACT The b-lactamase of Mycobacterium tuberculosis, BlaC, is susceptible to
inhibition by clavulanic acid. The ability of this enzyme to escape inhibition through
mutation was probed using error-prone PCR combined with functional screening in
Escherichia coli. The variant that was found to confer the most inhibitor resistance,
K234R, as well as variant G132N that was found previously were characterized using
X-ray crystallography and nuclear magnetic resonance (NMR) relaxation experiments
to probe structural and dynamic properties. The G132N mutant exists in solution in
two almost equally populated conformations that exchange with a rate of ca. 88 s21.
The conformational change affects a broad region of the enzyme. The crystal struc-
ture reveals that the Asn132 side chain forces the peptide bond between Ser104
and Ile105 in a cis-conformation. The crystal structure suggests multiple conforma-
tions for several side chains (e.g., Ser104 and Ser130) and a short loop (positions 214
to 216). In the K234R mutant, the active-site dynamics are significantly diminished
with respect to the wild-type enzyme. These results show that multiple evolutionary
routes are available to increase inhibitor resistance in BlaC and that active-site dy-
namics on the millisecond time scale are not required for catalytic function.
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Chemical reactions are catalyzed by enzymes through stabilization of the transition
state, by arranging functional groups in the active site in precise orientations with

respect to the substrate. Some enzymes have broad substrate profiles, catalyzing reac-
tions with a variety of substrates. As different substrates can have different transition
states, such enzymes must have some degree of flexibility in the active site. Furthermore,
in some cases, a single-amino-acid mutation can have a profound effect on function,
switching the specificity of an enzyme from one substrate to another (e.g., see references
1–3). Conformational dynamics are required for protein evolution, as flexibility allows
promiscuity and adaptation by single-amino-acid substitutions (4–9). We have recently
characterized the dynamic behavior of the b-lactamase of Mycobacterium tuberculosis,
BlaC (Fig. 1), and shown that this enzyme indeed features pronounced millisecond dynam-
ics around its active site (10). It can be hypothesized that apart from allowing the enzyme
to hydrolyze its extraordinarily broad spectrum of substrates, this flexibility may aid the
enzyme to evolve more readily to gain new functionalities. Evolutionary constraints of BlaC
include factors such as efficient folding and export, stability at 37°C, and the ability to break
down a wide range of b-lactams. Such environmental constraints may change over time,
requiring the protein to adapt. With the increasing clinical use of b-lactam/b-lactamase in-
hibitor combinations for the treatment of tuberculosis, the extent to which BlaC is able to
adapt to evade inhibition will become especially interesting. Two single-amino-acid variants
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of BlaC that exhibit reduced inhibition by the clinically most used b-lactamase inhibitor, clav-
ulanic acid, are the subject of this work.

One of the most conserved motifs in class A b-lactamase active sites is the serine-
aspartate-asparagine (SDN) motif at Ambler positions 130 to 132. In BlaC, however, the
asparagine at position 132 is replaced by a glycine. This substitution effectively
removes a side chain with an amide functional group from the active-site pocket,
resulting in an enlarged active site in BlaC. This wide active site has been suggested to
be important for the broad substrate profile of BlaC. Specifically, substituents at the R6

position of carbapenem could be accommodated by this substitution (11). Soroka et al.
investigated the effect of a G132N mutation in BlaC (3, 12). The impact of the substitu-
tion on the hydrolysis rate differs per substrate. In BlaC, G132N increases the hydrolysis
rate of nitrocefin, imipenem, and aztreonam while decreasing that of cefoxitin and ceftazi-
dime. Interestingly, however, this single mutation was found to enable BlaC to hydrolyze
clavulanic acid while simultaneously increasing the efficiency of inhibition by another in-
hibitor, avibactam. For BlaC G132N and the wild type (wt), the same adduct masses were
observed upon reaction with clavulanate, so the increased turnover rate in the former
must represent either impaired tautomerization or increased hydrolysis of the tautomers.
Analogously, in the class A b-lactamases KPC-2, CTX-M-1, and BlaMab, which have an Asn
residue in this position, the mutation to Gly leads to a reduced affinity for avibactam and
increased stability of acyl-enzyme complex with clavulanate (3, 12, 13). On the other hand,
inhibition by clavulanate has been reported for many SDN-containing b-lactamases
(14–16), so the effect of this substitution appears to be context specific. Multiple mycobacterial
b-lactamases occur in both groups.

