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Acinetobacter baumannii is a nosocomial opportunistic pathogen that can cause severe infections, including hospital-acquired
pneumonia, wound infections, and sepsis. Multidrug-resistant (MDR) strains are prevalent, further complicating patient treat-
ment. Due to the increase in MDR strains, the cationic antimicrobial peptide colistin has been used to treat A. baumannii infec-
tions. Colistin-resistant strains of A. baumannii with alterations to the lipid A component of lipopolysaccharide (LPS) have been
reported; specifically, the lipid A structure was shown to be hepta-acylated with a phosphoethanolamine (pEtN) modification
present on one of the terminal phosphate residues. Using a tandem mass spectrometry platform, we provide definitive evidence
that the lipid A isolated from colistin-resistant A. baumannii MAC204 LPS contains a novel structure corresponding to a
diphosphoryl hepta-acylated lipid A structure with both pEtN and galactosamine (GalN) modifications. To correlate our struc-
tural studies with clinically relevant samples, we characterized colistin-susceptible and -resistant isolates obtained from patients.
These results demonstrated that the clinical colistin-resistant isolate had the same pEtN and GalN modifications as those seen in
the laboratory-adapted A. baumannii strain MAC204. In summary, this work has shown complete structure characterization
including the accurate assignment of acylation, phosphorylation, and glycosylation of lipid A from A. baumannii, which are im-

portant for resistance to colistin.

he opportunistic pathogen Acinetobacter baumannii is a

Gram-negative aerobic coccobacillus and is a leading cause of
nosocomial infections globally (1-4). Infections include hospital
and community-acquired pneumonia, wound infections, and
sepsis, leading to increased mortality. Additionally, A. baumannii
has emerged as a major pathogen in U.S. military personnel in
field hospitals in Iraq and Afghanistan (5, 6). A. baumannii strains
have developed antimicrobial resistance, including resistance to
the cationic microbial peptide (CAMP) colistin (polymyxin E),
complicating patient treatment and furthering the cause for the
development of new antimicrobial therapies. Thus, A. baumannii
has emerged as a pathogen of great clinical concern.

Initial research on A. baumannii pathogenesis focused on de-
fining the genes and mechanisms responsible for antimicrobial
resistance. The capsular polysaccharide and lipopolysaccharide
(LPS), the major component of the Gram-negative bacterial cell
wall, act in concert to block access of complement to the cell wall,
inhibiting bacterial membrane lysis. LPS is located in the outer
leaflet of the outer membrane of Gram-negative bacteria and con-
sists of lipid A, the core oligosaccharide, and the O-specific anti-
gen. Lipid A is the bioactive component of LPS and is responsible
for activating the innate immune system via toll-like receptor 4
(TLR4), which potentially initiates a cascade of inflammatory cy-
tokine production that, if unchecked, can lead to septic shock.
Modifications of lipid A can drastically alter its immunostimula-
tory ability as well as resistance to antibiotics. For example, the
addition of positively charged residues including ethanolamine,
aminoarabinose, and glucosamine to lipid A modulates CAMP
resistance (Fig. 1) (7-9).
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A previous report shows that a colistin-resistant (Col") strain of
A. baumannii contained a pEtN addition with suggested acyl chain
positioning for the hepta-acylated lipid A structure (10, 11). Using
a tandem mass spectrometry platform and the laboratory-adapted
MAC204 colistin-resistant strain, we confirmed the addition of
pEtN and identified a novel second amino sugar modification,
GalN. To correlate our structural observations with clinically rel-
evant samples, we analyzed lipid A extracted from matched colis-
tin-susceptible (Col®) and -resistant A. baumannii isolates from
individual patients before and after colistin treatment. Using a
multifaceted mass spectrometric platform, we observed similar
lipid A structures with phosphoethanolamine (pEtN) and galac-
tosamine (GalN) additions that were present only in resistant
strains from patients treated with colistin. Taken together, the
pattern and location of lipid A acylation, phosphorylation, and
glycosylation potentially underpin a critical role in the overall
ability of A. baumannii to present resistance to colistin.
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FIG 1 Modification of the lipid A component of lipopolysaccharide by positively charged residues, including ethanolamine, aminoarabinose, and glucosamine,
alters resistance to CAMPs. (A) Salmonella Typhimurium; (B) Francisella tularensis.

MATERIALS AND METHODS

Bacteria. Acinetobacter baumannii colistin-resistant strain MAC204 was
provided by Mark Adams, Case Western University, Cleveland, OH.
Strain ATCC 17978 was obtained from the ATCC (American Type Cul-
ture Collection, Manassas, VA, USA). Strain MAC204 was generated by
inducing spontaneous mutants of the wild-type A. baumannii strain
MAC203 (12), a strain that was isolated from late-exponential-phase cul-
tures by selection on Lysogeny Broth (LB; Difco) plates containing 1.5%
agar and 1 pg/ml colistin, resulting in strain ATCC 17978 Col" (MAC201).
This strain was used to select for colistin-susceptible revertants by growth
without colistin resulting in strain ATCC 17978 Col"_Rev (MAC203).
This strain was subsequently selected for colistin resistance as described
above, except 2 pg/ml colistin was used in selection, resulting in strain
MAC204.

