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The p-lactamase BlaC conveys resistance to a broad spectrum of p-lactam antibiotics to its host Mycobacterium
tuberculosis but poorly hydrolyzes third-generation cephalosporins, such as ceftazidime. Variants of other
B-lactamases have been reported to gain activity against ceftazidime at the cost of the native activity. To un-
derstand this trade-off, laboratory evolution was performed, screening for enhanced ceftazidime activity. The
variant BlaC Pro167Ser shows faster breakdown of ceftazidime, poor hydrolysis of ampicillin and only moder-
ately reduced activity against nitrocefin. NMR spectroscopy, crystallography and kinetic assays demonstrate that
the resting state of BlaC P167S exists in an open and a closed state. The open state is more active in the hydrolysis
of ceftazidime. In this state the catalytic residue Glu166, generally believed to be involved in the activation of the
water molecule required for deacylation, is rotated away from the active site, suggesting it plays no role in the
hydrolysis of ceftazidime. In the closed state, deacylation of the BlaC-ceftazidime adduct is slow, while hydrolysis
of nitrocefin, which requires the presence of Glul66 in the active site, is barely affected, providing a structural

explanation for the trade-off in activities.

1. Introduction

A major cause of antibiotic resistance worldwide is the hydrolytic
inactivation of p-lactam drugs by p-lactamases. [1-3] Bacterial resis-
tance to early p-lactam antibiotics led to the development of oxyimino-
cephalosporin antibiotics. This class of antibiotics, which includes
molecules such as ceftazidime and cefotaxime, were poor substrates for
most p-lactamases due to the bulky C7f aminothiazole-oxyimino side
chain that does not easily fit into the active site. [4] However, the se-
lection pressure exerted by these antibiotics led to the evolution of
extended-spectrum p-lactamases (ESBLs) that have increased activity
against these antibiotics. [2,5]

Regions that are affected by mutations leading to the ESBL pheno-
type include the B3 B-chain (234 to 240, Ambler numbering [6]), [7-12]
the oxyanion hole (residue 69), [13] and the Q-loop (residues 164 to
179), which lines part of the active site. [11-18] The mutations cause
widening of the active site, [16,19,20] or a conformational change of the
enzyme during hydrolysis. [13] Substitutions at these positions have
also been observed in clinical isolates [21] for ceftazidime resistance in
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TEM-1, SHV-1, CTX-M, and the Pen family. [4,22-30] The Q-loop sub-
stitutions have been extensively studied for their impact on substrate
specificity and resistance. Disruption of the salt bridge formed by
Argl64 and Aspl79, [31-34] located on opposite sides of the Q-loop's
“neck,” [35,36] enhances the flexibility of the Q-loop, enabling the
hydrolysis of extended-spectrum cephalosporins. Deletion or replace-
ment of the amino acids of the Q-loop for PenL (also known as PenA)
B-lactamase, [37] and, specifically, the substitution at position 167 in
Penl, [4] TEM, [38] and CTX-M f-lactamases [19,39] were also shown
to increase the rate of hydrolysis of ceftazidime, due to changes in the
conformation of the Q-loop. Bowman and co-workers have studied the
presence of cryptic pockets in TEM-1. In a recent study, they demon-
strate that the presence of a cryptic pocket in p-lactamase correlates with
increased hydrolysis of benzylpenicillin, suggesting that the opened
form enhances activity against this substrate, whereas the closed form
may be beneficial for cefotaxime activity. [40] Porter et al. (2019) also
identified a cryptic pocket, in CTX-M-9 p-lactamase. Binding of a ligand
in this pocket pushed the Q-loop open and results in reduced nitrocefin
activity. [41] Opening of the active site was observed in CTX-M P167S
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for ceftazidime acylated enzyme, but not for the substrate bound form,
[42] and the authors suggest that the open form results in a larger active
site that allows for hydrolysis. Thus, improved ceftazidime activity re-
quires a wider active site, which is accompanied by deterioration of the
activity on penicillins and earlier generations of cephalosporins, indi-
cating an activity trade-off between ceftazidime and other p-lactam
compounds. [15,40,43] This trade-off relates to dynamics in the Q-loop,
[42,44,45] but the mechanistic reason remains unclear. [46]

BlaC is the ESBL encoded on the Mycobacterium tuberculosis (Mtb)
chromosome. Like other serine p-lactamases, BlaC utilizes an active site
serine residue (Ser70) to perform a nucleophilic attack to the carbonyl
carbon of the p-lactam ring, leading to the formation of a covalent acyl-
enzyme intermediate. Glul66 is responsible for activation of the water
molecule that reacts with the covalent adduct, causing deacylation.
[47-49] BlaC is a good penicillinase but has little activity against third-
generation cephalosporins, such as ceftazidime. [50] In this study, we
aimed to test whether the poor hydrolysis rate of ceftazidime by BlaC
could be improved by laboratory evolution, and to establish the conse-
quences for substrate specificity and the structural reasons for a possible
trade-off in activity. In line with work on other p-lactamases, [42,44] the
mutant P167S was found to increase ceftazidime inactivation. With a
combination of kinetic experiments, NMR spectroscopy and crystal
structure determination, it was shown that the resting state enzyme
exists in an open and a closed state; the open state being the more active
one against ceftazidime. The structures suggest that the displacement of
catalytic residue Glul66, part of the Q-loop, is the reason for the trade-
off in activity. Its location in the active site is essential for penicillinase
activity, but not for the hydrolysis of ceftazidime.

