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ABSTRACT Phenotypic detection of the OXA-48-type class D �-lactamases in Enter-
obacteriaceae is challenging. We describe a rapid (less than 90 min) assay for the
identification of OXA-48 family carbapenemases in subcultured bacterial isolates based
on a genoproteomic approach. Following in silico trypsin digestion to ascertain theoreti-
cal core peptides common to the OXA-48 family, liquid chromatography-tandem mass
spectrometry (LC-MS/MS) data-dependent acquisition was used to identify candidate
peptide markers. Two peptides were selected based on performance characteristics:
ANQAFLPASTFK, a core peptide common to all 12 OXA-48 family �-lactamase mem-
bers, and YSVVPVYQEFAR, a highly specific peptide common to 11 of 12 OXA-48
family proteins providing the basis for an LC-MS/MS multiple reaction monitoring as-
say. An accuracy assessment was performed that included 98 isolates, 26 of which
were OXA-48 positive. Two additional specificity assessments were performed includ-
ing a mixture of isolates positive for OXA-48, KPC, NDM, VIM, and IMP carbapen-
emases. A combination of expert rules and expert judgment was applied by blinded
operators to identify positive isolates. All isolates containing an OXA-48 family car-
bapenemase across all three test sets were correctly identified with no false posi-
tives, demonstrating 100% sensitivity (95% confidence interval [CI], 91.2% to 100%)
and 100% specificity (95% CI, 96.2% to 100%) for the assay. These findings provide a
framework for an LC-MS/MS-based method for the direct detection of OXA-48 family
carbapenemases from cultured isolates that may have utility in predicting carbap-
enem resistance and tracking hospital outbreaks of OXA-48-carrying organisms.

KEYWORDS OXA-48, carbapenemase, genoproteomics, mass spectrometry, targeted
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Carbapenemase-producing organisms pose a significant threat to public health, as
many carbapenemase genes are carried on mobile genetic elements that may

move between bacteria by horizontal transfer (1). Rapid and reliable detection of these
carbapenemases is vital to prevent and control hospital outbreaks. The Antibacterial
Resistance Leadership Group for Gram Negative Bacteria Infections identifies testing
novel diagnostics as an unmet need and opportunity for further development (2). OXA
family enzymes are Amber class D �-lactamases that are commonly identified in
Acinetobacter and Enterobacteriaceae (3). OXA-48 was first identified in Turkey in 2001
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in a Klebsiella pneumoniae isolate that was resistant to imipenem (4). Since then,
OXA-48 outbreaks have been identified worldwide, including the United States (5–8).
While some OXA �-lactamases are considered narrow spectrum and hydrolyze only
early-generation �-lactams, other OXA �-lactamases, including most OXA-48 family
members, have the ability to hydrolyze carbapenems (9).

Current methods for the detection of carbapenemase-producing organisms are
based on phenotypic and nucleic acid techniques, with each method having advan-
tages and disadvantages based on the specific carbapenemase being detected. Detec-
tion of OXA-48 carbapenemases by phenotypic methods is particularly difficult due to
their overall weak hydrolysis, rendering limits on the utilization of these assays (10). The
carbapenem inactivation methods (CIM and modified CIM) are commonly used phe-
notypic tests but have limited use in rapid diagnostics because of the length of time
required to perform each test (11). Phenotypic assays that rely on the monitoring of
carbapenem hydrolysis include the Carba NP test, matrix-assisted laser desorption
ionization–time of flight mass spectrometry (MALDI-TOF MS), and inhibitor-based
assays (12–14), Recent evaluation of the Carba NP test versus CIM showed that the
Carba NP test had a sensitivity of 90.1% and specificity of 100%, with most of the
false-negative tests related to carbapenemases from the OXA-48 family (15). MALDI-
TOF MS techniques for the phenotypic detection of carbapenemases rely on the
detection of carbapenem hydrolysis products but cannot differentiate carbapenemase
families (13, 16, 17). Additionally, these methods are indirect in that they detect
carbapenem hydrolysis activity, rather than the carbapenemases themselves.

Mass spectrometry methods for the direct detection of OXA-48 carbapenemases
have been proposed, but the detectability, relative abundance, and spectral character-
istics of specific peptides common to the OXA-48 family remain to be characterized
(18). Given the value of rapid diagnostic methods for antimicrobial resistance detection,
we sought to evaluate liquid chromatography-tandem mass spectrometry (LC-MS/MS)
as a technique for the direct detection of OXA-48 family carbapenemases. We have
previously described a rapid tryptic peptide method to identify KPC-producing bacte-
rial isolates (19). Here we describe a similar approach that combines theoretical peptide
analysis with experimental LC-MS/MS for the identification of OXA-48 family carbap-
enemases.

