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Introduction: Antibiotic-resistant Gram-negative bacteria are of a growing concern globally, especially those
producing enzymes conferring resistance. OXA-48-like carbapenemases hydrolyze most f-lactam antibiotics,
with typically low-level hydrolysis of carbapenems, but have limited effect on broad-spectrum cephalosporins.
These are frequently co-expressed with extended spectrum f-lactamases, especially CTX-M-15, which typically

Ef:ci};zl:;:ase shows high level resistance to broad-spectrum cephalosporins, yet is carbapenem susceptible. The combined
OXA-48 resistance profile makes the need for successful detection of these specific resistance determinants imperative for
OXA-48-like effective antibiotic therapy.

CTX-M-15 Objectives: The objective of this study is to detect and identify OXA-48-like and CTX-M-15 enzymes using mass

Mass Spectrometry
Tandem mass spectrometry
Liquid chromatography

spectrometry, and to subsequently develop a method for detection of both enzyme types in combination with
liquid chromatography.

Methods: Cells grown in either broth or on agar were harvested, lysed, and, in some cases buffer-exchanged.
Lysates produced from bacterial cells were separated and analyzed via liquid chromatography with mass spec-
trometry (LC-MS) and tandem mass spectrometry (LC-MS/MS).

Results: The intact proteins of OXA-48, OXA-181, and OXA-232 (collectively OXA-48-like herein) and CTX-M-15
were characterized and detected. Acceptance criteria based on sequence-informative fragments from each pro-
tein group were established as confirmatory markers for the presence of the protein(s). A total of 25 isolates were
successfully tested for OXA-48 like (2), CTX-M-15 (3), or expression of both (7) enzymes. Thirteen isolates served
as negative controls.

Conclusions: Here we present a method for the direct and independent detection of both OXA-48-like carbape-
nemases and CTX-M-15 p-lactamases using LC-MS/MS. The added sensitivity of MS/MS allows for simultaneous
detection of at least two co-eluting, co-isolated and co-fragmented proteins from a single mass spectrum.

1. Introduction

The past several decades have seen antimicrobial-resistant organisms
become one of the most significant concerns to human health across the
globe [1]. Gram-negative bacteria account for a significant number of
infections, with antibiotic resistance among this group increasing

rapidly [2]. Bacteria that are resistant to carbapenems, a family of last-
resort antibiotics [3], have garnered particular attention for their global
spread over the last two decades. Carbapenem-resistant Enterobacterales
(CRE) have been considered an urgent threat [4-8]; with significant
concern for enzyme-based resistance, such as from carbapenemase-
producing organisms (CPOs). The successful spread of CPOs is widely
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attributed to clonal expansion and horizontal gene transfer [9,10], with
the latter allowing efficient dissemination of resistance mechanisms
among bacterial species.

One of the most commonly observed types of carbapenemases is the
family of oxacillinase-48-like (OXA-48-like) enzymes. This family in-
cludes several variants, with OXA-48, OXA-181, and OXA-232 being
among the most common globally [11]. These enzymes have been
associated with particular genetic mobility attributed to the transposons
on which they are encoded, having insertion sequences on either side of
the gene. This has consequently played a substantial role in the global
spread of these enzymes, with a significant prevalence in North Africa,
the Middle East, Europe, and the Indian subcontinent [11].

Most isolates that produce OXA-48-like enzymes also co-express
additional extended spectrum (-lactamases (ESBLs) [12]. Co-
expression of OXA-48-like and ESBL enzymes can occur as a result of
any combination of chromosomal- and/or plasmid-encoded resistance
genes; however, there have been several reports of the ESBL CTX-M-15
gene being incorporated into the specific mobile genetic elements that
also include OXA-48-like genes [11], such as the Tn1999.4 transposon,
which harbors both resistances [13]. Although high levels of carbape-
nem resistance often require co-expression of ESBLs and/or porin mu-
tations [14,15], the specific co-expression of CTX-M-15 and similar
enzymes with OXA-48-like enzymes results in a highly concerning
resistance profile. Whereas OXA-48-like enzymes show carbapenemase
activity, but are frequently sensitive to broad-spectrum cephalosporins,
the resistance profile of CTX-M-15 enzymes provides high rates of broad-
spectrum cephalosporin hydrolysis, despite being susceptible to carba-
penems [16-18]. Consequently, isolates that co-express OXA-48-like
carbapenemases and CTX-M ESBLs show carbapenemase activity with
high levels of expanded-spectrum cephalosporin resistance [19]. The
combination of specific resistance determinants adds to the complexity
of detection and also illuminates the importance of identifying the
specific enzymes present that contribute to the overall resistance profile
of a bacterial isolate. For example, some OXA-48-like-producing isolates
found not to co-express additional resistance determinants may be
effectively treated with cephalosporins, such as cefepime [18], yet this
therapy is often ineffective in the presence of CTX-M-15 [13]. Because of
the complimentary nature of both resistance profiles of these two
enyzmes, detection of one or both may not only lead to differing ther-
apies, but may also lead to significantly different clinical outcomes.