2. Materials and methods
2.1. Laboratory evolution

Error-prone polymerase chain reactions (EP-PCR) were performed
using an E. coli expression-optimized blaC gene (amino acid sequence in
Fig. S11). DreamTaq DNA Polymerase (0.1 U/pL, Thermo Scientific) was
used with manganese chloride (0.2 mM MnCl,), magnesium chloride (2
mM MgCl,), dATP/dGTP (0.2 mM) and dCTP/dTTP (0.52 mM) to in-
crease the error rate. The mutated blaC genes were cloned behind the lac
promotor in pUK21 through restriction and ligation. E. coli KA797 [51]
cells were transformed with the plasmid library and plated on lysogeny
broth (LB) agar plates with kanamycin (50 pg/mL), isopropyl p-d-1-
thiogalactopyranoside (IPTG, 1 mM), and ceftazidime (1 pg/mL). The
plates were incubated at 23 °C, 30 °C or 37 °C, for 3 days, 18 hand 12 h
respectively. Around 5 x 10° clones were screened at each temperature,
and three blaC clones were found on the plate incubated at 30 °C. The
colonies were transferred to LB liquid cultures and incubated overnight
at 37 °C and 250 rpm. Plasmids were isolated and transformed into fresh
KA797 cells to confirm that resistance was the result of mutations in the
blaC gene and not due to changes of the host cell. The mutated blaC
genes were sequenced and the individual mutations were created in the
blaC gene by QuikChange site-directed mutagenesis (Agilent) and veri-
fied by DNA sequencing.

2.2. Antimicrobial susceptibility testing

Antibiotic resistance was tested in E. coli cells carrying pUK21-blaC
plasmids [51] with the gene behind the lac promotor. Drops of 10 pL of
E. coli KA797 cultures with optical densities (ODggg) of 0.3, 0.03, 0.003
and 0.0003 were applied on the LB plates containing 50 pg/mL kana-
mycin, 1 mM IPTG, and varying concentrations of antibiotics. The plates
were incubated at 23 °C, 30 °C and 37 °C until growth was visible.

2.3. Protein production and purification

The genes for WT BlaC and the BlaC P167S were cloned into pET28a
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plasmids [51] downstream of an N-terminal His-tag and a TEV cleavage
site (Fig. S12) and expressed in E. coli BL21 (DE3). The proteins were
produced and purified according to previously described protocols. [52]
Pure protein was stored at —80 °C in 100 mM sodium phosphate buffer
(pH 6.4).

2.4. Circular dichroism

Circular dichroism spectra were obtained using a Jasco J-815 cir-
cular dichroism spectrometer fitted with a Peltier temperature controller
(Jasco). Measurements were performed at 25 °C with 7 pM protein in
100 mM sodium phosphate buffer (pH 6.4) and recorded from 260 to
190 nm. Measurements were performed in triplicate using a 1 mm
quartz cuvette and spectra were normalized according to protein
concentration.

2.5. Thermal shift assay

The thermal stability of the proteins was analyzed with a thermal
shift assay using a CFX96 Touch Real-time PCR Detection System (Bio-
Rad). The commercially available stock of SYPRO Orange dye has a
5000x concentration. Samples of 10 pM protein with 4x concentration
of SYPRO Orange dye in 100 mM sodium phosphate buffer pH 6.4
(68.68 mM NaHyPO4 and 31.32 mM NapHPOy, the ionic strength is
about 164 mM) were measured by fluorescence over a temperature
range from 10 to 90 °C in increments of 1 °C for 1 min. Melting tem-
peratures were determined from the derivatives of the obtained curves.
Errors were determined as the standard deviation of triplicate
measurements.

2.6. Enzyme kinetics

In vitro kinetic parameters were determined by monitoring the ab-
sorption change at 486 nm for nitrocefin (Ae = 11,300 M lem™ ) [53],
235 nm for ampicillin (Ae = 861 M lem™) [51], and 260 nm for cef-
tazidime (Ae =7 (£1) x 103) Mt cm_l, determined in this work and in
line with previously reported values) [12,54], using a thermostatted
PerkinElmer Lambda 10504+ UV-Vis spectrometer. All kinetic mea-
surements were performed in triplicate at 25 °C. Ampicillin hydrolysis
was measured at various concentrations in 100 mM sodium phosphate
buffer (pH 6.4) with 20 nM WT BlaC or 200 nM BlaC P167S for a
duration of 5 min. Nitrocefin conversion by 2 nM WT BlaC or P167S was
followed for 3 min. OriginPro (OriginLab) was used to fit initial veloc-
ities to the Michaelis-Menten equation Eq. (1):

kcut [E] [S]