Another conserved motif in class A b-lactamase active sites is the KTG motif at Ambler
positions 234 to 236 in the carboxylate-binding pocket. This motif occurs in almost all class A
b-lactamases, including BlaC, but not in the carbenicillin-hydrolyzing enzymes, where it is
replaced by an RTG motif. The amine of Lys234 is nested in the wall of the carboxylate-bind-
ing pocket, where its charge plays an important role in electrostatic interactions with the sub-
strate. Furthermore, mutational studies have shown that it is also involved in transition state
stabilization (17). The mutation K234R was found to increase resistance to clavulanic acid in

FIG 1 Structure of BlaC (chain A under PDB accession number 5NJ2 [26]). (a) BlaC in a cartoon representation, with several relevant residues in a stick
representation and the Ca of Gly132 in a magenta sphere representation. Domains, a-helices, b-strands, and the X-loop are indicated in black, while the
residues that were mutated in this study are indicated in red. (b) Detail of the active site showing both a stick representation and a transparent cartoon
representation. Several active-site residues and the conserved active-site water molecule are indicated, of which the main topics of this study, G132 and
K234, are in red. (Adapted from reference 10.)
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class A b-lactamases such as SHV-1 (18), SHV-72 (19), and SHV-84 (20), in most cases without
significantly decreasing catalytic activities against penicillins. Interestingly, in another class A
b-lactamase, KPC-2, the K234R mutation did not show enhanced resistance against inhibi-
tion by clavulanic acid, but it showed enhanced resistance against inhibition by avibactam
(21). Egesborg et al. found that this mutation also confers resistance to clavulanic acid in BlaC
(20). The resistance to inhibition by clavulanic acid was shown to increase further in BlaC by
combining K234R with the S130G or R220S mutation, although these mutations significantly
decrease the enzymatic activity. Here, we report a laboratory evolution experiment aimed at
finding mutants that have increased resistance against inhibition with clavulanic acid. The
most prominent one found was the previously reported K234R mutation. To understand the
effects of this mutation and G132N on the dynamics of the enzyme, nuclear magnetic reso-
nance (NMR) relaxation analysis was performed, and the structure of G132N BlaC was solved.
Remarkable changes in dynamics in comparison to the wt enzyme were observed. BlaC
G132N shows enhanced dynamics and occurs in two states that are nearly equally popu-
lated, whereas in BlaC K234R, the millisecond dynamics observed in the active site of wt BlaC
is lacking. Possible relationships between dynamics and function are discussed.

RESULTS

A library of BlaC mutants was generated, and approximately two million CFU were
screened for their ability to provide Escherichia coli with increased resistance to ampi-
cillin and clavulanic acid, relative to wt BlaC. Several mutants were found, most of
them carrying multiple mutations. To test if the increased resistance could be attrib-
uted to any single mutation, single-amino-acid mutants were prepared from those
mutants that conveyed the most resistance to E. coli. The most promising amino acid
mutations were I105V, D172N, H184R, R213S, and K234R. Mutations D172N, R213S, and
K234R were found together in one clone, as were H184R and K234R. I105V was found
in combination with D42G and R277C, which were not further tested as single mutants.
The mutation G132N was not found, perhaps because it requires at least two muta-
tions in the codon for G132 (GGC.AAC) and, thus, is less likely to occur. The corre-
sponding single-amino-acid mutant proteins, with the addition of the G132N mutant,
were produced and purified. Their respective abilities to resist inhibition by clavulanic
acid were characterized by measuring the onset of inhibition by 10mM clavulanic acid
(Fig. 2). The G132N and K234R mutations convey resistance to inhibition, maintaining
some level of activity even after prolonged exposure. The R213S mutant was found to
require more time than wt BlaC to reach full inhibition. It is not obvious why, as this
side chain is not located close to the active site but rather is located on the outside of
the protein, interacting mostly with the solvent. This mutant was not further

FIG 2 Inhibition curves. The product formation of nitrocefin hydrolysis in time in the presence of
clavulanic acid (10mM) is plotted for wild-type (WT) BlaC and single-amino-acid mutants. The product
is displayed as a fraction of the product that is converted by the BlaC variant in 900 s, in the absence
of an inhibitor.
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investigated. The effects of the I105V, D172N, and H184R mutations on inhibition were
not significant in this assay. The reason why I105V was found in our screen may be a
slightly increased ampicillinase activity due to a widening of the active site, as was dis-
cussed previously by Feiler et al. (22). The other mutations for which no effect on inhi-
bition was observed were found in combination with the K234R mutation. Their effects
may be epistatic or stability related, but the more obvious explanation would be that
the mutations are random, without any functional effect. These variants were not
investigated further.

As discussed above, the effects of K234R and G132N mutations in BlaC have been
identified by others, and these mutants have been characterized kinetically (3, 12, 20).
However, an understanding of how these mutations impact the protein structure and
dynamics is still lacking. Both of these mutations insert a relatively large functional
group in or near the active site, which will require an adaptation in the conformation
of nearby structural elements. To elucidate the effect of the mutations on the ground
state structure of BlaC, crystallization of the two purified mutant enzymes was
attempted. BlaC K234R did not yield any usable crystals despite several rounds of
buffer optimization and seeding. BlaC G132N gave crystals useful for X-ray diffraction,
resulting in a structure at a 1.6-Å resolution and Rwork/Rfree factor values of 15.5/18.8%
(see Table S2 in the supplemental material). The structure is overall similar to that of
wt BlaC, but notable differences exist (Fig. 3). The Asn side chain that is introduced at
position 132 occupies the canonical position for class A b-lactamases (e.g., in TEM-1
[23] and SHV-1 [24]). The oxygen of the side chain is hydrogen bonded (2.7 Å) with the
amide of Lys73. Strikingly, however, the nitrogen of the Asn132 side chain hydrogen
bonds (2.8 Å) to the carbonyl oxygen of residue Ser104. This bond flips the carbonyl of
Ser104 and forces it into a cis-peptide conformation. This is notable as this is the only
cis-peptide conformation in this position compared to all 94 homologous structures in
the Protein Data Bank (PDB), as revealed by the LAHMA server (25). This interaction in
turn flips the side chain of Ser104 from the inside to the outside of the protein, where
it adopts two conformations. This change propagates to residues 102 to 105, which
adopt a conformation distinct from that of wt BlaC.