MATERIALS AND METHODS
Core peptide analysis. The Comprehensive Antibiotic Resistance Database (CARD) was queried to

identify unique OXA �-lactamase protein sequences (last accessed on 13 July 2017) (20). Protein
sequences were aligned using Clustal Omega allowing OXA family identification (21). Accession numbers
and protein sequences were aligned and confirmed to be consistent across CARD database and NCBI
(https://www.ncbi.nlm.nih.gov/). Using Unipept (https://unipept.ugent.be), in silico digestion of the
OXA-48 family was performed to identify theoretical core peptides (22). Core peptides were defined as
those tryptic peptides present in all 12 of the OXA-48 family members.

Bacterial isolates. Deidentified, subcultured bacterial isolates containing OXA-48 family carbapen-
emases were obtained from the Centers for Disease Control and Prevention and Food and Drug
Administration Antibiotic Resistance Isolate Bank (ARISOLATEBANK), the Walter Reed Army Institute of
Research, the Multidrug Resistant Organism Repository and Surveillance Network (WRAIR MRSN), the
American Type Culture Collection (ATCC), and the NIH Clinical Center Microbiology Service collections
(see Tables S1, S2, and S3 in the supplemental material). Identification of the blaOXA gene in isolates used
in the current study have been performed previously by sequencing.

Clinical isolates were stored at �80°C and subcultured through two passages to a nonselective blood
agar plate (Remel, Lenexa, KS) for 18 to 24 h at 35°C with 5% CO2 and lysed with formic acid (FA) and
acetonitrile (ACN) as described previously (19). Briefly, for each sample, a 10-�l loop of fresh bacterial
cells was resuspended in 0.5 ml of 70% ethanol, vortexed for 1 min, and centrifuged at 20,800 � g for
2 min. Supernatant was removed and the pellet was resuspended in 100 �l of 70% FA and mixed to
homogeneity, followed by addition of 100 �l of 100% ACN. The resulting solution was revortexed for 10 s
and centrifuged for 2 min at 20,800 � g. A total of 150 �l of supernatant (FA/ACN lysate) was stored at
�20°C for later use.

Confirmation of genus and species. The identity of all isolates used in this study was confirmed by
MALDI-TOF MS (Bruker MicroFlex LT mass spectrometer; Biotyper Software, Bruker Daltonics, Billerica,
MA) from the same plates as were used to create protein extractions. FA/ACN lysates of isolates were
spotted onto a target plate, overlaid with 2 �l of alpha-cyano-4-hydroxycinnamic acid (�-CHCA), and
dried prior to analysis (19).
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Tryptic protein digestion. Sample preparation was performed with 2 �l of lysates combined with
8 �l of H2O. Samples were frozen on dry ice and lyophilized in a SpeedVac concentrator (Savant)
containing a refrigerated vapor trap (Savant RT4104) and vacuum pump (TRIVAC; Oerlikon Leybold
Vacuum, Germany) for 20 min. The resulting lyophilized material was dissolved in 96 �l of 100 mM
NH4HCO3. Following brief vortexing, samples were bath sonicated (Qsonica Q500) for 2 min at 40%
amplitude for 20 s on and 10 s off. Samples were briefly spun, and then digestion was completed at 55°C
for 15 min with the addition of 0.4 �g (4 �l of 0.1 �g/�l) of trypsin. Following digestion, samples were
briefly spun again. Membrane filtration to remove contaminating particles was done using Durapore
polyvinylidene difluoride (PVDF) 0.22-�m centrifuge filters at 12,000 � g for 3 min. Concentration
measurement of filtered peptides was performed using a Qubit protein assay and Qubit 2.0 fluorometer
(Thermo Fisher, San Jose, CA), and samples were diluted to a concentration of 100 �g/ml. Samples with
a concentration less than 100 �g/ml were not diluted.

Bottom-up protein identification. Initial protein identification for test development was performed
on an Orbitrap Lumos mass spectrometer (Thermo Fisher Scientific) as part of the bottom-up approach
in the initial identification of peptides as previously described (19). Protein search and data processing
were performed using Proteome Discoverer 1.4 (Thermo Fisher) and Scaffold 4 (Proteome Software Inc.,
Portland OR) for analysis (23).

Targeted method development. Targeted method development was originally performed on an
Agilent 6540 quadrupole time of flight (QTOF) mass spectrometer with an AdvanceBio peptide mapping
column (2.1 by 150 by 2.7 �m). Mobile phases were 0.1% FA, 2% ACN in H2O, and 0.1% FA in ACN with
a gradient of 15% to 35% for 10 min at a flow rate of 0.4 ml/min. Acquisition time was 250 ms for a total
assay time of 18 min. Predicted retention time for each peptide using the QTOF mass spectrometer was
done using a linear correlation with the prior Orbitrap data. Initial collision energy was determined by
the following formula: (3.6 � molecular mass)/100 � 2.5 (volts). Two isolates positive for OXA-48 family
member carbapenemase OXA-181 (AR Bank 0039 and AR Bank 0140) were used in the targeted method
development, and 40 �l of digested sample was loaded with each injection.