" Rt ) W

Where v; is the initial velocity, and [E] and [S] are the enzyme and
substrate concentrations, respectively. For ceftazidime hydrolysis, sub-
strate was added to 0.1 or 1 pM WT BlaC or BlaC P167S in 100 mM
sodium phosphate buffer (pH 6.4) or 100 mM MES buffer, pH 6.4, (100
mM MES buffer pH 6.4 (100 mM MES hydrate and NaOH is added to
adjust the pH to 6.4, the ionic strength is about 33 mM). Determination
of Viuux was not possible due to the high K};® values, therefore Eq. (2) was
used, as the limiting case of Eq. (1) ([S] < Ku), to determine the cata-
lytic efficiency (kca/Km):
kcal

n=g B8] 2

Two-phase kinetics were analyzed using Eq. (3): [55].
Py = vt — (vs— v,~)(l - e’/")/k 3)
where P, is the concentration of product at time ¢, v; is the initial velocity

and v; is the velocity at steady state, and k is the apparent first-order rate
constant for the progression from v; to v,.
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2.7. Nuclear magnetic resonance (NMR) spectroscopy

Backbone assignments for 0.5 mM [15N, 13¢] BlaC P167S were ob-
tained with a set of standard HNCA, HNCACB, HNcaCO, HNCO, and
TROSY-HSQC experiments that were recorded on a Bruker AVIII HD
850 MHz spectrometer with a TCI cryoprobe at 20 °C in 100 mM sodium
phosphate buffer at pH 6.4, or 100 mM MES buffer (pH 6.4), with 1 mM
TSP (trimethylsilylpropanoic acid) and 6 % D>O. Data were processed
with Topspin 4.1.1 (Bruker Biopin) and analyzed using CCPNmr. [56]
TROSY-HSQC and HNCA spectra of wild-type BlaC [52] were used as a
reference for the spectra of BlaC P167S (Biological Magnetic Resonance
Bank [BMRB] accession no. 27067). The assignments for BlaC P167S
have been deposited in the BMRB under access code (BMRB: 51876).
The average chemical shift perturbations (CSPs), Ag, of the g (A1) and
15N (A&2) resonances of backbone amides were calculated with Eq. (4).

2
AS = % {Aﬁlz + (%) } )

Titrations of the ['°N] labelled BlaC P167S with sodium phosphate
were done by measuring TROSY-HSQC spectra. As the buffer concen-
tration increased from 10 mM to 250 mM, the protein concentration
decreased from 350 to 262 pM. The association constant (K,) derived
from non-linear regression fitting was determined in OriginPro with Eq.
(5). [57]

CSP = 0.5 CSPuay (A VA 4R)

Cslock + ElR
CSlock Ei K, A

%)
A=1+R+

where CSP,,,x is the maximal chemical shift perturbation for selected
residues, R is the molar ratio of phosphate and enzyme, Cgcx is the
concentration of phosphate stock (1 M) for the titration and E; is the
initial concentration of the enzyme. The phosphate titration experiments
were performed in duplicate.

Real-time NMR measurements were performed by addition of cef-
tazidime (10 mM) to ['°N] labelled BlaC P167S (90 pM) and recording
TROSY-HSQC spectra during catalysis every 39 min for 13 h at 25 °C.
The sample contained 100 mM sodium phosphate buffer (pH 6.4), 1 mM
TSP and 6 % D-0.

2.8. Protein crystallization

Crystallization conditions for BlaC P167S at a concentration of 10
mg mL ~! were screened by the sitting-drop vapor diffusion method
using the BCS, Morpheus, and JCSG™ (Molecular Dimensions) screens at
20 °C with 200 nL drops with a 1:1 protein:condition ratio. [58] Crystals
for BlaC P167S grew within two weeks in 0.1 M sodium cacodylate
(NaCacod) buffer, pH 6.29, with 1.02 M trisodium citrate (NasCit) as
precipitant. Two crystals from different wells were mounted on cry-
oloops in mother liquor, with the addition of 20 % glycerol and flash
frozen in liquid nitrogen for X-ray data collection.

2.9. Data collection and structure refinement

Data for the BlaC P167S variant structures were collected at the
European Synchrotron Radiation Facility on the MASSIF beamline. [59]
Data was obtained to 1.12 A resolution. The diffraction data were
indexed and integrated using XDS [60] and scaled using Aimless. [61]
Due to anisotropy, the resolution was set to 1.8 A and 1.9 A, respectively,
based on the resolution in the worst direction and the PDB entry 2GDN
[50] served as the model for molecular replacement, which was per-
formed with MOLREP [62] from the CCP4 suite. [62] Model building
and refinement were performed in Coot and REFMAC. [62] The PDB-
REDO Web server was used to further optimize and refine the model.
[63] Two chains were obtained in the structure and the residues Thr55,
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Glul65, Val261, and Arg275 were modelled in two conformations. The
duplicate structures of P167S have been deposited in the Protein Data
Bank, accession codes (PDB: 80OE1 and 8OE5). The refinement and data
collection statistics are given in the supplementary information
(Table S4).

