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Abstract

Mycobacterium tuberculosis is intrinsically resistant to most f~lactam antibiotics because of the
constitutive expression of the blaC-encoded f-lactamase. This enzyme has extremely high activity
against penicillins and cephalosporins, but weaker activity against carbapenems. The enzyme can
be inhibited by clavulanate, avibactam, and boronic acids. In this study, we investigated the ability
of 6-methylidene f-lactams to inhibit BlaC. One such compound, penem 2, inhibited BlaC more
than 70 times more efficiently than clavulanate. The compound forms a covalent complex with
BlaC as shown by mass spectrometry. Crystallization of the complex revealed that the bound
inhibitor was covalently attached via the Ser70 active site residue and that the covalently, acylated
form of the inhibitor had undergone additional chemistry yielding a 4,7-thiazepine ring in place of
the f-lactam and a thiazapyroline ring generated as a result of flactam ring opening. The

"Corresponding Author: Department of Biochemistry, Albert Einstein College of Medicine, 1300 Morris Park Ave., Bronx, NY
10461. john.blanchard@einstein.yu.edu. Telephone: (718) 430-3096. Fax: (718) 430-8565.
S.H. and S.G.K. contributed equally to this work.

Accession Codes
The Protein Data Bank entry for the BlaC—penem 2 adduct is 4QHC.

The authors declare no competing financial interest.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hazra et al. Page 2

stereochemistry of the product of the 7-endo-trig cyclization was the opposite of that observed
previously for class A and D f-lactamases. Addition of penem 2 greatly synergized the
antibacterial properties of both ampicillin and meropenem against a growing culture of M.
tuberculosis. Strikingly, penem 2 alone showed significant growth inhibition, suggesting that in
addition to its capability of efficiently inhibiting BlaC, it also inhibited the peptidoglycan cross-
linking transpeptidases.

Graphical abstract

The emergence, and rapid molecular evolution, of bacterial f-lactamases threatens the
clinical utility of #lactam antibacterials.12 These are the largest class of antibacterial agents
and are widely prescribed for the treatment of both Gram-negative and Gram-positive
infections. There are four classes of flactamases, originally classified on the basis of
primary amino acid sequence,3 termed Ambler classes A-D.3 Classes A, C, and D enzymes
contain an active site serine nucleophile, while the class B enzymes are metalloenzymes
containing zinc at the active site. The class A and C enzymes are the most common and are
believed to have arisen from unique ancestral penicillin binding proteins (PBPSs), which are
the targets of f-lactams and share the initial serine acylation mechanism, and subsequent
evolution of glactam hydrolyzing activity (reviewed in ref 1). A more recent attempt to
classify f+lactamses according to substrate and inhibitor specificity has been proposed.*
With the appearance of broad (extended) spectrum f-lactamases (ESBLS), which catalyze
the hydrolysis of both penicillins and cephalosporins, the development and combinatorial
use of flactamase inhibitors with f-lactams was adopted. There are presently only four
Food and Drug Administration-approved and clinically used f-lactamase inhibitors:
clavulanic acid, the two penicillanic acid sulfones (tazobactam and sulbactam), and most
recently avibactam. However, there has been the emergence of resistance even to these
combinations among formerly susceptible bacteria.>~" Further, the class C flactamases
have weak affinity for these inhibitors and are only poorly inhibited by them, while
organisms expressing metallo-/-lactamases or class D f-lactamases (where the SXN motif is
replaced with a YXN motif) are not susceptible to any of the Alactamase inhibitors? and can
hydrolyze carbapenems.®

To address these concerns, several new classes of flactamase inhibitors have recently been
approved or are in development.? These include the non-lactam diazabicyclooctanes that are
powerful inhibitors of several classes of flactamases!? and include avibactam (formerly
NXL104) whose covalently bound structure to a class A f-lactamase has recently been
reported.1? A second class under development is the 6-methylidene penems that have a
broad spectrum of activity against all the non-metallo-/*lactamases.12-14 The flactam rings
of the penems are nucleophilically attacked and ring opened to form acylated penem—/
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lactamase complexes but then undergo a rearrangement and cyclization to generate a
covalently bound 1,4-thiazepine seven-membered ring system, first suggested in 199512 and
confirmed crystallographically in 2003.1° Since that time, a number of crystal structures of
various 6-methylidene penem derivatives have been reported in complex with a number of
Slactamases.16-19