Three pairs of colistin-susceptible and -resistant isolates, 1494/1508
(JA637), 2382/2384 (JA566), and 2949/2949A (JA942), respectively, col-
lected from three individual patients, were provided by Yohei Doi, Uni-
versity of Pittsburgh Medical Center (see Table S1 in the supplemental
material) under IRB number PRO12060302. Clinical isolates were grown
overnight at 37°C in LB supplemented with 1 mM MgCl,. Susceptibility
profiles were determined by Etest (bioMérieux, St. Louis, MO), according
to the manufacturer’s procedures. The bacteria were grown in LB supple-
mented with 1 mM MgCl, and 2 pg/ml colistin at 37°C in a shaking
incubator at 250 rpm for 20 h (8).

LPS and lipid isolation and purification. LPS was extracted using a
hot phenol-water method (13). Freeze-dried bacteria were resuspended in
endotoxin-free water at a concentration of 10 mg/ml. A 12.5-ml volume of
90% phenol was added, and the resultant mixture was vortexed and incu-
bated in a hybridization oven at 65°C. The mixture was cooled on ice and
centrifuged at 10,000 rpm at room temperature for 30 min. The aqueous
phase was collected, and an equal volume of endotoxin-free water was
added to the organic phase. The sample was treated as above, and the
aqueous phases were combined, dialyzed against Milli-Q purified water to
remove residual phenol, frozen, and then freeze-dried. The resultant pel-
let was resuspended at a concentration of 10 mg/ml in endotoxin-free
water, treated with DNase (Sigma, St. Louis, MO) at 100 pg/ml and RNase
A (Sigma) at 25 pg/ml, and incubated at 37°C for 1 h in a water bath.
Proteinase K (Sigma) was added to a final concentration of 100 p.g/ml and
incubated for 1 h in a 37°C water bath (14). The solution was then ex-
tracted with an equal volume of water-saturated phenol. The aqueous
phase was collected and dialyzed against Milli-Q purified water and
freeze-dried as above. The LPS was further purified by the addition of
chloroform-methanol (2:1, vol/vol) to remove membrane phospholipids
(15) and further purified by an additional water-saturated phenol extrac-
tion and 75% ethanol precipitation to remove contaminating lipoproteins
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(16). For mass spectrometry (MS) structural analysis, 1 mg of purified LPS
was converted to lipid A by mild-acid hydrolysis with 1% sodium dodecyl
sulfate (SDS) at pH 4.5 as described previously (17). Resulting lipid A was
analyzed using mass spectrometry as described below.

Small-scale lipid A isolation from whole cells. A. baumannii lipid A
was prepared using an ammonium hydroxide-isobutyric acid-based ex-
traction procedure (18). Briefly, approximately 10 mg of lyophilized ma-
terial derived from an overnight culture was resuspended in 400 pl of
isobutyric acid and 1 M ammonium hydroxide (5:3, vol/vol) and incu-
bated at 100°C for 1 h. After cooling, individual samples were centrifuged
for 15 min at 2,000 X g, and supernatants were collected and diluted 1:1
(vol/vol) with endotoxin-free water. The samples were subsequently fro-
zen and lyophilized overnight. The resultant powdered material was then
washed twice with 1 ml of methanol, and the insoluble lipid A was ex-
tracted in 200 pl of a mixture of chloroform, methanol, and water (3:1:
0.25 [vol/vol/vol]). One microliter of this extract was then spotted onto a
matrix-assisted laser desorption ionization (MALDI) plate followed by 1
pl of norharmane matrix (Sigma) and air dried.

Fatty acid analysis. LPS fatty acids were converted to fatty acid methyl
esters and analyzed by gas chromatography (GC) as previously described
(19, 20). Briefly, 10 mg of lyophilized bacterial cell pellet was incubated at
70°C for 1 h in 500 pl of 90% phenol and 500 pl of water. Samples were
then cooled onice for 5 min and centrifuged at 10,000 rpm for 10 min. The
aqueous layer was collected, and 500 wl of water was added to the lower
(organic) layer and incubated again. This process was repeated twice
more, and all aqueous layers were pooled. Two milliliters of ethyl ether
was added to the harvested aqueous layers. This mixture was then vor-
texed and centrifuged at 3,000 rpm for 5 min. The lower (organic) phase
was then collected, and 2 ml of ether was added back to the remaining
aqueous phase. This process was carried out twice more. The collected
organic layer was then frozen and lyophilized overnight. LPS fatty acids
were converted to fatty methyl esters, in the presence of 10 g pentade-
canoic acid (Sigma) as an internal standard, with 2 M methanolic HCI
(Alltech, Lexington, KY) at 90°C for 18 h.