Several methods have been employed for the detection of general
B-lactamase or carbapenemase activity, such as disk diffusion, the
modified carbapenem inactivation method (mCIM) [20], and assays
using detection by colorimetric [21], electrochemical [22], and spec-
trophotometric [23] methods. Mass spectrometry (MS) has also been
used to detect the presence of f-lactamase or carbapenemase activity
using matrix-assisted laser desorption ionization coupled with time-of-
flight (MALDI-TOF) mass spectrometry through detection of hydrolysis
products of p-lactams [24] and carbapenems in Enterobacterales [25-27],
Pseudomonas [28,29] and Acinetobacter [30-32]. MALDI-TOF MS has
also been used to monitor levels of growth or no growth in the presence
of a carbapenem to identify resistance [33,34].

Therapies against bacterial infections may differ depending on the
type of antibiotic resistance pathways present. In the case of p-lactamase
and carbapenemase-producing organisms, detection of specific enzyme
types (e.g., OXA-48-like) becomes critically important for determining
appropriate therapy [35]. Consequently, several different methods have
been developed for direct detection of carbapenemase types, such as
from immunoassays [36-38], an extension of a MALDI-TOF approach of
the direct-on-target microdroplet growth assay [39], and polymerase
chain reaction (PCR) assays for detection of resistance genes [40-44].
Other MS approaches for the detection of carbapenemases have used
electrospray ionization (ESI) and liquid chromatography coupled with
tandem mass spectrometry (LC-MS/MS) via bottom-up proteomics
techniques for the detection of peptides from trypsin-digested carbape-
nemases. These studies include detection of New Delhi metallo-
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B-lactamase (NDM) [45], Klebsiella pneumoniae carbapenemases (KPC)
[46], OXA-48-like carbapenemase [47], and combinations of multiple
carbapenemase enzymes [48]. Those methods using MS to identify
specific proteins in targeted approaches could thereby also reveal the
specific resistance mechanism(s) present. Additional advantages can be
gained using high-resolution and accurate mass analysis, wherein the
mass-to-charge ratio (m/z) of peptide or protein ions can be measured to
within a few parts per million (ppm). This is particularly relevant for
top-down proteomics, when proteolytic digestion is not incorporated,
and the molecular weight (MW) and identity of intact protein ions can be
determined via a combination of MS and MS/MS through direct disso-
ciation to produce informative sequence-specific fragment ions. In line
with this, we previously reported a similar study involving the direct
detection of intact KPC via LC-MS and LC-MS/MS, wherein not only was
the type of carbapenemase identified, the specific variants were as well
[49].

Herein we present the use of MS for the direct detection of both OXA-
48-like and CTX-M-15 proteins directly from Gram-negative bacterial
cell lysates. This method can be applied from cells grown either in broth
or on agar and, following simple sample preparation, can be used to
detect OXA-48-like and/or CTX-M-15 via chromatographic separations
on timescales less than five minutes. The ability to detect these enzymes
can provide relevant information for therapy decisions and have sig-
nificant clinical implications.

2. Methods

Bacterial isolates were obtained from American Type Culture
Collection (ATCC), the Centers for Disease Control and Prevention and
Food and Drug Administration Antibiotic Resistance Isolate Bank (CDC
and FDA AR Isolate Bank). Antibiotic-resistant bacterial isolates used
from the CDC and FDA AR Isolate Bank were from the Gram Negative
Carbapenemase Detection Panel and Enterobacteriaceae Carbapenem-
ase Diversity Panel. Information on resistant isolates, including known
resistance mechanisms and minimum inhibitory concentration (MIC)
values are provided by the CDC and FDA AR Isolate Bank [50].

