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Background: The increased incidence of polymyxin-resistant MDR Klebsiella pneumoniae has become a major
global health concern.

Objectives: To characterize the lipid A profiles and metabolome differences between paired polymyxin-
susceptible and -resistant MDR K. pneumoniae clinical isolates.

Methods: Three pairs of K. pneumoniae clinical isolates from the same patients were examined [ATH 7
(polymyxin B MIC 0.25mg/L) versus ATH 8 (64 mg/L); ATH 15 (0.5 mg/L) versus ATH 16 (32 mg/L); and ATH 17
(0.5mg/L) versus ATH 18 (64 mg/L)]. Lipid A and metabolomes were analysed using LC-MS and bioinformatic
analysis was conducted.

Results: The predominant species of lipid A in all three paired isolates were hexa-acylated and 4-amino-4-
deoxy-L-arabinose-modified lipid A species were detected in the three polymyxin-resistant isolates. Significant
metabolic differences were evident between the paired isolates. Compared with their corresponding polymyxin-
susceptible isolates, the levels of metabolites in amino sugar metabolism (UDP-N-acetyl-a-p-glucosamine and
UDP-N-a-acetyl-p-mannosaminuronate) and central carbon metabolism (e.g. pentose phosphate pathway and
tricarboxylic acid cycle) were significantly reduced in all polymyxin-resistant isolates [fold change (FC)>1.5,
P<0.05]. Similarly, nucleotides, amino acids and key metabolites in glycerophospholipid metabolism, namely
sn-glycerol-3-phosphate and sn-glycero-3-phosphoethanolamine, were significantly reduced across all
polymyxin-resistant isolates (FC>1.5, P<0.05) compared with polymyxin-susceptible isolates. However, higher
glycerophospholipid levels were evident in polymyxin-resistant ATH 8 and ATH 16 (FC> 1.5, P<0.05) compared
with their corresponding susceptible isolates.

Conclusions: To our knowledge, this study is the first to reveal significant metabolic perturbations associated
with polymyxin resistance in K. pneumoniae.

Introduction

Klebsiella pneumoniae is an opportunistic Gram-negative patho-
gen that causes nosocomial infections including pneumonia,
urinary tract infections, bacteraemia and meningitis.* Infections
caused by MDR K. pneumoniae are often associated with high

mortality rates."™ WHO has highlighted carbapenem-resistant
Enterobacteriaceae, including K. pneumoniae, as one of the three
top-priority pathogens that urgently require novel therapeutics.”
IDSA and the CDC also identified MDR K. pneumoniae as a
top-priority pathogen due to the lack of novel antibiotics.*®
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Polymyxin B and E (also known as colistin) are lipopeptide anti-
biotics that were seldom used between the 1970s and 1990s due
to potential nephrotoxicity.” ® However, over the last decade both
polymyxins have been increasingly used as a last-line therapy
against Gram-negative ‘superbugs’ because of resistance to all
other classes of antibiotics.®1%*? Polymyxins carry five positive
charges at physiological pH, which drive their initial electrostatic
interaction with the negatively charged phosphate groups on the
lipid A component of LPS in the Gram-negative bacterial outer
membrane.®!2 This specific interaction results in the displacement
of cations (e.g. Mg®* or Ca®") that bridge adjacent LPS molecules,
followed by the insertion of polymyxin molecules into the fatty
acyl layer of the outer membrane.®'3 In addition, it is purported
that the antibacterial activity of polymyxins is also due to the inhib-
ition of a vital bacterial respiratory chain enzyme, type 11 NADH-
quinone oxidoreductase,’* and the production of hydroxyl
radicals.’® Worryingly, in recent years, polymyxin-resistant MDR
K. pneumoniae has been increasingly reported worldwide, particu-
larly in several eastern European countries.*®!” Most commonly,
K. pneumoniae can acquire polymyxin resistance by modifications
of lipid A with positively charged moieties such as 4-amino-4-
deoxy-L-arabinose (L-Ara4N) and phosphoethanolamine (pEtN),
which diminish the electrostatic interaction with polymyxins.® The
phoPQ and pmrAB two-component systems (TCSs) and the mgrB
gene (a negative regulator of phoPQ) play a key role in controlling
polymyxin resistance in K. pneumoniae.'®*?° However, the
metabolic perturbations associated with polymyxin resistance in
K. pneumoniae remain unclear. Over the last decade, systems
biology has been employed to investigate bacterial cellular proc-
esses and responses to antibiotic treatment.?*~?* Global metabolic
changes have been revealed between paired polymyxin-
susceptible and -resistant Acinetobacter baumannii isolates,
including perturbations in carbohydrate, amino acid, nucleotide
and lipid metabolism.?® In the present study, we examined the
lipid A profiles and metabolomic differences between paired
polymyxin-susceptible and -resistant MDR clinical isolates of
K. pneumoniae from the same patients. Three pairs of isolates
were selected in this study as their mechanisms of polymyxin
resistance were different, i.e. the inactivation of mgrB in ATH 8
and the inactivation of mgrB plus intragenic suppressor muta-
tionin phoQ in ATH 16 and ATH 18.2°

