











M. abscessus L,p-Transpeptidases and B-Lactams

FIG 2 Crystal structure of Ldt,,,.,. (a) Crystal structure of Ldt,,,,, detailing the tertiary structure of the
enzyme. (b) Electron density map (2F, — F), contoured at 1 o, of the active site of Ldty,,.,. (€)
Superposition of L,b-transpeptidase active sites of Ldty,.,, (green) and Ldt,,,, (orange).

molecular interactions between the enzyme and this antibiotic class. As an alternate
approach, we performed molecular dynamics simulations of interactions of select
B-lactams with the Ldt,,,,,, active site. Cefdinir, cephalexin, doripenem, and tebipenem
were chosen for this analysis, as they represent both weak and strong inhibitors of the
enzyme (Fig. 1f and g). These B-lactams were docked into the active site of the
experimentally generated three-dimensional (3-D) crystal structure of Ldt,,,., (see
Table S3 in the supplemental material). The docked Ldty,,,,—B-lactam complexes were
used as starting points for molecular dynamics simulations. A total of 100 ns of
molecular dynamics simulations was carried out in an explicit water solvent for each
Ldtpapo—B-lactam pair. After the initial 30 ns, all pairs were fairly stable during the entire
remaining period of the molecular dynamics simulations, with RMSD values, with

October 2017 Volume 61 Issue 10 e00866-17

Antimicrobial Agents and Chemotherapy

aac.asm.org 5

1sanb Aq 6T0Z ‘9T Arenuer uo /610 wse oee//:dny wol) papeojumod



Kumar et al.

TABLE 2 Thermodynamic parameters that describe binding interactions of Ldt,,,,, with
B-lactams®

EvdW Eelec GGB Gnonpolar AGbind
B-Lactam (kcal - mol=") (kcal - mol=') (kcal - mol=') (kcal - mol=") (kcal - mol—7")
Cefdinir —39.81 —71.81 89.17 —4.69 —27.14
Cephalexin  —27.80 —7235 83.24 —5.20 —22.11
Doripenem  —43.64 —58.95 69.36 —=5.15 —38.38
Tebipenem  —44.26 —52.44 69.26 —4.96 —32.40

aFree energy of the binding (AGy,,4) of B-lactams to Ldty,,,, calculated from van der Waals interactions
(Eyqw), electrostatic interactions (Egec), and polar (Ggg) and nonpolar (G,onpoiar) CONtributions.

respect to the average structure, of 1.14 = 0.31, 1.49 * 0.28, 1.38 = 0.33, and 1.18 =
0.35 for cefdinir, cephalexin, doripenem, and tebipenem, respectively (Fig. S3). In
addition, we calculated the binding energies for the Ldty,,,,—B-lactam pairs using the
final 20 ns of molecular dynamics simulations for a total of 2,000 snapshots (Table 2).
Carbapenems consistently exhibited lower binding free energy (AGy,;.q) than the
cephalosporins, indicating that they bind more tightly with Ldty,,,.. Between the two
carbapenems tested, AGy,.4 values were lowest for doripenem and highest for tebi-
penem. Therefore, doripenem binds more tightly than tebipenem to Ldt,,,,,. These
data are concordant with the relative strengths with which doripenem and tebipenem
inhibit the activity of Ldty,,,., as observed in the nitrocefin hydrolysis assay (Fig. 1g).
Between the two cephalosporins, the lower AGy;,.4 value for cefdinir indicates that it
binds more tightly than cephalexin to Ldt,,,,,, again in agreement with data from the
nitrocefin hydrolysis inhibition assay, where cefdinir exhibited higher potency and
cephalexin exhibited the lowest potency (Fig. 1f).

Interactions between p-lactams and the residues in the active site of Lp-
transpeptidases affect the overall inhibition of these enzymes (14). To further under-
stand the relevance of specific residues in the active site of Ldt,,,,, for binding to
B-lactams, the average binding free energies of decomposition for relevant residues
were measured against their interactions with cefdinir, cephalexin, doripenem, and
tebipenem (Fig. 3). These B-lactams interacted with residues M300, Y305, Y315, S348,
H349, G350, and C351, and their interactions exhibited a range of free energies (Table
S4). Cefdinir made additional interactions with residues T304, G329, and Y331 (Fig. 3a).
While T304 is part of the active-site flap, G329 and Y331 are located in the inner cavity
of the active site of Ldty,,,> (Fig. 2b and c). In the molecular dynamics simulations, the
100 ns snapshot shows that the 2-aminothiazole of the R2 side chain of cefdinir makes
hydrogen bond interactions with these residues (Fig. S4). Unlike cefdinir, cephalexin
exhibited low binding energies with active-site residues T304, G329, and Y331 but
exhibited additional interactions with outer cavity residues W337 and N353, residue
V319 in the active-site flap, and residue H333 in the catalytic core (Fig. 2b and c and 3b).
While most of the interactions of doripenem and tebipenem with Ldt,,,,, were similar,
the two carbapenems made critically different interactions with residues T304, Y315,
and R316 (Fig. 3c and d and Table S4).

