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Abstract
Title of the thesis: Modifications to lipid A in Acinetobacter baumannii: Potential
biomarkers for rapid diagnosis of Colistin resistance
Leila G Casella, Master of Science 2013.
Thesis directed by: Robert K Ernst Ph.D., Associate Professor, Department of Microbial
Pathogenesis, School of Dentistry.

One of the major challenges in the management of A. baumannii infections is the
rapid dissemination of multidrug resistant (MDR) strains and diminishing antibiotic
choices available to treat this troublesome pathogen. In this context, physicians are
turning to the potentially nephrotoxic cationic antimicrobial peptide, Colistin (polymyxin
E) to treat patients infected with A. baumannii MDR strains.
The emergence of A. baumannii Colistin-resistant clinical isolates has raised
concerns among physicians as this antibiotic is used as a salvage therapy. More alarming,
is the identification of Colistin-heteroresistant subpopulations in susceptible A.
baumannii clinical isolates that may lead to the development of complete resistance to
Colistin.
Studies assessing reliability of current susceptibility test methods have suggested
poor concordance and revealed a further problem: unreliable detection of heteroresistant
subpopulations. Thus, rapid and reliable susceptibility testing methods are critical to
deliver effective antimicrobial therapies and minimize the risk of failed treatments
resulting in adverse clinical outcomes.

Mass-spectrometry (MS) assays have proven to be an important tool to identify
bacterial species. The MS-based identification method (Bruker Biotyper) is based on
proteomic profiling using MALDI-TOF (Matrix Assisted Laser Desorption-Ionization
Time-of-Flight), but the inability to distinguish antibiotic resistance profiles represents a
significant limitation. Lipid profiles, especially modifications to lipid A, the membrane
anchor of lipopolysaccharide can be directly linked to antimicrobial peptide resistance
patterns.
Using this MS approach to analyze modifications to lipid A has enabled us to
determine unique diagnostic biomarkers to rapid identify Colistin-sensitivity or resistance profiles in laboratory-adapted A. baumannii, including characterization of
heterosensitivity. This work was further extended to analyze lipid A from patient samples
to validate the clinical utility of this biomarker. The detection of a novel, modified lipid
A with ethanolamine at the 4’position and a novel hexosamine addition. Subsequent
LC/MS analysis identified the positively charged hexosamine as galactosamine attached
at the 1 position of lipid A.

Modification of lipid A with these positively charged constituents was concordant
with antibiotic susceptibility profiles. Together, these findings clearly demonstrate the
feasibility of this type of analysis as a diagnostic test for rapid determination of
antimicrobial susceptibility profiles in clinical settings.
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I. INTRODUCTION

	
  
	
  

1. Acinetobacter baumannii background
The first response in the management of infected patients consists of treatments

characterized by the use of broad-spectrum antibiotics that will cover an extended range
of pathogens. As a result, there is an increase in multidrug resistant (MDR) pathogens,
such as Acinetobacter baumannii, Klebsiella pneumoniae, and Pseudomonas aeruginosa
in hospital environments. These organisms represent a public health challenge due to
their ability to cause life-threating infections to Intensive Care Unit (ICU) and
immunocompromised patients (1-3).
A. baumannii, a gram-negative non-fermentative bacterium is one of the most
problematic pathogens in military and nonmilitary hospitals in the U.S. due to the steady
increase of nosocomial infections (4-10). Such infections are also associated with high
mortality in solid organ transplant recipients, ventilator associated bacterial pneumonia
(VABP), skin and soft tissue, and wounds infections (4, 8, 9, 11, 12).
The Infectious Diseases Society of America (IDSA) classifies A. baumannii as
one of the six gram-negative pathogens causing the majority of bacteria resistant
infections worldwide (13-16). Several studies have evaluated the susceptibility profiles of
A. baumannii strains recovered from U.S. military patients in Iraq, Afghanistan, and other
health facilities across the world. These studies have shown evidence of an upward trend
of MDR A. baumannii strains that exhibit different resistant mechanisms against βlactams, fluroquinolones, tetracycline, and aminoglycosides. In this setting, Carbapenems
(mainly, Doripenem and Imipenem), a class of β lactams with high affinity to penicillin-
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binding proteins (PBSs) are the last antimicrobial therapeutic option used to treat MDR
A. baumannii infections. PBPs are enzymes such as carboxypeptidase, transglycolase,
and peptidase that are involved in the synthesis of cross-linked peptidoglycan layer. The
binding of carbapenems to PBPs interferes with the production of peptidoglycans, which
lead to weakening of the bacteria cell wall (17). However, the increase of carbapenemase
producing A. baumannii strains over the past few years is worrisome because there are no
known Food and Drug Administration (FDA) approved antimicrobial agents left to treat
this pathogen (18, 19). Therefore, antimicrobial therapeutic strategies have been oriented
to the use of the cationic antimicrobial peptide, polymyxin (Colistin). Although
polymyxin has showed favorable clinical results, concerns with toxicity side effects such
as kidney damage and neuromuscular impediment affecting respiratory functions remain
under discussion. (20-23).

	
  
	
  	
  

2. Polymyxin B and Colistin (polymyxin E)
Polymyxin B and Colistin (polymyxin E) produced by Bacillus polymyxa and

Bacillus polymyxa subspecie colistinus, respectively are cationic polypeptides that were
used in the 1960’s to treat gram-negative bacteria infections. The use of polymyxin was
discontinued due to concerns that arose with toxicity. In recent years, the increase of life
threating infections caused by MDR gram-negative pathogens and the lack of new
effective antimicrobial agents has restored the clinically use of polymyxin to treat
infections caused by A. baumannii strains resistant to all conventional antimicrobials. (20,
24-26). 	
  