MRM LC-MS/MS assay. The Agilent CubeChip 6495 triple quadrupole (QQQ) mass spectrometer was
used to perform the multiple-reaction monitoring (MRM) LC-MS/MS accuracy assessment experiment
with a high-capacity chip. The mobile phases were 0.1% FA and 5% ACN in H2O (mobile phase A) and
0.1% FA and 5% H2O in CAN (mobile phase B). The gradient was from 5% to 20% (mobile phase B) over
7 min, with a flow rate of 0.4 nl/min for analysis column and a flow rate of 3 �l/min for capture column.
Collision energy was optimized to obtain the highest-intensity result for each transition of the precursor
peptide. Dwell time was 20 ms, and each run was 15 min in length. Samples were prepared with 5 �l of
digested protein, 2 �l of labeled peptide (prepared daily with a resulting concentration of 2 fmol/�l), and
13 �l of 100 mM NH4HCO3. Twenty-microliter samples were stored in target silanized 1.5-ml vials
(Thermo Scientific) to prevent adsorption of peptide to tubes. Two microliters of each sample was
injected. To minimize carryover, a blank sample with labeled peptide was run after each sample using
the same protocol. Data analysis, including spectral peak intensity, ratio dot products (rdotp), and
retention time correlations or intensity ratios (R), was determined using Skyline 3.7 (MacCross lab) or a
later version. The rdotp is the normalized dot product of the light transition peak areas with the heavy
transition peak areas. The R value is the ratio of the peak intensity of the native peptide to that of an
internal control (labeled peptide). Heavy labeled peptides (C-terminal heavy lysine or arginine) were
obtained for peptides ANQAFLPASTF-K* and YSVVPVYQEFA-R* (JPT Peptide Technologies) and were used
as internal controls. These peptides were included in the final samples at a concentration of 2 fmol/�l,
calculated based on weights provided by the manufacturer.

Accuracy assessment and specificity assessment data set construction. A set of 100 clinical
isolates was prepared for initial accuracy assessment, including 12 isolates containing OXA-48, 6 isolates
containing OXA-181, and 8 isolates containing OXA-232. Due to an instrument programming error in
batch processing, only 98 isolates were tested, and 2 isolates were tested in duplicate (samples 23 and
73). Thus, only the tested 98 isolates were included in final accuracy assessment. The first sample was
included in the assessment and the second sample of each duplicate pair was removed (samples 24 and
74). Following unblinding, it was determined that the second sample of the duplicated pair was called
correctly, so this choice did not affect performance assay assessment. In addition, two specificity
assessments were performed. Specificity assessment 1 included 30 samples; 5 were KPC positive and 5
were NDM positive. Specificity assessment 2 included 15 samples; 4 were VIM and 3 were IMP positive
(Tables S2 and S3).

In silico analysis of peptide uniqueness. Peptide uniqueness was evaluated by searches in
UniProtKB database release 2018_01 (24) using PeptideMatchCMD version 1.0 (25) and in the NCBI nr
database (https://www.ncbi.nlm.nih.gov/) using BLASTp (26). Sequences were extracted from the Uni-
ProtKB and CARD databases (20). Multiple protein sequence alignments were generated using MUSCLE
version 3.8.31 (27). Maximum likelihood phylogeny analyses were conducted using RAxML version 8 (28)
with 100 bootstrap replicates and the PROTGAMMAAUTO model. Phylogenetic trees were visualized
using phytools (29) and FigTree (http://tree.bio.ed.ac.uk/software/figtree/). Motif searches and pairwise
peptide comparisons were conducted using custom PERL scripts and BIOPERL (30).

Statistical analysis. Ninety-five percent confidence intervals (CIs) were calculated using the exact
method of Clopper-Pearson as implemented in R (version 3.4) package binom (version 1.1-1) (31).

RESULTS
OXA �-lactamase family identification. The CARD query resulted in 289 unique

OXA �-lactamase protein sequences (20). Protein sequences were aligned, allowing
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OXA-48 family member identification, including OXA-48, OXA-54, OXA-162, OXA-163,
OXA-181, OXA-199, OXA-204, OXA-232, OXA-244, OXA-245, OXA-247, and OXA-370,
consistent with other reported family classifications for the OXA-48 �-lactamase (Table
S4) (3, 9).

