{: SCISPACE

formerly Typeset

@ Open access « Posted Content - DOI:10.1101/138594

Prediction of cephalosporin and carbapenem susceptibility in multi-drug resistant
Gram-negative bacteria using liquid chromatography-tandem mass spectrometry
— Source link (4

Yuiko Takebayashi, Wak Nur Ismah Wan, Jacqueline Findlay, Kate J. Heesom ...+4 more authors

Institutions: University of Bristol, Bristol Royal Infirmary, North Bristol NHS Trust

Published on: 16 May 2017 - bioRxiv (bioRxiv)

Related papers:
« Trimmomatic: a flexible trimmer for lllumina sequence data

» Envelope proteome changes driven by RamA overproduction in Klebsiella pneumoniae that enhance acquired B-
lactam resistance

« Prediction of Fluoroquinolone Susceptibility Directly from Whole-Genome Sequence Data by Using Liquid
Chromatography-Tandem Mass Spectrometry To Identify Mutant Genotypes.

» Methods for dilution antimicrobial susceptibility tests for bacteria that grow aerobically

« The pKNOCK series of broad-host-range mobilizable suicide vectors for gene knockout and targeted DNA insertion
into the chromosome of gram-negative bacteria.

Share thispaper: @ ¥ M &

View more about this paper here: https:/typeset.io/papers/prediction-of-cephalosporin-and-carbapenem-susceptibility-in-
310eo0abydi


https://typeset.io/
https://www.doi.org/10.1101/138594
https://typeset.io/papers/prediction-of-cephalosporin-and-carbapenem-susceptibility-in-310eoa5ydi
https://typeset.io/authors/yuiko-takebayashi-31azbdz5al
https://typeset.io/authors/wak-nur-ismah-wan-15htbdk92y
https://typeset.io/authors/jacqueline-findlay-2aewcdyei7
https://typeset.io/authors/kate-j-heesom-1b8g58ypd9
https://typeset.io/institutions/university-of-bristol-15r1lwmd
https://typeset.io/institutions/bristol-royal-infirmary-175i5z5y
https://typeset.io/institutions/north-bristol-nhs-trust-3ahovgmd
https://typeset.io/journals/biorxiv-318tydph
https://typeset.io/papers/trimmomatic-a-flexible-trimmer-for-illumina-sequence-data-2lwt5dlssn
https://typeset.io/papers/envelope-proteome-changes-driven-by-rama-overproduction-in-1f82gpls1n
https://typeset.io/papers/prediction-of-fluoroquinolone-susceptibility-directly-from-2lk3t9ojrx
https://typeset.io/papers/methods-for-dilution-antimicrobial-susceptibility-tests-for-3ijmb9gxwd
https://typeset.io/papers/the-pknock-series-of-broad-host-range-mobilizable-suicide-2tqj27k9uw
https://www.facebook.com/sharer/sharer.php?u=https://typeset.io/papers/prediction-of-cephalosporin-and-carbapenem-susceptibility-in-310eoa5ydi
https://twitter.com/intent/tweet?text=Prediction%20of%20cephalosporin%20and%20carbapenem%20susceptibility%20in%20multi-drug%20resistant%20Gram-negative%20bacteria%20using%20liquid%20chromatography-tandem%20mass%20spectrometry&url=https://typeset.io/papers/prediction-of-cephalosporin-and-carbapenem-susceptibility-in-310eoa5ydi
https://www.linkedin.com/sharing/share-offsite/?url=https://typeset.io/papers/prediction-of-cephalosporin-and-carbapenem-susceptibility-in-310eoa5ydi
mailto:?subject=I%20wanted%20you%20to%20see%20this%20site&body=Check%20out%20this%20site%20https://typeset.io/papers/prediction-of-cephalosporin-and-carbapenem-susceptibility-in-310eoa5ydi
https://typeset.io/papers/prediction-of-cephalosporin-and-carbapenem-susceptibility-in-310eoa5ydi

bioRxiv preprint doi: https://doi.org/10.1101/138594; this version posted May 16, 2017. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC 4.0 International license.

Prediction of cephalosporin and carbapenem susceptibility in multi-drug resistant Gram-

negative bacteria using liquid chromatography-tandem mass spectrometry.

Yuiko TAKEBAYASHI,* Wan Ahmad Kamil WAN NUR ISMAH,"? Jacqueline FINDLAY,! Kate J.
HEESOM,? Jay ZHANG," O. Martin WILLIAMS,’ Alasdair P. MacGOWAN,"* and Matthew B.

o 1*
Avison™ .

'School of Cellular & Molecular Medicine, University of Bristol, Bristol. UK

’Faculty of Biotechnology & Biomolecular Sciences, Universiti Putra Malaysia, Selangor

Darul Ehsan, Malaysia
3Bristol Proteomics Facility, University of Bristol, UK
‘Department of Microbiology, Southmead Hospital, Bristol, UK.

>Department of Microbiology and Infectious Diseases, Bristol Royal Infirmary, Bristol, UK

*Correspondence: Matthew B. Avison, School of Cellular & Molecular Medicine,

Biomedical Sciences Building, University Walk, Bristol. BS81TD. UK. bimba@bris.ac.uk.