The two main forms of polymyxins suitable for clinical use are: Colistin sulfate
that can be administered orally or topically, and sodium Colistin methanelsulphonate that
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can be administered via infusion. Chemically, these peptides have a cyclic heptapeptide
ring, a tri-peptide chain covalently linked to a fatty acid chain. Structurally, the only
difference arises from the presence of an amino acid D-Leucine on Colistin (Polymyxin
E) whereas in polymyxin B is substituted by D-phenylalanine (Fig. 1 and 2) (20, 26). (20,
26).
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Figure 1. Chemical Structure of Polymyxin B
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The proposed mechanism of polymyxins antibacterial activity follows a selfpromoted uptake pathway. Initial binding of cationic polypeptide to the negatively LPS
molecules is through electrostatic interaction, destabilization of the cross-bridged
adjacent LPS molecules via competitive displacement of the divalent ions Ca++ and Mg++
facilitates the insertion of the hydrophobic tail of Colistin leading to disruption of the
outer membrane. (22, 24, 27, 28).

	
  
	
  

3. Colistin resistance in A. baumannii.
Colistin resistance is rare but the emergence of A. baumannii Colistin-resistant

clinical isolates has raised concerns among physicians, as there are limited
chemotherapeutic treatments left to fight the infections (27, 29). More alarming is the
identification of Colistin heteroresistant populations in A. baumannii clinical isolates that
may lead to the development of complete resistance to Colistin. Heteroresistance is
described as the subset of drug-resistant population in a susceptible clinical isolate
according to traditional antimicrobial susceptibility testing. Heteroresistance in A.
baumannii was first reported in a study of Colistin-susceptible A. baumannii clinical
isolates with MIC ≤ 2 µg/mL that showed regrowth after 24 hours in a time kill assay
(30). In a similar study, Colistin-resistant subpopulations were detected in 48% of the A.
baumannii clinical isolates recovered from ICU patients (31). Additionally, detection of
heteroresistant subpopulations in 96% of clinical isolates collected from 2001-2004 in
Israel with MIC ≤ 1 mg/L was also reported (27).	
  
Interestingly, several reports of Colistin resistance from 2006 to 2012 found
higher rates of heteroresistance compared to Colistin resistance rates (3, 26, 32, 33).
Review of several clinical studies suggested that heteroresistant population in susceptible
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strains arise due to low concentrations of Colistin achieved in plasma. In these studies,
Colistin-susceptible A. baumannii isolates with MIC ≤ 2mg/L were exposed to higher
Colistin concentrations resulting in substantial regrowth after 24 hours. These findings
suggested that Colistin plasma concentration may be insufficient to exert its antimicrobial
activity (21).
Another study found total inhibition of heteroresistant populations after 72 hours
in 80% of the susceptible A. baumannii isolates tested at concentrations higher than 128
µg/mL, and 20% showed no regrowth at concentration ranges from 32 to 46 µg/mL.
Thus, these results may explain the presence of heteroresistant populations able to grow
at higher concentration from steady plasma concentrations of 2 µg/mL achieved with
standard Colistin regimens (34-36)
Molecular mechanisms of Colistin resistance strains of A. baumannii is not fully
understood. (1, 6, 32, 33, 37) However, structural studies of lipid A, the membrane
anchor of lipopolysaccharide in gram-negative bacteria has shown evidence of the
heterogeneity and structural modifications of lipid A containing positively charged amino
moieties alters membrane charged and thus polymyxin susceptibility. This appears to be a
distinct feature linked to antimicrobial resistance in some gram-negative bacteria (38-42)

	
  

4. Current identification and susceptibility tests methods
Clinical treatment of bacterial infections is initiated with empirical antibiotic

regimen. This experiential approach relies on institutional records of outbreaks caused by
MDR pathogens, patient history, and management antibiotic programs. Even though this
approach is still effective in most bacteria pathogens, the escalated evolution of
antimicrobial resistant mechanisms exhibited in some species members, as for example,
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Pseudomonas ssp, Staphylococcus spp, Enterococcus spp, and Streptococcus
pneumoniae, challenges the effectiveness of first-hand antibiotic therapy (43). Therefore,
rapid diagnosis and susceptibility patterns are of paramount importance to avoid
inadequate antibiotic treatments that could result in failed therapies. Currently, clinical
microbiology laboratory diagnostics relies on two main tasks: pathogen identification and
susceptibility testing. Bacteria identification is based on Food and Drug Administration
(FDA) approved phenotype and molecular methods. Initial identification of microbial
organisms is based on phenotypic characteristics, such as culture morphology, gramstaining procedures used to discriminate bacteria with similar morphologic features, and
biochemical tests using automated methods such as blood culture systems. As pure
cultures and metabolic process are the starting point of phenotypic-based methods, the
overall time for bacteria identification requires several hours to days. (43).
Molecular methods are based on genotypic characteristics, such as polymerase
chain reaction (PCR) that identify specific sequence of 16S ribosomal ribonucleic acid
(RNA) (13, 44), deoxyribonucleic acid (DNA) chips, or microarray methods that may be
more effective in the identification of microbial pathogens. However, these methods are
not suitable for routine diagnosis due to their high complexity, cost of assays, and
specialized laboratory expertise (45, 46)
Determination of susceptibility profiles is performed in parallel to bacteria
identification. In the U.S., the Clinical Laboratory Standard Institute (CLSI) defines the
guidelines and breakpoints for in vitro susceptibility testing, such as broth and agar
dilution methods. These methods are used to determine the minimal concentration of an
antibiotic needed for total inhibition of bacteria growth. Also, dilution methods can detect
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small resistant bacteria populations harbored by susceptible bacteria populations.
However, dilutions methods are not used as routine test because they are labor intensive
and cumbersome to perform in clinical microbiology laboratories.
In contrast, disk diffusion (Kirby-Bauer) and Etest are standard tests in clinical
laboratories as they are easier to perform and interpret. Automated susceptibility testing
VITEK2 system (BioMerieux’s), The MicroScan WalkAway (Siemens Healthcare
Diagnostics, The Sensititre ARIS 2X (Trek Diagnostic Systems) and Phoenix Automated
Microbiology systems (Becton and Dickinson) offer higher standardized results.
However, each of these methods requires pure cultures and bacteria identification is
achieved between 48-72 hours. Therefore, rapid diagnosis to guide antimicrobial
therapeutic treatments is not attainable due to delays in pathogen identification and
susceptibility profiles with current methods (47).
5. MALDI-TOF-Mass