Mass spectrometry. (i) ESI-LTQ-FT MS. Lipid A was analyzed by
electrospray ionization-linear ion trap-Fourier transform ion cyclotron
resonance mass spectrometry (ESI-LTQ-FT MS) in the negative ion mode
on an LTQ-FT linear ion trap Fourier transform ion cyclotron resonance
mass spectrometer (Thermo Scientific, San Jose, CA). Samples were di-
luted to 1 mg/ml in chloroform-methanol (1:1, vol/vol) and infused at a
rate of 1.0 ml/min via a fused silica capillary (inner diameter, 75 pm; outer
diameter, 360 wm) with a 30-pm spray tip (New Objective, Woburn,
MA). Instrument calibration and tuning parameters were optimized us-
inga solution of Ultramark 1621 (Lancaster Pharmaceuticals, PA) in both
positive and negative ion modes. For experiments acquired in the ion
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cyclotron resonance (ICR) cell, the mass resolving power was set to
100,000 and ion populations were held constant by automatic gain con-
trol at 1.0 X 10° for mass spectrum (MS) acquisition and at 5.0 X 10° for
tandem mass spectra (MS"), respectively. For tandem mass spectra, the
precursor ion selection window was set to 4 to 8 Da and the collision
energy was set to 30% on the instrument scale. The collision-induced
dissociation (CID) MS" analyses in the linear ion trap were acquired with
an ion population of 1.0 X 10* and maximum fill time of 200 ms. The
subsequent MS?, MS?, and MS* events had an isolation window of 2 Da
with a collision energy of 25%. All spectra were acquired over a time
period of 1 to 2 min and averaged. Typically, MS events were mass ana-
lyzed in the ICR cell and MS?, MS?, and MS* events were mass analyzed in
the LTQ. Infrared multiphoton dissociation (IRMPD) MS? events were
acquired in the ICR cell using detection parameters similar to the ones
described above. Precursor ions were irradiated by IR photons produced
bya CO, laser (Synrad Firestar Series V20, model FSV20SFB 75 W [10.2 to
10.8 wm]) with pulse durations of 20 to 100 ms and pulse power of 20 to
80%. Data were acquired and processed using Xcalibur, version 1.4
(Thermo Scientific), utilizing 7-point Gaussian smoothing.

(ii) MALDI-TOF MS. Lipid A was analyzed on an AutoFlex Speed
MALDI-time of flight (TOF) mass spectrometer (Bruker Daltonics, Bil-
lerica, MA). Samples were dissolved in 10 pl of norharmane (20 mg/ml) in
chloroform-methanol-water, 4:4:1 (vol/vol/vol), and 0.5 p.l of sample was
analyzed and spotted directly onto the MALDI target plate. Data were
acquired in reflectron negative and positive modes with a Smartbeam
laser with a 1-kHz repetition rate, and up to 4,000 shots were accumulated
for each spectrum. Instrument calibration and all other tuning parameters
were optimized using Agilent Tuning mix (Agilent Technologies, Foster
City, CA). Data were acquired and processed using flexControl and flex-
Analysis version 3.3 (Bruker Daltonics).

Amino sugar assay chemicals and reagent. Glucosamine hydrochlo-
ride, N-acetylglucosamine, 2-amino-2-methyl-1, and 3-propanediol were
from Sigma. 2-Galactoseamine hydrochloride was from Calbiochem
(Gibbstown, NJ). The derivatizing reagent, 6-aminoquinoyl-N-hydroxy-
succinimidyl carbamate (AQHSC), was purchased from Waters (AccQ-
Fluor; Milford, MA). Trifluoroacetic acid (TFA) was from Sigma. All
high-pressure liquid chromatography (HPLC) solvents and buffers were
of analytical grade.

LPS purification and lipid A isolation. LPS was isolated using a small-
scale isolation method for mass spectrometry analysis as described previ-
ously (21). Lipid A was isolated using mild-acid hydrolysis as previously
described (17).

Sample preparation. Standards and biological samples were prepared
as described previously (22). Briefly, standards were dissolved in 200 wl
1.0 M TFA, vortexed, and heated at 90°C for 30 min or 24 h. The samples
were then frozen, lyophilized, and dissolved in 50 pl 0.2 M borate buffer,
pH 8.8, prior to the addition of 50 ul of 1 mg/ml AccQ-Tag derivatizing
reagent in acetonitrile. The samples were vortexed, incubated at room
temperature for 15 to 30 min, and then evaporated to dryness under
nitrogen. Derivatized samples were reconstituted in 100 pl of distilled
water, vortexed, and transferred to injection vials for analysis. For analysis
of biological samples, 10 g of lipid A isolated from individual prepara-
tions was used. They were then derivatized by the same procedure as the
standards as described above.

Instrumentation. All analyses were performed on a liquid chroma-
tography tandem mass spectrometry (LC-MS/MS) platform.

Liquid chromatography. The analytes were separated using a Develo-
sil 5u RP-Aqueous C-30 column (150 by 2.1 mm) (Phenomenex, Tor-
rance, CA) using a 10 mM ammonium acetate (pH 7.5)-acetonitrile
(ACN) gradient. The initial organic was 2.0% ACN and increased to 5.0%
at 0.5 min. Thereafter, there was a linear increase to 10% ACN at 6.5 min
and then to 20% ACN at 17 min. The ACN was increased to 80% for a
1-min washout and then dropped back to the initial (2%) ACN and re-
equilibrated for 8.0 min. The flow was 0.4 ml throughout the run, the
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temperature was 25°C, and the run time was 30 min. Eluent before 4.5 and
after 16 min was diverted from the mass spectrometer.