Genoproteomic analysis and theoretical core peptide identification. In silico
digestion of the OXA-48 family identified 7 candidate core peptides (peptide common
to all 12 OXA-48 family members) from a pan-peptidome (all theoretical peptides
greater than 5 amino acids) of 21 potential peptides (Table 1). Two core peptides
(LYHNK and QAITK) were eliminated from further analysis due to limited reliability of
LC-MS/MS identification for peptides fewer than 6 amino acids in length.

Candidate core peptide detection. Five candidate core peptides were generated
in silico from the pan-peptidome (ANQAFLPASTFK, DEHQVFK, IPNSLIALDLGVVK,
LHVSER, QQGFTNNLK), and we sought to identify efficiently ionized and easily detected
peptides using a bottom-up LC-MS/MS approach. During assay development, we used
a Klebsiella pneumoniae strain (AR Bank 0039) containing OXA-181, a member of the
OXA-48 family. In order to maximize the number of detected peptides, initial analysis
was performed with the Orbitrap LC-MS/MS. Initial identification yielded 1,492 proteins
and 9,572 peptides, of which 20 peptides corresponded to OXA-181. Of these peptide
fragments, 12 were excluded due to missed cleavages and modifications, leaving 8
peptides (Table 1). Only one of these peptides, ANQAFLPASTFK, was a theoretical core
peptide. Repeat sample preparation with ZipTip desalting was completed to search for
more highly responsive peptides in the same isolate. This sample identified 1,333
proteins and 5,148 peptides, including one additional core peptide, QQGFTNNLK.
Chromatogram peak intensities were then characterized to determine which peptides
were highly responsive. Two noncore peptides (YSVVPVYQEFAR and QAMLTEANGDYIIR)
that were highly specific for the OXA-48 family (found in 11/12 OXA-48 family proteins)
were also selected for further characterization based on their high relative responsive-
ness.

Core peptide detection method development. Following identification of the 4
peptides, we used targeted LC-MS/MS with the Agilent 6540 QTOF mass spectrometer
for method development. Factors for choosing optimal peptides to be used in the final

TABLE 1 OXA-48 pan-peptidome derived from in silico theoretical trypsin digestion

OXA-48 family pan-peptidome Mass
ESP
predictiona

Core
peptideb

Detected on
Orbitrap

Detected
on QTOF

Included in
final method

ANQAFLPASTFK 1,294.6790 0.85 Yes Detected Detected Yes
DEHQVFK 902.4366 0.08 Yes Not detected
IPNSLIALDLGVVK 1,451.8831 0.46 Yes Not detected
LHVSER 740.4049 0.07 Yes Not detected
LYHNK 674.3620 0.08 Yes Not detected
QAITK 560.3402 0.06 Yes Not detected
QQGFTNNLK 1,049.5374 0.48 Yes Detectedc Detected
YSVVPVYQEFAR 1,457.7423 0.54 No Detected Detected Yes
QAMLTEANGDYIIR 1,594.7893 0.64 No Detected Detected
DHDLITAMK 1,043.5190 0.35 No Not detected
DIAAWNR 845.4264 0.36 No Detected
EWQENK 833.3788 0.06 No Not detected
IGWWVGWVELDDNVWFFAMNMDMPTSDGLGLR 3,757.7276 0.03 No Not detected
ISATQQIAFLR 1,247.7106 0.47 No Detected
MLHAFDYGNEDISGNVDSFWLDGGIR 2,928.3257 0.05 No Detected
QIGEAR 673.3627 0.06 No Not detected
SQGVVVLWNENK 1,372.7219 0.61 No Detected
SWNAHFTEHK 1,256.5807 0.13 No Detected
TGYSTR 684.3311 0.07 No Not detected
VLALSAVFLVASIIGMPAVAK 2,070.2395 0.17 No Not detected
WDGQTR 762.3529 0.04 No Not detected
aEnhanced signature peptide: prediction tool based on protein sequence for any given peptide giving the likelihood the peptide will work well for mass spectrometry
assay development (46).

bCore peptides were defined as those tryptic peptides present in all 12 of the OXA-48 family members.
cDetected on second Orbitrap run only.
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assay layout included signal intensity, reproducibility, carryover, peptide stability, and
interfering peaks. ANQAFLPASTFK was a highly responsive core peptide with strong
signal intensity, reliable reproducibility, minimal interference, and no carryover and was
therefore selected for building a reliable assay to detect carbapenemases from the OXA
48 family. QQGFTNNLK, the other candidate core peptide had poor signal intensity and
therefore was removed from further assay development. Of the remaining non-core
candidate peptides, we chose YSVVPVYQEFAR over QAMLTEANGDYIIR because of
better signal intensity and further separation of retention times from the best candidate
core peptide, ANQAFLPASTFK.