Spectrometry

alternative

method

for

bacteria

identification
The MALDI-Biotyper, a system commercialized by Bruker uses Matrix Assisted
Laser Desorption Ionization METHOD-Time of Flight Mass Spectrometry (MALDI-TOF
MS) based-MS to identify unique patterns of proteins found in bacteria. Resulting ions
are considered phenotypic signatures for each microorganism that allows identification
by a proprietary software match against the proprietary library of previously recorded
proteins profiles.
Protein profiles are obtained as follows: selected colonies are transferred to a
MALDI target plate, an organic matrix solution (e.g. saturated solution of α-cyano-4
hydroxycinnamic acid in 50% acetonitrile and 2.5% trifluroacetic acid) is added, which
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rapidly extractable. Similar unique structures exist for LTA from Gra
that mixture analysis is feasible from ordinary MALDI-TOF-MS ins
current protein-based methods that require pure cultures. This will be
approach laid out in the Research section.

result in a formation of a crystal between the sample and the matrix. The sample
imbedded in the crystal matrix is irradiated using a laser to facilitate the ionization

Figure 7
mixture
novicida
10:10:1
ion mod
Speed).

process. Ions of various sizes are accelerated down the flight tube where the molecules
size is recorded by either a line or reflector detector. Protein molecular weight and
intensity patterns are recorded as a MALDI-TOF fingerprint. The MALDI Biotyper
comes with database software of previously recorded protein MS spectral fingerprints

against which the resultant protein fingerprint from the 4.unknown
bacteria is identified.
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The sensitivity of the MALDI-TOF instrument is such that approximately 105
bacteria cells are needed, which means that overnight culture on solid growth media is
sufficient (48). Furthermore, results are obtained in minutes after a 24 hours culture.
Consequently, the improvement over current methods in time to identification makes
MALDI-TOF MS better suited for rapid bacteria identification (13, 46). In addition to
rapid bacteria identification, susceptibility profiling is highly desired, as this will allow
rational antimicrobial therapies to be developed that could contribute to better clinical
outcomes.
MALDI-TOF MS has proven to be a rapid and accurate method for bacteria
identification. In order to expand its capabilities in the clinical microbiology laboratories,
few studies of MALDI-TOF MS applied to antimicrobial susceptibility testing have been
reported. Even though several spectra profiles have been proposed for discrimination
between oxacillin resistant Staphylococcus aureus (MRSA) and oxacillin sensitive
Staphylococcus aureus (MSSA) isolates, there are no specific proteomic peaks attributed
to MRSA. Recently, a study focusing on differentiation between methicillin resistant
Staphylococcus aureus from methicillin sensitive Staphylococcus aureus, having the
same genotype, showed no difference in their respective spectra suggesting that spectra
obtained are specific to strains in some cases, but not to MRSA or MSSA (49).
6. Glycolipids for bacteria diagnosis using MALDI-TOF MS
In addition to protein phenotyping, glycolipids present in cell wall of bacteria
include lipopolysaccharides (LPS) and its endotoxic membrane anchor, lipid A for gramnegative bacteria and lipoteichoic acid (LTA) and teichoic acid (TA) for gram-positive
bacteria (50, 51). These molecules confer a negative charge to the bacteria cell surface
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and exhibit chemical structural diversity observed in the number and length of fatty acids
side chains, the presence of terminal phosphate residues and associated carbohydrates,
and non-carbohydrate modifications This variability has profound implications for
diseases, particularly in humans, as these foreign molecules are recognized at very low
concentrations by the host immune system resulting in inflammation, fever, and
eventually septic shock.
In this context, positively charged cationic antimicrobial peptides are thought to
interact with negatively charged bacterial outer membrane through electrostatic
interaction. Conversely, bacteria are highly adaptive organisms that can add positively
charged molecules to reduce the affinity for cationic antimicrobial peptides (CAMPs) and
protect the integrity of the cell wall bacteria. These adaptive mechanisms are translated
into glycolipid structural modifications, which are unique to each species.
Thus, given the important role of LPS molecules in exerting a cascade of diverse
host’s immune responses during bacteria infection and adaptive structural modifications,
several methods for the isolation and purification of LPS and lipid A from gram-negative
bacteria have been developed. Such methods allow rapid isolation and purification of
LPS and lipid A for MALDI-TOF analysis. This type of analysis provides an illustration
of structural modifications in these molecules that represent species- specific chemical
barcodes that can serve to identify specific antimicrobial resistant profiles (52).
7. Overview Lipopolysaccharides (LPS)
LPS is found in the outer membrane of gram-negative bacteria. LPS acts as a
permeability barrier to protect the integrity of the bacteria cell. LPS consists of three
distinct structural components. From the surface proceeding toward the inside, these
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domains are: 1) a repeating O-antigen polysaccharides chain which exhibits a variety of
sugar sequences among genera and serological responses; 2) a core oligosaccharides
composed of a more conserved inner and outer region. The inner region contains 3deoxy-D-manno-oct-2-ulopyranosonic acid (Kdo) domains and the outer contains sugars
and amino sugars (Fig. 4A) (53). 3) Lipid A structure linked to Kdo consists of a
backbone of two glucosamine residues present as a β-(1-6) linked dimer (Fig. 4B). (50,
53-55). This backbone can be diversified in response to specific environmental signals or
between bacteria species. Lipid A exhibits species-specific structural diversity and
endotoxic properties (50)

O antigen

LPS
Core

Lipid A

Outer
Membrane

Peptidoglycan

Inner
Membrane

Figure 4A. Outer membrane of Gram-negative bacteria
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Figure 4B. Lipid A