Role of Ldt,,,,, active-site residues in -lactam ring hydrolysis. Guided by the
crystal structure and molecular dynamics studies, we selected residues in the active site
of Ldty,,., that make critical interactions with B-lactams to further assess their contri-
butions to the overall enzyme activity. For this task, we generated Ldt,,,,, with the
following amino acid substitutions: Y331F, H333N, H349N, and C351A. We observed
that these mutants hydrolyzed nitrocefin at varying rates (Fig. 4a). Somewhat surpris-
ingly, the C351A mutant hydrolyzed nitrocefin with the same V,, ., as that of wild-type
Ldtpapor although the mutant showed an ~3-fold-higher K., for nitrocefin (Table 3). The
H349N mutant also showed an ~3-fold increase in the K, for nitrocefin. For the Y331F
and H333N mutants, while the V,,,, decreased, the K,, did not change significantly.
Next, we investigated whether the phenomenon of nitrocefin B-lactam ring hydrolysis
in the absence of catalytically important residues also occurred with Ldt,,.,, the
ortholog of Ldt,,,,, in M. tuberculosis. Based on the alignment of the amino acid
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FIG 3 Profile of binding free energies contributed by each residue to stabilize the Ldt,,,,,—B-lactam complex.
Residues with AG,, gecomp Values of =0.5 kcal/mol are labeled. Per-decomp refers to per residual decompo-
sition. (a) Ldty,,.,-cefdinir; (b) Ldt,,,,,-cephalexin; (c) Ldty,,.,-doripenem; (d) Ldty,..,-tebipenem.

sequences of these enzymes (Fig. S5), we generated similar active-site mutants in
Ldtpee: H336N (corresponding to H333N in Ldty,,,), H352N (corresponding to H349N
in Ldty,po), and C354A (corresponding to C351A in Ldty,,,). These Ldt,,, mutants
hydrolyzed nitrocefin with similar V,,,,, values but with an increased K,,, (Fig. 4b).

We expected cysteine (C351 in Ldt,,,,, and the corresponding residue C354 in
Ldty,,) mutants to be catalytically inactive, as this amino acid is directly involved in
B-lactam ring opening in carbapenems (14). The binding of a B-lactam to an L,b-
transpeptidase has been proposed to follow three steps (19): initial noncovalent
binding followed by the acylation of the catalytic cysteine and the subsequent hydro-
lysis of the acyl complex. The rates of the final step can vary significantly among
different B-lactam classes and L,pb-transpeptidases. For instance, with Ldt,,, and car-
bapenem:s, this rate is very low, and stable acyl adducts are detected even after 24 h
(14). Ldty,,0,°3>"A and Ldt,,,,“3>*A were able to hydrolyze nitrocefin albeit at a reduced
rate (Fig. 4a and b). There is a precedent for B-lactam ring hydrolysis without the
involvement of a catalytic residue. It has been speculated that a water molecule in the
active site of the B-lactamase TEM-1 with a catalytic serine substitution can act as a
nucleophile and open the B-lactam ring (20). Therefore, it is possible that nitrocefin
reacts with water at the catalytic site. Histidine in the active site of Ldt,,,, facilitates the
protonation of the B-lactam ring nitrogen (14). As the H333N mutant (and Ldt,,,"336N)
was able to hydrolyze nitrocefin (Fig. 4a and b), the existence of an alternate proton
donor is likely. A recent study suggested a role of water in the protonation of the
B-lactam ring nitrogen in Ldty,, (21).
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FIG 4 Role of L,p-transpeptidase active-site amino acid residues in B-lactam hydrolysis and inhibition by
doripenem. (a) Kinetics of nitrocefin hydrolysis by Ldt,,.,, wild-type (wt) and mutant proteins. (b) Kinetics
of nitrocefin hydrolysis by Ldt,,, wild-type and mutant proteins. (c to g) Inhibition of the nitrocefin
hydrolysis activity of Ldt,,,,, wild-type and mutant proteins by doripenem at various concentrations.