Materials and methods

Bacterial isolates

Three pairs of K. pneumoniae clinical isolates used in this study were
obtained from the Hygeia General Hospital, Greece. These isolates were col-
lected in 2016 from stool samples of patients infected with
carbapenemase-producing K. pneumoniae prior to and after colistin ther-
apy.?® Polymyxin B MICs were determined using broth microdilution
(Table 1). No breakpoints for polymyxin B against the Enterobacteriaceae
have been established, although susceptibility and resistance breakpoints
for colistin have been set at <2 mg/L and >2 mg/L, respectively, according
to EUCAST.?® In this study, we applied the colistin breakpoint to polymyxin B
given the comparable activity of each polymyxin.?” Bacteria were grown in
CAMHB (Oxoid, Australia; 20-25mg/L Ca®* and 10-12.5mg/L Mg?*).
Polymyxin B (sulphate; Sigma-Aldrich, Castle Hil, New South Wales,
Australia) was dissolved in Milli-Q water (Millipore Australia, North Ryde,
New South Wales, Australia) and the solution was sterilized by filtration
with a 0.22 um Millex GPfilter (Millipore, Bedford, MA, USA).

Table 1. Polymyxin B MICs of three paired K. pneumoniae clinical isolates
obtained before and after polymyxin B treatment of patients in Hygeia
General Hospital, Greece

Isolate Susceptibility MIC (mg/L)
Kp ATH 7 S 0.25

Kp ATH 8 R 64

Kp ATH 15 S 0.5

Kp ATH 16 R 32

Kp ATH 17 S 0.5

Kp ATH 18 R 64

Kp, K. pneumoniae; S, susceptible; R, resistant.

Lipid A structural analysis

Lipid A profiling was performed as previously described.?>?8 In brief, a single
colony was inoculated in 10 mL of CAMHB and incubated in a shaking water
bath (180 rpm) at 37°C overnight then 2 mL of overnight culture was inocu-
lated into 198 mL of CAMHB and grown to an ODggo of 0.5 at 37°C with a
shaking speed of 180 rpm. Cells were collected via centrifugation at 3220g
for 30 min and washed twice with PBS. For LPS extraction, the cell pellet
was resuspended in 5mL of chloroform, 10 mL of methanol and 4 mL of
PBS (chloroform:methanol:PBS, 1:2:0.8, v/v). The single-phase Bligh-Dyer
mixture was then centrifuged at 32209 for 15 min and the LPS pellet was
collected and washed with chloroform:methanol:water (1:2:0.8, v/v). The
washed LPS pellet was resuspended in hydrolysis buffer (5mM sodium
acetate pH4, 1% SDS) and incubated in a boiling water bath for 45 min.
Lipid A was extracted with the two-phase Bligh-Dyer mixture converted by
combining 6mL chloroform and 6mL methanol to SDS solution
(chloroform:methanol:1% SDS, 1:1:0.9, v/v). Finally, the lower phase con-
taining lipid A was extracted, dried and stored at —20°C. Lipid A profiling
was performed using a Q-Exactive hybrid Quadrupole-Orbitrap mass spec-
trometer operating in negative mode.?”