+44(0)1173312035.


https://doi.org/10.1101/138594
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/138594; this version posted May 16, 2017. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC 4.0 International license.

ABSTRACT

In vitro antibacterial susceptibility testing informs clinical decision making concerning
antibacterial therapeutics. Predicting, in a timely manner, which bacterial infection will
respond to treatment by a given antibacterial drug reduces morbidity, mortality, and
healthcare costs. It also allows prudent antibacterial use, because clinicians can focus on
the least broad-spectrum agent suitable for each patient. Existing susceptibly testing
methodologies rely on growth of bacteria in the presence of an antibacterial drug. There is
significant interest in the possibility of predicting antibacterial drug susceptibility directly
though the analysis of bacterial DNA or protein, because this may lead to more rapid
susceptibility testing directly from clinical samples. Here we report a robust and tractable
methodology that allows measurement of the abundance of key proteins responsible for
antibacterial drug resistance within samples of 1 pg of total bacterial protein. The method
allowed correct prediction of B-lactam susceptibility in clinical isolates from four key
bacterial species and added considerable value over and above the information generated
by whole genome sequencing, allowing for gene expression, not just gene presence to be
considered, which is key when considering the complex interplays of multiple mechanisms

of resistance.
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INTRODUCTION

Antibacterial drug resistance (ABR) is one of the most serious problems facing mankind [1].
In the developed world, where ABR is currently most significant in the context of healthcare
associated infections, it is particularly relevant for bacteria from the “ESKAPE” group
(Enterococcus spp., Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, Pseudomonas aeruginosa and Enterobacter spp.) plus Escherichia coli [2].
Bacteria that are resistant to all currently available antibacterials exist and this conjures up a
nightmare future of untreatable infections. However, one of the most pressing dangers of
ABR is that patients with serious infections may not be given appropriate therapy soon
enough to avert their deterioration and subsequent death [3]. Because of the wide range of
different ABR mechanisms carried by bacteria, empiric therapy is moving towards the use of
last resort drugs to which resistance is less likely [4]. However, there is no extant
antibacterial to which resistance is never seen, and increasing reliance on last resort drugs
inevitably applies selective pressure that drives the evolution of their demise [5]. Therefore,
tools to help clinicians rapidly switch to targeted therapy will save human lives and help

retain last resort drugs for future use.

One way to dramatically reduce the time it takes to provide key information relevant to
antibacterial drug therapeutic choice is to identify bacteria, and perhaps even ABR
mechanisms in clinical samples without the need for prior culture. PCR can be used to
identify certain mobile ABR genes, and PCR based 16S metagenomic sequencing or
equivalent can be used to identify the species of bacterium present in a clinical sample. A
wider variety of ABR genes might be identified in one assay using microarray hybridisation

technology, but whole genome sequencing (WGS) is touted as being a more comprehensive
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answer to this question [6-11]. In recent years, the speed, accuracy, cost, and the amount of
DNA required for WGS have all shifted by orders of magnitude in favour of routine WGS
from clinical samples being a real possibility in the medium term and some major successes
have been recorded, particularly where bacterial density is high, e.g. urinary tract infection
[12]. Importantly, WGS potentially allows the complex interplays between mobile ABR genes
and background mutations to be integrated in a prediction of ABR, something that is
particularly necessary in Gram-negative bacteria, where ABR phenotype is frequently multi-
factorial [13]. However, this spotlights our lack of understanding of the way genotype
relates to ABR phenotype. Without a detailed understanding of which mutations influence,
and which do not influence ABR, we cannot hope to accurately predict ABR from WGS in all
cases, and the need for more research in this area was highlighted in a recent EUCAST sub-

committee report [14].

One of the main information weaknesses of using WGS is a lack of understanding about how
genotype affects gene expression levels. And for ABR, protein abundance can have a
profound effect. For example, In the presence of weak carbapenem hydrolysing B-
lactamases, such as CTX-M and CMY, mutations that reduce the rate of carbapenem entry
can help confer carbapenem resistance. Such mutations reduce the abundance of the outer
membrane porin through which the carbapenem enters, and/or increase the abundance of
efflux pump(s) involved in removing the carbapenem from the cell [15]. We have recently
shown, for example, that loss of function mutations in the repressor ramR in K. pneumoniae
enhances efflux pump production and reduces porin production, and this reduces

carbapenem susceptibly in CTX-M or CMY producers [16]. Potentially ramR sequence


https://doi.org/10.1101/138594
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/138594; this version posted May 16, 2017. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC 4.0 International license.

nucleotide polymorphisms (SNPs) might be identified in WGS data, but then a decision must

be made as to whether the SNPs affect protein function or not.