In the event of gram-negative bacteria infections, LPS is released into the
bloodstream. CD14 receptor presents LPS to the Toll-like receptor 4 (TLR4/MD2),
which is a receptor complex localized on the surface of immune cells such as monocytes,
macrophages, dendritic cells, and neutrophils. Upon binding of this complex to LPS, a
cascade of signals follows by production of inflammatory cytokines, as for example,
tumor necrosis factor alpha (TNFα), a proinflammatory cytokine. This results in a series
of immune responses such as fever, high heart rate, inflammation and overproduction of
various mediators, and clotting factors that can damage small blood vessels and
precipitate gram-negative septic shock, accompanied by disseminated intra- vascular
coagulation and vital organs failure (56-58).
However, depending on the bacteria, the amount of LPS and its structure
determines the severity of the clinical manifestation. Helicobacter pylori, a human
pathogen that causes chronic gastritis, is poorly recognized by TLR4/MD2 complex due
to its tetra-acylated lipid A structure. Conversely, Pseudomonas aeruginosa, causes
chronic lung infections in cystic fibrosis patients. This pathogen synthesizes a hexa-
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In addition to alter antimicrobial resistance profiles, modified lipid A trigger the release
of regulators agents such as proinflammatory cytokines in high concentrations leading to
the manifestation of symptoms such as pyrexia, inflammation, bacteremia and even death
during infection.
As an example, Salmonella typhimurium has two regulatory systems PhoP/PhoQ
and PmrA/PmrB that allow bacteria to sense and respond to external environmental
stimuli. Bacteria, via a sensor kinase PhoQ or PmrB detect changes in pH, CAMPs,
macrophages, phagolysosome, and concentrations of divalent ions such as Mg+2, Ca+2
and Fe+3. These signals interact with the sensor kinase periplasmic domain in such a way
that they induce a conformational change in the inner membrane of bacteria and
subsequent autophosphorylation of histamine, a conserved residue of the sensor kinase.
Transfer of the phosphate to a conserved aspartate residue on the cytoplasmic response
regulator PhoP or PmrA leads to the interaction of the phosphorylated response regulator
with target gene promoters resulting in activation or repression of genes involved in
modifying lipid A (53, 62).
These regulatory systems have been studied in a variety of gram-negative bacteria
pathogens to identify target genes or enzymes responsible for the induction of regulated
lipid A modifications that aid bacteria to survive hosts’ environment and promote
pathogenesis. For example, Salmonella PhoP/PhoQ regulates PagP enzyme that modifies
the fatty acid region by the addition of a palmitate acyl chain (50). In A. baumannii,
PmrA/PmrB regulates the genes responsible for the addition of a phosphoethanolamine
group at the 4’ phosphate position to hepta-acylated lipid A. (38, 39). Other modifications
in lipid A have been identified in P. aeruginosa in which PhoP/PhoQ and PmrA/PmrB
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regulators systems are involved in the addition of aminoarabinose at the 1 and 4’
positions to the lipid A phosphate groups and an addition of a palmitate at 3’ position
(42).
Many studies have illustrated lipid A modification in several important pathogens.
In Yersinia enterocolitica, a pathogen responsible for gastrointestinal diseases, a study
reported a hepta-acylated species with the addition of a C:16, and hexa-acylated species
with the addition of an aminoarabinose grown at 21°C. Conversely, bacteria grown at
37°C did not show these species. Interestingly, Y. enterocolitica with modified lipid A
was found to exhibit increased resistance to different antimicrobial peptides. This study
provided evidence of a temperature-dependent modification to lipid A conferring
resistance to antimicrobial peptides. (63).
In Klebsiella pneumoniae a study using a pneumonia mouse model demonstrated
the important role of modification to lipid A with addition of aminoarabinose, addition of
palmitate, and expression of capsule CPS in counteracting the antimicrobial activity of
polymyxins and other antimicrobial peptides expressed during airway infections (41).
All these studies provided evidence of the evolved mechanism observed in
bacteria by means of modifying its lipid A structure to counteract the interaction of
antimicrobial peptides. Furthermore, the remodeling of lipid A in bacteria can be
structurally elucidated and could serve as a antimicrobial specific biomarkers for clinical
diagnostic purposes.
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II. AIM OF THE STUDY

The aim of this study was to determine if modified lipid A structure were
associated with Colistin resistance in A. baumannii laboratory Colistin-adapted strain.
This was further extended to analyze lipid A isolated from A. baumannii clinical isolates
to establish the presence or absence of a diagnostic peak associated with Colistin
resistance, thus validating the clinical utility of this biomarker for rapid diagnostic
purposes. We hypothesized that the prevalence of modification to lipid A in clinical
isolates may be exploited for rapid diagnosis of colistin resistant phenotypes.

The specific goals established for this study were:
1.

Determine the reproducibility of specific biomarkers associated with Colistin

resistance in Colistin-resistant laboratory adapted strain.
2.

Determine the prevalence of peaks associated with resistance to Colistin in A.

baumannii clinical strains
3.

Identification of a hexosamine group altering the structure of the lipid A in A.

baumannii
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III. MATERIALS AND METHODS

	
  

1. Bacteria strains
Acinetobacter baumannii laboratory adapted strains; Colistin-susceptible TBE

431 and colistin-resistant TBE 441 were provided by Mark Adams, Case Western
University, Cleveland, Ohio. Dr. Yohei Doi, at the University of Pittsburgh Medical
Center, provided a set of 67 A. baumannii clinical strains. Susceptibility profiles were
determined by Etest; bioMerieux following manufacture’s procedures.

	
  

2. Strains growth conditions
Bacteria cells were a subcultured from frozen stock strains. Strains were plated on

Luria Bertoni (LB) agar plates supplemented with 1mM MgCl2, and 1µg/mL Colistin
when required, and incubated at 37°C overnight.
3. Harvest
	