An interesting double conformation is also observed for the Ser130 side chain (Fig.
S4a). This side chain in the BlaC G132N structure has roughly 50% occupation of the ca-
nonical position that is observed in all but six homologues in the PDB, donating a
hydrogen toward a bond to the conserved active-site phosphate (2.6 Å) and perhaps
receiving a hydrogen from the Lys234 amide (2.9 Å). In the second conformation, both
hydrogen bonds are maintained, with the bond to the Lys234 amide becoming shorter

FIG 3 Active sites of the BlaC G132N (in green) and wt (chain A under PDB accession number 5NJ2)
(in cyan) (26) crystal structures. The Asn132 side chain hydrogen bonds are indicated with yellow
dashed lines, with distances in angstroms indicated in red. The trans- to cis-peptide bond
isomerization is indicated with black dotted lines.
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(2.5 Å). Multiple conformations are also supported by the electron density for the
Asn214, Thr215, and Thr216 loop region, two of which were modeled (Fig. S4b). In this
case, the occupancy of each modeled conformation is not equal, and current modeling
can be considered only an estimate indicative of the conformational dynamics.

The multiple conformations for BlaC G132N could at least partially be propagated
through Ser104-Ile105 peptide bond isomerization and are suggestive of increased dy-
namics relative to the wild-type enzyme. We recently reported dynamics in the active
site of BlaC, both in the resting state and when bound to clavulanic acid or avibactam
adducts (10). We wondered whether the dynamic behavior was affected by the G132N
and K234R mutations. Therefore, the 1H-15N correlation spectra of BlaC mutants G132N
and K234R were assigned using HNCa spectra in combination with the assignments for
wt BlaC, for which peaks have been assigned to all nonproline backbone amides
except Asp2 and 4 residues in the active site, close to the phosphate-binding site (26).
The mutant proteins exhibited well-dispersed spectra that show a significant overlap
with the spectrum of wt BlaC, confirming that they share the same overall fold (Fig.
S5). In the spectrum of BlaC K234R, peaks were assigned to all the backbone amide
groups that were also assigned in wt BlaC, including Arg234. Also, the resonance
belonging to the backbone amide of Thr235 could be assigned. This resonance is not
detectable in the spectrum of wt BlaC (Fig. S5c, marked with *). In the spectrum of BlaC
G132N, many resonances could not be detected. The region for which peaks of back-
bone amides have broadened beyond detection was found to have extended from the
4 residues in wt BlaC to include Glu166, the active-site-covering loop ranging from
Ser104 to Val108, and the loop between helices 6 and 7, containing Ser130 and the
variant residue Asn132 (Fig. 4). Surprisingly, this last stretch of undetectable amides
extends all the way until Leu137, spanning half of helix 7. Furthermore, the resonances
of several surrounding residues were observed to have split between two positions.
These observations indicate the presence of one or more chemical exchange processes in the
solution state. The split peaks have minimum distances of;21 and;24Hz in the 1H and 15N
dimensions, respectively, which means that the rate of exchange between the two states
must be lower than ca. 100 s21. The relative peak intensities of the split peaks indicate popula-
tions of ca. 60% and 40%. The amides for which resonances were broadened or split are cen-
tered around the G132Nmutation and the rest of the active site (Fig. 4).

The positions of the backbone amide resonances in the spectra of both mutants
were compared with those of wt BlaC (Fig. 5). Large and extensive chemical shift per-
turbations (CSPs) were observed for both mutants, which we attribute to significant
disturbances of the extended active-site hydrogen-bonding network involving side
chains, amides, carbonyls, and water molecules. No large perturbations were observed
for any residues that are very far from the mutation site, further corroborating that the
proteins are correctly folded.