An alternative approach is to measure protein abundance using proteomics methodologies.
This has the potential to give both identification and abundance data that might resolve
many of the uncertainties surrounding the use of WGS. This has recently been reviewed,
and, whilst there have been some successes identifying some ABR proteins in some cases, a
methodology to allow whole proteome analysis that can accurately quantify ABR proteins,
which can be used to accurately predict antimicrobial susceptibility is yet to be
demonstrated [17]. We have been using so called “shotgun” proteomics via a nano-liquid
chromatography, Orbitrap tandem mass spectrometry approach to characterise proteomic
responses to mutations in regulators that affect ABR [16,18]. Accordingly, without
significant adaptation of the methodology, in the work reported here, we attempted to
quantify and identify ABR proteins directly from clinical bacterial isolates grown in culture,
and use this information to predict antimicrobial susceptibility across a range of species. We
have demonstrated that the approach is tractable, and that it reveals novel biology for

future study.
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MATERIALS AND METHODS

Bacterial strains and antibiotic susceptibility testing

Transformants were made using the following strains: K. pneumoniae NCTC5055, E. coli 17
(a urinary tract isolate, and gift from Dr Mandy Wootton, Public Health Wales), P.
aeruginosa PAO1, A. baumannii CIP 70.10. Clinical isolates were forty human bloodstream K.
pneumoniae isolates, four E. coli, five A. baumannii and 5 P. aeruginosa (collected as part of
the SENTRY antimicrobial surveillance programme and a gift from Prof Tim Walsh, Cardiff
University). Disc susceptibility testing was performed according to CLSI methodology [19]

and interpreted using CLSI performance standards [20].

Cloning genes, transformation and complementation studies of K. pneumoniae Ecl8

All  recombinant plasmids, where p-lactamase genes had been ligated into
Enterobacteriaceae-specific vector pSU18 have recently been described [16]. For
transformation into non-Enterobacteriaceae, genes were subcloned into the vector pUBYT,
being the plasmid pYMAb2 [21] which we modified to remove the OXA promotor region
(located upstream of the multiple cloning site) by PCR amplification using the primers listed
in Table 1, followed by digestion with Xbal and ligation to produce a circular product.
Subcloning into pUBYT used the same restriction enzymes as used to originally clone the
genes into pSU18 [16]. Inserts were confirmed by PCR and sequencing using the primers
listed in Table 1. Recombinant plasmids were used to transform bacteria to chloramphenicol
(30 mg/L) — for pSU18 recombinants — or kanamycin (50 mg/L) — for pUBYT recombinants —

resistance using electroporation as standard for laboratory-strain E. coli, except that for
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production of competent cells, A. baumannii cells were washed using 15% v/v glycerol in

water rather than 10% v/v used for the other species.

Quantitative analysis of whole cell proteomes via Orbitrap LC-MS/MS

Each clinical isolate was cultured in 50 ml Cation Adjusted Nutrient Broth (Sigma) with
appropriate antibiotic selection. Cultures were incubated with shaking (160 rpm) at 37°C
until ODgoo reached 0.6-0.8. Cells in cultures were pelleted by centrifugation (10 min, 4,000 x
g, 4°C) and resuspended in 20 mL of 30 mM Tris-HCI, pH 8 and broken by sonication using a
cycle of 1 sec on, 1 sec off for 3 min at amplitude of 63% using a Sonics Vibracell VC-505TM
(Sonics and Materials Inc., Newton, Connecticut, USA). The sonicated samples were
centrifuged at 8,000 rpm (Sorval RC5B PLUS using an SS-34 rotor) for 15 min at 4°C to pellet
intact cells and large cell debris and 1 pg of total protein from the supernatant were
separated by SDS-PAGE using 11% acrylamide, 0.5% bis-acrylamide (Biorad) gels and a
Biorad Min-Protein Tetracell chamber model 3000X1. Gels were run at 200 V until the dye
front had moved approximately 1 cm into the separating gel. Proteins in gels were stained
with Instant Blue (Expedeon) for 5 min and de-stained in water. The one centimetre of gel
lane containing each sample was cut out and proteins subjected to in-gel tryptic digestion

using a DigestPro automated digestion unit (Intavis Ltd).

The resulting peptides were fractionated using an Ultimate 3000 nanoHPLC system in line
with an LTQ-Orbitrap Velos mass spectrometer (Thermo Scientific) [18]. The raw data files
were processed and quantified using Proteome Discoverer software v1.4 (ThermoScientific)
and searched against the UniProt K. pneumoniae strain ATCC 700721 / MGH 78578 database
(5126 protein entries; UniProt accession 272620), the P. aeruginosa PAO1 database (5563

proteins; UniProt accession UP000002438), the A. baumannii ATCC 17978 database (3783
7
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proteins; UniProt accession UP0006737) or the E. coli MG1655 database (4307 proteins;
UniProt accession UPO00000625), in each case, the strain-specific proteome database was
augmented by addition of a mobile resistance determinant database (24694 proteins),
which was generated by searching UniProt with “IncA”, “IncB” etc to “Inc-Z” as the search
term and downloading each list of results. The database file is provided as supplementary
data. Proteomic searches against the databases was performed using the SEQUEST (Ver. 28
Rev. 13) algorithm. Protein Area measurements were calculated from peptide peak areas
using the “Top 3” method [22] and were then used to calculate the relative abundance of
each protein. Proteins with fewer than three peptide hits were excluded from the analysis.
Proteomic analysis was performed once for each clinical isolate. For each sample, raw
protein abundance for each protein was divided by the average abundance of the 50S and
30S ribosomal proteins also found in that sample to normalise for sample to sample loading

variability.