Confirmation of peptide uniqueness. To evaluate the uniqueness of peptides
ANQAFLPASTFK and YSVVPVYQEFAR, we searched the UniprotKB database of protein
sequences for exact matches to non-OXA-48 proteins in bacterial genomes that would
result in false-positive identifications. This search resulted in 198 positive identifications
for ANQAFLPASTFK and 243 for YSVVPVYQEFAR. Using the extracted protein se-
quences, phylogenetic clustering analysis did not show any off-target identifications for
either peptide outside of the OXA �-lactamase family, with close clustering of all
positive identifications around the OXA-48 family (Fig. 1). However, these peptides do
identify other OXA �-lactamases outside of the strictly predefined 12 members in the
OXA-48 family (Table 2). Two of these positive identifications, OXA-405 and OXA-438,
are described as allelic variants of the OXA-48 family (32, 33). Positive protein identi-
fication by only one of the two peptides using the UniprotKB database search most
likely represent incomplete protein sequences in the database, with the exception of
OXA-245, which does not contain YSVVPVYQEFAR.

Optimization of LC-MS/MS method. The two best peptides (ANQAFLPASTFK and
YSVVPVYQEFAR) from the initial peptide screening were chosen to build an LC-MS/MS
MRM assay using a QQQ mass spectrometer. In addition to optimizing method param-
eters such as collision energy on the QQQ, an additional goal of this analysis was to
develop a set of expert rules to be used for making automatic positive and negative
calls. In the method development set, samples S1 and S4 represented OXA-181-

OXA-48 family

OXA-24/40 family

Al
l O

XA
 β

-la
ct

am
as

es

FIG 1 Phylogenetic analysis of peptide uniqueness. Shown is a phylogenetic analysis of the 289 OXA
�-lactamases in the CARD database aligned with positive identifications extracted the UniProtKB for each
peptide. All positive identifications from the UniProtKB database cluster around the predefined OXA-48
family. OXA family �-lactamases are in black, proteins containing both ANQAFLPASTFK and YSVVPVYQ
EFAR are in red, proteins containing just ANQAFLPASTFK are in blue, and proteins containing just
YSVVPVYQEFAR are in green.
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containing isolates, samples S2 and S3 represented OXA-24/40-containing isolates, and
samples N1 to N4 represented negative controls not containing any OXA �-lactamases
genes. Samples were run in duplicate with 2-�l and 4-�l loads being used, respectively.
The R value and rdotp value ranges for positives and negatives were interpreted and
used in setting expert rules. In this method development set, the rdotp was 1.0 for all
4 positive samples for both peptides and the R values ranged from 2.99 to 3.7 for
peptide YSVVPVYQEFAR and 3.37 to 3.83 for peptide ANQAFLPASTFK . Negative
samples had an rdotp that ranged from 0.06 to 0.95 and R values from 0.004 to 0.1
(Table S5). Final precursor and MRM transitions used are listed in Table 3. A workflow
diagram outlining the characterization of the 12 carbapenemase family, through assay
development and final assay determination, can be found in Fig. S1.

Expert rules. Expert rules for classifying samples as positive or negative for the
detection of OXA-48 family carbapenemase members were constructed using the assay
development data. Skyline 3.7 was used to inspect all samples to ensure that the
retention times between the labeled peptide and the native peptide being interrogated
were the same and that the correct peak was identified. Peptides were automatically
called positive if both rdotp was �0.95 and R was �0.50. Peptides were automatically
called negative if both rdotp was �0.90 and R was �0.20. Peptides not meeting these
criteria were reflexed to manual review and spectra were analyzed to evaluate for a
positive result or a negative result based on interference, carryover, or noise. Manual
review was considered positive if the corresponding spectra matched on retention time
and had clearly defined and distinguishable spectral peaks and the rank order of
transitions matched between the labeled peptide and the sample peak. After applying
the above-described rules, samples were called positive if at least one of the two
peptides met positive call criteria. Intervening blank samples were manually examined,
and if carryover was present in the intervening blank following a previous strong
positive sample, then rerunning of the sample following the blank was permitted to

TABLE 2 OXA �-lactamases identified by each peptide and the spectrum of hydrolytic
activity

�-Lactamasea ANQAFLPASTFK YSVVPVYQEFAR Carbapenemase activityb

OXA-48 Yes Yes Yes
OXA-54 Yes Yes Yes
OXA-162 Yes Yes Yes
OXA-163 Yes Yes No
OXA-181 Yes Yes Yes
OXA-199 Yes Yes Yes
OXA-204 Yes Yes Yes
OXA-232 Yes Yes Yes
OXA-244 Yes Yes Yes
OXA-245 Yes No Yes
OXA-247 Yes Yes No
OXA-370 Yes Yes Yes
OXA-405 Yes Yes No
OXA-416 Yes Yes Unknown
OXA-436 Yes Yes Yes
OXA-438 Yes Yes Yes
OXA-439 Yes Yes Unknown
OXA-484 Yes Yes Yes
aBold indicates OXA beta-lactamases not within originally identified OXA-48 family.
bCarbapenemase activity as per Lutgring et al. (42).