  
Individual colonies of A. baumannii were inoculated in 10 mL LB broth. The
bacteria were grown overnight at 37°C. The suspension was centrifuged at 3000 (RPM)
revolutions per minute for 20 minutes. The cell pellets obtained were suspended in water
and lyophilized overnight prior to chemical extractions
4. Lipid A isolation from dried cells
Dried cells were suspended in 100µL of endotoxin free water and 400 µL of
isobutyric acid/ 1M ammonium hydroxide (5:3, v:v, 250 µL/150 µL). The suspension was
placed in a screw-cap tube and heated in a heat block plate for 1 hour at 100°C. The
reaction mixture was centrifuged at 2000 RPM for 15 minutes. The supernatant was
transferred to a new 2 mL test tube and diluted with an equal volume of endotoxin free
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water in order to lyophilize the lipid A. Samples were washed twice with 400 µL of
methanol. Insoluble lipid A was extracted in a mixture of chloroform, methanol, and
water (3:1.5:0.25, v/v/v, 120 µL/60/µL/10 µL ).
5. MALDI-TOF Mass spectrometry
Matrix-Assisted Laser Desorption Ionization Time-of-Flight Mass Spectrometry
(MALDI TOF MS) Lipid A was analyzed in the negative ion mode on a AutoFlex Speed
MALDI TOF mass spectrometer (Bruker Daltonics, Billerica, MA). Briefly, 1uL of the
lipid A mixture and 1 uL of norharmane (matrix) were spotted onto a sample target plate.
An external calibrant, ES Tuning Mix (Agilent) was used to calibrate the MALDI-TOF
and individual spectra was an average of 400 shots. Data was acquired and processed
using Flex analysis (Bruker Daltonics, Billerica, MA).
6. Amino sugar assay
Chemicals and Reagent: Glucosamine hydrochloride, N-acetylglucosamine, 2amino-2-methyl-1, and 3-propanediol were from Sigma (St Louis, MO). 2Galactoseamine hydrochloride was from Calbiochem (Gibbstown, NJ). The derivatizing
reagent, 6-aminoquinoyl-N-hydroxysuccinimidyl carbamate (AQHSC), was purchased
from Waters (AccQ-Fluor; Milford, MA). Trifluoroacetic acid (TFA) was from Sigma (St
Louis, MO). All HPLC solvents and buffers were analytical grade.
LPS purification and lipid A isolation
LPS was isolated using the rapid small-scale isolation method for mass
spectrometry analysis. Cell pellets were obtained from a 10 ml overnight culture and
transferred to a microfuge tube. A 1ml of a Tri Reagent (Molecular Research Center;
Cincinnati, OH, USA; TR-118) was added and vortex for resuspension and incubated at
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room temperature for 15 min. Then, 200 µL of chloroform was added and vortex, and
incubated for 15 minutes at room temperature. The mixture was centrifuged at 12000
rpm for 10 minutes. The upper aqueous layer containing LPS was transferred to a 15 mL
screw capped tube. To the lower organic phase, 500 µL of deionized water were added
and vortex. Then, the sample was incubated for 15 minutes, and centrifuged at 12000rpm
for 10 minutes. The aqueous layer was combined with the one previously collected. A
total of 5 extractions were performed and lyophilized.
Sample preparation
Standards and biological samples resuspended in 200 µL 1.0 M TFA, vortexed,
and heated at 90°C for 24 hr. The samples were then frozen, lyophilized, and resuspended
in 50 µL 0.2 M borate buffer, pH 8.8, prior to the addition of 50 µl of 1.0 mg/mL
AccQ•Tag™ Milford, MA derivatizing reagent in acetonitrile. The samples were
vortexed, incubated at room temperature for 15-30 min, then evaporated to dryness under
nitrogen. Derivatized samples were reconstituted in 100 µL of distilled water, vortexed,
and transferred to injection vials for analysis. For analysis of biological samples, 10 µg
lipid A isolated from individual preparations was used. They were then derivatized by the
same procedure as the standards as described above.
Instrumentation: All analyses were performed using a liquid chromatography
tandem mass spectrometry (LC-MS/MS) platform. Liquid Chromatography: The analytes
were separated using a Develosil 5u RP-Aqueous C-30 150-2.1 mm column
(Phenomenex; Torrence, CA) using a 10mM ammonium acetate (pH 7.5)/ACN gradient.
The initial organic was 2.0% ACN and increased to 5.0% at 0.5 minutes. Thereafter
there was a linear increase to 10% ACN at 6.5 minutes and then to 20% ACN at 17
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minutes. The ACN was increased to 80% for a one minute washout and then dropped
back to the initial (2%) ACN and re-equilibrated for 8.0 minutes. The flow was 0.4 mL
throughout the run, temperature was 25 °C and the run time was 30 minutes. Eluent
before 4.5 and after 16 minutes was diverted from the mass spectrometer. Mass
Spectrometry: All mass spectra were acquired using positive electrospray ionization
mode. Selected reaction monitoring (SRM) studies were performed on a Thermo TSQ
Quantum Ultra Triple Stage Quadrupole Mass Spectrometer (San Jose, CA). 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 & GluA). The observed
signals were consistent with the formation of the N-quinoyl-N’-aminosacharide urea as
the derivative. The SRM transition 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: spray voltage: 3000; capillary temp.: 40 °C;
capillary offset: 10; vaporizer temp.: 40 °C; sheath gas pressure: 5; aux gas pressure: 5
psi; ion sweep gas pressure: 0.5 psi
7. Time-kill assay
Time-kill assays were conducted for each strain using Colistin at final
concentration of 2 µg/ml. This is a clinical relevant concentration as the literature
described it as the steady- state plasma concentration. In 100 mL of Muller Hinton Broth
(MHB); colonies were inoculated, grown at mid-log phase, and incubated with shaking at
37°C. Tubes containing MHB with a concentration of Colistin (2 µg/ml) were inoculated
at times 0h, 2h, 4h, 6h, 8, and 12h after inoculation and serially diluted in sterile 0.85%
sodium chloride for determination of viable counts. A volume of 0.1µL was plated on
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three individual agar plates and incubated for 18 hours followed by determination of total
bacteria CFU/mL.
8. Colistin agar dilution
Briefly, cultures were diluted to a concentration of about 1.5 x 108 CFU/mL, and
0.1 µL was inoculated onto a Muller Hinton agar plates containing 2 fold serial
antimicrobial dilution of colistin. The plates were incubated overnight and read after 24
hours. Determination of MIC was recorded as the lowest concentration that inhibits
growth up to one colony.