Whole genome sequencing and data analysis

Genomes were sequenced by MicrobesNG (Birmingham, UK) on a HiSeq 2500 instrument
(lllumina, San Diego, CA, USA). Reads were trimmed using Trimmomatic [23] and assembled

into contigs using SPAdes 3.10.1 (http://cab.spbu.ru/software/spades/). STs, the presence

of resistance genes, and plasmid replicon types were determined using MLST 1.8, ResFinder
2.1, [24] and PlasmidFinder [25] on the Center for Genomic Research platform

(https://cge.cbs.dtu.dk/services/).
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RESULTS & DISCUSSION

Establishing predictive rules for 8-lactamase mediated 8-lactam resistance.

Our initial aim was to generate transformants of the four test species (K. pneumoniae, E.
coli, P. aeruginosa and A. baumannii), each carrying one of seven clinically important B-
lactamase genes, each cloned downstream of a natural promoter, representative of
promoters found in clinical isolates, and present on a low copy number cloning vector [16].
Once the transformants had been confirmed, we determined the B-lactam susceptibility
profile of each (Table 2). These data were used to define rules to predict which B-lactam
resistance phenotypes are conferred by carriage of each B-lactamase in each species. We
defined these rules in the knowledge that factors affecting B-lactamase abundance and
background cell permeability are likely to affect the applicability of these rules, but with the

desire to make the rules more flexible by integrating such additional information.

Predicting 8-lactam susceptibility in K. pneumoniae clinical isolates from LC-MS/MS

Our predictive rules (Table 2) were first used to predict B-lactam susceptibility in 40 K.
pneumoniae clinical isolates grown in broth culture as shown in Error! Reference source not
found.. The primary data was from LC-MS/MS, confirming the presence/absence of various
key B-lactamases. To make this realistic in terms of a potential diagnostic methodology,
each sample was analysed by LC-MS/MS only once. WGS was used to validate the LC-
MS/MS results, in terms of mobile ABR gene presence. A few issues were noted: SHV is
intrinsic to K. pneumoniae [26] and all isolates were positive based on WGS, as expected,
but few were positive in the LC-MS/MS. However, it is well known that basal transcription

from the chromosomal blasyy promoter is very low [26] and so it was not surprising that
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protein levels were below the limit of detection, given the small amount (1 pg) of total
protein analysed. In any event there was no evidence of an extended spectrum SHV variant
[26], and so the presence/absence of SHV did not influence the B-lactam susceptibility
predictions made. The second, more serious issue was that in around 25% of isolates, a
small amount of KPC was detected by LC-MS/MS, though only by matching a small number
of peptides in each case. The only true KPC positive sample, as validated by WGS, matched
to 26 peptides. Because of this disparity, which likely arises because there is some protein in
these samples having a few peptides with significant identity to peptides from KPC, WGS
data were used to defined KPC status. In all other respects the binary identification of -
lactamase carriage/non-carriage by LC-MS/MS matched the WGS data. Of course, the
information richness of the LC-MS/MS data allows consideration of protein abundance as

well as presence/absence, as will be discussed below.

First, we simply used the binary B-lactamase identification to predict cephalosporin and
carbapenem susceptibility in the 40 K. pneumoniae isolates. Errors between predicted and
determined susceptibility are marked in Table 3, the disc susceptibility data are presented in
Table 4. Critical errors, where we predicted susceptibility but the isolate was non-
susceptible, were seen for at least one B-lactam in 4/40 isolates. For isolates KP11, KP21 and
KP30, the only error was wrongly predicting cefoxitin susceptibility. For KP13, errors were
for cefoxitin, doripenem and ertapenem. LC-MS/MS has already shown that each of these
four isolates overproduce the AcrAB-TolC efflux pump because of a loss of function
mutation in ramR [27]. KP11 and KP13 both carry CTX-M, and recently we have reported
that a ramR loss of function mutation enhances the ability of CTX-M to influence cefoxitin

and some carbapenem susceptibility, presumably because of AcrAB-TolC overproduction

10
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[16]. Therefore, this explains the incorrect prediction of cefoxitin susceptibility in KP11
(which carries a carbapenemase, masking the ability of AcrAB-TolC hyperproduction to
enhance CTX-M mediated reduced carbapenem susceptibility), and of cefoxitin, doripenem
and ertapenem susceptibility in KP13. Isolates KP21 and KP30 were also incorrectly
predicted to be cefoxitin susceptible. In these cases, they do not carry CTX-M, but instead
carry TEM, so we conclude from this that TEM is also empowered to confer cefoxitin non-
susceptibility in the presence of AcrAB-TolC hyperproduction, which has not previously been
reported. The only other two isolates in this collection carrying ramR mutations, and
hyperproducing AcrAB-TolC [27] are KP4, which is pan-B-lactam resistant because of CTX-M,
OXA-232 and NDM-1 B-lactamases, so the effect of ramR mutation is not apparent, and
KP59, which retains susceptibility to all test B-lactams, including cefoxitin. However, this
isolate does not carry TEM or CTX-M, and we have recently shown that in the absence of a

B-lactamase, loss of ramR does not mediate B-lactam non-susceptibility [16].