Preparation of bacterial cultures for metabolome
analysis

Bacterial isolates were subcultured from —80°C stocks onto nutrient agar
and a single colony was inoculated into 10 mL of CAMHB and incubated
overnight at 37°C with constant shaking (180 rpm) then 500 uL of the over-
night culture was inoculated into 50 mL of CAMHB and grown at 37°C with
constant shaking (180 rpm) to obtain an ODggo of 0.5 (mid-exponential
growth phase). Bacterial cultures in CAMHB were standardized based on
ODsgoo values. Subsequently, 10 mL of mid-exponential culture (ODggo=0.5)
was collected into a 15 mL Falcon tube and cell pellets were collected by
centrifugation at 3220 g and 4°C for 10 min. Four biological replicates were
performed on different days and all samples were analysed by LC-MS in a
single batch. The analytical variation within the experiments was expressed
as median relative standard deviation (RSD).

Extraction and LC-MS analysis of cellular metabolites

The cellular metabolites were extracted using a reported method.?® The
cell pellet for each sample was washed twice with 2 mL of cold 0.9% so-
dium chloride, to remove the extracellular metabolites and media compo-
nents, and samples were centrifuged at 32209 and 4°C for 5min. For the
extraction of intracellular metabolites, cell pellets were resuspended in
0.5mL of dry-ice cold chloroform:methanol:water (1:2:0.8, v/v) extraction
solvent containing each internal standard at 1 uM {3-[(3-cholamidopro-
pyl)dimethylammonio]-1-propanesulfonate (CHAPS), N-cyclohexyl-3-ami-
nopropanesulfonic acid (CAPS), piperazine-N, N'-bis(2-ethanesulfonic acid)
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(PIPES) and 2-amino-2-(hydroxymethyl)propane-1,3-diol (TRIS)}. Samples
were frozen in liquid nitrogen and thawed on ice, and the freeze-thaw pro-
cess was repeated three times for the release of intracellular metabolites.
The mixture was centrifuged at 3220 g and 4°C for 10 min. The supernatant
was collected in 1.5 mL centrifuge tubes; this was followed by further cen-
trifugation at 14 400 g and 4°C for 10 min to obtain particle-free metabolite
samples. The samples were stored at —80°C prior to LC-MS analysis.

Metabolite samples (10pL) were analysed on a Q-Exactive Orbitrap
mass spectrometer (Thermo Fisher) equipped with a Dionex high-
performance liquid chromatograph (U3000 RSLC HPLC, Thermo Fisher)
coupled to a ZIC-pHILIC column (5 um, polymeric, 150x4.6 mm; SeQuant,
Merck). The LC solvent system consisted of 20 mM ammonium carbonate
(A) and acetonitrile (B) as mobile phases. The multi-step gradient system
was programmed as follows: first, 20% of solvent A and 80% B to 50% B
over 15min, and then to 5% B at 18 min; second, the system was washed
by 95% A with 5% B for 3 min; finally, the column was re-equilibrated with
20% A and 80% B for 8 min. The flow rate was 0.3 mL/min and all samples
were run in a single batch of LC-MS to avoid any potential batch-to-batch
variability.? Metabolites were identified by comparing the mixture of pure
standards containing over 200 metabolites analysed within the same
batch. Pooled biological quality control samples containing 10 uL of each
sample were examined periodically throughout the batch for the assess-
ment of analytical reproducibility and sample stability.