2.1. Sample preparation

Isolates were grown either on tryptone soya agar or in trypsin soya
broth for 20-24 h at 37 °C. Those grown on agar were harvested with a
10 pL loop, resuspended in 1 ml 5% acetonitrile, 0.2% formic acid in
water, then transferred to bead beating tubes (MP Bio, matrix B) and
were mechanically lysed using a Fisherbrand Bead Mill 4 Homogenizer
(Fisher Scientific) for 120 s at 5 m/s. The tubes were then centrifuged at
12,000 g and supernatants were removed and extracted.

Isolates grown in broth were centrifuged at 4,000 g for 25 min at
10 °C. Supernatants were discarded, and the pellets were reconstituted
with ice-cold 0.9% NaCl, then subjected to a second centrifugation step.
Supernatants were again discarded, and the remaining pellet was
reconstituted in 6 M guanidinium chloride (GuHCl), 50 mM Tris, pH 7.

Isolates prepared from either agar or broth were introduced to LC
vials following centrifugal filtration with 0.2 um spin filters (Thermo
Fisher Scientific). Some isolates prepared in 6 M GuHCl, 50 mM Tris
were subjected to buffer exchange into 0.2% formic acid, 5% acetonitrile
in water using Amicon 10 K MWCO spin columns (Millipore Sigma),
with the filtrate transferred to LC vials.

2.2. Liquid chromatography

All separations were carried out using binary gradients of Solvent A
(0.2% formic acid in water) and Solvent B (0.2% formic acid in aceto-
nitrile) using a 1 mm x 25 cm RP4H (Thermo Fisher Scientific)
analytical column. Initial LC separations used cells grown in broth and
were performed with Solvent B increasing from 10% to 22.5% over 10
min, during which time the flow was diverted away from the MS source,
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Fig. 1. Mass spectra of intact OXA-48-like proteins in m/z and MW space. Spectra of intact protein elutions for m/z 650-1300 correspond to a) OXA-48, c) OXA-181,
and e) OXA-232. Molecular weights of b) OXA-48, d) OXA-181, and f) OXA-232 as well as additional co-eluting proteins were calculated through deconvolution of the
corresponding mass spectra. The data is from Klebsiella ozaenae AR Bank #0051 (OXA-181 and CTX-M-15), K. pneumoniae AR Bank #0066 (OXA-232), and
Enterobacter aerogenes AR Bank #0074 (OXA-48) of the Gram-Negative Carbapenemase Detection Panel (CDC and FDA AR Isolate Bank).

then increasing to 40% over 50 min with flow directed to the MS source,
all using a flow rate of 200 yL/min. Additional separations were per-
formed on samples in 0.2% formic acid, 5% acetonitrile using a gradient
of Solvent B increasing from 5% to 28% over 1 min and continuing to
65% over an additional 6.5 min at a flow rate of 300 pL/min. These
separations were performed on both a Dionex Ultimate 3000 and a
Horizon Vanquish LC systems (Thermo Fisher Scientific).

An additional separation step to evaluate co-elution behavior was
performed on an in-house built prototype LC system, using 4 pL/min
flow rates with Solvent A (0.2% formic acid, 10% acetonitrile in water)
and Solvent B (0.2% formic acid in acetonitrile) used to elute proteins off
of an in-house-prepared solid-phase extraction (SPE) RP4H tip following
direct introduction of lysate. This elution was performed with a binary
gradient of Solvent B beginning at 10% (19% acetonitrile) and
increasing to 30% (37% acetonitrile) over 4 min.