In terms of non-critical errors, these were seen commonly for cefepime (9/40), and less
commonly for ceftazidime (2/40) and aztreonam (2/40), where in each case, non-
susceptibility was incorrectly predicted in CTX-M producers (Table 3). WGS confirmed that
each of these CTX-M enzymes was CTX-M15, so we presumed that there must be some
background difference to explain the weaker effect of CTX-M15 carriage in these nine
isolates. We considered OmpK35 and OmpK36 porin abundance and AcrAB efflux pump
levels (which can all affect envelope permeability), and also the abundance of CTX-M itself.
All abundance data for these proteins were extracted from the LC-MS/MS data and a
pairwise comparison between the 9/21 cefepime susceptible versus the 12/21 cefepime

resistant, CTX-M positive, carbapenemase negative isolates showed no significant

11
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differences in abundance between the groups. The data for CTX-M (cefepime resistant
isolates have, on average 1.8 fold more CTX-M than cefepime susceptible isolates, p=0.06)
and OmpK35 (cefepime susceptible isolates have, on average 1.6 fold less OmpK35 than
cefepime susceptible isolates, p=0.09) were more promising than AcrAB (p=0.21) and
OmpK36 (p=0.24). We found that if we crudely factored together CTX-M abundance with
one of the permeability factors, either by subtracting porin abundance from the CTX-M
abundance or by adding the efflux abundance to the CTX-M abundance, we observed that
the combined influence of CTX-M upregulation plus OmpK35 downregulation was
significantly implicated in cefepime resistance (p=0.02); the other permeability factors did
not generate a significant effect (CTX-M/OmpK36, p=0.09; CTX-M/AcrAB, p=0.07). An
association between CTX-M production and cefepime susceptibility has previously been
made [28], but the additional impact of OmpK35 downregulation has not been noted

before.

Prediction of 8-lactam susceptibility in E. coli, P. aeruginosa and A. baumannii.

Given our success in integrating binary [-lactamase identification with abundance
measurements for B-lactamases and proteins involved in envelope permeability to predict
B-lactam susceptibility in K. pneumoniae without any critical errors, next we considered a
small sample of three additional species (Table 5). As with K. pneumoniae, there were a
small number of low abundance, low peptide hit calls for B-lactamases that were not
supported by the WGS data in 3/15 isolates (Table 5). This suggests that we can apply even
stricter cut-offs to our analysis. Only B-lactamase presence supported by WGS was used to

predict antibacterial drug susceptibility. For E. coli, four isolates producing various p-

12
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lactamases, plus one pan-susceptible isolate, were considered. Isolate IR24, was flagged by
the LC-MS/MS as carrying an extended spectrum [-lactamase (ESBL) SHV variant and this
was confirmed by WGS to be SHV-12. Since we had not tested an SHV in our transformants
(Table 2) we used the CTX-M E. coli transformant (another ESBL) to predict susceptibility in
the SHV carrying isolate IR24. Because of this, we erroneously predicted ceftazidime
susceptibility because SHV-12 is known to confer ceftazidime resistance [26]. All other
predictions for E. coli were correct, with carbapenem resistance being seen in two isolates

because of NDM-1 carriage {Table 5, Table 6).

In P. aeruginosa, VIM and IMP production was seen in 3/5 and 1/5 isolates respectively
(Table 5), meaning that aztreonam susceptibility was predicted, since VIM and IMP do not
confer aztreonam resistance (Table 2) and there was no other mobile aztreonam
hydrolysing B-lactamase present. This prediction of aztreonam susceptibility proved
incorrect in isolates 301-5473 (VIM producer) and 86-14571 (IMP producer) (Table 6).
According to the LC-MS/MS data, these isolates hyperproduce the MexAB-OprM efflux
pump, relative to PAO1, and isolates 81-11963 and 404-00, which also carry VIM, and yet are
aztreonam susceptible, as predicted (Table 5). We conclude, therefore that MexAB-OprM
hyperproduction is at least partly responsible for aztreonam non-susceptibility in isolates
301-5473 and 86-14571, though the latter also hyper-produces its chromosomal AmpC -
lactamase, intrinsic to P. aeruginosa and also able to hydrolyse aztreonam (Table 5). Isolate
73-56826 does not carry any acquired B-lactamases, so, based on the susceptibility profile of
PAO1, it was predicted to be susceptible to all B-lactams (Table 2), but in fact it is non-
susceptible to ceftazidime, cefepime and aztreonam (Table 6). Again, the LC-MS/MS data

allowed us to identify that this isolate hyper-produces the chromosomal AmpC B-lactamase
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and MexAB-OprM, again explaining cephalosporin resistance. LC-MS/MS revealed that
several of the carbapenem resistant isolates produce no detectable OprD porin, which is
produced at wild-type levels in the carbapenem susceptible, AmpC hyperproducing isolate
73-56826 (Table 5). The involvement of AmpC hyperproduction, MexAB-OprM
hyperproduction and OprD downregulation in cephalosporin and carbapenem resistance in
P. aeruiginosa clinical isolates are all well-known phenomena [29], but each is under
complex control [30], and so currently it is not possible to predict abundance for these
proteins based solely on WGS [14] and P. aeruginosa is considered very challenging even for
proteomics based antimicrobial susceptibility prediction [17]. Our LC-MS/MS methodology

shows that it is possible to achieve.