Next, we used doripenem, a carbapenem, to probe the involvement of Y331, H333,
H349, and C351 in Ldty,,. as the corresponding residues in Ldt,,, are critical for
reactions with carbapenems (14). As expected, a gradual decrease in nitrocefin hydro-
lysis with increasing concentrations of doripenem was observed with wild-type Ldty.p»
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TABLE 3 Kinetic parameters of nitrocefin hydrolysis by Ldty,,,, and Ldty,,*

Enzyme Mean V. («M/min) = SD Mean K, (M) = SD
Ldtyapat 19.8 + 2.03 3283 *+65.5
Ldtyp,Y33F 9.7 %06 155.7 + 25.8

Ldtpap, 333N 129+ 05 1475 +15.0
Ldtyap,349N 188 +53 1,010 = 395
Ldtpyp,C351A 186+ 58 1,022 + 441

Ldty"t 0.74 = 0.02 30.0 =29

Lty ,H336N 0.96 = 0.03 1633 + 14.4

Ldty,, 352N 0.69 + 0.02 1157 £ 11.1

Ldty,, 3544 0.81 = 0.02 140.8 £ 6.9

awt, wild type.

(Fig. 4c). However, the nitrocefin hydrolysis activities of the H333N, H349N, and C351A
mutants were not altered by doripenem (Fig. 4d to g). This observation confirms that
these residues are involved in interactions with doripenem.

DISCUSSION

In this study, we determined the relative inhibition of the M. abscessus L,p-
transpeptidases Ldty,,,; and Ldty,,,. by different classes of B-lactams and determined
the MICs of the B-lactams against M. abscessus that were the most potent inhibitors of
these critical enzymes. Interestingly, we observed that combinations of B-lactams from
different classes exhibit synergy against M. abscessus, which suggests broader clinical
application of dual-B-lactam therapy. Finally, we determined the first crystal structure
of a key M. abscessus transpeptidase, Ldty,.,»; performed molecular dynamics studies
that predicted binding affinities of various B-lactams; and performed enzymatic assays
with active-site mutants of Ldt,,,,, that provided an insight into the molecular inter-
actions of this enzyme with B-lactams.

The genome of M. abscessus encodes orthologs of five L,p-transpeptidases present in
M. tuberculosis (10, 16). As none of the orthologs in M. abscessus have been character-
ized, here, we chose to focus on Ldt,,,», as its ortholog in M. tuberculosis, Ldt,,,,, is the
dominant Lb-transpeptidase, and its loss renders M. tuberculosis susceptible to
amoxicillin-clavulanate (10). Ldty,,,, and Ldt,,. share 80% amino acid sequence simi-
larity (see Fig. S5 in the supplemental material).

We hypothesized that the mechanism of B-lactam ring opening of nitrocefin by
Ldtpap, Would be similar to the proposed B-lactam ring opening in carbapenems and
penems by Ldty,, (14, 22). This mechanism proposed the roles of cysteine (C351 in
Ldtpano) @and histidine (H333 in Ldty,,,,) residues in B-lactam ring opening and acyla-
tion, where the cysteine acts as a nucleophile and subsequently becomes acylated by
the carbonyl carbon of the B-lactam ring. Simultaneously, the histidine protonates the
B-lactam ring nitrogen. However, nitrocefin hydrolysis by Ldt,,,,> C351A and H333N
substitution mutants suggests that the opening of the B-lactam ring in nitrocefin does
not follow the same mechanism and potentially involves bulk water present in the
catalytic site or involves another residue. Nitrocefin is a cephalosporin, a B-lactam
subclass with a chemical composition that is distinct from those of carbapenems and
penems. It is likely that the interaction of cephalosporins with an L,p-transpeptidase is
distinct from those of other B-lactam subclasses.

Optimization of B-lactam selection for inclusion in regimens holds significant un-
tapped potential for the clinical treatment of M. abscessus infections. Current M.
abscessus treatment guidelines include only two B-lactams: cefoxitin (a cephalosporin)
and imipenem (a carbapenem) (23). However, we observed only a modest ability of
these agents to inhibit Ldt,,,,, and Ldt,,,,,., whereas other B-lactams were much more
potent inhibitors of these enzymes (Fig. 1). In particular, faropenem (a penem), biap-
enem, and doripenem (both carbapenems) showed exceptional abilities to inhibit both
Ldtpap: @and Ldty,p.- Among cephalosporins, cefdinir (an oral agent) was observed to
have the greatest inhibition of Ldty,,,. While some of these potent agents (for
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example, biapenem and faropenem) are not currently available in the United States,
doripenem is FDA approved and holds promise for clinical use against M. abscessus.