FIG 4 Line-broadening effects. Residues for which the backbone amide resonances were lost, split, or diminished in
the spectra are color-coded on the backbone amide nitrogen atoms, indicated as spheres, for G132N (left), wt
(middle), and K234R (right) BlaC. Red, no resonance could be assigned; orange, two resonances could be assigned;
yellow, one resonance could be assigned, but the peak intensity diminished below half of the wt relative peak
intensity; blue, one resonance could be assigned, with a normal peak intensity; black, proline. The Ser70 side chain is
indicated as a cyan stick, and mutant side chains are indicated as magenta sticks, in the structure of BlaC G132N
reported in this work (PDB accession number 7A74) or modeled into chain A of the wt BlaC structure (PBD accession
number 5NJ2) (26).
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In the NMR spectrum of wt BlaC, the resonances of the amides of 4 residues close
to the phosphate-binding site are missing. The K234R mutation is near the phosphate-
binding site (26) and appears to affect the dynamic behavior of at least Thr235, which
participates in phosphate binding. To determine whether the affinity and kinetics of
phosphate binding were affected by the mutation, phosphate titration was carried out.
An equilibrium dissociation constant (KD) of 20.16 0.7mM (Fig. S6) (error from the fit of one
titration) was found for BlaC K234R, which is close to the KD of 276 11mM (error from dupli-
cate titrations) found for wt BlaC (26). Analysis using TITAN software (27) showed that the
off-rate of the phosphate from the BlaC K234R-binding site is very high,.2� 104 s21, as it is
for wt BlaC (Fig. S7). Such fast exchange cannot explain the broadening beyond the detec-
tion of the resonances in the phosphate-binding site. Another process must be the reason
why these resonances are absent in the spectra of both wt and K234R BlaC.

To probe the effect of the mutations on the pico- to nanosecond dynamics, the nu-
clear Overhauser effect (NOE) of the backbone amides was measured (Fig. S8). Most
NOEs are close to 1, indicating that the two mutants, like wt BlaC, are overall very rigid
on this time scale. The NOEs of most residues are similar to those of the wt, showing
the expected reductions for flexible loops and high values in long b-sheets and a-heli-
ces. There are also residues that show increased or decreased rigidity. Notably, residue
Ile247 in BlaC variant K234R displays a very low NOE. This amide is situated on b-strand
4, directly adjacent to residue 234 on b-strand 3. In the wt structure, the Ile247 amide
is hydrogen bonded to the carbonyl group of Lys234. The loss of rigidity that we
observe may suggest that this hydrogen bond is lost upon mutation of Lys234 to Arg.
However, the other amides on these two strands show NOEs that are similar to those
in wt BlaC, indicating that the effect is very local. In G132N, fast dynamics are observed
around Ser70, at least for one of the two forms. Val80, which displays increased flexibil-
ity in wt BlaC, is stabilized in G132N and even further in K234R, where it returns to a
normal rigidity compared to the rest of the protein.

To probe the effect of the G132N and K234R mutations on the millisecond dynamics of
BlaC, Carr-Purcell-Meiboom-Gill (CPMG) relaxation dispersion experiments were performed. In
resting-state wt BlaC, significant relaxation dispersion effects were observed around the active

FIG 5 Chemical shift perturbations of BlaC backbone amide resonances upon mutation. (a) Plot of
average absolute CSPs on the sequence [j1/2Dd (1H)j 1 j0.1 � Dd (15N)j]. Blue background indicates
residues that have broadened beyond detection in the G132N mutant. Gray dashed lines represent
the cutoff values that were used for the coloring of amides in panels b and c. The break on the
horizontal axis represents the additional BlaC G-G-G-T loop, relative to Ambler numbering. Error bars
have been omitted for clarity, and the estimated 95% confidence interval is 60.03 ppm. (b and c)
Plots of CSPs for BlaC G132N (b) and BlaC K234R (c) on the structure (PBD accession numbers 7A74
for BlaC G132N and 5NJ2, chain A [26], for the model K234R BlaC based on the wt structure). Orange,
CSP of .0.2 ppm; yellow, 0.2 ppm $ CSP. 0.05 ppm; blue, CSP of #0.05 ppm; red, peak broadened
beyond detection in G132N but not in wt BlaC; black, no data available. Side chains of the mutated
residues are displayed in a magenta stick representation. Ser70 is shown in cyan sticks.
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site, indicating dynamics with an exchange rate of ca. 860 s21 (Fig. 6a, black) (10). Surprisingly,
this relaxation dispersion is completely absent in mutant K234R (Fig. 6a, red). The opposite
effect is observed in mutant G132N, which shows strikingly increased relaxation dispersion for
many residues (Fig. 6a, blue). Like the broadened and split peaks, the peaks that show relaxa-
tion dispersion are also centered around the active site (Fig. 6b). Comparisons of CPMG pro-
files for wt BlaC and the two mutants are shown for three residues in Fig. 6e to g. The data
acquired for BlaC G132N at 20.0 T (850MHz) and 22.3 T (950MHz) were consistent. Example
curves are shown in Fig. S9.