In the A. baumannii isolates, there was no evidence of any acquired B-lactamase genes
other than the ampicillin hydrolysing TEM enzyme in the LC-MS/MS data, and this was
confirmed by WGS (Table 5). However, all isolates were found to be non-susceptible to all
test B-lactams, including the carbapenems (Table 6). Analysis of the LC-MS/MS data again
identified the reason, confirming that all isolates hyperproduce their chromosomally
encoded, intrinsic OXA-51-like carbapenemase, relative to the control isolate (Table 1), in
which OXA-51 production was below the level of detection in the LC-MS/MS. OXA-51 is

known to confer pan-B-lactam resistance when hyperproduced in A. baumannii [31].

Conclusions

We have, for the first time, reported a comprehensive analysis of the ability of LC-MS/MS to

be used as a tool to collect protein identification and abundance data for the prediction of
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ABR in multi-drug resistant bacterial isolates. We have shown that our methodology is
robust and can successfully predict antimicrobial susceptibility using a single run. Even when
using only 1 pg of total cell protein, and applying a very strict cut-off, that only proteins
represented by three or more peptides were included, approximately 1000 proteins were
identified and quantified in each sample, and clearly this means that we may miss some
detail. However, the key ABR determinants are expressed at high abundance, and WGS
comparisons actually suggest that we could increase the strictness of our cut-off peptide
numbers to reduce the number of false positive hits seen for some B-lactamases in the LC-
MS/MS data from some samples. Currently, our analysis requires cultured bacteria. Once a
culture has been grown, the process of extraction, SDS-PAGE, tryptic digestion, LC-MS/MS
and data analysis takes around 24 hours. This is not competitive even with existing culture
based antimicrobial susceptibly testing. However, it is possible that proteins extracted
directly from clinical samples — e.g. from culture positive blood via the Bruker Sepsityper
system [32] — can be analysed directly via LC-MS/MS. This would reduce time to
susceptibility testing by around 12 hours from the current situation but such is the severity
of bloodstream infection that even this relatively modest improvement in time to
susceptibility testing result might have significant impact on patient wellbeing [32]. It must
be accepted that our methodology does not lend itself to being run as a high throughput
system, so perhaps these rare and serious infections are the most reasonable place to
deploy it. On the other hand, it may be that the future for this methodology is to improve
our understanding of how antibacterial susceptibility phenotype is influenced by bacterial
genotype, bridging the gap in our understanding of which SNPs cause which proteins to be
differentially produced, and which levels of production are necessary to alter antibacterial

drug susceptibility. Since WGS methodologies have the potential to be more widely used
15
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direct from clinical samples, in a higher throughput way, if biological interpretation of WGS
data could be made more complete, the potential for revolutionising patient care would be

particularly great [14].
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Table 1. Primers used in this study.

Primer Sequence (5'-3') Reference
pYMAD2 Xbal F ATGACTTCTAGACAGCAAATGG This study
pYMAb2 Xbal R GAGATCTCTAGATTAACCGTTC This study
pUBYT F GCAAGAAGGTGATGAATCTACA This study
pUBYTR GTGGCAGCAGCCAACTCA This study
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Table 2 Antimicrobial susceptibility testing for B-lactamase producing transformants.

Strain FOX | CXM | CRO | CTX | CAZ | FEP | ATM | IPM | MEM | DOR | ETP

. pneumoniae pSU18

. pneumoniae pSU18 KPC-3

. pneumoniae pSU18 VIM-1

. pneumoniae pSU18 IMP-1
. pneumoniae pSU18 OXA-48
. pneumoniae pSU18 CTX-M
. pneumoniae pSU18 CMY-2
. pneumoniae pSU18 NDM-1

K
K
K
K
K
K
K
K

. coli pSU18

. coli pSU18 KPC-3

. coli pSU18 VIM-1

. coli pSU18 IMP-1

. coli pSU18 OXA-48
. coli pSU18 CTX-M
. coli pSU18 CMY-2
. coli pSU18 NDM-1

m  m m m m m m| m

. aeruginosa pUBYT

. aeruginosa pUBYT KPC-3

. aeruginosa pUBYT VIM-1

. aeruginosa pUBYT IMP-1

. aeruginosa pUBYT OXA-48
. aeruginosa pUBYT CTX-M
. aeruginosa pUBYT CMY-2
. aeruginosa pUBYT NDM-1

b 2 i~ 2 i~ 2 i~ e~ B = B i~ B B |

baumannii pUBYT
baumannii pUBYT KPC-3
baumannii pUBYT VIM-1
baumannii pUBYT IMP-1
baumannii pUBYT OXA-48
baumannii pUBYT CTX-M
baumannii pUBYT CMY-2
Zone diameters are reported in mm, following standard CLSI methodology. Shading: Blue,