3. Results and discussion
3.1. BlaC P167S displays increased ceftazidime resistance

To determine whether the BlaC ceftazidime resistance could be
enhanced, a blaC gene mutant library was generated by error-prone PCR
and selection was performed by screening for resistance to ceftazidime
in a cellular assay using an Escherichia coli expression system at three
temperatures (23 °C, 30 °C and 37 °C). Screening at 30 °C gave rise to
the P167S mutation in combination with mutations F72Y, S99G, 1105F,
A205T, D240G, and C287Y. Genes encoding the single mutations were
subsequently tested for conferring ceftazidime resistance. The BlaC
P167S mutant yielded better resistance to ceftazidime than wild-type
(WT) BlaC and the other mutants (Table S1). However, BlaC P167S
exhibited a reduced capacity to hydrolyze ampicillin (Fig. S1), indi-
cating an evolutionary trade-off. [64] Recombinant production of BlaC
P167S yielded a folded enzyme that showed a decrease in thermal sta-
bility of 5.6 °C compared to that of WT BlaC (Fig. S2).

3.2. Ceftazidime hydrolysis shows a branched kinetic mechanism

To evaluate the f-lactam resistance profile of BlaC P1678, the kinetic
parameters were investigated and compared to those of WT BlaC
(Table 1). Ampicillin and nitrocefin (Fig. S3) hydrolysis were measured
at different substrate concentrations and data were fitted to the
Michaelis-Menten equation (eq. 1). The catalytic efficiencies (ko /Km) of
WT enzyme for ampicillin and nitrocefin are 1.3 + 0.1 x 10° M~ ! 571
and 5.6 + 0.6 x 10° M~! s7! respectively, in line with previously re-
ported values. [50,65] The BlaC P167S mutant retained the ability to
hydrolyze nitrocefin and gave a similar value as observed for WT BlaC
(4.2 +0.3 x 10° M s 1). A 20-fold decrease in catalytic efficiency was
observed for ampicillin (0.07 + 0.03 x 10° M! s’l).

Similar experiments were performed with ceftazidime (Fig. S3),

Table 1

Kinetic parameters for ampicillin, nitrocefin and ceftazidime hydrolysis by BlaC
WT and P167S at 25 °C. The errors are the standard deviation over three
experiments.

BlaC variants

Substrate Parameters Wildtype P167S first ~ P167S
(WT) phase second
phase

Ampicillin Keat 1) 18+2 0.1 +0.06 n/a’
(NaPi, 100 mM,  K¥(uM) 144 + 18 12+5 n/a
pH 6.4.) Kear/KSP (10° 1.3+£0.1 0.07 + n/a

M lsh 0.03

Nitrocefin keat 571 120 + 8 59.1 +£0.7 n/a’
(NaPi, 100 mM, K" (uM) 215+ 19 142 + 10 n/a
pH 6.4.) Kear/ Ky (10° 5.6 + 0.6 4.2+0.3 n/a

Mt s’l)

Ceftazidime Keat 571 ND" ND 0.005 +
(NaPi, 100 mM, 0.001
pH 6.4.) KEP(uM) ND ND 1.2+ 0.4

Kear/ KiP (10° 0.23+0.07 6.1+0.8 4+2
M1t s’l)

Ceftazidime Kear (571 ND ND 0.0065 +
(MES, 100 mM, 0.0005
pH 6.4.) RSP (uM) ND ND 11+2

kea/ Ki3P(10° ND 1.3+05 0.57 +
Mlsh 0.04

a

n/a, not applicable.
b ND, not determined.
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giving a ke, /Ky of 0.23 £ 0.07 x 103 M~ ! s7! for WT BlaC (eq. 2), also
consistent with published values. [50] The hydrolysis reaction with
ceftazidime by BlaC P167S was monitored for an extended period of 1 h.
The first 5 min of product formation are presented in Fig. S4, showing
biphasic kinetics, with an initial burst followed by a linear phase. The
amplitude of the burst phase (0.8 pM) was close to the enzyme con-
centration (1.0 pM). To determine whether the first phase of the curve
represents a true burst, i.e. formation of the product linked to the
enzyme, or is evidence of branched kinetics, as reported for several
B-lactamases with bulky p-lactam antibiotic substrates, [66,67] ceftazi-
dime hydrolysis by 100 nM BlaC P167S was measured at different
substrate concentrations (Fig. 1), and the data were fitted to eq. 3, an
empirical, model-agnostic formula that yields an initial and final ve-
locity and a time constant for the conversion from phase 1 to phase 2.
[55] The amplitude of the burst phase is dependent on the substrate
concentration and greatly exceeds the enzyme concentration for high
concentrations of ceftazidime (Table S2), indicating that the biphasic
kinetics are a consequence of a branched kinetic pathway. The k¢, /Ky of
BlaC P167S with ceftazidime is 6.1 + 0.8 x 10° M~! s~! in kinetic phase
1. Determination of the Ky was not possible, indicating it is high,
probably due to steric hindrance in the active site caused by the bulky
side chains of ceftazidime. [38]