Data processing, bioinformatic and statistical analyses

Raw LC-MS data were analysed using mzMatch®® and IDEOM.!
Chromatographic peak detection was performed using Xcalibur (version
2.1).2% Metabolites were putatively identified by exact mass within 2 ppm
and confirmed using the retention time based on the authentic standards
(or on predicted retention time if authentic standards were not available).
The amount of each metabolite was quantified using peak height.
MetaboAnalyst 3.0 was used for univariate and multivariate statistical
analyses and the relative peak intensity data were normalized by the me-
dian and log-transformed.** To identify the global metabolome differences
between polymyxin-susceptible and -resistant isolates, principal compo-
nent analysis (PCA) was applied. Welch’s t-test (P<0.05) was utilized for
univariate statistical analysis to identify significant changes between
the isolate pairs. Significant metabolites with >1.5-fold change (FC)
(i.e. 0.6log, FC) and a confidence score of >7 in IDEOM were selected
to compare metabolic changes between polymyxin-resistant versus
polymyxin-susceptible isolates. Metabolic pathway analysis was performed
based on the significantly perturbed metabolites using the KEGG pathway
and BioCyc (http://biocyc.org).>*

Results

Lipid A structural analysis of polymyxin-susceptible and
-resistant MDR clinical isolates of K. pneumoniae

Substantial differences were observed in the lipid A structures be-
tween the three pairs of polymyxin-susceptible and -resistant
strains (Figures1 and 2). The mass spectra of all polymyxin-
susceptible strains (ATH 7, ATH 15 and ATH 17) were dominated by
two peaks at m/z 1745.28 and 1825.24 (Figure 1). The predomin-
ant peak at m/z 1825.24 corresponds to a hexa-acylated lipid A
containing four primary acyl chains [3-hydroxymyristate C14:0(3-
OH)] and two secondary acyl chains (myristate C14:0), while the
peak at m/z 1745.28 represents the dephosphorylated form of the
aforementioned hexa-acylated lipid A (m/z 1825.24, Am/z=—80).
In addition, other peaks (m/z1717.25 and 1761.27) were identified
in all three polymyxin-susceptible isolates (Figure1) and two
peaks at m/z 1797.21 and 1841.24 were observed in two

polymyxin-susceptible isolates (ATH 7 and ATH 15). The peak at m/
z 1797.21 corresponds to a hexa-acylated diphosphoryl lipid A
containing four C14:0(3-OH) and two secondary acyl chains
(one C12:0 and one C14:0). The peak at m/z 1717.24 was the
dephosphorylated form of the lipid A at m/z 1797.21 (Am/z=-80),
whereas the peak at m/z 1761.27 represents the dephosphory-
lated form of lipid A at m/z 1841.24 containing four primary acyl
chains [3-hydroxymyristate C14:0(3-OH)] and two secondary acyl
chains [one C14:0(3-OH) and one myristate C14:0].

Compared with the polymyxin-susceptible isolates, the mass
spectra of lipid A from polymyxin-resistant K. pneumoniae clinical
isolates (ATH 8, ATH 16 and ATH 18) revealed eight additional
major peaks at m/z 1848.30, 1876.33, 1892.33, 1956.30, 1972.30,
2059.33, 2087.36 and 2103.56 (Figure2). The peaks at m/z
1848.30, 1876.33 and 1892.33 correspond to the addition of an
aminoarabinose to the hexa-acylated monophosphoryl lipid A at
m/z 1717.25, 1745.28 and 1761.28, respectively (Am/z=+131);
while the peaks at m/z 1956.30 and 1972.30 represent modified
lipid A through addition of one aminoarabinose to hexa-acylated
diphosphoryl lipid A at m/z 1825.25 and 1841.24, respectively
(Am/z=+131). Furthermore, the peaks at m/z 2059.33, 2087.36
and 2103.56 correspond to the addition of two aminoarabinose
moieties to the hexa-acylated diphosphoryl lipid A at m/z 1797.21,
1825.25and 1841.24 (Am/z=+262).