I EE PR P

susceptible, Green, non-susceptible (intermediate resistant), Yellow, resistant. Grey -

assumed to be intrinsically resistant, so no breakpoint defined.
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Table 3: Prediction of B-lactam susceptibility in K. pneumoniae clinical isolates ?_;3%

g

gk

K. pneumoniae B-lactamases (Abundance relative to RP) Antimicrobial Susceptibility Prediction a6
Isolate ID TEM OXA-1 KPC VIM cmy CTX-M IMP NDM OXA-232 Non-susceptible to Susceptible ERS
Kpl ALL 3
Kp2 CXM, CRO, CTX, CAZ, FEP, ATM | FOX, IPM, MEM, DOR, ETP}i =
Kp3 CXM, CRO, CTX, CAZ, FEP, ATM | FOX, IPM, MEM, DOR, ETP§- o
Kp4 ALL =k
Kp5 ALL =8
Kp6 CXM, CRO, CTX, CAZ, FEP, ATM | FOX, IPM, MEM, DOR, E 6-;.
Kp7 CXM, CRO, CTX, CAZ, FEP, ATM | FOX, IPM, MEM, DOR, Eﬂ'g. =
Kp8 CXM, CRO, CTX, CAZ, FEP, ATM | FOX, IPM, MEM, DOR, Eﬁ §
Kp9 CXM, CRO, CTX, CAZ, FEP, ATM | FOX, IPM, MEM, DOR, EERZE
Kp10 CXM, CRO, CTX, CAZ, FEP, ATM | FOX, IPM, MEM, DOR, EiBPtE__ f
CXM, CRO, CTX, CAZ, FEP, 225

Kpll ATM, IPM, MEM, DOR, ETP FOX 2%5
FOX, CXM, CRO, CTX, CAZ, FEP, Fol

Kp12 IPM, MEM, DOR, ETP ATM é:ﬁ ::
Kp13 CXM, CRO, CTX, CAZ, FEP, ATM | FOX, IPM, MEM, DOR, ETP=&
Kpl4 CXM, CRO, CTX, CAZ, FEP, ATM | FOX, IPM, MEM, DOR, ETF‘!,;> -é
Kpl5 CXM, CRO, CTX, CAZ, FEP, ATM | FOX, IPM, MEM, DOR, ETF-%'“;'
Kp16 ALL 28
Kp17 CXM, CRO, CTX, CAZ, FEP, ATM | FOX, IPM, MEM, DOR, ETP{% 5
Kp18 CXM, CRO, CTX, CAZ, FEP, ATM | FOX, IPM, MEM, DOR, ETPE:— M
Kpl9 CXM, CRO, CTX, CAZ, FEP, ATM | FOX, IPM, MEM, DOR, ETP;;%
Kp20 CXM, CRO, CTX, CAZ, FEP, ATM | FOX, IPM, MEM, DOR, ETPg,_ 1;
Kp21 FOX, CXM, CRO, CTX, CAZ,;:E‘

lepun g|gejie
10U sem yoIy
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Kp22

Kp23

Kp24

8
=g
<D
FEP, ATM, IPM, MEM, DORS &
=D
ETP 3
CXM, CRO, CTX, CAZ, FEP, ATM | FOX, IPM, MEM, DOR, ETR2
CXM, CRO, CTX, CAZ, FEP, ATM | FOX, IPM, MEM, DOR, ETFZ §

Kp25

CXM, CRO, CTX, CAZ, FEP, ATM

FOX, IPM, MEM, DOR, ETFS

Kp26

CXM, CRO, CTX, CAZ, FEP, ATM

FOX, IPM, MEM, DOR, ETFS ¢

Kp27

CXM, CRO, CTX, CAZ, FEP, ATM

FOX, IPM, MEM, DOR, ETPE

Kp28

Kp30

Kp31

_|
1By
Vouoo /UL E UL/PVAU TUYU7

Kp32

Kp33

Kp34

Kp38

Kp40

Kp46

Kpa7

Kp48

Kp50

Kp59

CXM, CRO, CTX, CAZ, FEP, ATM | FOX, IPM, MEM, DOR, ETP
ALL 5
CXM, CRO, CTX, CAZ, FEP, pBE
ATM, IPM, MEM, DOR, ETP FOX 398
T |
ALL 6g¢
ALL °=3
| 123 | CXM, CRO, CTX, CAZ, FEP, ATM | FOX, IPM, MEM, DOR, ESF &
ALL 238
ALL B
ALL g
ALL °
ALL
ALL
ALL

Values reported are abundance of the protein relative to the average ribosomal protein in one preparation of total cell protein

Pink highlighting denotes instances where WGS showed positive for the gene.

Pale blue highlighting denotes isolates shown to be ramR mutants [27]

Red/black text denotes antimicrobial susceptibility phenotype that was correctly/incorrectly predicted from LC-MS/MS results.
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Table 4. Antimicrobial susceptibility testing for K. pneumoniae clinical isolates.