Of note, several novel experimental carbapenems newly synthesized by our labo-
ratory (14), including T205 and T223, showed inhibition of Ldty,,; and Ldty.a
respectively (Fig. 1). These promising novel agents merit further study to define their
safety, efficacy, and potential for further drug development for use against M. abscessus.

Our study is the first to demonstrate that combinations of dual B-lactams exhibit
synergy against M. abscessus. This synergy is likely attributed to nonredundant targets
and the differential inhibition of both nonclassical (Ldt,,,,,; and Ldty,,,,) and classical
(o,p-transpeptidases) transpeptidases, a concept which to date has been underappre-
ciated and underexplored in mycobacteria. An antimycobacterial regimen that contains
only a single B-lactam agent may not fully inhibit mycobacterial peptidoglycan syn-
thesis, which in turn may prevent full antimicrobial killing that occurs when this key
pathway is effectively shut down. In particular, the combination of doripenem and
cefdinir was synergistic and very potent against M. abscessus (Table 1), and this
combination should be considered for further preclinical development for this patho-
gen. Importantly, dual-agent synergy was observed with both the key laboratory strain
ATCC 19977 and multiple-drug-resistant clinical isolates, which shows the potential for
dual-B-lactam therapy to revolutionize the design of antimycobacterial clinical regi-
mens. Synergy of dual B-lactams against M. tuberculosis and Enterococcus faecalis was
recently observed by two different groups (24, 25).

Importantly, a significant degree of intrinsic resistance to p-lactams in M. abscessus
is conferred by a chromosomally encoded highly active class A B-lactamase, Blay,,, (26).
Blay,,p, inactivates both B-lactams and B-lactamase inhibitors with the B-lactam chem-
ical nucleus (for example, clavulanate and sulbactam). Surprisingly, compared to pen-
icillins and carbapenems, cephalosporins are more resistant to hydrolysis by Blay,,, (26).
Among B-lactamase inhibitors, Blay,,,, is effectively inhibited by avibactam, a non-p-
lactam agent (27), and the addition of avibactam to carbapenems has shown promise
in vitro against M. abscessus (6, 28). We anticipate that even more profound synergy
would be observed with the addition of avibactam to a dual-B-lactam regimen. In the
future, we intend to examine the potential of avibactam and other B-lactamase
inhibitors to further enhance the potency of dual-B-lactam regimens.

MATERIALS AND METHODS

Bacterial strains, growth media, and drugs. Mycobacterium abscessus ATCC 19977 was used as the
primary strain. In addition, four M. abscessus clinical strains isolated from cystic fibrosis patients, labeled
1N, 2N, 5N, and 13N, were used for MIC determinations. All strains were grown in Middlebrook 7H9 broth
with albumin-dextrose-catalase enrichment with constant shaking at 37°C. B-Lactams (amoxicillin,
ampicillin, carbenicillin, methicillin, oxacillin, cefoxitin, ceftriaxone, cefotaxime, cephalexin, cefdinir,
ertapenem, meropenem, imipenem, doripenem, biapenem, faropenem, and tebipenem) were procured
from a commercial vendor (Sigma-Aldrich). The following novel experimental carbapenems synthesized
by our group were also tested: T202, T203, T205, T206, T210, and T223 (14).