In the BlaC G132N spectrum, two peaks are visible for many of the residues that show
relaxation dispersion. Thus, if these peaks were used together in a grouped fit, not all peaks

FIG 6 Chemical exchange effects observed for backbone 15N resonances in BlaC, as measured by CPMG relaxation dispersion analysis. Rex is defined as the
R2,eff at �CPMG = 25 s21 minus that at 1,000 s21. (a) Plot of Rex at 20.0 T versus the residue number. The break on the horizontal axis represents the BlaC-
specific G-G-G-T loop, which is not present in the Ambler numbering. Error bars represent the 95% confidence intervals based on three duplicate delays
per experiment. (b to d) Color map of Rex on the structure of BlaC G132N (PBD accession number 7A74 [this work]) (b) and on chain A (PBD accession
number 5NJ2 [26]) for wt BlaC (c) and the model of K234R BlaC (d). Backbone amides with an Rex of .5 s21 are displayed in red, and those with an Rex of
#5 s21 are in blue. Amides for which the resonance was broadened beyond detection are displayed in cyan. Amides for which no data were available for a
different reason (e.g., proline or too much overlap) are displayed in black. Mutated residues are displayed as magenta sticks. (e to g) Examples of CPMG
profiles from BlaC wt, G132N, and K234R measured at 20.0 T. The lines represent grouped two-field fits for relaxation dispersion for BlaC wt and G132N
data and linear fits for BlaC K234R. Error bars represent standard deviations based on three duplicate frequencies. (h) Correlation plot of the 15N jDXj
derived from two-field relaxation dispersion NMR fits of the separate state A (black) and state B (red) versus the 15N chemical shift differences observed in
the 1H-15N TROSY-HSQC spectrum for the two BlaC G132N states. The diagonal line indicates y= x. Vertical and horizontal error bars represent standard
deviations of the fit and estimated errors in peak picking, respectively.
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represent state A because some will be from state B, and therefore, the globally fitted popula-
tion of the minor state, pB, will be wrong. To distinguish which peaks belong to which state,
transverse relaxation optimized spectroscopy-heteronuclear single quantum coherence
(TROSY-HSQC) spectra were recorded at five temperatures ranging from 279 to 298 K. The rel-
ative intensities of all doubled peaks were found to be affected equally, indicating that they all
correspond to two states of the same chemical exchange phenomenon. The relative inten-
sities of 10 nonoverlapping peak pairs were used to determine that the population of state B
at 298 K is 40%6 2%. Furthermore, this analysis revealed that the major state at 298 K
becomes the minor state at lower temperatures (Fig. 7). Analysis of the relaxation disper-
sion results (Table S3 and Fig. S9) yields an exchange rate of 886 6 s21, corresponding
with our estimate of ,100 s21 based on the relative positions of split peaks in the
TROSY-HSQC spectra. The relaxation dispersion analysis also yields an estimate of the
absolute 15N chemical shift difference, jDXj, between the resonance positions of the two
states. The fitted jDXj values correlate well with the chemical shift differences between
peaks as observed in the TROSY-HSQC spectra (Fig. 6h), although there appears to be a
small bias, reflecting either an experimental underestimation of jDd j due to peak-picking
artifacts of partly overlapping peaks or an overestimation of the jDXj by the fitting pro-
cedure. The results clearly suggest that the observed peak doubling reflects the same
exchange process that was observed with the relaxation dispersion experiments.

FIG 7 Temperature dependence of the BlaC G132N state B population. (a) Example of a doubled
peak, Ala164, at five temperatures. The jDXj in the 15N dimension is zero for this amide, as is the 15N
Dd in the temperature titration; thus, slices through this dimension yield the peak shapes and
maxima for both states A and B. Note that peak maxima decrease with temperature as a result of
increasing sample viscosity. (b) Averages and standard deviations of the relative intensities of 10
split-backbone amide resonances in the five 1H-15N TROSY-HSQC spectra.
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Chemical exchange with a rate of ca. 88 s21 should also be observable using the
chemical exchange saturation transfer (CEST) method. We previously reported no
measurable exchange in this regime for wt BlaC (10). CEST of the G132N mutant was
measured, yielding direct observations of exchange between the resonances with the
largest chemical shift differences, Gly238 and Asp246 (Fig. S10). Unfortunately, the
jDXj values of the other exchanging resonances are too low to be observed clearly via
CEST, so no other CEST profiles indicated exchange. Nevertheless, it is clear that the
doubled peaks in the G132N spectrum arise from two states of the protein that are in
exchange. The phenomenon of split resonance peaks in the G132N spectra is reminis-
cent of that in the clavulanic acid adduct-bound wt protein (10). However, the relative
positions of the peaks are not similar, nor could any exchange be determined between
the adduct-bound states. Moreover, the number of observed states for the adduct-
bound protein is not the same as that for the G132N mutant. It therefore seems
unlikely that these observations represent the same dynamic process.

DISCUSSION

Here, we report on the dynamics of two variants of BlaC, each of which increases re-
sistance to inhibition by clavulanic acid, and a high-resolution crystal structure of one
of them. In the laboratory evolution experiment aimed at finding such variants, we
found only one mutant that showed considerably less inhibition by clavulanic acid. In
our experience, we usually find more mutants when screening for increased activity
against specific b-lactam antibiotics. Also, some other variants that reduce clavulanic
acid inhibition have been reported for other b-lactamases, S130G (28), T237A (29),
C69L (20), and R220S (20). However, clavulanic acid is a small molecule, and the sec-
ondary chemistry that occurs upon acylation is the main reason for its inhibitory effect.
It could be that few variants are possible that either reduce binding or enhance the hy-
drolysis of the adduct.