Thus, conversion of ceftazidime is much more efficient for the
mutant than the WT enzyme, at least in the initial phase. The velocity of
the second phase is nearly independent of the substrate concentration,
which indicates that the apparent Ky of this phase is low. It can be
estimated to be 1.2 + 0.4 pM. For linear kinetics involving a covalent
intermediate (Eq. (6)), the apparent Ky, is defined by Eq. (7), showing
that the standard Ky is modified by the ratio of k. and (kp + k). Thus, it
is concluded that the acylation rate constant (kp) is much higher than the
deacylation rate constant (k.), yielding a low apparent Ky;.

ka
E+S=ESS S Exp (6)
k—a
ke keatky
app __
M etk ke @
ky, ® k.
kca =
C T ky + ke ®

The branched pathway kinetics could be triggered by the chemical
rearrangement of the acyl moiety or by an enzyme conformational
change. [13,66] Such an isomerization of the resting state enzyme has
also been described previously for a class C p-lactamase. [68] Therefore,
to further clarify the possible kinetic mechanism for ceftazidime

3.0
2.5
2.0
s
=2 1.5
a
1.0 : 100pM
J 50uM|
0.5 25uM
(Y1) —ee— : o]
0 100 200 300 400 500 600

Time (s)

Fig. 1. Biphasic kinetics of ceftazidime hydrolysis by BlaC P167S. Product
curves of ceftazidime hydrolysis by BlaC P167S in phosphate buffer at various
substrate concentrations are shown. The black line is the fit for the biphasic
kinetics described by eq. 3, the fitting parameters are listed in Table S2.
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hydrolysis by BlaC P167S, NMR spectroscopy experiments were
performed.

3.3. BlaC P167S exists in two conformations

To establish whether BlaC P167S can exist in more than a single
conformation, 'H—'°N TROSY-HSQC spectra were recorded before and
during ceftazidime hydrolysis for 6 h, until hydrolysis was complete.
The spectra represent predominantly the second kinetic phase, because
the first phase is completed in the first minutes. The NMR data revealed
that BlaC P167S exists in two conformations in the absence of substrate,
because the resonances for many residues gave two distinct signals.
Interestingly, the first spectrum after addition of ceftazidime, recorded
after 39 min, shows only one conformation of the enzyme and the sec-
ond conformation is not observed until substrate hydrolysis is almost
complete at around 6 h (Fig. 2a). To aid in distinguishing the two con-
formations, we define the conformation for which the resonances dis-
appeared during the reaction as the open form and the other as the
closed form, for reasons explained later. The closed form of the BlaC
P167S mutant shows resonance positions more similar to those of the
WT enzyme, suggesting the structures are more alike. The changes in the
relative intensities of the two conformations during the hydrolysis
process are shown in Fig. 2b. The population of the open form was
initially 50 %. This form was completely depleted during the reaction
and recovers to 25 % after 743 min, whereas the population of the closed
form is approximately 40 % at this endpoint. One possible reason why
the resonance intensities do not recover to their initial values when
hydrolysis is complete is that association and dissociation of the high
amount of product could cause chemical exchange broadening. It is also
possible that at the end of the reaction part of the enzyme is lost due to
aggregation. The presence of the large amount of product, which can
associate with the protein, may also affect the ratio of the two forms,
causing the lower fraction of the open form.

3.4. The Q-loop of BlaC P167S is dynamic

To structurally characterize the two conformations in the absence of
substrate, the 'H—!°N resonances of BlaC P167S were assigned by
comparison to WT BlaC assignments and confirmed using HNCA and
HNCACB spectra, obtained with a 3C—°N uniformly labelled sample.
Phosphate can bind to specific residues in the active site of BlaC, [52] so
the spectra were recorded in both MES and phosphate (NaPi) buffers at
20 °C. All non-proline backbone amides peaks were assigned except
Asp2 and four residues in the active site, as in WT BlaC. [52] BlaC P167S
exhibited two conformations in both MES and NaPi (Fig. 3a and S5). The
split peaks relating to these two conformations have a minimum dis-
tance of ~13-20 Hz for both 'H and '°N dimensions, evidence for slow
chemical exchange (kex << 58 s™1). The relative intensities of the split
peaks indicate that the relative populations of the two states are 49 %
and 51 % in NaPi, and 76 % and 24 % in MES buffer (Fig. 3a). Spectra
were also measured at 25 °C (Fig. S6) and assigned on the basis of the
spectra taken at 20 °C (Fig. S5). The relative populations of the two
states are 48 % and 52 % in NaPi, and 71 % and 29 % in MES, indicating
temperature has only a minor impact on the relative populations of the
two states.