Metabolic changes in polymyxin-resistant MDR
K. pneumoniae isolates

In addition to lipid A modifications, distinct clustering of the
metabolite profiles was evident in paired polymyxin-susceptible
and -resistant isolates using PCA (PC1=44.1%-66.7%; Figure 3q).
In particular, significant perturbations were evident across cell en-
velope biogenesis, lipid levels and central carbon, nuclectide,
amino acid and peptide metabolism in the polymyxin-resistant
isolates compared with their paired polymyxin-susceptible strains
(Figure 3b). The overall metabolic differences between three
pairs of polymyxin-susceptible (ATH 7, ATH 15 and ATH 17) and
polymyxin-resistant (ATH 8, ATH 16 and ATH 18) clinical isolates of
K. pneumoniae are shown in Figure S1 (available as Supplementary
data at JAC Online); the %RSD values of pooled quality control
samples and the three pairs of isolates are presented in Table S1.
Across the LPS and cell wall biosynthetic pathways, the key
precursors, UDP-N-acetyl-a-p-glucosamine and UDP-N-acetyl-o-p-
mannosaminuronate, were significantly depleted in all three
polymyxin-resistant isolates (FC>1.5, P<0.05) compared with
their paired polymyxin-susceptible isolates (Figure4). However,
the level of CMP-3-deoxy-p-manno-octulosonate (Kdo), an essen-
tial intermediate metabolite in the biosynthesis of the LPS inner
core, was elevated in all polymyxin-resistant isolates compared
with their paired polymyxin-susceptible isolates (FC>1.5, P<0.05;
Figure 4). With regard to the perturbation of lipid metabolism, sn-
glycerol-3-phosphate and sn-glycero-3-phosphoethanolamine
(Figure 5a) were significantly reduced (FC>1.5, P<0.05) across
all three polymyxin-resistant isolates. However, a number of
phosphatidylethanolamine (PE), lysophosphatidylethanolamine
(lyso-PE) and lysophosphatidylcholine (lyso-PC) were significantly
higher (FC> 1.5, P<0.05) in polymyxin-resistant isolates ATH 8 and
ATH 16, compared with their paired polymyxin-susceptible isolates
ATH 7 and ATH 15, respectively; a similar trend was observed with

2854


http://biocyc.org
https://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkaa245#supplementary-data
https://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkaa245#supplementary-data
https://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkaa245#supplementary-data
https://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkaa245#supplementary-data

Metabolomes of MDR K. pneumoniae

JAC

(a) (d)
v ] o) m/z Structure
| P2
100 1745.28 i .
903 1825.24 b
803 y SO
o 703 1717.25 S,
§ 60 P P1-HPO / {
2
2 503 176127 [P3]
]
R 1] !
g 303 1841.24
& ! ! 1797.21
209 4
1717.25
103 L
0 o ek o MR - T T T T T = 1
1700 1750 1800 1850 1900 1950 2000 2050 2100 2150 2200 .
miz
1745.28 e
P2-HPO, {
(b) 2P0
]
100 1 1745.28 -
90-1
P2
804
3P ]
g 705‘ | P 18256 1761.27 gt
§ 60 171725 | P3-HPO
g 50 1797.21 g
o 40
2 30 [P3 ]
3 } 3]
=20 1761.27
104 .l 1841.24
1700 1750 1800 1850 1900 1950 2000 2050 2100 2150 2200 -
miz be
1797.21
P1
(c) P2-470,
|
100 g 1745.28
90 .
804 o
T 1825.24
]
§ & P2
5 50
; 4041 1 {P2]
B 3 ! [P3-HPO )
K] 1717.25 l 1825.24
20
1761.27 e
A1 1 [
(. — : M L2 PRIt ar AT 1A SO L R A R
1700 1750 1800 1850 1900 1950 2000 2050 2100 2150 2200
m/z 1841.24 | 4} {%-
P3