2.3. Mass spectrometry

All intact protein experiments were performed on Q-Exactive HF
instrument (Thermo Fisher Scientific) with a heated electrospray ioni-
zation source (HESI) with heated metal capillary set to 325 °C. High-
flow LC experiments (200-300 uL/min) used source settings of
3.7-4.0 kV for electrospray ionization voltages and 50-68% S-lens RF
amplitude. Low-flow elution using a modification of an Easy-spray
source was set to an electrospray voltage of 2.4 kV for ionization with
the S-lens RF level set to 65. MS scans were set to a resolution of 120,000
with 5 pscans per scan. MS/MS data had resolution settings of either
120,000 for initial data acquired via long separations, or 60,000 for
higher throughput data acquisition with shorter elution times. Mass
isolation widths ranged from m/z 1.0 to 3.5, with the majority of data
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collected using a m/z 2.5 width. Intact protein ions were fragmented
with nominal m/z values of 880.5, 853.9, 828.8, 805.1, 782.8 for the
+32, +33, +34, +35, and +36 charge states respectively. Following
MS/MS of the five charge states, most relevant data were collected from
MS/MS of the +33 and +34 charge states. Mass spectra were largely
interpreted manually with the assistance of Protein Prospector
(http://prospector.ucsf.edu/prospector/mshome.htm), and  with
sequence mapping from Prosight Lite [51]. Deconvolution of intact
protein mass spectra was performed using the Xtract software from the
Averagine model [52], set for low sulfur content. This process considers
isotopic distributions and charge states from the m/z domain and
transforms them to the MW domain, based largely on the MW of an
“average” amino acid.

3. Results and discussion

3.1. Detection of intact OXA-48-like carbapenemases, OXA-48, OXA-
181, OXA-232

The observed full scan mass spectra in Fig. 1 were derived from ly-
sates from bacterial isolates of the CDC and FDA AR Panels that have
been determined to harbor OXA-48-like variants. Chromatographic
separation of these proteins within any individual bacterial lysate led to
elution times that ranged from less than 5 min to approximately 45 min,
depending on the desired extent of separation. Examples of varying
chromatographic conditions are described in Fig. S1. Initial detection of
the specific intact protein targets from chromatographic separations was
aided by using m/z values for charge states of intact OXA-48-like pro-
teins using theoretical isotopic distributions from the MS-Isotope func-
tion, provided by Protein Prospector (http://prospector.ucsf.edu/pr
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Table 1

Sequence differences between selected OXA-48-like variants. Amino acid sub-
stitution positions are based on the mature form of OXA-48-like proteins. Dif-
ferences in MW correspond to the mass differences of the amino acid
substitutions.

OXA-48-like Mutation Relative to Accession ID Source A MW

Variant OXA-48 Used

OXA-48 _ Q6XECO Uniprot 0.0000

OXA-181 T82A, N88D, E146Q, G5CKK8 Uniprot —46.0055
S149A

OXA-232 T82A, N88D, E146Q,  MA4JTK1 Uniprot  —115.0746

S149A, R192S

ospector/mshome.htm, last accessed August 14, 2020). This allowed the
mass spectra of the targeted protein(s) to be quickly observed from an
extracted ion chromatogram (EIC, see Fig. S2). Mass spectra of intact
proteins can produce overlapping charge state distributions (CSDs) in a
complex sample and, even with the use of a separation method, can be
challenging to interpret manually. Despite this dilemma, deconvolution
techniques can be easily implemented to transform CSDs of proteins
from the m/z domain into individual peaks in the MW domain. As an
example, co-eluting proteins within a molecular weight range of
10,000-40,000 Da are illustrated in the deconvolution spectra and
subsequent molecular weight plots shown in Fig. 1.

The OXA-48-like carbapenemases OXA-48, OXA-181, and OXA-232
have very similar molecular weights around 28 kDa within an approx-
imate mass range of 115 Da, with the specific amino acid substitutions
indicated in Table 1. The experimentally-determined molecular weight
of OXA-48 was 28129.3536 Da, which was 0.0707 Da from the theo-
retical molecular weight of 28129.2829 and corresponded to a 2.51 ppm
mass difference. The observed molecular weight of OXA-181 was
calculated to be 28083.2846 Da, which yielded a 0.0072 Da difference
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from the theoretical molecular weight of 28083.2774 and corresponded
to a 0.26 ppm difference. Lastly, for OXA-232 the experimental molec-
ular weight of 28014.2619 Da was observed, which differed from the
theoretical mass of 28014.2083 Da by 0.0536 Da and corresponded to a
1.91 ppm mass difference.