The relative intensities of the resonances in NaPi buffer for WT and
P167S BlaC were plotted and found to match for some parts of the
protein (e.g., up to residue 66, Fig. 3c). For the part of the protein for
which residues show double peaks, the sum of the two intensities is close
to that of the same residue in the spectrum of WT BlaC (e.g., residues
150-163, Fig. 3c). In some regions the intensities of mutant resonances
were only about 40 % of WT intensity, suggesting that these residues
exist in two conformations but the resonance of the second conformation
could not be detected, such as for Q-loop and active site residues
(Fig. 3c). This observation suggests these resonances experience ex-
change broadening in one of the two conformations.
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Fig. 2. Two conformations of BlaC P167S. a) Detail of "H—'°N TROSY-HSQC spectra during ceftazidime hydrolysis, showing the double resonance for Gly120; b)
Relative intensities of the two conformations (averaged over 15 residues: Thr98, Asp100, GIln114, Met117, Gly120, Asp124, Tyrl51, Thr188, Lys203, Thr208,
Arg222, Ala248, Ser265, Gly270, and Ala274) before, during and after ceftazidime hydrolysis. The data at O min represent the spectra without substrate. Error bars
represent the standard deviation over 15 residues.

Gly120 Ala248 b
108.8 3
E RN i I Probability —
£109.04 @)l}—’—\ - 100175 Re 110 r(V/I)
> D) [ R o ---.9 O
& 109.2 { E 80 - ¢ 410.8 g
109.4] - R &
3 1 ; E T ©
2604 40.6 £
993 989 985 913  9.09  9.05 3 ©
1H (ppm) _1H (ppm) © ]
y i ] -8 40 - 04 _
o S
20+ 0.2 ©
O
3 [h'd
E165 E166 S167 E168 L169 N170 R171
993 989 985 913 | 9.09 9.05 Residue
1H (ppm) 1H (ppm)
C
§ 120 4 = évll—sed form |
> I Open form
é 80 -
£
2 401
©
o)
;1

50 102 150 200 251
Residue number (Ambler)

Fig. 3. NMR spectra of BlaC P167S and the relative intensity plot. a) Details of 'H—'>N TROSY-HSQC spectra showing resonances for residues Gly120 (left) and
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The chemical shift perturbations (CSPs) of the two conformations in
NaPi buffer at 25 °C in comparison with the WT BlaC resonance posi-
tions were subsequently determined (Fig. S7). Large CSPs were observed
near Ile105 and Aspl36 for both conformations. Major CSPs were
observed in the Q-loop around the mutation site and minor perturba-
tions were found for residues that are distant from the mutation site.
These CSPs indicate that the conformation of both open and closed forms
of the enzyme differs from that of WT BlaC. The CSPs are, however, more
extensive and larger for the open form (Fig. S7).

Residues Pro167 — Argl71 of the Q-loop are in an o-helical confor-
mation in the WT enzyme (PDB ID: 2GDN). As large CSPs were observed
in this region for BlaC P167S, we determined whether this a-helix re-
mains present using the TALOS+ server, [69] which estimates the ¢ and
y backbone torsion angles, via the backbone '3C, 1N and 'H chemical
shifts (Table S3). Residues Serl67 to Leul69 in the open state were
predicted to be in an a-helical conformation based on the probability
value from the server (Fig. 3b). Random-coil-index-derived order-pa-
rameters (RCI-Sz) [70] of approximately 0.9 were obtained, indicating
that the secondary structure of the predicted residues is rigid on the
nanosecond time scale. The signals of the equivalent residues of the
closed state were not observed (Fig. 3c).

3.5. Phosphate binding increases the population of the open conformation

We wondered why the relative populations of the two conformations
of BlaC P167S are different in MES and NaPi buffer. Previous reports
have noted that phosphate can bind to the carboxylate binding pocket in
the active site, [52,71] which may affect the populations of the two
observed conformations. To probe the effect of phosphate on the two
conformations of BlaC P167S, TROSY-HSQC spectra were recorded at
phosphate concentrations ranging from 0 to 250 mM and separately,
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with increasing MES buffer concentrations as a control (Fig. S8a). Res-
onances of residues in the phosphate binding sites shift with increasing
phosphate concentration, indicating that binding happens in the fast-
exchange regime. The residues that exhibit the largest CSPs match
those described previously. [52] CSPs were observed for both con-
formers and the dissociation constants (Kp;, Kpz) were determined,
yielding 60 + 6 mM and 10 + 3 mM for the closed and open forms,
respectively (Fig. 4b). Thus, phosphate binding is preferential in the
open form, shifting the population equilibrium to this form (Fig. 4a and
S8b). The ratio of populations was not affected by increasing MES buffer
concentration (Fig. S8b). The equilibrium between the two conforma-
tions and binding/dissociation of phosphate can be represented in a
thermodynamic square (Fig. 4c), which can be used to show that the six-
fold difference in dissociation constant can explain the observed change
in the ratios of open and closed states (Fig. 4d). The simulation yields
equilibrium constants of 0.41 and 2.43 for the closed/open equilibrium
in the absence and presence of phosphate, respectively.