Curiously, the mutations G132N and K234R have opposite effects on the dynamic
behavior in the millisecond time scale. K234R reduces the active-site chemical
exchange in the millisecond time scale, while G132N increases it. Neither mutation has
large effects on the pico- to nanosecond time-scale dynamics of BlaC. The NMR data
show that BlaC G132N exists in two almost equally populated states, exchanging with
a rate of ca. 88 s21 at 298 K (sum of the forward and backward rates). This is observed
through the splitting of backbone amide resonance peaks around the active site and
the mutation as well as through relaxation dispersion experiments. Additionally, the
resonances of amides in a large region around the mutation are broadened beyond
detection.

The crystal structure also suggests an increase in flexibility because several residues
occur in multiple conformers. The relative occupancies of the Ser104 and Ser130 con-
formations observed in the crystal structure match those of the states observed in the
NMR experiments. Moreover, these residues are positioned right in the region of the
protein where broadening and exchange were observed with NMR. The X-ray and
NMR observations may thus represent the same phenomenon. In this case, the two
conformations, which are slowly exchanging at room temperature, were captured by
flash freezing of the crystal prior to X-ray analysis. The region in which the effects of
conformational exchange are observed with NMR is relatively large for single side chain
movements, and the exchange is relatively slow. These observations suggest the possibil-
ity that the double conformations captured in the crystal may represent the observable
part of a mixed conformational and electrostatic exchange affecting the entire extended
hydrogen-bonding network of the active site and a-domain.

The question remains if the exchange process is involved in the functional differen-
ces between the enzyme and the mutant, i.e., increased clavulanate resistance and avi-
bactam affinity, or if it is an unrelated side effect of the mutation. The two Ser130 ori-
entations observed in the G132N structure are reminiscent of observations in similarly
clavulanic acid-resistant variants of SHV, PSE-4, and CTX-M-14 b-lactamases. There,
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molecular dynamics (MD) simulations (19) and X-ray crystallography (18, 30, 31) have
shown that the presence of Arg234 rather than Lys234 causes a displacement of the
Ser130 side chain, moving it further away from the reactive Ser70. This may prevent
cross-linking between Ser70 and Ser130, which could explain the increased resistance
of the enzyme to clavulanic acid. In this light, our results suggest that the same mecha-
nism might apply for BlaC and could explain the resistance of both the G132N and
K234R mutants. In principle, the subtle change in the population of the two states as a
function of temperature (Fig. 7) could thus be reflected in different degrees of sensitiv-
ity for clavulanic acid inhibition, but such experiments are complicated by the general
effects of temperature on the conversion rates.

The dynamic behavior of wt BlaC on the millisecond time scale (10) is not detecta-
ble in mutant K234R. This finding indicates that millisecond chemical exchange is not
required for clavulanate hydrolysis. Moreover, as this mutant is able to hydrolyze at
least ampicillin, benzylpenicillin, cephalothin (20), and nitrocefin, it presents direct evi-
dence that the millisecond dynamics are not required for b-lactamase activity. Doucet
et al. first reported that changes in millisecond dynamics in TEM-1 correlate with func-
tional differences (32) but later observed that laboratory-engineered chimeric b-lacta-
mases displayed conserved function but strikingly increased dynamic behavior (33, 34).
To our knowledge, BlaC K234R is the first functional class A b-lactamase in which no
millisecond dynamics could be detected in or near the active site. It is noted that dy-
namics that are much faster (middle- to low-microsecond time scale) could be present
because motions in this time range are not picked up with the NMR methods applied
in this study. Still, our findings place BlaC, and perhaps all b-lactamases, in the group
of enzymes for which millisecond dynamics do not play a role in catalysis. In enzymes
with multistep reactions, involving more than a single substrate or with open and
closed states, motions are often essential for the enzyme to proceed from one step of
the reaction to the next. Well-studied examples comprise adenylate kinase, dihydrofo-
late reductase, and cytochrome P450cam (35–42). Enzymes that catalyze relatively sim-
ple reactions and have an exposed active site may not have taken advantage of the dy-
namics naturally present in protein molecules to enhance their function (43). This is of
importance for drug design because the development of inhibitors or new b-lactam
antibiotics can be based on the crystal structures of b-lactamases only, and potential
lowly populated states with different conformations are unlikely to be relevant for
function. However, dynamics can still be an important property for evolvability.
Conformations that occur with a low population can have low-level catalytic activity
on other substrates, forming the raw material of evolution to develop enzymes with
different specificities. Evolving a completely rigid enzyme could therefore be a dead-
end street, even if the current function requires no dynamics (44, 45).