K. pneumoniae AST Results

Isolate ID FOX | CXM CRO | CTX | CAZ | FEP | ATM | IPM MEM DOR | ETP
Kp1
Kp2
Kp3
Kp4
Kp5
Kp6
Kp7
Kp8
Kp9
Kp10
Kp11
Kp12
Kp13
Kp14
Kp15
Kp16
Kp17
Kp18
Kp19
Kp20
Kp21
Kp22
Kp23
Kp24
Kp25
Kp26
Kp27
Kp28
Kp30
Kp31
Kp32
Kp33
Kp34
Kp38
Kp40
Kp46
Kp4a7
Kp48
Kp50
Kp59
Zone diameters are reported in mm, following standard CLSI methodology. Shading: Blue,

susceptible, Green, non-susceptible (intermediate resistant), Yellow, resistant.
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Table 5: Prediction of B-lactam susceptibility in non-K. pneumoniae clinical isolates

E. coli Isolate

B-lactamases (Abundance relative to RP)

Others (Porins, efflux, AmpC)

Antimicrobial Resistance Prediction

Japunyyioyine sl si (mainai Jead Aq paiijieo

UOISTaN ST 76S8E /10 F 0 1/870710p77-50y :10p juudaid Aixgolq

ID TEM | SHV | KPC | VIM | CMY | CTX-M | IMP | NDM | OXA-1 | OmpF | OmpC | AcrA | AcrB | TolC Non-susceptible Susceptible
ATCC 25922 2.49 2.21 0.17 0.08 0.18 ALL
IR10 0.39 | 0.07 0.51 2.11 0.73 0.01 1.59 0.22 0.08 0.08 ALL
CXM, CRO, CTX, CAZ, FEP, FOX, IPM, MEM;E
IR15 0.17 1.89 0.13 0.53 0.07 0.02 0.10 ATM DOR,ETP 3Z
FOX, CAZ, IPN, 8
IR24 0.72 092 | 071 | 0.08 | 0.03 | 0.12 | CXM, CRO, CTX, FEP, ATM | MEM, DOR, Et2
IR60 0.10  0.10 | 0.10 075 /008|028 | 001 | 051 | 157 | 011 | 0.08 | 0.11 ALL 23
oo
5
P. aeruginosa B-lactamases (Abundance relative to RP) Others (Porins, efflux, AmpC) Antimicrobial Resistance Prediction ;E B
=Rkt
Isolate ID TEM | SHV | KPC | VIM | CMY | CTX-M | IMP | NDM | OXA-2 | OprD | MexA | MexB | OprM | AmpC Non-susceptible SusceptibleS =2
81-11963 0.46 0.16 | 0.06 | 0.09 | 0.07 | CAZ FEP, IPM, MEM, DOR ATM  S3F
APy
404-00 0.71 0.19 0.15 0.05 0.11 CAZ, FEP, IPM, MEM, DOR ATM gg_ )
301-5473 0.22 0.27 0.61 0.15 0.33 0.06 | CAZ, FEP, IPM, MEM, DOR ATM é?—, N
<t
CAZ, FEP, ATM, g‘ 3
86-14571 0.13 1.56 0.47 0.76 16.19 IPM, MEM, DORg 5
CAZ, FEP, ATM,S &
73-56826 0.02 0.17 1.02 0.34 0.45 10.67 IPM, MEM, DO gi
Ba
3 (0]
A. baumannii B-lactamases (Abundance relative to RP) Others (Efflux, OXA-51) Antimicrobial Resistance Prediction E* 5]
Isolate ID TEM | SHV | KPC | VIM | CMY | CTX-M | IMP | NDM | OXA-1 | OXA-51 | AdeA | AdeB | Adel | AdeK Non-susceptible Susceptible =&
4034C 0.24 3.31 0.31 0.01 | 0.11 | 0.27 ALL gg
38
4737C 0.02 4.66 0.36 0.04 0.12 0.32 ALL %E
53
22 25
o=
o8
23
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4742C 0.01 1.95 0.30 0.10 | 0.11 | 0.26 ALL
4750C 0.01 1.84 0.28 0.03 | 0.09 0.28 ALL
6490A 0.30 | 0.08 3.88 0.30 0.01 | 0.14 | 0.30 ALL

Values reported are abundance of the protein relative to the average ribosomal protein in one preparation of total cell protein
Pink highlighting denotes instances where WGS showed positive for the gene.
Pale blue highlighting denotes isolates shown to be ramR mutants [27]

Red/black text denotes antimicrobial susceptibility phenotype that was correctly/incorrectly predicted from LC-MS/MS results.
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Table 6. Antimicrobial susceptibility testing for non-K. pneumoniae clinical isolates.

AST Results

E. coli Isolate ID

FOX | CXM | CRO | CTX | CAZ | FEP | ATM | IPM | MEM | DOR | ETP

ATCC 25922
IR10
IR15
IR24
IR60

P. aeruginosa AST Results
Isolate ID FOX | CXM | CRO | CTX | CAZ | FEP | ATM | IPM | MEM | DOR | ETP
81-11963
404-00
301-5473
86-14571
73-56826

A. baumannii AST Results
Isolate ID FOX | CXM | CRO | CTX | CAZ | FEP | ATM | IPM | MEM | DOR | ETP
4034C
4737C
4742C
4750C
6490A

Zone diameters are reported in mm, following standard CLSI methodology. Shading: Blue,
susceptible, Green, non-susceptible (intermediate resistant), Yellow, resistant. Grey —assumed to be
intrinsically resistant, so no breakpoint defined.
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