TABLE 3 Precursor and transitions with rank order for the two peptides included in MRMa

Peptide Charge Precursor m/z T1 T2 T3 T4 T5

ANQAFLPASTFK 2� 647.8431 650.3508 (y6�) 314.1459 (b3�) 910.5033 (y8�) 186.0873 (b2�) 763.4349 (y7�)
YSVVPVYQEFAR 2� 729.3748 1,009.5102 (y8�) 332.1605 (b3-18�) 505.2587 (y8��) 251.1026 (b2�) 1,108.5786 (y9�)
aT, transition.
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eliminate the possibility of false-positive calls due to carryover. This assessment was
made based on expert judgment.

Blinded accuracy assessment results. Initial accuracy assessment was run in 4
batches and consisted of a total of 100 samples, of which 98 were included in the
analysis (Table 4). No samples required rerunning to rule out carryover assessment in
this first accuracy assessment. Retention times for labeled peptides were stable across
all sets. Overall, 26/26 isolates positive for either OXA-48, OXA-181, or OXA-232 were
correctly categorized, and 72/72 isolates that were negative for OXA-48 carbapen-
emases were correctly categorized, yielding 100% sensitivity (95% CI, 86.8 to 100%) and
100% specificity (95% CI, 95.0 to 100%) (Fig. 2). All 26 positive results met both primary
expert rules (rdotp � 0.95 and R � 0.50) for at least one peptide, generating an
automatic positive call. Examples of a positive and negative chromatogram are shown
in Fig. 3. Sixty-four out of 72 samples were negative by both expert rules for both
peptides, generating an automatic negative call. Eight samples did not meet automatic
call criteria for both peptides and were referred to blinded manual review. After manual
review these 8 samples were correctly determined to be negative by the review criteria
(Fig. S2). For positive isolates, the R value ranged from 0.58 to 17.45 for ANQAFLPASTFK
and 0.58 to 20.3 for YSVVPVYQEFAR. This range in R values potentially indicates varying
degrees of relative protein expression as an equal total protein quantity was loaded for
each injection. Carryover was noted in some blank samples for peptide YSVVPVYQEFAR
when the preceding sample had high expression, but this did not necessitate rerunning
of these samples (Fig. S3).

Specificity assessments. To further assess the specificity of the assay to discrimi-
nate OXA-48 family carbapenemases from other carbapenemases, two additional as-
sessments were performed. The sample preparation was done by a single operator for
both additional assessments, and spectrum evaluation was performed by two blinded
independent reviewers for the second assessment. Specificity assessment 1 contained
30 deidentified samples including 14 OXA-48 family carbapenemases, 5 KPC-positive
isolates, 5 NDM-positive isolates, and 6 isolates with no carbapenemase (Table S2).
Using the expert rules, 14/30 samples were called positive without manual review, 7/30

TABLE 4 OXA-48 family positive and negative isolates for assay development and accuracy assessment

Species
Assay development,
OXA-181

Accuracy assessment (no. of isolates)

OXA-48 OXA-181 OXA-232 OXA negative

Achromobacter sp. 1
Achromobacter xylosoxidans 1
Acinetobacter ursingii 1
Aeromonas sp. 1
Citrobacter freundii complex 4
Citrobacter koseri 1
Chryseobacterium sp. 1
Enterobacter aerogenes 1
Enterobacter cloacae complex 8
Enterococcus faecalis 1
Escherichia coli 4 1
Klebsiella oxytoca 2
Klebsiella oxytoca/Raoutella ornithinolytica 1
Klebsiella pneumoniae 2 7 3 8 10
Klebsiella ozaenae 1 19
Morganella morganii 1 1
Pseudomonas aeruginosa 7
Proteus mirabilis 1
Rhizobium radiobacter 2
Serratia liquefaciens 1
Serratia marcescens 2
Sphingomonas sp. 1
Staphylococcus epidermidis 1
Staphylococcus haemolyticus 1
Stenotrophomonas maltophilia 4
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were negative without expert review, and 9 required manual review. Data analysis was
performed by two separate operators, with 100% interreviewer agreement and a
resulting 100% sensitivity (95% CI, 76.8 to 100%) and 100% specificity (95% CI, 79.4 to
100). Two samples (9 and 25) were rerun based on expert judgement because the
intervening blank contained evidence of carryover and followed strong positives. On
rerun, both of the samples were determined to be negative by both reviewers. Sample
26 was noted to have an initial R value of 1.4 and called negative by both expert
reviewers. This large R value was noted to be due to a large interfering peak (y7�)
which, when removed, resulted in an R value of 0.23 (Fig. S4).