Cloning, expression, and purification of proteins. The amino acid sequences of the L,b-transpeptidases
of M. tuberculosis, namely, Ldt,,., and Ldt,,. (9, 10), were used to identify orthologs in M. abscessus by
using a BLAST search. These respective orthologs, MAB_3165c and MAB_1530, are referred to here as
Ldty.p, and Ldty,,,., respectively. A putative transmembrane domain, similar to that in Ldt,,,, (29), exists
in Ldt,,,,,. During cloning, this domain was excluded and only the fragment containing residues 42 to
406 (AN41) was included to facilitate the overexpression and purification of the soluble protein. The
corresponding gene fragment from M. abscessus ATCC 19977 was cloned into the multiple-cloning site
in pET28a* with an N-terminal His, tag that can be removed with tobacco etch virus (TEV) protease (29).
Proteins were overexpressed and purified as follows. Escherichia coli BL215&3 (catalog number C2527H;
NEB Labs) cells transformed with a pET28a* vector carrying the desired gene fragments were grown in
Luria-Bertani (LB) medium at 37°C to exponential phase (culture A4y, of ~0.8), induced with 0.25 mM
isopropyl-B-p-1-thiogalactopyranoside (IPTG), and grown overnight at 16°C at 220 rpm with orbital
shaking before harvesting by centrifugation. The cells were lysed by sonication in a buffer containing 50
mM Tris (pH 8.0), 400 mM sodium chloride, T mM phenylmethanesulfonyl fluoride (PMSF), and 1 mM Tris
(2-carboxyethyl) phosphine hydrochloride (TCEP) and centrifuged to separate the soluble protein. The
supernatant was passed through a 5-ml HisTrap HP nickel affinity column (GE Healthcare Life Sciences)
preequilibrated with wash buffer containing 50 mM Tris (pH 8), 400 mM sodium chloride, 1 mM TCEP,
and 0.1 mM PMSF. After the column was washed with 25 column volumes of wash buffer, the bound
protein was eluted with a gradient of 1 to 1,000 mM imidazole. The His, tag was removed from Ldt,,,,,
by overnight incubation with 2 mg of TEV protease at 4°C while dialyzing the protein against a buffer
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containing 50 mM Tris (pH 8), 150 mM sodium chloride, 0.5 mM TCEP, and 0.1 mM PMSF. This mixture
was then passed over the nickel affinity column to remove the His, tag, the remaining uncleaved fusion
protein, and the His,-tagged TEV protease. Fractions containing Ldt,,,,, were pooled, further purified on
a Superdex 200 16/60 column (GE Life Sciences), concentrated up to 30 mg/ml by using a 10,000-
molecular-weight-cutoff (MWCO) Vivaspin 20 concentrator, and stored at —80°C. The Ldty,,,, fragment
containing residues 32 to 248 (AN31) was also cloned, expressed, and purified in a similar manner. The
N-terminal 31 residues in Ldt,,,,, that encompass a putative transmembrane domain were excluded to
facilitate the overexpression and purification of the soluble protein.

Site-directed mutagenesis. Single-amino-acid substitutions of Ldt,,,,, (fragment AN41) were con-
structed by site-directed mutagenesis as described previously (30). Briefly, the following primers were
used to generate the indicated amino acid substitutions: GTCGTACAGCGGTATTTTCGTGCACGCGGCACCG
and CGGTGCCGCGTGCACGAAAATACCGCTGTACGAC for Y331F, CAGCGGTATTTACGTGAATGCGGCACCGT
GGTCCG and CGGACCACGGTGCCGCATTCACGTAAATACCGCTG for H333N, GCGCACCAACACCAGCAATG
GCTGCTTGAACGTCAG and CTGACGTTCAAGCAGCCATTGCTGGTGTTGGTGCGC for H349N, and CAACA
CCAGCCACGGCGCGTTGAACGTCAGCACGGC and GCCGTGCTGACGTTCAACGCGCCGTGGCTGGTGTTG for
C351A (the sequence representing the mutagenized codon is in italic type in each sequence). For each
mutagenesis procedure, two separate PCR mixtures, with a forward or reverse primer, NEB fusion
polymerase, and high-fidelity buffer, were used on a pET28a* vector carrying the wild-type sequence for
Ldty,,,, (fragment AN41) as the template. DNAs from the two reactions were purified, combined,
denatured at 95°C, slowly renatured to 37°C, and digested with Dpnl. This DNA was used to transform
E. coli DH5« (catalog number C2987H; NEB Labs), and the plasmid harboring the desired mutation was
purified. E. coli BL218e3 (catalog number C2527H; NEB Labs) was used to overproduce proteins.

Nitrocefin hydrolysis assays. Nitrocefin (CalBioChem) is a chromogenic B-lactam whose native and
hydrolyzed forms can be monitored at 496 nm. Ldt,,,,, and Ldt,,,,,, each at 10 uM, were reacted with
100 M nitrocefin in a 100-ul reaction mixture volume at room temperature in a solution containing 25
mM HEPES-morpholineethanesulfonic acid (MES)-diethanolamine and 300 mM NaCl (pH 5.0). Nitrocefin
hydrolysis was monitored by using a microplate reader (Bio-Rad). The concentration (c) of hydrolyzed
nitrocefin was calculated from its absorbance (A), molar extinction coefficient (g) (20,500) and path length
() (0.5 cm) values by using Beer’s law: A = ecl. To assess nitrocefin hydrolysis by Ldt,,,,, and Ldty,,,, in
the presence of B-lactams, these proteins were added, in separate reaction mixtures at a 10 uM final
concentration, to a reaction mixture containing 100 uM nitrocefin and 200 uM various B-lactams. The
amount of hydrolyzed nitrocefin was then determined spectroscopically as described previously (14).
Nitrocefin in buffer alone (without enzyme) was included to correct for the low level of non-enzyme-
driven hydrolysis of nitrocefin.