Mass spectrometry data. All mass spectra were acquired using posi-
tive electrospray ionization mode. Selected reaction monitoring (SRM)
studies were performed on a Thermo TSQ Quantum Ultra Triple Stage
quadrupole mass spectrometer. The scans of the derivatives universally
showed an intense signal at (analyte MW + 170 + H)+ with minimal
fragmentation. This is equivalent to m/z 350 (GalA and GluA). The ob-
served signals were consistent with the formation of the N-quinoyl-N'-
aminosaccharide urea as the derivative. The SRM transitions for both
GalN and GlcN were 350-171. GalN and GlcN had the same transition and
were differentiated by chromatographic retention times. The ionization
conditions used in SRM were as follows: spray voltage, 3,000 V; capillary
temperature, 40°C; capillary offset, 10 V; vaporizer temperature, 40°C;
sheath gas pressure, 5 Ib/in’ auxiliary gas pressure, 5 Ib/in% ion sweep gas
pressure, 0.5 Ib/in”.

RESULTS

Lipid A structure from a laboratory-adapted colistin-resistant
strain of A. baumannii. As colistin-resistant strains of A. bau-
mannii are an increasing problem in clinical settings, we hy-
pothesized that generating strains with increased resistance to
colistin would result in lipid A modifications specific to these
colistin-resistant strains. To determine the presence of colis-
tin-induced lipid A modifications resulting in the A. baumannii
MAC204 laboratory strain, we generated an A. baumannii
colistin-resistant laboratory-adapted strain. We now describe
the structural determination of the chemical structure of lipid
A from A. baumannii LPS using MALDI-TOF MS along with
ESI MS and MS" mass spectra. Particular emphasis will be de-
voted to determining acyl chain positioning, phosphoethano-
lamine (pEtN) addition, and glycan (GalN) modification (both
location and identification).

After overnight growth at 37°C in rich medium (LB), lipid A
was isolated from the colistin-resistant A. baumannii strain
MAC204 and its colistin-susceptible parent strain ATCC 17978
and analyzed by MALDI-TOF mass spectrometry in the negative
ion mode. Analysis of lipid A isolated from strain ATCC 17978
(Fig. 2A) showed that an abundant [M-H] ™ ion was at m/z 1,910,
which was tentatively identified as a singly deprotonated lipid A
structure that contained two phosphate groups and seven acyl
chains (i.e., diphosphoryl hepta-acylated lipid A). Other abun-
dant [M-H]  ions were associated with different acylation or
phosphorylation configurations. Of note, ions at m/z 2,033 and
2,071 were absent from these spectra. In contrast, lipid A isolated
from the colistin-resistant strain MAC204 (Fig. 2B) displayed not
only the [M-H] ™ at m/z 1,910 but also ions at m1/z 2,033 and m/z
2,071, consistent with pEtN and hexosamine additions, respec-
tively. In this strain, we also saw an [M-H]  ion at m/z 2,216,
corresponding to a pEtN plus a hexosamine addition along with a
sodium adduct. Previous reports have shown A. baumanniilipid A
to be modified with pEtN, but to the best of our knowledge, hexo-
samine has not been previously reported for colistin-resistant A.
baumannii strains.

To definitively identify the lipid A additions detected by
MALDI-TOF MS analysis, we performed high-order negative ion
mode ESI LTQ-FT mass spectrometry of lipid A isolated from A.
baumannii strain MAC204, with results shown in Fig. 2C. The
most abundant ion at m/z 1,910 from Fig. 2C corresponded to the
structure identified by MALDI-TOF MS. Hereinafter, all initial
structure characterization using precursor ion m/z values were
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FIG 2 Negative ion mode MALDI-TOF MS mass spectra of A. baumannii ATCC 17978 (A) and MAC204 (B). (C) Negative ion mode ESI FT-ICR mass spectrum
of lipid A isolated from A. baumannii LPS. All ions are singly charged. The inset structure is a proposed configuration for bis-phosphoryl, hepta-acylated lipid A
from A. baumannii. pEtN, phosphoethanolamine; C, ,, lauric acid; C,,(3-OH), 3-hydroxy lauric acid; HPO;, phosphate; C-1, C-1 position phosphate houses the

modification; C-4’, C-4' position phosphate houses the modification.

supported by elemental composition based on accurate mass mea-
surements and literature when available. Several other prominent
singly charged ions were recorded at m/z values greater than 2,000
Da. These ions corresponded to lipid A structures containing the
addition of pEtN (m/22,033), that of hexosamine (1/22,071), and
both modifications (m/z 2,194).
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Determination of acyl chain positioning of lipid A isolated
from A. baumannii LPS using tandem mass spectrometry. Tan-
dem mass spectrometric experiments were carried out to confirm
the location of the seven fatty acids. Initial characterization based
on elemental composition from accurate mass measurements of
the hepta-acylated lipid A anion, m/z 1,910, revealed the presence
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FIG 3 Fatty acid analysis via GC-FID displayed via percentage of fatty acid
present to total fatty acids.

of four primary fatty acids, i.e., two 3-hydroxylauric acid [C,,(3-
OH)] acyl chains and two 3-hydroxymyristic acid [C,,(3-OH)]
acyl chains and of three secondary fatty acids, i.e., one C,,(3-OH)
acyl chain and two lauric acid (C,,) acyl chains. A similar acylation
pattern has been reported previously, yet conclusive evidence for
assignment of each fatty acid to a specific location was not deter-
mined (22, 23).