Figure 1. Mass spectra of lipid A from the polymyxin-susceptible K. pneumoniae clinical isolates (a) ATH 7, (b) ATH 15 and (c) ATH 17; (d) chemical
structures of lipid A. This figure appears in colour in the online version of JAC and in black and white in the print version of JAC.

glycerophospholipids (PE, lyso-PE and lyso-PC) in ATH 18/17, but
the differences between ATH 18 and ATH 17 were not significant
(Figure 5b). Interestingly, the levels of several fatty acids were sub-
stantially decreased in all polymyxin-resistant isolates (FC>1.5,
P<0.05; Figure 5¢). Furthermore, a significant depletion of metab-
olites in central carbon metabolism was also evident in all three
polymyxin-resistant isolates compared with their corresponding
susceptible isolates. In particular, in all polymyxin-resistant iso-
lates p-ribulose 5-phosphate, p-ribose 5-phosphate and b-sedo-
heptulose 7-phosphate in the pentose phosphate pathway (PPP)
and 2-oxoglutarate, citrate, succinate and malate in the tricarb-
oxylic acid (TCA) cycle, were significantly decreased by at least 2-
fold in their abundance (FC>2, P<0.05; Figures6 and 7).
Consistently, nucleotide pools were lower across all polymyxin-
resistant isolates compared with their corresponding susceptible
isolates (FC>1.5, P<0.05; Figure S2). Interestingly, amino acid

metabolism in arginine, proline, glycine, serine, threonine, histi-
dine, lysine, methionine, phenylalanine, tyrosine, valine, leucine
and isoleucine were perturbed in three polymyxin-resistant iso-
lates (FC>1.5, P<0.05; Figure S3). In polymyxin-resistant isolates,
the levels of five major metabolites (i.e. methylimidazoleacetic
acid, 4-imidazolone-5-propanoate, N-formyl-L-aspartate, formyl-
isoglutamine and urocanate) related to histidine metabolism were
lower than in their corresponding polymyxin-susceptible isolates.
Interestingly, in the PPP two precursors (i.e. p-ribulose 5-phosphate
and p-ribose 5-phosphate) of these five major metabolites were
also significantly depleted (FC> 1.5, P<0.05).

Discussion

Polymyxin-resistant MDR K. pneumoniae in both community and
nosocomial settings has left clinicians with very limited therapeutic
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Figure 2. Mass spectra of lipid A from the polymyxin-resistant K. pneumoniae clinical isolates (a) ATH 8, (b) ATH 16 and (c) ATH 18; (d) chemical struc-
tures of lipid A modified with L-Ara4N. This figure appears in colour in the online version of JAC and in black and white in the print version of JAC.
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Figure 3. Multivariate and univariate statistical analyses of metabolome perturbations between the polymyxin-susceptible and -resistant
K. pneumoniae clinical isolates. (a) PCA score plots of three pairs of K. pneumoniae isolates. Pink, polymyxin-susceptible isolates (ATH 7, ATH 15 and
ATH 17); green, polymyxin-resistant isolates (ATH 8, ATH 16 and ATH 18); (b) number of significantly and non-significantly perturbed metabolites
(FC>1.5,P<0.05). This figure appears in colour in the online version of JAC and in black and white in the print version of JAC.

options.> As polymyxins are a last-line defence, understanding
the mechanisms of polymyxin resistance is of paramount import-
ance. Metabolomics is of considerable utility for elucidating
the mechanisms of metabolic changes in antibiotic-resistant
A. baumannii, Pseudomonas aeruginosa, Nocardiopsis spp. and
protozoan parasites (e.g. Trypanosoma brucei and Leishmania
donovani).?>3¢*? Modifications of lipid A by the addition of
t-Ara4N and pEtN are the primary mechanisms of polymyxin re-
sistance in Gram-negative bacteria through protecting their outer
membrane against the binding of polymyxins.*>** Therefore, in
the first tier of the present study, we investigated the structural dif-
ferences of lipid A between three pairs of polymyxin-susceptible
and -resistant K. pneumoniae clinical isolates obtained from the
same patients before and after colistin treatment.?® Lipid A species
from the polymyxin-susceptible isolates were mainly hexa-
acylated, which are commonly found in polymyxin-susceptible
K. pneumoniae.*>*’ The predominant peaks at m/z 1825.24 and
1841.24 in the present study were reported in the literature.*>™’
Moreover, it is evident that hexa-acylated lipid A molecules modi-
fled with one or two L-Ara4N were the most common species in
all three polymyxin-resistant isolates (Figure 2). The peaks at m/z