3.6. The crystal structure of BlaC P167S shows the structures of both
conformations

To visualize the conformational changes between the closed and
open forms, a crystal structure of BlaC P167S was obtained. The protein
crystallized at 1.8 A resolution in the space group P1 with two molecules
in the asymmetric unit, showing different conformations (Fig. 5a). These
conformations were observed in two crystals, which crystallized under
different conditions (Table S4). The overall structure of the two con-
formations resembles the WT. However, a marked difference between
the two conformations and the WT is observed within the Q-loop, spe-
cifically from residues 164 to 177 (Fig. 5). The likely reason for the
changes is that the cis peptide bond between Glul66 and Prol67
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Fig. 4. Phosphate effect on the open and closed forms of BlaC P167S at 25 °C. a) Relative intensity of the closed (blue) and open (red) conformations plotted as a
function of phosphate concentration. Intensities were averaged over 55 residues. The errors are the standard deviation over duplicate measurements; b) CSP binding
curves (Egs. (4) and (5)). The estimated peak picking error (4 0.02 ppm) is shown as vertical error bars. The error in the Kp, is the fitting error; ¢) Thermodynamic
square for phosphate binding to two conformers of BlaC P167S; d) The observed ratio of closed and open conformers (purple circles) is plotted as a function of the
phosphate concentration. The errors are the standard deviation over duplicate measurements. The simulation assuming a 6-fold difference in affinity for phosphate
between closed and open states is shown as a black line. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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Fig. 5. Crystal structure of the open and closed forms of BlaC P167S. a) X-ray crystal structure of the resting state of BlaC P167S. The open form is shown in red, and
the closed form in blue; both forms are shown overlaid with the WT BlaC structure (grey, PDB 2GDN [50]) for reference. The images on the right show a close-up of
the Q-loop. The residue shown in sticks is Ser167; b) The positions of Arg103, Ser104, Ser167, Glul65, Glu168, Glul66, Ser130, Lys73, Ser167, and Ser70 in the
active site. Potential hydrogen bonds between Arg103 and Glul65 as well as Ser104 and Glu168 are shown as a yellow dashed line. Atom distances are indicated in A
The green bar indicates the cis peptide bond in Pro167. Colors are the same as in panel (a). The 2mF,-DF, electron density map is centered on the Q-loop and selected
active site residues and is shown in blue chicken wire for the closed form and brown for the open form, with a contour level of 1 ¢ and extent radius of 5 A. c)
Backbone B-factors of BlaC WT and the closed and open forrns of BlaC P1678S. Heat colors and thicknesses of the tubes correlate with B-factors. The figure was
produced using PYMOL. [73] The B-factors range from 12.9 A to67.8A% (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

changes into a trans bond upon mutation to Ser167 (Fig. 5b). In one of
the conformations the Q-loop opens and expands the active site pocket.
Such a phenomenon has been observed before to a lesser extent for TEM
and CTX-M-9 p-lactamases. [41] TEM shows an increased ceftazidime
resistance due to a conformational change in the Q-loop. [38] Two
Q-loop states were also recently described in TEM variants that exhibit
increased benzylpenicillin resistance, related to a higher population of
open Q-loop pockets. [40,46] However, no open Q-loop pocket was
found in WT BlaC. [40] Conformational change in the Q-loop gives
ceftazidime better access to the active site. [18,33,34] As a consequence
of this repositioned Q-loop, Glul66 is flipped to the outside of the
enzyme and is consequently located far away from the active site. A
possible stabilization of this conformation occurs via intermolecular
crystal packing interactions (Fig. S9). We named this conformer the
open state. In contrast, the other conformation shows a (semi-)closed
Q-loop, which is more similar to the WT BlaC. This conformation ap-
pears to be stabilized by a hydrogen bond between the nitrogen atom of
Ser104 and the OE1 atom of Glu168 and a salt bridge between Glu 165
and Argl03 (Fig. 5b). To enable this interaction, the peptide bond be-
tween Arg103 and Ser104 is flipped relative to the structure of wild type
BlaC. The position of Glu166 in this conformation is similar to that in the
structure of the WT enzyme, although the carboxy group is rotated. B-

d

Ei(A) + S(B) < 515 (C)
k7{l'kg
E,(G) +S(B) = EZS (H)

k10

1.4

2B, (D)

S Byl (1) - EzP(])

factors of protein crystal structures reflect the fluctuation of atoms and
provide insight into protein dynamics. [72] In the structures of BlaC
P1678S, the average observed B-factors within the Q-loop of open state
and closed state are 50.44 and 35.43 A2, respectively, whereas in WT
BlaC it is 17.17 A? (Fig. 5¢). Thus, the Q-loop is more dynamic in the
mutant in both forms. Interestingly, the neighboring regions, which
show some flexibility in WT BlaC, are more restrained in the mutant.