In order to determine the positioning of the seven fatty acids,
we conducted a series of tandem mass spectrometric experiments
aimed at highlighting diagnostic cross-ring and glycosidic cleav-
age product ions that provided evidence for pinpointing acyl
chain positions. Detailed descriptions of the tandem mass spectra
(MS") experiments, the corresponding rationale for fatty acid as-
signment, and the MS"” spectra are given in Fig. S1 and S2 in the
supplemental material. The hepta-acylated lipid A structure was
determined to have the following configuration: the C-2 position
contained a primary amide-linked C,,(3-OH) and a secondary
ester-linked C,,, the C-3 position contained a primary ester-
linked C,,(3-OH), the C-2’ position contained a primary amide-
linked C,,(3-OH) and a secondary ester-linked C,,(3-OH), and
the C-3' position contained a primary ester-linked C,,(3-OH)
and a secondary ester-linked C,,. The acyl chain configuration as
outlined above held true for all hepta-acylated lipid A extracted
from A. baumannii. The proposed structure of hepta-acylated
lipid A extracted from A. baumannii is shown in the inset in Fig. 2.

Finally, to determine the amount of total fatty acids in lipid A,
A. baumannii strain ATCC_ C2B was grown at 37°C overnight,
lipid A was extracted, and the fatty acids were analyzed by capillary
gas chromatography using flame ionization detection (FID). As
shown in Fig. 3, this analysis yielded percentages of total fatty acids
of 24.6% * 0.7% C,,, 9.3% = 0.1% 2-OH C,,, 29.9% =+ 0.1%
3-OH C,,, and 36.2% = 0.5% 3-OH C,,, confirming the struc-
tural characterization by MS above.

Identification and localization of pEtN addition to lipid A
isolated from A. baumannii LPS using tandem mass spectrom-
etry. Tandem mass spectrometric experiments on the precursor
ion at m/z 2,033, which corresponded to the addition of a pEtN
substituent to hepta-acylated lipid A, were carried out in turn to
correctly identify and localize the pEtN modification. Accurate
mass measurement of the hepta-acylated structure (m/z 1,910)
plus the 123 mass unit modification precursor ion at m/z 2,033
revealed the elemental composition of the 123 mass unit
modification to be C,HNPO;, which corresponded to pEtN
(C,HgNPO;; accurate mass, 123.0085; experimental mass,
123.0161; 7.6 millimass units [mmu]). The pEtN modification has
been reported previously, yet evidence for localizing the pEtN
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group was suggestive (22, 23). We determined the location of the
pEtN modification via a series of tandem mass spectrometric ex-
periments aimed at highlighting diagnostic product ions that pro-
vided convincing evidence for pEtN localization.

Gas phase dissociation of the precursor ion at 11/z 2,033 result-
ing in the generation of an MS* mass spectrum is highlighted in
Fig. S3 in the supplemental material. The overwhelming dissocia-
tion pathway from the precursor ion at m/z 2,033 involved the
neutral loss of the pEtN group at m/z 1,910. The ion at m/z 1,910
corresponded to diphosphoryl hepta-acylated lipid A (see above
for acyl chain assignments). In addition to the abundant ion at m/z
1,910, a series of more modestly abundant product ions resulting
from competitive and consecutive neutral loss(es) from pEtN,
fatty acids, and phosphate were present. These ions provided in-
sight regarding the acyl chain and phosphate configuration; how-
ever, they did not yield conclusive evidence for pEtN assignment.
PEtN localization was achieved via examination of product ions
resulting from cross-ring and glycosidic cleavages.

Diagnostic glycosidic and cross-ring product ions allowed us
to assign the pEtN modification to both the reducing and the
nonreducing ends of the lipid A disaccharide backbone. The MS”
spectra and detailed analysis are shown in Fig. S3 in the supple-
mental material. Moreover, the pEtN group was found to be at-
tached to the lipid A backbone via a phosphodiester bond at either
the C-4" monophosphate or the C-1 monophosphate position. Of
particular note, the phosphorylation pattern for lipid A extracted
from A. baumannii LPS was determined to be both bisphosphor-
ylated and pyrophosphorylated (see Fig. S3 in the supplemental
material). At this level of MS analysis, we did not observe pEtN
attached directly to a pyrophosphate group or pEtN attached
without linkage to the C-4" or C-1 monophosphate group. The
presence of pyrophosphate in the structure corresponding to m/z
2,033 was confirmed in the IRMPD (infrared multiphoton disas-
sociation) MS? mass spectrum of the ion at m/z 2,033 (data not
shown). A previous report (24) estimated the abundance of pyro-
phosphorylated lipid A extracted from Yersinia pestis LPS to be
near 5%. Equally apparent from this report was the vast majority
(~95%) of diphosphorylated lipid A with a bisphosphorylated
configuration. Therefore, assuming that A. baumannii lipid A is
predominately composed of bisphosphate and due to the inability
to sufficiently characterize pyrophosphorylated lipid A from A.
baumannii, we focused our efforts on characterizing the PEtN
modification in the context of bisphosphorylated A. baumannii
lipid A.