1956.30 and 1972.30 represented the moadified lipid A through
addition of one aminoarabinose to hexa-acylated diphosphoryl
lipid A at m/z 1825.25 and 1841.24, respectively (Am/z=+131)
and our results are consistent with the previous studies under-
taken in K. pneumoniae.*>~*’ Our recent genomic analysis revealed
that the mechanism of polymyxin resistance was mainly due to
the inactivation of mgrB in ATH 8 and the inactivation of mgrB plus
intragenic suppressor mutation in phoQ in ATH 16 and ATH 18.%°
The phoPQ TCSs and the mgrB gene (a negative regulator of
phoPQ) play a key role in controlling polymyxin resistance in K.
pneumoniae by regulating the synthesis and transfer of L-Ara4N
and/or pEtN to the lipid A moiety of LPS.**° These genomic
results supported our lipid A profiles, which revealed 1-Ara4N modi-
fications in polymyxin-resistant isolates (Figure 2). It is known that
mutational inactivation of the mgrB gene in K. pneumoniae is usu-
ally associated with lipid A remodelling, mainly by the addition of
L-Ara4N to lipid A, which confers resistance to polymyxins. >’
The cell envelope of Gram-negative bacteria is composed
of two membranes, the inner membrane consisting of a phospho-
lipid bilayer and the outer membrane containing LPS and
phospholipids.“® These two membranes are separated by a thin
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peptidoglycan layer.*® In our study, two major amino sugar
metabolites (UDP-N-acetyl-a-p-glucosamine and UDP-N-acetyl-o-
p-mannosaminuronate) were  significantly depleted in all
polymyxin-resistant strains. Both metabolites are essential precur-
sors of LPS and peptidoglycan biosynthesis.*** The inner core of
LPS usually comprises two Kdo and three L-glycero-p-manno-hep-
tose (HEP) units,” which are synthesized from p-ribulose 5-phos-
phate and p-sedoheptulose 7-phosphate in the PPP, respectively.>*
In our study, compared with polymyxin-susceptible isolates,
all polymyxin-resistant clinical isolates showed a significantly

increased level of Kdo and decreased levels of p-ribulose 5-phos-
phate and p-sedoheptulose 7-phosphate (Figure 4). This result was
consistent with the previous findings that the PPP metabolites
were depleted in A. baumannii clinical isolates that were resistant
to polymyxins due to the modification of lipid A with pEtN.?
However, in LPS-deficient A. baumannii the p-sedoheptulose 7-
phosphate pool was 2-fold higher compared with its polymyxin-
susceptible isolate, which could be due to the blockage in the
downstream lipid A biosynthesis.>® In contrast, in K. pneumoniae
polymyxin resistance is mainly mediated by lipid A modifications
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with L-Ara4N, not LPS loss. The much lower abundance of b-sedo-
heptulose 7-phosphate and p-ribulose 5-phosphate suggests that
K. pneumoniae requires more modified lipid A in order to diminish
the initial interaction with polymyxin molecules.
Glycerophospholipids are critical components of bacterial
membranes, including the outer and inner membranes in Gram-
negative bacteria.>* PE and phosphatidylglycerol (PG) are primary