Crystallization of Ldt,,,,,. Crystals of Ldt,,,,, (AN42) were grown by using the sitting-drop vapor
diffusion method at 20°C in a solution containing 13% polyethylene glycol 8000 (PEG 8000) and 110 mM
sodium citrate tribasic dihydrate (pH 5.5). The crystals appeared in 4 to 5 days and grew to their final size
within 3 to 4 weeks. Crystals were flash-frozen and stored in liquid N, until use.

Data collection and structure determination. X-ray diffraction data were collected at a wavelength
of 1.03 A at beamline 19-ID at the Advanced Photon Source (Argonne National Laboratories). The
diffraction data were recorded with a Pilatus3 detector and processed with HKL3000 (31). The Ldty,..»
crystal belongs to the primitive monoclinic space group P2,, with 6 molecules in the asymmetric unit.
The crystal structure of Ldt,,,,, was solved by the molecular replacement method using PHASER-MR (32)
in the PHENIX suite of programs. The coordinates of the M. tuberculosis protein Ldt,,, (PDB accession
number 5DU7) were used as a template. The initial density modification, model building, and refinement
were performed by using AutoBuild (33), subjected to multiple rounds of crystallographic refinement
with phenix.refine from the Phenix suite of programs (34), and rebuilt to fit the electron density with
COOT (35). The final model of Ldt,,,, has an R factor value of 20.37% and an R, value of 27.09% for
all data between 47.08- and 2.98-A resolutions. The crystallographic parameters and final refinement
statistics are summarized in Table S2. Structure figures were prepared by using the PyMOL Molecular
Graphics System, version 1.5.0.4 (Schrédinger, LLC).

Molecular docking, molecular dynamics, and analysis of binding free energy. The crystal
structure of Ldt,,.,, was used as the starting point for docking and molecular dynamics simulations. The
initial docking of cefdinir, cephalexin, doripenem, and tebipenem with Ldt,,.,, was performed by using
Molegro Virtual Docker (MVD) software (36). Docked results were visually inspected to ensure that an
acceptable drug-enzyme interaction was present. The docked Ldt,,,,,-inhibitor complexes were used as
starting structures for the classical molecular dynamics simulations. The simulations performed here were
similar to the procedures applied previously to the L,b-transpeptidase Ldt,,, of M. tuberculosis (37).

MIC and fractional inhibitory concentration. A standard broth microdilution method (38) was used
to determine the MIC of B-lactams against M. abscessus strains. Briefly, an M. abscessus culture grown to
exponential phase (Aqy, of ~0.5 to 0.6) was used to inoculate ~10° bacilli into each well of microtiter
culture plates containing a B-lactam in 2-fold serial dilutions with concentrations ranging from 128 to 0.5
ng/ml. The M. abscessus cell pellet size was recorded by visual inspection after 3 days of incubation at
30°C without shaking, according to CLSI guidelines (39). The MIC is the lowest concentration of the drug
at which an M. abscessus cell pellet could not be observed. The checkerboard titration assay, a
modification of the broth dilution assay, was used to determine the fractional inhibitory concentration
(FIC) of each B-lactam in a combination, as described previously (40). Briefly, two B-lactams, each starting
at a concentration equal to its MIC and serially diluted 2-fold, were added to wells in a microtiter culture
plate. In this setup, all possible 2-fold dilution combinations up to 1/32 the MIC of each drug were
included. An M. abscessus culture grown to exponential phase (A4, of ~0.5 to 0.6) was used to inoculate
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~10° bacilli into the wells. The mixtures were incubated at 30°C, and cell pellet sizes were recorded after
3 days. The FIC of each drug and the FIC index (the sum of the FICs of each drug in the combination)
were calculated as described previously (40). The final MIC and FIC data represent the averages of results
from two biological replicates.
Accession number(s). Coordinates and structure factors have been submitted to the PDB under
accession number 5UWV.
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