Mycobacterium tuberculosis was shown to constitutively express a “penicillinase” in
1949.20 The publication of the genome revealed a single, chromosomally encoded /-
lactamase whose sequence allowed its classification as a class A Flactamase.2 A
subsequent genetic study revealed that the blaC gene product (BlaC) was responsible for the
lack of susceptibility of mycobacterial species, including M. tuberculosis, to flactam
antibacterials.22 An expression construct in which the N-terminal 40-residue “membrane-
anchoring” sequence was truncated allowed for the production of a soluble, active enzyme
that was crystallized and structurally characterized.23 A subsequent detailed kinetic analysis
of the substrate specificity of the enzyme revealed that BlaC exhibited a broad spectrum of
activity against penicillins, cephalosporins, and the carbapenem, imipenem.24 That study
demonstrated that both tazobactam and sulbactam only transiently inhibited the enzyme,
while clavulanate irreversibly inhibited the enzyme, and the structure of the BlaC-
clavulanate covalent complex was reported soon after.2> This provided biochemical
confirmation of the earlier report that amoxicillin in combination with clavulanate exhibited
in vitro activity against laboratory strains of M. tuberculosis?® and a resolution to the
paradoxical lack of activity of f-lactams against mycobacteria known to harbor essential
penicillin-sensitive targets (e.g., D,D-transpeptidases?’). Finally, the combination of the
single effective f-lactamase inhibitor, clavulanate, with the extremely poor BlaC substrate,
meropenem, was shown to exhibit bactericidal activity against both rapidly replicating and
dormant cultures of both laboratory and extensively drug-resistant (XDR) strains of M.
tuberculosis.28This same combination has been used successfully to treat patients infected
with XDR-TB strains.2?

This study was performed to assess the interaction of 6-methylidene penems as potential
inhibitors of BlaC, structurally characterize the covalent complex formed between the
penem and BlaC, and determine the efficacy and potential synergies of the inhibitor with
selected f#lactam antibiotics.

MATERIALS AND METHODS

Materials

Penem 1 and penem 2 (Scheme 1) were kindly provided by Pfizer (Groton, CT). Buffer
reagents for crystallography were purchased from Hampton Research (Aliso Viejo, CA).
Unless noted, other chemicals were from Sigma-Aldrich (St. Louis, MO).

Cloning and Purification of Wild-Type (WT) BlaC

The blaC gene was amplified from genomic M. tuberculosis H37Rv DNA and cloned into
PET28 using Ndel and Hindlll. BlaC was expressed as an N-terminally truncated form,
lacking the first 40 amino acids, as previously described.24 After the construct was
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confirmed by sequencing, the plasmid expressing Hisg-tagged wild-type BlaC was
transformed into Escherichia coli BL21/DES3 cells and cultured in LB broth at 37 °C. When
the culture ODggg reached 0.6, the culture was cooled, and protein expression was induced
with 0.5 mM isopropyl f-D-1-thiogalactopyranoside (IPTG). After incubation for 18 h at 16
°C, cells were harvested, resuspended in 25 mM Tris-HCI containing 300 mM NaCl (pH
7.5), and disrupted by sonication. After centrifugation, the soluble extract was loaded onto a
Ni-NTA agarose column (Qiagen) and eluted with 200 mM imidazole, in 25 mM Tris-HCI
containing 300 mM NaCl (pH 7.5). The eluted fractions were dialyzed against the same
buffer without imidazole. To remove the His tag, the eluted protein was incubated with
thrombin (Novagen, Madison, WI) overnight at 4 °C (1.6 units/mg of protein). The cleaved
protein was separated from the Hisg-tagged peptide by size-exclusion chromatography using
a HiLoad 26/60 Superdex 200 column (GE Healthcare Life Science, Uppsala, Sweden).