IV. RESULTS
1. Determine structural modification to lipid A associated with Colistin
resistance.
	
  

In this study, we determined the presence or absence of modified lipid A with

PEtN from a Colistin-resistant and Colistin-susceptible laboratory strains. Analysis of
lipid A was performed using a MALDI-TOF mass spectrometry in negative ion mode.
The spectra of the lipid A isolated from a Colistin-sensitive TBE 431 showed [M-H] ions at m/z 1404, 1728 and 1910. The most abundant ion at m/z 1910 corresponds to a
bis-phosphorylated hepta-acylated lipid A. The ion at m/z 1728 corresponds to a bisphosphorylated hexa-acylated lipid A and the ion at m/z 1404 is a tetra-acylated lipid A
(Fig. 7) Structures of lipid A from A. baumannii are provided in (Fig. 6) Conversely, the
spectra obtained from the TBE 441 Colistin-resistant showed an additional ion at m/z
2034 that corresponds to the hepta-acylated lipid A (m/z 1910) modified with a
phosphoethanolamine at the 4’ position (Δ m/z 125) and a second peak ion at m/z 2071

22

that corresponds to a bis-phosphorylated hepta-acylated (m/z 1910) with a hexosamine at
the position 1 (Δ m/z 161) (Fig. 7). Previously published literature supports the presence
of modified lipid A with PEtN linked to Colistin resistance in A. baumannii (38, 64, 65).
It is important to note that the ion at m/z 2071 has not been reported in previous studies.

A

B
OH
P

P

O

O

H

O

O

O

H

H
HO

H

H

O

OH
O

O

HO

O

HO

!

!

OH

O

HO

H

NH

HO

O

NH

P

O
O

O

O

O

O

P

O

O

H

O

H

O

H
H

NH
O

OH

O

O

OH

O
O

HO
HO

NH

P
O

OH
OH

OH
O

O

HO

O

HO

O

OH
OH

12

14

12

12
12

12

12

14

14

12

C
O

H OH
O
H
HO

P

H

O

O

O

HO
O
H

OH
O

O

O
H

NH

NH

O
O

O

O

P
OH

O

HO
O

O

O
O

O

HO

12

OH

Figure 6. Lipid A species observed on mass
spectra from laboratory strains Colistinsensitive and resistant to colistin (A) lipid A
species A. baumannii 1404 m/z, (B) lipid A
species A. baumannii 1728 m/z, (C) lipid A
species A. baumannii 1910 m/z.

12
12

12

14
12

14

!
23

To test the reproducibility of the diagnostic biomarkers associated with resistance
to Colistin in A. baumannii, an intraday - interday experiment was carried out on the lipid
A of the Colistin-adapted laboratory strain TBE 441 and the Colistin-susceptible
counterpart TBE 431. We conducted MALDI-TOF MS analysis of lipid A extracted from
five biological replicates of each strain. Intra-day experiment was repeated for five
consecutive days to obtain the inter-day reproducibility data. Based on 25 observations (5
samples/day x 5 days), the A. baumannii laboratory Colistin-susceptible strain did not
show peaks associated with resistance to Colistin. In contrast, 100% of the spectra
obtained from the A. baumannii laboratory-adapted Colistin-resistant showed the ion at
m/z 2034 corresponding to a PEtN addition to the lipid A structure. For the PEtN
addition, the data showed high levels of repeatability and reproducibility. In contrast,
only 44% of the spectra showed the ion at m/z 2071 corresponding to a hexosamine
addition. This may be due to the extraction procedure that has the potential of removing
the glycosidic bond of the amine group. A summary of the structural modifications
observed is provided in Table 1.

24

100'

TBE-431

1404

TBE-441

1910

Rela%ve'Intensity'

1910

1728
50'
1404
1728

2034

2071

0'

m/z$

m/z$

	
  
Figure 7. Negative ion MALDI-TOF MS spectra of lipid A isolated from paired of lab
colistin-susceptible and lab-adapted colistin-resistant strain.

Table	
   1.	
   Summary	
   of	
   lipid	
   A	
   structural	
   modifications	
   observed	
   in	
   A.	
   baumannii	
  
laboratory	
  strains	
  by	
  MALDI-‐TOF	
  
Strain

PEtN m/z 2034

Hexosamine m/z 2071

TBE 431 ColS

Not observed

Not Observed

TBE 441 ColR

100%

44%

% Based on 25 observations.

These results provide evidence of the reproducibility of the PEtN peak at m/z
2034 observed in the A. baumannii laboratory-adapted Colistin-resistant strain. The
accuracy of these results allowed us to consider this modified lipid A species as a good
candidate biomarker for Colistin resistance. Furthermore, the presence of a secondary
diagnostic peak at m/z 2071 may contribute to even higher levels of resistance to
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Colistin. Therefore, studies to investigate this novel peak using an increased number of
clinical isolates and mass spectrometry analysis will be pursued in the future.
2. Validating the potential use of these biomarkers for rapid diagnosis of Colistin
resistance in A. baumannii.
	
  
Our results showed the presence of the modified lipid A with PEtN and
hexosamine substituents in the A. baumannii TBE 441 strain. To validate the clinical
relevance of the diagnostic peaks observed on patient’s samples, a total of 67 A.
baumannii clinical isolates were obtained from patients with ventilator associated
pneumonia, wound, blood, and urine infections from Dr. Yohei Doi at University of
Pittsburgh. The Colistin susceptibility profiles of A. baumannii strains were determined
using the Etest antimicrobial susceptibility test, subsequently, lipid A extracted from each
clinical isolate was analyzed using MALDI-TOF MS to determine the presence or
absence of diagnostic peaks associated with resistance to Colistin. A flowchart depicts
the criteria used to determine the colistin susceptibility profile is shown in Figure 8.
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Colistin Susceptibility Profiles

Col Etest

MALDI-TOF
Lipid A
analysis

Susceptible

Yes

Susceptible

No
Yes

4 µg/mL

2 µg/mL

PEtN Absent

No

PEtN Present

Agar dilution

Figure 8. Flowchart illustrates criteria used to define colistin phenotypic by mass
spectrometry analysis and antimicrobial susceptibility tests.

According to the Clinical Laboratory Standard Institute (CLSI), MIC values ≤ 2
µg/ml is defined as a susceptible and MIC values ≥ 4 µg/mL as a Colistin-resistant. We
compared the MIC values obtained by Etest with the spectra of the lipid A from each
clinical strain analyzed by MALDI-TOF MS. The diagnostic peak PEtN identified to be
associated with the Colistin resistance phenotype (n= 14) was present in 11 isolates
correlating with MIC values ≥ 4 µg/mL and 3 isolates with MIC of 3 µg/mL (Fig. 9). In
contrast, 20 isolates were reported to have the PEtN with MIC values ≤ 2 µg/ml. (Fig.