3.2. Fragmentation of multiple charge states of intact OXA-48

Following identification of the intact OXA-48-like protein variants
with the correct MW, MS/MS was performed to determine if fragment
ions specific to this family of carbapenemase could be used to confirm
expression in Gram-negative pathogens. Tandem mass spectrometry
allows specific precursor m/z ions to be isolated and fragmented, often
providing highly informative and specific fragment ions. Fragmentation
behavior can vary depending on the parameters used, such as charge
state of the precursor ion, collision energy (CE), and even the nature of
the background gases (i.e., He versus Ny). It should be noted that the
collision energy is a product of the ion charge state and the acceleration
voltages, such that for a given set of voltages, the more highly charged

Table 2

Mass accuracy of selected fragments from Fig. 2 relative to theoretical m/z.
Calculations are based on the theoretically most abundant isotope for each
fragment.
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Fig. 2. Fragmentation of a) +32, b) +33, ¢) +34, d) +35, and e) +36 charge states of OXA-48, with selected shared fragments highlighted in blue. Data from

E. aerogenes AR Bank #0074.
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Fig. 4. Comparison of fragmentation spectra of the +33 charge state between a) OXA-48 (E. aerogenes AR Bank #0074), b) OXA-181 (K. ozaenae AR Bank #0051)
and c) OXA-232 (K. pneumoniae AR Bank #0066), with selected fragment ions highlighted in blue.

ions will experience greater accelerations and, consequently, higher-
energy collisions (i.e., an ion with a +2 charge will feel twice the ac-
celeration from a negative potential than an ion with a +1 charge).

Fig. 2 illustrates the fragmentation spectra of five separate charge
states of OXA-48, ranging from +32 to +36, all with CE set to 20 eV,
within an m/z range of 600-900. A selection of five sequence-
informative fragment ions, detailed in Table 2, are highlighted in blue
and annotated in the top panel (Fig. 2a). An illustration of the residue
positions of backbone peptide cleavages produced from these fragment
ions are presented in Fig. 3. Although similar fragments are observed
following dissociation of each of the selected charge states, the most
extensive production of informative fragment ions, based on a ProSight
Lite search, was observed for the +33 charge state, followed by the +32
and +34 charge states. It is worth noting that most fragments correspond
to cleavages approximately 20-25 residues from either terminus.
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3.3. Fragmentation comparisons of OXA-48, OXA-181, and OXA-232

Following comparisons between the dissociation of different charge
states of OXA-48, the +33 and +34 charge states corresponding to m/z
852.2 and 827.5 were selected for subsequent MS/MS experiments for
the OXA-48-like variants. Using similar dissociation conditions associ-
ated with the experiments in Fig. 2, the 433 and +34 precursor ions of
OXA-48, OXA-181, and OXA-232 were fragmented for evaluation.
Comparisons of those fragmentation spectra are presented in Fig. 4. The
same selection of sequence-informative fragment ions produced from
OXA-48 are also present for OXA-181 and OXA-232, and are highlighted
in blue. These ions are identical between the three OXA-48-like proteins
as a result of the sequence homology they share.

Bacterial cell lysates consist of many different proteins at varying
concentration levels, making individual evaluations of targeted proteins
challenging without the introduction of a separation step prior to mass
analysis. In the absence of separation, the individual components sub-
jected to ESI are competing for a finite amount of charge, such that only
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that the intensity scale for b) has been set to 0.5 from 1.0, wherein the yZ3 and y¢$ ion intensities correspond to 1.0 (100%) and 0.92 (92%), respectively. Data from
K. ozaenae AR Bank #0051. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 3
Mass accuracy (in ppm) of selected CTX-M-15 fragments from Fig. 5 relative to theoretical m/z. Calculations are based on the theoretically most abundant isotope for
each fragment.

Precursor m/z, z. fragment: yas bgi® yits véd yés
m/z: 773.6040 893.1694 1077.2110 958.2281 1117.7650

852.20, +33 ppm: ~2.59 -2.91 371 —3.34 -3.85
those components with the most favorable characteristics (e.g, con- an example, OXA-163 and OXA-405 share 98% sequence homology to
centration, gas phase basicity, droplet surface activity) will be ionized. OXA-48, yet they have significantly reduced carbapenemase activity
Liquid chromatography is inherently compatible with ESI, effectively with increased cephalosporinase activity. This sequence homology
reducing the number of multiple proteins co-eluting and competing for would lead to the production of identical fragment ions to OXA-48;
charge at any given time. Under appropriate conditions, the use of however, the precursor m/z for OXA-163 and OXA-405 at the +33
chromatography can often offer the possibility of separating proteins charge state would be 839.8 and 838.8, respectively; both well-removed

well enough from each other to be able to identify individual charge from the 853.8 apex of OXA-48 for the same charge state.
state distributions. As demonstrated above, this inherent complexity

requires high-resolution and accurate mass analysis for both detection of

the general OXA-48-like family, as well as the individual protein ~ 3.4. Detection and fragmentation of CTX-M-15

variants.