Specificity assessment 2 contained a total of 15 samples, of which 4 were OXA-48
family carbapenemases, 4 were VIM positive, and 3 were IMP positive. Using expert
rules 4/15 samples were called positive, 7/15 were called negative, and 4/15 samples
required manual review and were called negative. All of the samples were called
correctly, with a resulting 100% sensitivity (95% CI, 39.8 to 100%) and 100% specificity
(95% CI, 71.5 to 100%). While the specificity assessments did not include any OXA
carbapenemases outside the OXA-48 family, our assay optimization experiment did

FIG 2 Intensity ratio for consecutive samples in accuracy assessment and both specificity assessments. (A) Accuracy
assessment; (B) Specificity assessment 1; (C) Specificity assessment 2. Samples 24 and 74 were removed from the
accuracy assessment due to instrument programming error. The plot of the secondary assessment includes
rerunning of samples 9 and 25 due to carryover of the preceding sample. The horizontal dashed line at 0.5
represents the threshold R value for which samples were automatically called positive (R, intensity ratio, sample/
internal standard).
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contain an carbapenemase (OXA-24) which did not result in the detection of either
peptide.

Overall assay and peptide characteristics. The overall accuracy of the assay was
determined by combining all three assessments. Combining the three assessments
resulted in 135 samples (40 true positives and 95 true negatives) and a sensitivity of
100% (95% CI, 91.2 to 100%) and specificity of 100% (95% CI, 96.2 to 100%). A total of
8 samples (4 which contained an OXA-48 family carbapenemase and 4 that were
negative) were removed from overall sensitivity and specificity calculation because
these samples were reused from earlier assessments. It is also noted that all of the
peptides in this assay are specific to the OXA-48 family and are not identified in any
other OXA �-lactamase, limiting the chance of false positives. To test the lower limit of
detection, the lysate from an OXA-48-positive isolate with an R value of 4.89 was serially
diluted (with the lysate of a negative sample with an similar protein concentration) to
expected R values ranging from 4.0 to 0.015. Dilution to an expected R value of 0.5

FIG 3 LC-MS/MS chromatogram of positive and negative samples LC-MS/MS chromatograms of both peptides
using the MRM for two samples. Sample 93 was OXA positive and sample 94 was OXA negative. The top frame for
each respective sample and peptide combination is the unlabeled positive or negative sample, and the second
frame is the internal control labeled peptide. Sample 93 rdotp was 1.0 for both peptides, and R values were 5.67
for ANQAFLPASTFK and 6.91 for YSVVPVYQEFAR. Sample 94 had an rdotp of 0.23 and R value of 0.25 for peptide
ANQAFLPASTFK and an rdotp of 0.54 and R value of 0.01 for peptide YSVVPVYQEFAR.
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resulted in peptide concentrations of 110.9 fmol/�g of total protein for peptide ANQ
AFLPASTFK and 77.7 fmol/�g of total protein for peptide YSVVPVYQEFAR. Below this
concentration (corresponding to R value of 0.5), manual expert review is required by
the expert rules. However, R-value versus expected concentration remains linear below
this level. A plot of peptide concentration/�g of total protein versus expected R-value
for both peptides resulted in R2 of �0.99 for both peptides (Fig. S5). Additionally, both
peptides showed remarkable stability and reproducibility. A sample from the first
accuracy assessment that was re-run 10 months later showed R-values for peptide
YSVVPVYQEFAR that ranged from 4.89 to 4.73 and for peptide ANQAFLPASTFK that
ranged from 4.32 to 4.78.

DISCUSSION

The application of genoproteomics to identify unique marker peptides has been
recently advanced as a novel means to identify bacterial strains, species, and resistance
elements (19, 34–36). We describe the development and accuracy assessment of an
LC-MS/MS assay for detecting OXA-48 family carbapenemases in bacterial isolates
based on the detection of tryptic peptides. During the assay development phase,
ANQAFLPASTFK and YSVVPVYQEFAR were identified as the best-performing peptides.
ANQAFLPASTFK is a core peptide common to all identified members of the OXA-48
family, and YSVVPVYQEFAR is a motif found in 11 of the 12 of the OXA-48 family
members but absent in OXA-245.