MATERIALS ANDMETHODS
Error-prone PCR and functional screening. Error-prone PCR mutagenesis was performed on an

Escherichia coli expression-optimized DNA sequence (see Fig. S1 in the supplemental material) encoding
the soluble domain of BlaC, using DreamTaq polymerase (0.1 U/ml; Thermo Fisher Scientific) with the
reaction conditions recommended by the supplier but disturbed by the addition of manganese
(0.2mM), extra magnesium (2mM), and skewed nucleotide concentrations (0.52mM dCTP/dTTP versus
0.2mM dATP/dGTP) in the reaction mixture. The primers that were used are listed in Table S1. Fifteen
rounds of error-prone PCR were followed by purification of the reaction product using the Illustra GFX
PCR DNA and gel band purification kit (GE Lifesciences) and another 25 rounds of non-error-prone PCR
to further amplify the product. Primers for the second PCR (Table S1) anneal only to the product of the
first reaction, not to the template. The product of the second PCR was purified as described above and
subsequently digested using the restriction enzymes BglII and XhoI, with the addition of DpnI to digest
any original template. The resulting gene fragments, containing only the coding sequence of soluble
BlaC with semirandom combinations of mutations, were purified by agarose gel band extraction. These
were subsequently cloned into similarly digested and purified pUK21-based vectors containing expres-
sion and subcellular localization elements to create a cloning/expression plasmid capable of isopropyl-
b-D-thiogalactopyranoside (IPTG)-induced expression of BlaC mutants fused to an N-terminal, TorA-
derived protein export signal for use in E. coli. A map of the construct is shown in Fig. S2. These plasmids
were introduced into E. coli strain KA797 (46) using the chemical transformation method described pre-
viously by Inoue et al. (47), yielding libraries of up to 0.5 million CFU per 200 ml of transformation solu-
tion. Screening for clavulanate resistance was performed by incubation at 37°C overnight on LB agar
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containing 50mg/ml kanamycin sulfate, 1mM IPTG, 8mg/ml ampicillin, and 1mg/ml clavulanic acid.
Colonies were transferred to separate liquid cultures, and after overnight incubation, plasmids were iso-
lated from the cells and used to transform fresh cells. Hits were registered as valid only if the plasmid
also transmitted the same ampicillin/clavulanic acid-resistant phenotype to the fresh cells. The mutation
frequency and bias in the library were controlled by Sanger sequencing of at least 10 randomly picked
colonies from plates without ampicillin and clavulanic acid. The library harbored on average 5 single nu-
cleotide replacements and ;0.08 deletions per mutant (Fig. S3a). The mutations were found to be heav-
ily biased toward A.G/T.C and A.T/T.A mutations and against G.C/C.G, G.T/C.A, and A.C/
T.G mutations, with only G.A/C.T mutations having an average frequency (Fig. S3b). This is in line
with expectations, based on observations by others (e.g., see references 48 and 49). The efficiency of the
transformation was identified to be the bottleneck in library generation. Using E. coli strain KA797 and
the transformation protocol described previously by Inoue et al. (47), efficiencies of up to 0.5 million
CFU per 200 ml of cell suspension were obtained. More details are provided in Text S1 in the supplemen-
tal material.

Site-directed mutagenesis. Site-directed mutations in the blaC gene were made using a whole-
plasmid synthesis approach, with the primers listed in Table S1. The incorporation of the correct muta-
tions and the absence of any other mutations were checked by comparison of Sanger sequencing data
of each mutant from two sides (Baseclear BV, Leiden, The Netherlands).

Protein production and purification. Pure wt and variant BlaC proteins, without a signal peptide
and without a purification tag (residues 43 to 407 of the structure under UniProt accession number
P9WKD3), but with an N-terminal Gly residue, were obtained as described previously (26). In short, the
proteins fused to an N-terminal 6�His purification tag were produced in E. coli and purified using nickel
affinity chromatography, and the purification tag was then cleaved off, followed by inverse nickel affinity
chromatography to yield the pure protein. The Ambler standard b-lactamase numbering scheme (50) is
used throughout the text.

Crystallization. Crystallization conditions for the BlaC G132N and K234R mutants were screened by
sitting-drop vapor diffusion using the BCS, Morpheus, JCSG1, and PACT premier (Molecular Dimensions)
screens at 293 K with 100-nl drops at a 1:1 ratio (51). The plates were pipetted by using the NT8 drop
setter (Formulatrix). BlaC K234R was used at concentrations of 8mg ml21 and 10mg ml21 in 100mM
morpholineethanesulfonic acid (MES)-NaOH buffer (pH 6.4). Multiple conditions across the screens
showed growth on microneedles or multilayer plates, which were used for seeding and further buffer
optimization. However, that did not yield any usable crystals. BlaC G132N was used at a concentration of
18mg ml21 in 100mM MES-NaOH buffer (pH 6.4). To obtain crystals, it was necessary to supplement the
protein with 100mM sodium phosphate buffer and cross-seed with crystals from another BlaC mutant.
A crystal of BlaC G132N grew within 2 months in 0.1 M Morpheus buffer 1 (pH 6.5) with 0.09 M halogens
and 30% (wt/vol) ethylene glycol polyethylene glycol 8000 as the precipitant. The crystal was mounted
on a cryoloop in mother liquor with additional 20% glycerol and vitrified in liquid nitrogen for data
collection.