Intact protein MWs may be suggestive, but are typically not confir- One important example when considering potential interferences in
matory, for protein identity. Likewise, fragment ions on their own may the analysis of OXA-48-like carbapenemases is that of the extended
be suggestive, but only in connection to the specific precursor ions. spectrum f-lactamase CTX-M-15 (Uniprot.org accession Q2PUH3,
Successful determination of protein identity often involves combining accessed August 14, 2020). This ESBL is endemic in many Gram-
the intact protein MW information of MS with the sequence and/or negative pathogens, with one of the most prominent being Klebsiella

structural information gained from fragments generated via MS/MS. As pneumoniae. Although it is found in isolates without any carbapenemase
genes, it is frequently observed co-expressed with OXA-48-like proteins.
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Fig. 6. Isotopic distribution and overlap of the +33 charge states of OXA-48-
like variants with CTX-M-15, from separate bacterial isolates. Data from
K. ozaenae AR Bank #0051 (OXA-181 and CTX-M-15), K. pneumoniae AR Bank
#0066 (OXA-232), and E. aerogenes AR Bank #0074 (OXA-48).

Detection of CTX-M-15 was performed here in a similar manner to OXA-
48-like proteins, based on intact protein mass spectra with CSDs corre-
sponding to a protein with a MW of approximately 28 kDa. The theo-
retical MW of CTX-M-15 is 28090.5440 Da, which differs from OXA-48
by approximately 39 Da, OXA-181 by 7 Da, and OXA-232 by 76 Da. The
intact protein mass spectrum for CTX-M-15 is displayed in Fig. 5a, with
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the corresponding MW of proteins detected within a range of
10,000-40,000 Da illustrated in the inset.

For the MS/MS of CTX-M-15, the +33 and +34 charge states are used
for dissociation, as was done for the OXA-48-like suite of variants dis-
cussed above. At these charge states, the m/z difference between the
proteins is approximately 0.2-3.5, which consequently allows a single
precursor window to be used for all 4 proteins. Therefore, similar pre-
cursor charge states used for OXA-48-like (z = +33 and z = +34, m/z
windows centered on 852.20 and 827.50, respectively) were used to
dissociate similar charge states of CTX-M-15. Fig. 5b illustrates the
fragmentation spectrum of CTX-M-15 from the +33 charge precursor
ion, which is further illustrated in the supplemental data section in
Fig. S3. Selected sequence-informative CTX-M-15-specific fragments are
highlighted in red, with measurement accuracies presented in Table 3.

3.5. Distinguishing between OXA-48-like from CTX-M-15 intact proteins

The three OXA-48-like proteins and CTX-M-15 have similar MWs
that span an m/z range of 3.5 for the +33 charge state. Fig. 6a illustrates
the +33 charge states of OXA-48, OXA-181, OXA-232 and CTX-M-15
within the m/z range of 850-854.5, using separate spectra overlaid on
a single plot. OXA-181 and CTX-M-15 show the smallest difference of the
four proteins, with a MW difference of approximately 7 Da, corre-
sponding to an m/z of 0.22 for the +33 charge state. Fig. 6b illustrates a
closer view of the isotopic overlap for the +33 charge states of the two
proteins within m/z 852.2-853.2.