Inactivation Kinetics of BlaC with Clavulanate and Penems 1 and 2

Steady state kinetics were performed on an Agilent (Palo Alto, CA) 8453 diode array
spectrophotometer in sodium phosphate buffer (50 mM, pH 7.2) and a 1 cm path length
cuvette. Inhibitor kinetics were performed using nitrocefin (NCF) as a reporter substrate
(Aeagp = 17400 M~ cm™1). The kinetic behavior of mechanism-based inhibitors was
characterized using a two-phase model of time-dependent inactivation with kj,act being the
maximal rate of inactivation or the rate limit at infinite inhibitor concentration, and K;
reflecting the concentration that results in a half-maximal rate of inhibition. K; and Kinact
were determined as follows. Product formation from NCF hydrolysis at an initial
concentration of 100 uM in the presence of 0.05 pg/mL BlaC was assessed at 482 nm over a
period of 300 s and plotted as a function of time t. The data points were fitted to eq 1 using
Origin8.0 (Origin Corp., Northampton, MA) to obtain the individual apparent first-order rate
constant, kqps, for the interconversion of initial velocity vg to final velocity v¢ for a given
inhibitor concentration:

) Yo — Yt —kobst
A=A t 1-— obs
o+vst+ For ( e ) o)

Serial measurements using increasing inhibitor concentrations, [I], were performed, and the
resulting individual rate constants (kqps) Were plotted versus [1]. Fitting to eq 2 allowed
determination of Kijnact and K;:

kinact

K+ @

Kobs=

K| values were corrected for the affinity of NCF according to eq 3.

Tcorrected [NCF] 3
I+ % TNCH

using the determined Ky, value for NCF of 58 uM.
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Turnover numbers for penem 2 were obtained as follows. Penem 2 and BlaC were co-
incubated at molar ratios (I:E) of 5:1, 10:1, 50:1, and 100:1 over 20 h, and residual activities
were determined using NCF. No residual activity was detected at any I:E ratio, indicating a
turnover number of <5. Then, after time-dependent inactivation, equimolar inhibitor:enzyme
ratios were obtained at 5, 10, 30, and 60 min. No residual activity was detected after 5 min,
indicating stoichiometric inactivation. Assays were performed in triplicate, including control
reactions.

Mass Spectrometry of the BlaC—Penem 2 Covalent Adduct

To test if penem 2 forms a stable, covalent complex with BlaC, the sizes of native BlaC and
BlaC co-incubated with penem 2 were determined using electrospray ionization (ESI) mass
spectrometry (MS). Spectra were generated on an Applied Biosystems (Foster City, CA)
QStar Elite quadrupole time-of-flight mass spectrometer equipped with a Turbolon spray
source. BlaC was preincubated with a 10-fold excess of penem 2 for 15 min. Samples were
desalted using a C18ZipTip (Millipore, Billerica, MA) following the manufacturer’s
protocol. Proteins were diluted with 50% acetonitrile and 0.2% formic acid. The samples
were infused at a rate of 0.5 pL/min, and data were collected for 2 min. Spectra were
deconvoluted using Analyst from Applied Biosystems (Framingham, MA).

Growth Inhibition of M. tuberculosis

M. tuberculosis strain H37Rv was inoculated into 7H9 liquid medium, grown at 37 °C to an
ODgqg of 1.0, and then diluted to a starting ODggq of 0.18. Fractions (5 mL) were inoculated
in duplicate with the following compounds each at a concentration of 10 pg/mL: ampicillin,
clavulanate, meropenem, penem 2, ampicillin and clavulanate, and meropenem and
clavulanate. Growth was assessed over 9 days by measuring ODggg and compared to that of
a control culture.

Crystallization of the BlaC—Penem 2 Adduct

The hanging drop, vapor diffusion method was used for the crystallization of BlaC. The
composition of the well consisted of 0.1 M HEPES (pH 7.5) and 2 M NH4H,PO4, which
makes the final pH of the well solution 4.1. Protein at a concentration of 12 mg/mL was
mixed 1:1 with the well solution and incubated at 10 °C. Initial crystals grew within 4-5
days but were very small needles. Repeated microseeding was performed, which resulted in
efficient large crystal growth with improved morphology producing diffraction quality
crystals of the active enzyme.