Localization of the glycan addition to lipid A isolated from A.
baumannii LPS using tandem mass spectrometry. Tandem mass
spectrometric experiments on the precursor ion at m/z 2,071,
which corresponded to the addition of a hexosamine group to
hepta-acylated lipid A, were carried out in order to localize the
glycan modification. Accurate mass measurement of the hepta-
acylated plus the 161 mass unit modification precursor ion at m/z
2,071 revealed the elemental composition of the 161 mass unit
modification to be a hexosamine group (C4H,,NO,; accurate
mass, 161.0688; experimental mass, 161.0598; mass difference, 9.0
mmu). The glycan modification has not been reported previously.
A series of tandem mass spectrometric experiments were con-
ducted to highlight diagnostic product ions that provided con-
vincing evidence for localizing the glycan modification.

Gas phase dissociation of the precursor ion at 111/z 2,071 result-
ing in the generation of an MS* mass spectrum is highlighted in

aac.asm.org 4835


http://aac.asm.org

Pelletier et al.

TABLE 1 Summary of lipid A structural modifications observed by
MALDI-TOF in A. baumannii clinical isolates and MIC data

Clinical ~ Sample Colistin Etest ~ Colistin ~ pEtN GalN
strain source MIC (pg/ml)  therapy addition  addition
1494 BAL? 0.06 No - -

1508 Sputum 24 Yes + +

2382 BAL 0.02 No - -

2384 BAL 1.5 Yes + +

2949 BAL 1 No - -
2949A BAL 48 Yes + +

“ BAL, bronchoalveolar lavage fluid.

Fig. S4 in the supplemental material. The overwhelming dissocia-
tion pathway from the precursor ion at m/z 2,071 involved the
neutral loss of the hexosamine group at m/z 1,910. The ion at m/z
1,910 corresponded to diphosphoryl hepta-acylated lipid A (see
above for phosphate and acyl chain assignments). Similar to struc-
ture determination as described above, the glycan localization was
achieved via examination of diagnostic product ions resulting
from cross-ring and glycosidic cleavages.

We identified several glycosidic cleavages that allowed us to
assign the glycan modification to the reducing end of the lipid A
disaccharide (see Fig. S3 in the supplemental material). Further-
more, the glycan group was found to be attached to the lipid A
backbone via a phosphodiester bond at the C-1 monophosphate
position. At this level of MS sophistication, we did not observe the
glycan attached directly to a pyrophosphate group or attached
without linkage to the C-1 monophosphate group. Once again, it
was assumed, as outlined previously, that A. baumannii lipid A is
predominately composed of bisphosphate lipid A, and therefore
we focused our efforts on characterizing the hexosamine modifi-
cation in context with bisphosphorylated A. baumannii lipid A.

Assignment of the phosphoethanolamine (pEtN) and glycan
modifications to lipid A isolated from A. baumannii LPS using
tandem mass spectrometry. Tandem mass spectrometric experi-
ments on the precursor ion at m/z 2,194, which corresponded to
the addition of both pEtN and hexosamine substituents to hepta-
acylated lipid A were performed to correctly identify and localize
these substituents. Accurate mass measurement of the hepta-acy-
lated plus the 123 and 161 mass unit modifications at m/z 2,194
revealed the elemental composition of the 123 mass unit modifi-
cation to be pEtN (C,H,NPO;; accurate mass, 123.0085; experi-
mental mass, 123.0001; 8.4 mmu) and the 161 mass unit modifi-
cation to be hexosamine (C;H,;NO,; accurate mass, 161.0688;
experimental mass, 161.0620; mass difference, 6.8 mmu). The
combined pEtN and hexosamine modifications have not been re-
ported previously.

Gas-phase dissociation of the precursor ion at 71/z 2,194 result-
ing in the generation of a MS” mass spectrum is highlighted in Fig.
S5 in the supplemental material. The overwhelming dissociation
pathway from the precursor ion at m/z 2,194 involved the neutral
loss of both the pEtN and the hexosamine groups at /2 1,910. The
ion at m/z 1,910 corresponded to diphosphoryl hepta-acylated
lipid A (without pEtN and hexosamine). pEtN and hexosamine
localization was achieved via examination of product ions result-
ing from cross-ring and glycosidic cleavages.

Diagnostic product ions (see Fig. S4 and the supplemental ma-
terial for detailed analysis) allowed us to confidently assign the
pEtN modification to the nonreducing end and the hexosamine
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modification to the reducing end of the lipid A disaccharide back-
bone. Moreover, both modifications were found to be attached to
thelipid A backbone via a phosphodiester bond at the C-4" mono-
phosphate position for pEtN and at the C-1 monophosphate po-
sition for hexosamine. The structure assignment was in context to
the predominant bisphosphate lipid A configuration.