3.5.1. Distinguishing OXA-48-like from CTX-M-15 using chromatography

Reducing the complexity of a protein mixture to view only a small
portion of an overall sample will increase detection efficiency as well as
provide the opportunity to search for multiple targets. Whereas OXA-
181 and CTX-M-15 have an increasingly high percentage of isotopic

b)

750 800 850 900

1100

1000

800 850 900 950 1050 1150

m/z

Fig. 7. Detection of both OXA-181 and CTX-M-15 using LC-MS/MS. a) Extracted ion chromatogram (EIC) of OXA-181, with b) MS/MS spectrum of OXA-181; c) EIC
of CTX-M-15 with d) MS/MS spectrum. Selected OXA-181 fragments are highlighted in blue, while CTX-M-15 fragments are highlighted in red. Data from K. ozaenae

AR Bank #0051.
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Fig. 8. Fragmentation spectrum of both OXA-181 and CTX-M-15 following co-isolation and co-fragmentation. Fragments corresponding to OXA-181 are highlighted
in blue, while those corresponding to CTX-M-15 are highlighted in red. Isotopic distributions of individual selected fragments are shown in the lower panel. Data from
K. pneumoniae AR Bank #0140. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

overlap as charge state increases, Fig. 7 clearly demonstrates separation
of both proteins in less than 5 min, as shown with the EIC of each pro-
tein. In these data, the retention times of CTX-M-15 and OXA-181 were
2.7 and 3.3 min, respectively. The fragment ions used in Table 2 and
Table 3 are highlighted in blue for OXA-181 fragments, and red for CTX-
M-15 fragments. Additionally, the combination of LC-MS/MS signifi-
cantly improves the detection capability for OXA-181. Although the MS
of intact CTX-M-15 is detected only at a low level, intact OXA-181 is not
detected (Fig. S4). However, fragment ions from both proteins are
detected with sufficient signal-to-noise using MS/MS. This phenomenon
is commonly observed in complex protein samples, wherein the m/z
space may be too crowded for sensitive measurements to be employed,
yet the simplification through the use of mass-selective filtering, disso-
ciation, and detection of fragment ions, as performed through MS/MS,
allows much more sensitive measurements to be made.

3.5.2. Distinguishing co-fragmented OXA-48-like from CTX-M-15 using
MS/MS

The use of MS/MS to clearly determine protein identity based on
both precursor and fragment ions can be applied directly to distinguish
OXA-48-like and CTX-M-15 under conditions in which chromatography
is unable to separate the two proteins. Fig. 8 shows the MS/MS spectrum
of both proteins being co-isolated and co-fragmented. Sequence-infor-
mative fragments corresponding to OXA-181 are highlighted in blue,
while the sequence-informative fragments corresponding to CTX-M-15
are highlighted in red. A more-detailed view of the three diagnostic
fragments from each protein is presented in the lower portion of Fig. 8,
(for additional examples see Fig. S5). In combination with restricting the
range of intact protein masses with the precursor m/z window, knowing
the specific fragmentation behavior of the individual targets can make
possible the detection of both proteins using sequence-specific fragment
ions as markers.
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3.6. Further evaluations for OXA-48-like and CTX-M-15 proteins from
bacterial isolates

Determining the presence or absence of these proteins is based on
both MS and MS/MS data. Although intact protein MS data may be
suggestive of protein identity, only MS/MS data will be confirmatory;
consequently, more significance is given to MS/MS data. Criteria for
determination of the presence of a protein from this approach may vary
depending on the stringency or leniency and associated error tolerance.
Those criteria set herein define diagnostic fragment ions necessary for
identification as having 1) the correct precursor m/z for the intact pro-
tein ion; 2) m/z accuracies within +10 ppm of the theoretical values; 3)
correct charge state, as determined by isotopic m/z spacing; 4) signal-to-
noise ratio greater than three (S/N > 3); 5) at least 2 contiguous iso-
topes; and 6) similar retention time (RT) from a chromatographic
elution, with data corresponding to either a single scan or a sum of up to
3 scans. A minimum of three diagnostic ions (i.e., those fragments that
meet all criteria listed above) should be observed, as illustrated in Fig. 8.
Additionally, by alternating between MS and MS/MS, detection of the
intact protein is achieved in tandem with production of fragment ions;
however, under some conditions of high protein ion flux, the intact
protein might not always be observed. Based on these criteria, Table 4
presents results from analysis of multiple bacterial isolates for the
detection of OXA-48-like and CTX-M-15 proteins.

