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ABSTRACT Stenotrophomonas maltophilia is an emerging opportunistic pathogen,
classified by the World Health Organization as one of the leading multidrug-resistant
organisms in hospital settings. The need to discover novel compounds and/or com-
bination therapies for S. maltophilia is urgent. We demonstrate the in vitro efficacy
of aztreonam-avibactam (ATM-AVI) against S. maltophilia and kinetically characterize
the inhibition of the L2 B-lactamase by avibactam. ATM-AVI overcomes aztreonam
resistance in selected clinical strains of S. maltophilia, addressing an unmet medical
need.
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tenotrophomonas maltophilia is a Gram-negative environmental bacillus and an

emerging nosocomial pathogen (1). Primarily associated with respiratory tract
infections, this bacterium is alarmingly increasing in prevalence among patients with
cystic fibrosis, exacerbating an already-compromised respiratory function (2-5). S.
maltophilia is intrinsically resistant to aminoglycosides, tetracycline, fosfomycin, and the
majority of B-lactams. B-Lactam resistance is due to the expression of two B-lactamases: L1
is a B3 metallo-B-lactamase (ML) that hydrolyzes all B-lactams with the exception of
aztreonam (ATM), and it is resistant to all clinically available B-lactamase inhibitors (1, 6, 7);
L2 is a clavulanate-susceptible class A cephalosporinase (1, 8, 9). Mimicking the AmpC
cephalosporinases in Pseudomonas aeruginosa, L1 and L2 are inducible B-lactamases,
and their expression is regulated by a similar mechanism (10, 11).

The growing challenge of treating infections caused by S. maltophilia is reflected in
increasing reports of acquired resistance to historically effective drugs, like trimethoprim-
sulfamethoxazole (SXT), ceftazidime (CAZ), ticarcillin-clavulanate (TIM), and fluoro-
quinolones, and the documented ability to develop high-level resistance during anti-
biotic treatment (8, 9, 12, 13). Recently, Mojica et al. described a clinical case in which
the avibactam and ceftazidime combination coadministered with ATM (CZA) effectively
treated a prolonged bacteremia caused by S. maltophilia (13). Notwithstanding the
effectiveness of this triple combination, we anticipate that aztreonam-avibactam (ATM-
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TABLE 1 Steady-state kinetic parameters of L2 with NCF and AVI®

Parameter Value

NCF K., (uM) 624

NCF k. /K, (uM~1 - s77) 9.14 + 0.01

AVI K, ,pp (M) 0.66 * 0.07

AVl ky/K (M1 - s71) 47,000 = 131
AVl kg (s—1) 0.0015 * 0.0001
AVI ko t,,5 (min) 40+02

aNCF, nitrocefin. Values reported are averages * standard deviations from triplicate experiments.

AVI), the planned commercial preparation already in clinical development (ClinicalTri-
als.gov identifier NCT01689207), would be equally effective against S. maltophilia. This
dual combination is highly active against Enterobacteriaceae producing MBLs (14).
Accordingly, we asserted that AVl would inhibit L2, while ATM would bypass L1 to reach
its likely target (penicillin-binding protein 3 [PBP-3]).

To test our assertion, we used the reference strain ATCC 51331 (A1) and 27 clinical
isolates of S. maltophilia from University Hospitals (Cleveland, OH) and from the
collection of the Burkholderia cepacia Research Laboratory and Repository at the
University of Michigan (Ann Arbor, MI). The heterogeneity of these isolates was
revealed by pulsed-field electrophoresis (data not shown). The susceptibilities of the
isolates were determined by agar dilution MICs according to the Clinical and Laboratory
Standards Institute (CLSI) guidelines, (15). Where breakpoints for S. maltophilia were not
available, those for Pseudomonas aeruginosa were used. Table S1 in the supplemental
material shows that the ATM-AVI combination fully restored ATM susceptibility in 23/28
(82%) isolates and lowered the MICs to intermediate in 3/5 of the remaining isolates.

Employing analytical isoelectric focusing (alEF) with a nitrocefin overlay, B-lactamase
induction was visualized on gels using crude extract of cells grown with and without 10
ng/ml imipenem, a known inducer (11). For this experiment, 10 isolates were selected
based on their MICs to ATM-AVI (7 susceptible, 2 intermediates, and 1 highly resistant).
Three of these 10 strains tested (A2, C1, and E1) were derepressed and demonstrated
B-lactamase activity in the absence of imipenem (Fig. S1). We assert that these strains could
possess alterations (e.g., amino acid substitutions) in one or more of the proteins involved
in the B-lactamase regulatory pathway. However, a direct correlation between derepression
of bla, , or bla,, and nonsusceptibility to ATM-AVI was not observed. Therefore, to test if
ATM-AVI can induce B-lactamase expression, isolate A1 was grown in the presence of either
10 ug/ml imipenem, 4 pg/ml avibactam, 16 pg/ml aztreonam, or 4 pg/ml avibactam plus
0.5 pg/ml aztreonam. Interestingly, after 2 h of exposure, B-lactamase expression was
induced by imipenem but not by ATM-AVI (Fig. S2). Since L1 activity was not detected by
alEF, even with the addition of 50 uM ZnSO, to the nitrocefin overlay, we tested the specific
activities of L1 and L2 in the crude lysates. In accordance with the alEF assay, we found that
the activities of both enzymes are enhanced only in lysates obtained after exposure to
imipenem (Fig. S3). Taken together, these results suggest that neither ATM, AVI, nor the
ATM-AVI combination induces B-lactamase expression.