Identification of the hexosamine modification to lipid A ex-
tracted from LPS of an A. baumannii clinical isolate via LC-MS/
MS. In order to confirm the identity of the hexosamine sugar
modification to A. baumannii lipid A, we utilized an LC-MS/MS
platform previously developed in our laboratory for detection and
quantitation of amino sugars isolated from lipid A in Francisella
novicida (25-27). This study demonstrated the detection of the
GalN modification to lipid A. The GalN modification resulted in
increased resistance to polymyxin B. For this study, we used the
Col" clinical isolate 1508, which is highly resistant to colistin (MIC
[MIC], 24 pg/ml by Etest) to assay for the presence of amino
sugars (Table 1).

We hypothesized that the presence of GalN, along with pEtN,
could be responsible for this phenotype. Indeed, as shown in Fig.
4, we provide evidence for the addition of GalN to A baumannii
lipid A. Figure 5A depicts an extracted ion chromatogram for
glucosamine (GlcN) and GalN standards. Four peaks are observed
and corresponded to two isomers each for GIcN and GalN. Figure
5B corresponds to the Col" clinical isolate 1508.

Analysis of the extracted ion chromatogram for isolate 1508
(Fig. 4B) clearly demonstrates that the hexosamine modification
was GalN. The percent relative abundance of lipid A modified
with the GalN of clinical isolate 1508 was approximately 30%,
showing a substantial presence of this substituent.

Lipid A profiles of A. baumannii clinical strains. Colistin re-
sistance in A. baumannii has been linked to pEtN modification of
lipid A. To determine if these modifications are relevant and de-
tectable in multiple patients’ samples, we extracted lipid A from
cross-sectional samples of three individual Col® clinical strains,
collected from patients before colistin therapy at the University of
Pittsburgh Medical Center. After growth at 37°C in rich medium
(LB), lipid A was isolated and analyzed by MALDI-TOF mass
spectrometry.
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FIG 4 Proposed structure for lipid A extracted from A. baumannii LPS with

both the pEtN and GalN modifications.
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FIG 5 LC-MS/MS selected reaction monitoring (SRM)-extracted ion chromatogram for galactosamine standard (A) and lipid A extracted from Col" A.
baumannii 1508 LPS (B). Standard concentrations used were 1, 7, and 25 ng/ml.

Analysis of lipid A isolated from our cross-sectional samples of
Col® clinical strains (Fig. 6A, C, and E) showed that the most
abundant [M-H]~ ion was at m/z 1,910. Also of note, ions at m/z
values corresponding to pEtN (11/z 2,033) and GalN (m/z 2,071)
were absent from these spectra. The [M-H]  ion at m/z 1,910
corresponding to a diphosphorylated hepta-acylated lipid A was
observed in all mass spectra (Fig. 6). In contrast, lipid A isolated
from Col" clinical strains from the same patients after colistin
therapy (Fig. 6B, D, and F) displayed not only the abundant [M-
H] ™ at m/z 1,910 but also ions at m/z 2,033 and m/z 2,071, consis-
tent with pEtN and GalN additions, respectively. While A. bau-
mannii lipid A modified with pEtN has been reported in previous
studies, GalN has not been previously reported for A. baumannii
clinical strains.

All Col" clinical strains (Table 1) contained the [M-H] ™ ions
corresponding to pEtN and GalN modifications. To corroborate
the detection of the GalN modifications observed in the negative
ion mode, we performed positive ion mode [M-H]* MALDI-
TOF MS using lipid A isolated from the same Col" clinical strains
shown in Fig. 6B, D, and F (refer to the “+ mode” insets in these
panels). We hypothesized that the GalN moiety may be easier to
detect in positive mode. The resulting spectra showed detection of
GalN (m/z 2,073) in these samples due to the overall difference in
net charge in positive mode. GalN should have an m/z of 2073 in
positive ion mode rather than 2,071, as the analyte is doubly pro-
tonated. Also detected is a peak at m/z 2,087 that is a methylated
variant of the GalN peak detected at m/z 2,073. There were also
novel peaks detected in positive mode not seen in the negative
mode analysis, and these ions are currently being defined. These
results clearly demonstrate that lipid A isolated from these clinical
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strains contain lipid A structures that included the addition of pEtN
and GalN substituents in response to colistin treatment. In summary,
we show evidence that A. baumannii Col" clinical isolates show the
same lipid A modifications as in the Col" laboratory-adapted strain
and using both negative- and positive-mode MALDI-TOF MS.