27

10). Finally, the absence of PEtN peak and MIC values ≥ 256 µg/mL were reported on 2
isolates suggesting a secondary mechanism of resistance to Colistin (Fig. 11).
Due to the discrepancies between Etest and MALDI analysis, we compared lipid
A MALDI-TOF analysis results with Colistin MIC values obtained from Colistin agar
dilution method, which is used as a reference test in clinical microbiology laboratories to
determine the minimal concentration of a drug required to inhibit bacterial growth and
compared the performance of other antimicrobial susceptibility methods. The results
obtained confirmed the presence of PEtN peak in 8 isolates with low colistin MIC values
≤ 2 µg/mL. ( .11). These results highlight the discrepancy found between the MALDITOF and Etest and agar dilution methods.
Considering that several studies evaluating gradient diffusion methods, such as
Etest, have reported unreliable detection of Colistin-resistant and heteroresistance
populations due to poor diffusion of Colistin on agar media, we speculated that our massspectrometry assay has a greater sensitivity than the other two methods enabling us to
detect the presence of heteroresistance population in these strains.
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n = 14

n=2

Figure 9. Comparison between measured susceptibility testing methods Col Etest versus
Lipid A analysis by MALDI-TOF, data are represented P values for PEtN – Vs
PEtN +: P<0.05 was determine using an unpaired t-test for colistin- sensitive
strains, P = 0.1541 for colistin-resistant strains

n = 12

n = 20

Figure 10. Comparison between measured susceptibility testing methods Col Etest
versus Lipid A analysis by MALDI-TOF, data are represented P values for PEtN –
Vs PEtN +: P<0.05 was determine using an unpaired t-test for colistin- sensitive
strains, P = 0.00030 for colistin-resistant strains
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128
64
32
16
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0.5
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n = 36

PEtN +

MALDI-TOF Analysis

Figure 11. Comparison between measured susceptibility testing methods colistin agar
dilution versus Lipid A analysis by MALDI-TOF, data are represented P values for
PEtN – Vs PEtN +: P<0.05 was determine using an unpaired t-test for colistinsensitive strains, P =0.0005 for colistin-resistant strains
	
  
3. Reproducibility of the phosphoethanolamine modification to lipid A extracted
from a colistin-susceptible defined by antimicrobial susceptibility.
	
  
The detection of the biomarker, PEtN, in Colistin-susceptible isolates may be
indicative of the presence of Colistin-heteroresistant population mixed with Colistinsensitive populations. To determine the reliability of the detection of PEtN observed in a
subset of clinical isolates susceptible according to Etest and agar dilution methods, we
selected two pairs of clinical A. baumannii isolates. Each pair of isolates was collected
from different patients diagnosed with VAP prior and post administration of Colistin.
These clinical isolates were classified as follows: 1) lacking the PEtN modification and
MIC value ≤ 2µg/mL (Ab 888), 2) The presence of the PEtN and MIC value ≥ 4 µg/mL
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(Ab 889 and 926), and 3) the presence of the PEtN modification and MIC value ≤ 2
µg/mL (Ab 925). To have a significant statistical data, we analyzed ten biological
replicates of each strain via MALDI-TOF MS. The first pair Ab 888/889 was selected as
a control set because susceptibility profiles showed agreement with all three methods.
Analysis of the spectra obtained from the control set Ab 888/889 demonstrated the
absence of the PEtN modification on the Ab 888 Colistin-susceptible and the presence of
the PEtN modification on the Ab 889 Colistin-resistant correlating with their respective
Colistin MIC values. We found the PEtN modification on both Colistin-susceptible and
Colistin-resistant Ab 925 and Ab 926, respectively. These results confirmed the presence
of PEtN in a Colistin susceptible strain defined by Etest and dilution method.

A

summary of the results is provided in Table 2.

Table 2. Summary of lipid A structural modifications observed in Acinetobacter
baumannii strains TBE 888/889 and TBE 925/926 by MALDI-TOF analysis and MIC
colistin values
Clinical
Strain

Patient
Number

Colistin
Therapy

Type of
infection

Etest

Col
agar
dilution

Addition of
PEtN

888

2877

Pre

VAP

0.016

2

0/10 (0 %)

889

2877

Post

VAP

1.5

128

10/10 (100%)

925

4625

Pre

VAP

0.25

2

10/10 (100%)

926

4625

Post

VAP

> 256

> 256

10/10 (100%)
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4. Evaluation of antibacterial activity of colistin on a susceptible-colistin strain with
the presence of modified lipid A with phosphoethanolamine.
	
  
Our data confirm the presence of PEtN in Colistin sensitive isolates. To examine
the activity of Colistin in the context of heteroresistance, we performed a time kill assay
using a Colistin concentration of 2 µg/mL, which is a steady-stated concentration
achieved in plasma. Figure 12 depicts the bactericidal activity of Colistin on Ab 888/Ab
889 and Ab 925/Ab 926. After 2 hours exposure to Colistin (2 µg/mL) increased growth
was observed on isolates Ab 889 and Ab 926, consistent with the presence of the PEtN
biomarker and Colistin susceptibly profiles. Based on the assumption that Colistin
heteroresistant subpopulation are present in Ab 925, increased bacterial levels were
observed from 0 to 2 hours post exposure to Colistin. However, Colistin exerts maximal
bactericidal activity after 4 hours exposure with no enumerable bacteria detected at 6
hours. A possible explanation for the slow decrease of viable counts observed on Ab 925
is the presence of the PEtN on a subset of bacteria cells that may be an early indicator of
development for Colistin resistance (Fig. 12).
As MDR bacteria have previously been shown to have a slow growth phenotype
(66, 67), we investigate the growth kinetics of these four A. baumannii clinical isolates.
The Colistin-resistant clinical isolates showed slower growth rates as compared to their
colistin-susceptible counterparts suggesting a reduced fitness (Fig. 13). Interestingly, the
growth curve corresponding to Ab 925 (Colistin sensitive with the presence of PEtN)
resulted in a growth delay of 90 min as compared to Ab 888. This delayed may be
attributed to the presence of small rate of heterosensitive population and unknown genetic
events attempting to raised resistant populations
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Figure 12 Time kill assay performed on two pair of colistin-susceptible and colistinresistant clinical isolates obtained from two patients before and after colistin
treatment.
Growth curves of A. baumannii
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Figure 13. Growth Curves of two pair of A. baumannii clinical isolates collected prior
and post administration of Colistin Identification of the hexosamine modification to
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5. lipid A extracted from Ab 867 clinical isolate via liquid chromatography tandem
mass spectrometry (LC-MS/MS).
	