The detection of the OXA-48 carbapenemase family using phenotypic tests has been
challenging in the past due to the weak carbapenem hydrolysis demonstrated by many
members of this �-lactamase family. Further, antimicrobial susceptibility testing has
limitations, as carbapenem MIC values for OXA-48-containing isolates can occasionally
test in the susceptible range and these isolates may demonstrate variable resistances
to extended-spectrum cephalosporins (37). The universally recognized need for a
reliable OXA-48 test is suggested by the number of different assays that have been
proposed in the past few years. Nucleic acid-based testing includes an FDA-approved
PCR that can identify KPC, NDM, VIM, IMP, and OXA-48 (Cepheid Xpert Carba-R assay),
which has been shown to have 100% sensitivity and greater than 97.1% specificity (38).
Recently a lateral flow assay was developed that can identify OXA-48 and OXA-163
family carbapenemases using anti-OXA-48 antibodies, along with a multiplex lateral
flow assay that can detect OXA-48, NDM, and KPC carbapenemases and a third
technique that can identify the five main carbapenemases: KPC, NDM, VIM, IMP-type,
and OXA-48 (32, 39, 40). In addition, a novel disk-based test has been developed which
incorporates an imipenem disk and two other disks impregnated with EDTA and EDTA
plus phenylboronic acid (PBA), respectively (41). While this test demonstrated a high
sensitivity and specificity to identify OXA-48 carbapenemase, it is a phenotypic test that
does not identify the carbapenemase directly.

Several factors make LC-MS/MS an attractive technical approach for the diagnostic
detection of carbapenemases, and this method offers several advantages over pheno-
typic and PCR-based assays. First, the method we describe is rapid, with an isolate-to-
result turnaround time of approximately 90 min (60 min for lysate preparation/
digestion and 30 min for LC-MS/MS assay and interpretation). It is noted that multiple
samples can be processed simultaneously, but LC-MS/MS analysis cannot be run in
parallel for samples. Second, LC-MS/MS allows direct detection of proteins, verifying
expression, as opposed to PCR, which confirms the presence of a gene but not protein
expression. Third, MRM allows for the possibility of high-level multiplexing in which a
large number of diagnostic peptides may be combined together into a single diag-
nostic assay including species-level identification (35, 36).

The assay we present was tested with robust accuracy and specificity assessments
containing a diverse group of bacterial species and 40 different OXA-48 family-
containing isolates, all of which were correctly identified as positive based on the
expert rules and did not require manual interpretation. In addition, the first specificity
assessment contained 5 KPC-positive and 5 NDM-positive isolates and the second
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contained 4 VIM-positive and 3 IMP-positive samples. Both of the additional accuracy
assessments resulted in 100% sensitivity and specificity. However, we note that the
overall assay accuracy assessment is limited due to the limited availability of isolates, as
only 4 of 12 OXA-48 family carbapenemases were able to be tested (OXA-48, OXA-181,
OXA-232, and OXA-244).

We performed a comprehensive bioinformatic analysis of the selected peptides to
ensure that they were not identified in any other �-lactamases outside the OXA
�-lactamases or in other eukaryotic or prokaryotic proteins. We did not identify any
proteins outside the OXA �-lactamases family. However, this analysis revealed that the
assay peptides are shared with at least six recently classified OXA enzymes that are
closely related to OXA-48 by sequence homology (Table 2).

Not all members of the OXA-48 family demonstrate significant carbapenemase
activity (i.e., OXA-163 and OXA-247) (Table 2) (42). As a result, any broadly sensitive
OXA-48 assay, including the one described here, will identify enzymes that may not
confer carbapenem resistance. Additionally, as noted above, the peptides included in
this assay identify at least six OXA family �-lactamases not included in the original
OXA-48 group, including OXA-436, for which carbapenemase activity has been dem-
onstrated (Table 2) (33, 43, 44). Another limitation of this assay is that while it provides
direct detection of the OXA-48 family proteins, it is unable to detect variants resulting
from amino acid substitutions in the peptides selected for the assay. Additionally, unlike
PCR, which allows the direct detection of carbapenemase nucleic acid from clinical
specimens, our assay as currently designed requires culture growth. Furthermore, while
LC-MS/MS assays are very common in core chemistry laboratories, they are not cur-
rently used in clinical microbiology laboratories, where MADLI-TOF mass spectrometers
are more common. Thus, capital LC-MS/MS instrument purchase and expertise could be
significant obstacles in implementing this technology. LC-MS/MS has increased sensi-
tivity relative to MALDI-TOF MS, and it has the ability to detect small peptides specific
to an organism or enzyme (45).

In summary, this work demonstrates the feasibility of rapid, high-sensitivity detec-
tion of OXA-48 carbapenemases using LC-MS/MS. The assay has a turnaround time of
90 min and relatively simple sample preparation; however, it requires expert judgment
when calling samples negative. MRM designs will allow extension of this approach to
highly multiplexed assays for the rapid characterization of other classes of bacterial
resistance, with broad applications to the entire bacterial resistome.
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