4. Conclusion

Mass spectrometry has been shown to be an invaluable tool for the
detection and identification of proteins, especially of those conferring
antibiotic resistance. Clinical laboratories could immediately benefit
from the ability to detect carbapenemases such as OXA-48-like and
ESBLs (such as CTX-M-15) through the detection of any combination of
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Table 4
Isolates evaluated for presence of OXA-48-like and CTX-M-15 proteins.
Identifier Species Expected OXA-48- CTX-M-
like 15
ATCC 11775 Escherichia coli o none none
ATCC 13883 Klebsiella e none none
pneumoniae

ATCC Klebsiella o none none
700721 pneumoniae

DH5a Escherichia coli e none none

AR Bank Klebsiella OXA-181, CTX- Detected Detected
#0039 pneumoniae M-15

AR Bank Klebsiella CTX-M-15 none Detected
#0042 pneumoniae

AR Bank Klebsiella —_— none none
#0043 pneumoniae

AR Bank Klebsiella CTX-M-15 none Detected
#0044 pneumoniae

AR Bank Klebsiella e none none
#0047 pneumoniae

AR Bank Klebsiella ozaenae 0OXA-181, CTX- Detected Detected
#0051 M-15

AR Bank Enterobacter e none none
#0060 cloacae

AR Bank Enterobacter e none none
#0065 cloacae

AR Bank Klebsiella 0XA-232, CTX- Detected Detected
#0066 pneumoniae M-15

AR Bank Enterobacter e none none
#0072 cloacae

AR Bank Enterobacter R none none
#0073 cloacae

AR Bank Enterobacter OXA-48 Detected none
#0074 aerogenes

AR Bank Klebsiella 0OXA-232, CTX- Detected Detected
#0075 pneumoniae M-15

AR Bank Escherichia coli e none none
#0077

AR Bank Klebsiella e none none
#0087 pneumoniae

AR Bank Escherichia coli _ none none
#0089

AR Bank Klebsiella 0OXA-181, CTX- Detected Detected
#0140 pneumoniae M-15

AR Bank Klebsiella OXA-181, CTX- Detected Detected
#0141 pneumoniae M-15

AR Bank Klebsiella OXA-181, CTX- Detected Detected
#0142 pneumoniae M-15

AR Bank Klebsiella OXA-48 Detected none
#0160 pneumoniae

AR Bank Enterobacter CTX-M-15 none Detected
#0163 cloacae

these enzymes. This approach allows detection of specific intact proteins
directly from cell lysates, with optional cleanup steps, and with the
ability for LC-MS/MS analysis time to be less than five minutes.

There are both benefits and limitations to the detection of specific
proteins using MS. In the case of OXA-48-like carbapenemases, they are
frequently co-expressed with ESBLs, often belonging to SHV, TEM, or
CTX-M families. The breadth of diversity among the three groups is
beyond the scope of the current detection approach, and consequently
CTX-M-15 is used as a representative ESBL. Whereas susceptibility
detection offers insight into which antibiotics are likely ineffective
against particular bacterial isolates, resistance detection—the act of
searching for specific resistance determinants—provides information
about the presence or absence of a particular resistance mechanism, but
does not provide a comprehensive view of the overall resistance profile
for a bacterial isolate. Consequently, there is a trade-off between broad
susceptibility testing and focusing on detection of specific resistance
mechanisms, in which the former offers broad information but might not
be specific enough (e.g, identifying carbapenem resistance without
identifying carbapenemase activity, or identifying carbapenemase ac-
tivity but without identifying the specific mechanism(s)); on the other
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hand, the latter can provide extremely specific information but might
miss relevant resistance(s). Until resistance detection methods can
thoroughly detect the full extent of relevant resistance mechanisms
present, the information provided through susceptibility testing is likely
also needed. Despite these limitations, MS provides a digital platform
that allows multiple targets to be analyzed over the course of a chro-
matographic timeframe, illustrated herein using separate charge states
that could otherwise be easily adjusted for detection of multiple
proteins.

The method presented allows identification of OXA-48-like and CTX-
M-15, two clinically-relevant enzymes whose combined resistance pro-
file can render p-lactam and carbapenem antibiotics ineffective.
Consequently, because clinical therapies may differ based on the
detection of one enzyme, both, or neither, the information produced
from this resistance detection method could be used to provide valuable
insight that may help to support critical clinical decisions. We anticipate
that similar methods can be developed and adapted to detect additional
carbapenemase resistance mechanisms in the future.
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