Data Collection and Refinement

Crystals were soaked with ~100 mM penem 2 in mother liquor. The solution was incubated
for 2, 4, 8,12, 24, and 48 h. Before the crystals were frozen, mineral oil was added to the
solution as a cryoprotectant. Data were collected at the RAXIS 1VV+ home source on crystals
frozen after 2, 4, 8, and 24 h soaks with penem 2. The data from the 8 h soak were processed
using HKL2000.3% Our previous structure of tebipenem bound covalently to M. tuberculosis
BlaC3! [Protein Data Bank (PDB) entry 4Q81] was used to phase the data, using the CCP4
software suite.32 Multiple rounds of structural refinement and model building were
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performed in Refmac5,33:34 Phenix,3° and Coot.36 Table 1 lists the data collection statistics
for the structure as well as the final refinement statistics. Structure figures were generated
using PyMOL. Atomic coordinates and experimental structure factors have been deposited
as PDB entry 4QHC.

RESULTS AND DISCUSSION

The Kinetics of inactivation of BlaC by clavulanate, penem 1, and penem 2 were determined.
Clavulanate has previously been shown to be a rapid, irreversible inactivator of BlaC.24
Both penem 1 and penem 2 were shown to inactivate BlaC, with rates of inactivation (Kinact)
that were higher (0.06 and 0.07 s™1, respectively) and K values that were lower (0.8 and 0.2
UM, respectively) than those of clavulanate (Table 1). The ratio of these kinetic constants
(Kinact/K1) is a commonly used measure of the effectiveness of an inhibitor. Upon
comparison of this ratio for penem 2 and clavulanate, penem 2 is 75 times more effective as
an inhibitor. Thus, we sought to examine the nature of the binding of penem 2 to BlaC.

Using BlaC alone, or BlaC that had been incubated with a 10-fold molar excess of penem 2,
the mass spectra shown in Figure 1 were obtained. On the left is the spectrum of BlaC alone,
while on the right (shown with a gray background) is the spectrum of BlaC in the presence
of penem 2. The BlaC peak completely disappears and is replaced by a peak that is mass
shifted by 322 + 3 Da. The predicted mass shift for the formation of the covalent complex is
321 + 3 Da, suggesting that penem 2 reacts with Ser70 to form a stable, covalent acylated
complex. This has been observed previously with other f-lactamases, including the class A
enzyme, SHV-1,18 and the class D enzyme, OXA-1.14

M. tuberculosis BlaC has been crystallized in a number of complexes with the f-lactamase
inhibitors clavulanate?® and avibactam!! as well as several carbapenems.28:31.37 These
structures have revealed that after acylation at Ser70, that additional chemical reactions
occur at the active site, causing fragmentation of the bound molecules. Previous structural
studies of 6-methylidene penems and penem sulfones bound to class A (Klebsiella
pneumoniae SHV-1) and C (Enterobacter cloacae GC1) flactamases have revealed that
after f-lactam ring opening of these molecules, the thiazoline ring of the covalently attached
inhibitor is cleaved to generate a C6 thiolate intermediate (Scheme 2) much like the oxazole
ring of clavulanate is opened. The thiolate can now attack the C6—C7 ester conjugated,
unsaturated bond to form an enzyme-bound 1,4-thiazepine species. This has been shown to
occur stereospecifically, with the unique formation of the C7 R stereoisomer.1> We thus
sought to determine whether similar chemistry and stereochemistry apply to the BlaC £
lactamase.