X-ray data collection, processing, and structure solution. X-ray diffraction data were obtained
from a single crystal at the Diamond Light Source (DLS), Oxford, United Kingdom. The crystallographic
diffraction data were recorded on a Pilatus detector to a resolution of 1.18 Å. Data were processed and
integrated with XDS (52) and scaled with AIMLESS (53); the resolution was set to 1.55 Å based on jI/s Ij
and CC1/2 values. The structure was solved by molecular replacement using MOLREP (54) from the CCP4
suite (54) using the structure under PDB accession number 2GDN (11) as a search model. Subsequently,
building and refinement were performed using Coot and REFMAC (54). Multiple residues were modeled
in double conformations, namely, K93, D100, S104, S130, V263, and M264. Residues N214-T215-T216
exist in multiple conformations and were modeled in two representative conformations. The model was
further optimized using the PDB-REDO Web server (55). Structure validation showed a Ramachandran Z-
score (56) of 20.643; 98% of all residues are within the Ramachandran plot-favored regions with 2 out-
liers, and according to MolProbity (57), the structure belongs to the 100th percentile. Data collection
and refinement statistics can be found in Table S2.

NMR spectroscopy. Unless mentioned otherwise, all NMR spectra were recorded on a Bruker AVIII
HD 850-MHz (20.0-T) spectrometer equipped with a TCI cryoprobe, and all experiments were performed
on samples containing 0.38mM 15N-enriched BlaC in a solution containing 94mM sodium MES (pH 6.4)
and 6% D2O at 298 K. HNCa spectra were measured on samples containing 0.6 and 0.28mM 15N,13C-
enriched BlaC G132N and K234R, respectively, in the same buffer. These spectra were recorded using the
standard Bruker pulse program “trhncaetgp3d,” processed with Topspin 3.2 (BioSpin; Bruker, Leiderdorp, The
Netherlands), and analyzed using CCPNmr analysis (58). Resonance assignment was performed by compari-
son of the HNCa to the assigned wt spectra (Biological Magnetic Resonance Data Bank [BMRB] accession
number 27888 [https://bmrb.io/data_library/summary/index.php?bmrbId=27888]) (26). NOE measurements
were performed using the standard Bruker pulse program “hsqcnoef3gpsi” with a 1H saturation delay of 4 s.
NOE data were processed with Topspin 3.2, and the resulting peak heights were fitted to exponential decay
curves using Dynamics Center 2.5 (BioSpin; Bruker, Rheinstetten, Germany).

Carr-Purcell-Meiboom-Gill (CPMG) relaxation dispersion measurements were performed using the
TROSY CPMG pulse program as detailed previously by Vallurupalli et al. (59), with two blocks of 0, 1
(2�), 2, 3 (2�), 4, 6, 8, 10 (2�), 14, 18, 22, 28, 34, and 40 15N 180° pulses in a 40-ms relaxation time. For
mutant G132N, an additional CPMG relaxation dispersion experiment was performed at a second mag-
netic field, using a Bruker AVIII HD 950-MHz (22.3-T) spectrometer equipped with a TCI cryoprobe and a
0.54mM protein sample. Data were processed with NMRPipe (60), and the resulting resonances were fit-
ted to a glore line shape using FuDa (61). Effective transverse relaxation rates (R2,eff) were calculated
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from the fitted peak heights using the formula R2,eff(�CPMG) = 2ln[I(�CPMG)/I0]/Tex. Rate and absolute 15N
chemical shift differences of the chemical exchange were determined using two-field grouped fits to the
Bloch-McConnell equations with CATIA software (61). Two separate grouped fits were performed for
states “A” and “B” in the G132N spectra, with the second-state population pB fixed at 0.4 and 0.6, respec-
tively. Chemical exchange saturation transfer (CEST) measurements were performed using the standard
Bruker “hsqc_cest_etf3gpsitc3d” pulse program, with a 2.5-s recycle delay, 0.8-s B1 irradiation at all fre-
quencies in the 15N range of 100.5:0.5:130 ppm, and field powers of 8 Hz and 26Hz.

Figures containing protein structures were created using the PyMOL molecular graphics system, ver-
sion 2.2 (Schrödinger, LLC).

Data availability. NMR chemical shift assignments and relaxation data have been submitted to the
Biological Magnetic Resonance Data Bank (BMRB) and can be accessed under BMRB accession numbers
27889 (G132N) (https://bmrb.io/data_library/summary/index.php?bmrbId=27889) and 27891 (K234R) (https://
bmrb.io/data_library/summary/index.php?bmrbId=27891). The BlaC G132N crystal structure and data files
have been submitted to the Protein Data Bank (PDB) and can be accessed under accession number 7A74.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 2.1 MB.
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