Steady-state kinetics and electrospray ionization mass spectrometry (ESI-MS) reveal that
AVI competitively and reversibly inhibits L2 (Table 1). The carbamylation rates (k,/K) for L2
are comparable with those published for the AVI inactivation of another class A
B-lactamase, KPC-2 (47,000 = 131 M~ - s~ for L2 versus 13,000 = 100 M~ - s~ for KPC-2
[16]). However, the inhibition of these two enzymes by AVI differs in the decarbamylation
rate (kg). For KPC, this rate is 0.00014 - s—', compared to 0.0015 * 0.0001 - s~ for L2. Thus,
despite similar AVI carbamylation rates for KPC-2 and L2, the AVI kg rate of L2 is
greater than that of KPC-2. Given the high on-rate of AVI for L2, this higher off-rate
most likely will not be clinically significant. In other words, even when AVI decar-
bamylates off L2, the reformed active AVI will carbamylate L2 rapidly; this is
supported by our ESI-MS data.

ESI-MS was used to determine if any intermediates (e.g., desulfation) were
formed upon incubation of B-lactamases with AVI (16). Observations taken at
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FIG 1 Avibactam is a potent inhibitor of L2. (A and B) ESI-MS spectrum of unreacted L2 (170 nM) (A) and 1:1 molar
ratio of L2 and AVI (170 nM) (B) incubated at room temperature in 10 mM phosphate-buffered saline (PBS) (pH 7.4)
for 15 s. Spectra obtained after 1-min, 15-min, 1-h, and 24-h incubations of L2 and AVI were identical to those in
panel B. (C) Molecular docking of L2 and AVI. The L2 crystal structure (PDB no. 1N40) is represented as a gray
ribbon; AVl is displayed as sticks colored by heteroatoms (pink, carbon; red, oxygen; blue, nitrogen; yellow, sulfur).
(D) Interactions of AVI with L2. Interacting residues are displayed in gray, while AVI is represented by pink.
Heteroatoms are colored as described before. Interacting waters are shown in blue with their corresponding
hydrogen bonds displayed as blue dashed lines; distances between important atoms are highlighted by yellow
arrows; hydrogen bonds between residues are indicated by green dashed lines.

several time points (i.e., 15s, 1 min, and 1 h) reveal a mass of 29,549 =+ 5 Da, which
corresponds to the carbamylated enzyme (L2 [29,282 Da] plus AVI [265 Da]) (Fig. 1A
and B). In addition, the AVI-L2 complex is stable for =24 h, without desulfation or
hydrolysis observed. With L1 and AVI, only the apo-enzyme of L1 (29,282 Da) was
detected by ESI-MS after a 24-h incubation with AVI, consistent with the lack of
inhibition observed for L1-mediated nitrocefin hydrolysis in the presence of up to
500 uM AVI (data not shown).

The in silico molecular model of AVI covalently bound with L2 (Fig. 1C and D)
suggests that AVI preserves key interactions with conserved residues in class A
B-lactamases (16-18). We propose that the C-7 carbamoyl of AVI is present in the
oxyanion hole and forms hydrogen bonds (H-bonds) with S70:N and S237:N. Moreover,
the carbonyl group of the AVI carboxamide makes H-bonds with N132. The highly polar
SO, is proposed to interact with T235, R244, and S237 (forming water-mediated
interactions), and possibly with K234 (distance of ~3.1 A). These interactions result in
a highly stable complex, as observed via ESI-MS.

Given the higher k¢ value (compared to KPC-2), we further assessed our model to
identify potential pathways that could lead to recyclization. Recyclization is predicted
to be initiated by K73 and S130 via a proton shuttle, resulting in a nucleophilic attack
on the carbamate bond by the N-6 of AVI, thus reforming active AVL. In our model, AVI's
N-6 is positioned at 2.8 A away from $130:0 and its C-7 is at H-bond distance from a
water molecule (close enough for S130 to donate a proton to N-6). Moreover, K73 is
within H-bond distance to 570 (~2.4 A from $70:08), and $130 is ~2.5 A away from
S70:0. Thus, a possible proton shuttle pathway for recyclization is present. In addition,
the positioning of key catalytic residues in the active site may contribute to the faster
recyclization of AVI observed with the L2 enzyme (Fig. S4).
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In summary, AVl is a potent inhibitor of L2, and AZT-AVI is an effective in vitro
combination against multidrug-resistant (MDR) S. maltophilia. This combination sug-
gests that a potential therapeutic option can be tested against this MDR threat.
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