When crystals of BlaC were soaked for varying lengths of time with penem 2, the data sets
were indistinguishable, suggesting that penem 2 bound and completely reacted with BlaC
within 2 h. The data set from the 8 h soak was refined to 1.9 A resolution using the BlaC—
tebipenem structure as a model with excellent statistics (Table 2). There was clear electron
density in the active site that was continuous with the side chain of Ser70. The bound
species was modeled as the 1,4-thiazepine product previously observed in other f-lactamase
structures (Figure 2B). The two ring systems could be unambiguously positioned because of
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the carboxyl group located on the 1,4-thiazepine ring and the sulfur anomalous signal of the
sulfur atoms in both the thiazepine and C7 heterocyclic substituent.

The reactions leading to the formation of the thiazepine ring are shown in Scheme 2. After
binding to BlaC, Ser70, assisted by the general base Lys73, nucleophilically attacks the £
lactam ring of penem 2. Ring opening leads to the covalently bound inhibitor with the
thiazapyroline ring intact. Deprotonation of the ring nitrogen leads to cleavage of the
thiazapyroline ring and formation of the extensively conjugated open chain thiolate. The
stereochemistry at C7 is clearly S in the experimental structure, in contrast to the R
configuration observed in the penem complexes of the class A (SHV-1)18 and class D
(OXA-1)14 plactamases. In the class C GC1 penem structure,6 the stereochemistry is
mixed, consisting of approximately 30% R and 70% S isomers. The final product of this 7-
endo-trig cyclization requires that the thiolate attack the C6—C7 double bond on the re face
of C7 to generate the seven-membered thiazepine ring. We draw the final ring as the 4,7-
dihydro tautomer primarily on the basis of the bond angles in the structure. The measured
S1-C2-C3 and C2-C3-N4 angles of 118.5° and 120.4°, respectively, support the presence
of a C2-C3 double bond. Similarly, the C5-C6-CO bond angle of 119.9° supports the
predominant enzyme-bound tautomer as being the 4,7-dihydro form. Figure 3 shows the
overlay of the covalent complexes of the BlaC—penem covalent complex (carbons colored
green) with that of the K. pneumoniae SHV-1-penem complex (carbons colored orange).
The orientation of the thiazepine ring is opposite in the two complexes because the
stereochemistry at C7 of the two final products is opposite, thus causing the sulfur of the
ring to be oriented toward the solvent in the SHV structure but inward in the BlaC complex.

As discussed by others, while all substrates and inhibitors of f-lactamases interact with their
shared carboxylic acid and the “carboxylate binding pocket” composed of arginine and
threonine residues, the structures of the f-lactamse—thiazepine complexes reveal no
interaction in this complex. That is true for the BlaC-thiazepine complex here, as well. The
only interaction of the carboxylate is with a backbone amide of 1le105 and a water molecule
(Figure 4A,B). This same water molecule interacts with the ring nitrogen atom of the
thiazepine ring, as well. The carbonyl of the ester remains in the “oxyanion hole” composed
of the backbone amide nitrogens of Thr239 and Ser70. The only other electrostatic
interaction of the bound inhibitor is an interaction between one of the ring nitrogens of the
thiazepine heterocycle and the conserved “deacylation” water molecule and the bound
phosphate anion observed in many of the BlaC complexes as a result of the high
concentration (2 M) of phosphate used in the crystallization medium.

To determine whether the biochemical demonstration of inhibition of BlaC was relevant to
inhibition of the enzyme in the pathogen, we performed growth experiments with the
virulent H37Rv strain of M. tuberculosis. Robust growth was observed in control cultures,
as well in the presence of either ampicillin or clavulanate added individually (Figure 5).
When ampicillin and clavulanate were tested together, the synergistic effect of the inhibition
of BlaC by clavulanate2* on the activity of ampicillin was clear. Meropenem, a carbapenem,
inhibited growth when added alone to approximately the same extent as the combination of
ampicillin and clavulanate. When clavulanate was added to meropenem, this combination
yielded a nearly complete inhibition of growth. This combination has been shown to have
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excellent bactericidal activity against H37Rv and extensively drug-resistant (XDR) clinical
strains of M. tuberculosis28 and recently shown to have activity in patients with MDR and
XDR strains of M. tuberculosis.2® Penem 2 when added with ampicillin had a more
synergizing effect than clavulanate, suggesting that this compound can enter the periplasmic
space and inhibit BlaC.