In the open conformation, the Q-loop contains an o-helix in the
crystal structure, in accordance with the helix observed for one of the
conformations in solution, as supported by the TALOS+ analysis
(Fig. 3b). This a-helix is not observed in the closed conformation of the
Q-loop. Therefore, we assigned the conformation with an a-helix in the
Q-loop in solution to the open conformation in the crystal.

3.7. A branched kinetics model for ceftazidime hydrolysis

Our data indicate that the BlaC P167S mutant possesses two con-
formations in the resting state. Crystal structures of two conformations
(open vs. closed) of P167S were solved, and these structures are sup-
ported by the NMR spectra. To explain the biphasic kinetics for cefta-
zidime hydrolysis, we propose that the conformations can slowly
interconvert, which is supported by the changing population ratio upon

E1P(E) El(A) + P(F)

Ez(G)+P(F)
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200
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Fig. 6. An overall framework for ceftazidime hydrolysis with BlaC P167S. a) Scheme for the kinetic mechanism of BlaC P167S hydrolysis with ceftazidime. b)
Progress curves of ceftazidime hydrolysis by BlaC P167S as a function of substrate concentration. The black line is the simulated data by the proposed scheme for the
kinetic mechanism (Fig. 6a) with the parameters in Table S5.
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titration with phosphate. This interconversion leads to a branched ki-
netic model, which in its simplest form only shows interconversion for
the resting state conformations (Fig. 6a), although interconversion
during the catalytic cycle cannot be ruled out.

To test this model, the kinetic data for ceftazidime hydrolysis in MES
buffer were simulated by numerically solving the differential equations
describing the model in Fig. 6a. The data can be simulated reasonably
well (Fig. 6b, Fig. S10) with the parameters shown in Table S5. These
parameters show that the closed form (E;) has an 800-fold lower
deacylation rate constant than the open form (Ey) (ks <ki2), so the acyl
intermediate formed by the closed form (E41, species D) accumulates and
is the major form present during hydrolysis, an observation that is
consistent with loss of the signals from the open form in the real-time
NMR data. The acylation rate of the closed form is much higher than
the deacylation rate (ks >k4 ), leading to a strongly reduced apparent Ky
(eq. 9), in line with observations for the second-phase kinetics.

k4 (] k5 kz + k3

K™ —
M T ek thsoks thaoks . Kk ©

The higher deacylation rate of the open form explains the high re-
action rate in the first phase of the kinetics. The slow interconversion
between open and closed states (k; and kg), in combination with the
accumulation of E1D is the reason for the conversion from the fast to the
slow phase of the kinetics. The exchange rate constant (ky + kg) is 3.0
min~! according to the simulation, in line with the value obtained with
the fit to eq. 8 (2.8 min’l) and indeed much lower than the upper limit
set by the NMR data («57 s ). It is noted that even the minimal model
shown in Fig. 6a contains many parameters and it is expected that pa-
rameters may correlate, and other values may also give acceptable re-
sults. Thus, the presented values should be treated with caution and the
simulation merely serves to show that the model is able to explain all
observations.

The reason for the low deacylation rate in the closed state remains
unclear. The activity in the open state indicates that Glul66 is not
required, because it is located far from the active site. The mechanism
for deacylation of the ceftazidime adduct is therefore unclear. The active
site residue Lys73 has been proposed to take the role of Glu166. [74] It
has also been suggested that it could be dependent on the conformation
of the adduct, [75] therefore it is possible that the closed state hinders
the adduct in assuming the right conformation. The loss in activity of
BlaC P167S compared to WT BlaC for ampicillin is much larger than for
nitrocefin and the data suggest that slow hydrolysis of the former is due
a low deacylation rate because of the low apparent Ky. It has been hy-
pothesized that a larger active site cavity would not make optimal
contacts with smaller antibiotics, making it less effective for catalysis.
[76] For hydrolysis of the ampicillin and nitrocefin adducts, Glul66 is
essential and it is likely that changes in the omega loop due to the P167S
mutation affect the structure and dynamics, and thus the ability of
Glul66 to activate the active site water molecule. Finetuning of the
active site around Glu166 may be critical in determining the deacylation
capability of the adducts of these and other substrates.

4. Conclusions

The mutation P167S changes the structure of the Q-loop in BlaC,
resulting in two conformations for the resting state of the enzyme, both
in the crystalline state and in solution. One state is (semi-)closed
whereas the other exposes a large part of the Q-loop to the solution. The
open state is most active against ceftazidime. The (semi)closed form has
a slow deacylation reaction, and consequently this state accumulates
under steady state conditions. The turnover rate of ampicillin is
compromised by the P167S mutation. The difference in the catalytic
mechanisms, i.e. whether Glu166 is required, underlies the trade-off in
activities seen for fB-lactamases in the conversion of penicillins and
ceftazidime. Though all these substrates have a p-lactam group, they
require a different mechanism to catalyze hydrolysis.
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