DISCUSSION

In the setting of multidrug-resistant A. baumannii, tigecycline and
especially colistin are the agents of last resort to combat this prob-
lematic pathogen. Despite previous reports of toxicity concerns,
colistin has reemerged as the agent of choice to treat severe sys-
temic and pulmonary A. baumannii infections (2, 28-30). Colistin
resistance has been linked to modifications of the lipid A of the
LPS moiety from many bacterial species, including A. baumannii
strains (10, 11). Indeed, in this study we deduced the lipid A struc-
ture from LPS from the Col" A. baumannii MAC204 laboratory-
adapted strain, and the resulting lipid A structure contains impor-
tant modifications for colistin resistance. Using electrospray
ionization (ESI) tandem mass spectrometry, we demonstrate that
lipid A is hepta-acylated with secondary C,, and C,, acyl chains,
bis- and pyrophosphorylated, along with a novel hexosamine ad-
dition shown to be GalN at the 1-phosphate position and a pEtN
addition at the 4" phosphate position. Using GC-FID analysis, we
were able to quantify the fatty acid content of a Col" A. baumannii
isolate. Finally, we used a set of clinical isolates from the same
patient, showing that the modifications seen in our structural
analysis from the MAC204 Col" laboratory-adapted strain are
identical to the lipid A modifications in the Col" clinical isolates.
The ability of these modifications to translate to clinical strains is
important, as colistin is one of the last lines of defense for treat-
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FIG 6 Negative ion mode MALDI-TOF mass spectra of A. baumannii clinical strains matched isolates Col® 1494 and Col" 1508 (A and B), matched isolates Col®
2382 and Col" 2384 (C and D), and matched isolates Col® 2949 and Col" 2949A (E and F). Positive ion mode MALDI-TOF mass spectra are shown in insets in
panels B, D, and F. At m/z 2,069 is the GalN ion detected in positive mode, corresponding to the #/z 2,071 GalN ion detected in negative mode.

ment against MDR A. baumannii strains. Thus, these important
lipid A modifications could play a critical role in colistin resistance
and subsequent patient outcome.

Lipid A structural analysis from the genus Acinetobacter was
first delineated from the A. radioresistens strain S13 and showed
that the major lipid A structure was a di-phosphoryl hepta-acy-
lated structure with an m/z of 1,838.18 (31). Recent work has
shown that modification of lipid A is a strategy employed not only
in A. baumannii strains but in many other Gram-negative bacte-
ria. Recent reports have shown Shigella flexneri lipid A to be mod-
ified by pEtN groups and involved in resistance to extreme acidity
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(32). Loss of pEtN addition in IptA null strains (IptA encodes the
pEtN transferase for the 4’ position of lipid A) of Neisseria gonor-
rhoeae modulates resistance to complement killing and poly-
myxin resistance (33). Neisseria commensal strains that lack IptA
and pEtN addition to lipid A were more susceptible to polymyxin
B and showed an increased inflammatory response via TLR4 (34).

In the flagellated bacterium Campylobacter jejuni, lipid A is
decorated with pEtN mediated by EptC, which serves a dual role as
a pEtN transferase modulating CAMP resistance and as a modifier
of the flagellar rod protein FIgG (35, 36). Helicobacter pylori mod-
ifies its lipid A in a two-step process whereby the removal of the
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1-phosphate group by a lipid A phosphatase LpxE is followed by
the addition of a pEtN residue catalyzed by EptA, resulting in
increased resistance to polymyxin (37).

PmrA-LpxT-dependent pEtN modification of lipid A in Sal-
monella enterica serovar Typhimurium and Escherichia coli strains
has been well documented (38) as well as a PmrC-dependent pEtN
addition to the lipid A of E. coli O157:H7 (39). Surprisingly, the
canine pathogen Capnocytophaga canimorsus and plant pathogens
Xanthomonas campestris and Xanthomonas axanopodis have lipid
A modified with pEtN, also altering their innate immune re-
sponses and disease manifestations. Thus, modification of lipid A
by pEtN as a means to evade the effects of antimicrobial agents by
altering the electrostatic charge on the bacterial membrane is
prevalent (40, 41).

Additionally we have also shown a novel GalN addition to a
Col" laboratory-adapted strain and Col" clinical strains as shown
by high-order MS along with LC-MS/MS. This modification is
also seen on the lipid A from Francisella novicida as published
previously by our laboratory (25, 27) and others in the Francisella
field (42, 43). In the setting of F. novicida, the enzyme FImK adds
a GalN and a mannose residue to the 1 and 4’ positions of lipid A
whereas the FImF2 enzyme is responsible for the addition of the
GalN residue. GalN additions have also been shown to modulate
resistance to antimicrobial agents (25), demonstrating the impor-
tance of elucidating this novel addition to the A. baumanniilipid A
structure. In this context, a GalN modification could play a role in
colistin resistance similar to that of aminoarabinose modifica-
tions, which have been shown to modulate antimicrobial resis-
tance by altering the electrostatic charge on the bacterial mem-
brane (along with pEtN modifications). Thus, these lipid A
modifications have clinical ramifications in the setting of A. bau-
mannii treatment.

Of interest is that these observations indicate that the presence
or absence of pEtN and GalN on lipid A extracted from A. bau-
mannii isolates may be used as novel biomarkers to be exploited
for diagnosis of colistin resistance. Currently, the reliability and
accuracy of susceptibility testing methods such as disk diffusion
and Etest are compromised by poor agar diffusion of colistin due
to its molecular size and poor concordance at low concentration,
respectively (44-46). Therefore, further confirmation with differ-
ent methods is required. Taken together, the potential to deter-
mine the presence or absence of modified lipid A with pEtN or
GalN on bacterial clinical isolates by mass spectrometry could
serve as an alternative diagnostic test to predict the resistance of
bacteria to polymyxins and potentially guide therapeutic choices
that will improve clinical outcomes.
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