The most surprising finding to come from these studies was the ability of penem 2 alone to
inhibit the growth of M. tuberculosis H37Rv. This suggests that in addition to its
demonstrated ability to potently inhibit the BlaC f-lactamase, it also has antibacterial
properties. The results suggest that penem 2 may be able to bind to, and inhibit, the D,D-
and L,D-transpeptidases that are responsible for peptidoglycan cross-linking. Mycobacteria
are unusual in having a large percentage of 3—-3 cross-links generated by the L,D-
transpeptidases compared to the more common 3-4 cross-links generated by the D,D-
transpeptidases. These L,D-transpeptidases are poorly inhibited by penicillins, such as
ampicillin, while they, and the D,D-carboxypeptidases that generate the truncated substrates
for the transpeptidases, have been shown to be inhibited by the carbapenems, including
meropenem.38:39 The long-lasting inhibition of growth by penem 2 also suggests that once
the covalent, cyclized thiazepine generated at the BlaC active site is formed, it remains
stable to subsequent hydrolysis. In contrast, meropenem and other carbapenems are
extremely poor substrates for BlaC (ke = 0.08 min~1)28 but are eventually hydrolyzed from
the enzyme. In summary, we have shown that penem 2 inhibits BlaC more effectively than
any currently available flactamase inhibitor. We have also shown by mass spectrometry
and crystallography that the inhibitor is not fragmented and forms a stable covalent
complex. Most importantly, we show that novel stereochemistry is formed by this inhibitor
and that inhibitor alone significantly retards the growth of mycobacteria in culture.
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Figure 1.
Overlay of the mass spectra of apoenzyme (mass determined, 28784.2 Da) and the BlaC-

penem 2 covalent complex (mass determined, 29406.4). The mass increase of 322.2 Da
corresponds to the molecular weight of penem 2 of 321.02 Da. No fragments were observed.
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Figure 2.
Structure of the BlaC—penem 2 covalent adduct. (A) The BlaC backbone is shown as gold

ribbons, while the 1,4-thiazepine covalent adduct is colored by atom type. (B) The 2F, — F,
electron density into which the inhibitor was modeled.
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Figure 3.
Comparison of the binding modes of the BlaC—penem 2 complex of M. tuberculosis (green)

and the K. pneumoniae BlaC—penem 2 complex (orange).
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Serpy

Figure 4.
Interactions between BlaC active site residues and the covalently bound inhibitor.
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Figure 5.
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Growth of a M. tuberculosis strain H37Rv fluid culture in duplicate. All compounds were
added at a concentration of 10 pg/mL, and the ODggo was measured over 9 days.
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Scheme 1.
Structures of Penems 1 and 2
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Scheme 2.
Chemical Steps Leading to the Final 1,4-Thiazepine Covalent Adduct
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Table 1
Kinetics of BlaC Inhibition

K (uM) kinact(s_l) Kinact/K|

clavulanate 6.3 0.02 0.004
penem 1 0.8 0.06 0.07
penem 2 0.2 0.07 0.30
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Table 2

Data Collection and Refinement Statistics for the BlaC—Penem 2 Complex

Data Collection
X-ray source
wavelength (A)
temperature (K)
resolution range (A)
no. of reflections
completeness (%)
redundancy
space group
unit cell dimensions (A)
a
b
c
a=pf=y
no. of molecules per asymmetric unit
Refinement
Ruwork (%)
Reree (%)
no. of atoms
protein (chain A)
phosphate (chain B)
penem 2 (chain T)
water (chain W)
root-mean-square deviation
bond lengths (A)
bond angles (deg)
average B factor (A2)
protein main chain
protein side chain
protein whole chain
phosphate
penem 2
water

PDB entry

rotating anode
1.5418 (Cu anode)
100

27.00-1.89

21290

96.89

4.1

P2,P2,P2;

49.70
68.33
75.25
90.00

17.52
21.09

2027
20
21
209

0.007
1.148

12.43
14.84
13.56
37.94
17.44
21.34
4QHC
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