membrane phospholipids and cardiolipin (CL) and phosphatidyl-
choline (PC) are present as minor components of bacterial
membranes.”>>® Alterations in bacterial glycerophospholipid
levels and membrane compositions are a major strategy that
bacteria employ to survive adverse environmental stresses such as
when antibiotics are present or when changes in temperature,
osmolarity and pH occur.”>”*® In our study, intracellular levels of
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glycerophospholipids (largely PE and PC) were much higher in the
polymyxin-resistant isolates ATH 8 and ATH 16 than their paired
susceptible isolates ATH 7 and ATH 15, respectively. It is likely that
upon membrane damage due to polymyxin treatment, more glyc-
erophospholipid molecules were transported to the outer leaflet to
fortify the outer membrane barrier. Moreover, significantly higher
levels of lyso-PE with unsaturated fatty acids were observed in
polymyxin-resistant isolates ATH 8 and ATH 16, when compared
with their paired susceptible isolates. The increased level of lyso-PE
in polymyxin-resistant isolates suggested that significant glycero-
phospholipid turnover occurred in these resistant isolates.
Previous reports showed that polymyxin-resistant LPS-deficient
Neisseria meningitidis®® and A. baumannii mutants?® preferen-
tially incorporated PE with shorter fatty acyl chains. This is
consistent with our finding of alteration of PE with shorter fatty
acyl chains in polymyxin-resistant K. pneumoniae isolates.
Taken together, it is very likely that the increased production of
glycerophospholipids and the decreased short-chain fatty acid
levels might be associated with the cell envelope remodelling in
polymyxin-resistant ATH 8 and ATH 16. However, when com-
pared with its paired susceptible strain ATH 17, the changes in
the glycerophospholipid levels in polymyxin-resistant ATH 18
were trending in the same direction but were not significant,
indicating that polymyxin resistance can potentially involve di-
verse mechanisms across different bacterial strains of the same
species.

In addition to the biosynthesis of LPS (especially the lipid A core
via p-ribulose 5-phosphate and p-sedoheptulose 7-phosphate),

the PPP also provides a source of precursors for nucleotide and
amino acid biosynthesis.®® Our findings revealed significantly
lower levels of three key PPP metabolites (p-ribose 5-phosphate,
p-ribulose 5-phosphate and p-sedoheptulose 7-phosphate) in the
polymyxin-resistant isolates (Figure 6). p-ribulose 5-phosphate
and b-ribose 5-phosphate are essential precursors for purine
and pyrimidine de novo biosynthesis and histidine amino acid
biosynthesis.®! The much lower levels of p-ribose 5-phosphate and
p-ribulose 5-phosphate in polymyxin-resistant ATH 8, ATH 16 and
ATH 18 might influence the flux into nucleotide and amino acid
biosynthesis. Consistently, depletions of several major purine and
pyrimidine nucleotide metabolites and histidine metabolites were
observed in all three polymyxin-resistant isolates in our study
(Figures S2 and S3). The TCA cycle plays a crucial role in bacterial
metabolism for energy generation and biosynthetic reactions
including the provision of precursors for lipid and amino acid bio-
synthesis.®? In our study, the intracellular concentrations of TCA
metabolites, malate, 2-oxoglutarate, citrate and succinate
were all significantly decreased in all polymyxin-resistant isolates
(Figure 7), which was similar to the results from polymyxin-
resistant A. baumannii isolates.?® Collectively, the decrease of TCA
cycle metabolites in polymyxin-resistant isolates demonstrated
perturbed bacterial energy production.

In conclusion, to our knowledge this is the first study to reveal
significant metabolic differences between polymyxin-susceptible
and -resistant K. pneumoniae. In addition to the lipid A modifica-
tions with L-Ara4N, substantial perturbations were revealed in cell
envelope biosynthesis, glycerophospholipid metabolism, the PPP,
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energy metabolism, nucleotide metabolism and amino acid me-
tabolism in polymyxin-resistant K. pneumoniae isolates. This study
provides novel metabolomic information on polymyxin resistance
in K. pneumoniae, which may benefit the optimization of poly-
myxin use in patients.
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