  

The detection of a secondary peak value at m/z 2071 corresponding to a lipid A

modified with a hexosamine lead us to investigate the identity of this amino-containing
substituent using a LC-MS/MS platform developed for detection and quantitation of
amino sugars isolated from lipid A (68).	
  
This study demonstrated the detection of GalN to the lipid A. The GalN
modification resulted in increased resistance to polymyxin B. For this study, we used a
Colistin-resistant clinical isolate (Ab 867), which is highly resistant to Colistin and has
hexosamine peak. We hypothesized that the presence of GalN, along with pEtN, could be
responsible for this phenotype. Indeed, as shown in Figure 14, we provide definitive
evidence for the addition of GalN to A baumannii lipid A. GalN. Figure 15A depicts an
extracted ion chromatogram for glucosamine (GlcN) and galactosamine (GalN)
standards. Four peaks are observed and corresponded to two isomers each for GlcN and
GalN. Figure 15B corresponds to the Ab 867 clinical isolate. Analysis of the extracted
ion chromatogram for Ab 867 clearly demonstrates that the hexosamine modification was
GalN.
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Figure 14. Negative ion MALDI-TOF MS spectra of lipid A isolated from paired of
clinical colistin-susceptible and lab-adapted colistin-resistant strain
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Figure 15A. Ion chromatgraph from standards
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Figure 15B. Ion chromatgraph from Ab 867

V. DISCUSSION
In the setting of multi-drug resistant A. baumannii, Colistin is the agent of last
resort to combat this pathogen. Despite previous reports of toxicity concerns, Colistin has
re-emerged as the agent of choice to treat severe systemic and pneumonic A. baumannii
infections (1, 5, 69). Colistin resistance has been linked to modifications of the lipid A of
the LPS moiety from many bacterial species including A. baumannii strains (38, 64). The
emergence of Colistin-resistant strains and Colistin-heteroresistant populations has raised
concerns due of the potential increase of incurable A. baumannii infections leading to
unfavorable clinical outcomes. Furthermore, Colistin susceptibility agar-based methods
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have shown unreliable detection of Colistin-resistant and hetero-resistant population
highlighting the difficulties to predict Colistin profiles (15, 70, 71)
Thus, rapid and reliable susceptibility testing methods are critical to deliver
effective antimicrobial therapies and minimize the risk of failed treatments resulting in
adverse clinical outcomes. Previously, several groups have linked the presence of PEtN
modification with reducing vulnerability to CAMP and polymyxins (Colistin) not only in
A. baumannii but also in other gram-negative bacteria. Two major organism models,
Salmonella and E. coli, have been subject of extensive study of lipid A modifications. In,
Salmonella typhimurium, a specific mutation within the PmrA operon leads to the
addition of positively charged phosphoethanolamine to the 1 phosphate position. In E.
coli, a PmrC gene has been reported to be responsible for the PEtN addition to the lipid
A. Helicobacter pylori modifies its lipid A in a two-step process the removal of the 1phosphate group by a lipid A phosphatase, LpxE followed by the addition of a pEtN
residue catalyzed by EptA which results in increased resistance to polymyxin. The EptC
enzyme has been reported to have a dual role: catalyze the addition of PEtN to the lipid A
structure and increase motility, thereby modifying the flagellar rod protein FlgG of
Campylobacter jejuni. Similar strategies to modify the lipid A with PEtN addition,
increasing resistance to CAMPs and polymyxin, have been reported in Neisseria
commensal and Neisseria gonorrhoeae (50, 72)
The correlation of aminosugar substituents present on lipid A altering the
antimicrobial peptide resistance patterns in several gram-negative bacteria lead us to
evaluate the use of lipid profiles, specifically the modified lipid A with PEtN structure in
A. baumannii as a biomarker for the rapid diagnosis of Colistin susceptibility profiles. In
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this study we also wanted to determine the reproducibility of PEtN modification to lipid
A, linked to Colistin resistant in A. baumannii using a MS-based approach. We found this
unique modification to be 100% reproducible in our Colistin-adapted strain, thus having
the potential to be used as a biomarker to facilitate the prediction of Colistin-sensitivity or
resistance profiles and allowing early therapeutic interventions in the treatment of this
infection.
Our work was extended to validate the clinical utility of this biomarker, thereby
analyzing lipid A from patient’s samples. We identified the PEtN biomarker in highly
Colistin-resistant isolates correlating with susceptibility profiles determined by the Etest.
Of note, we found the PEtN biomarker in susceptible-Colistin isolates suggesting the
presence of Colistin heteroresistant population. Considering the reports of discordant
results between different in vitro colistin susceptibility tests and unreliable detection of
colistin hetero-resistant populations, it is reasonable to hypothesize that MALDI-TOF
analysis is highly sensitive compared to the other methods, suggesting its capability to
identify Colistin resistant and Colistin heteroresistant populations.
To further investigate the presence of heteroresistant populations in those colistinsensitive isolates having a PEtN modification, we first analyzed lipid A obtained before
and after Colistin treatment from two different patients. The first set, defined as a control,
Ab 888/889 Colistin sensitive and resistant, and a second set Ab 925/926 Colistin
sensitive with the PEtN modification, and Colistin-resistant according to agar dilution
method. Specifically, the spectra obtained from biological replicates of the Ab 925 isolate
showed the PEtN peak supporting the hypothesis that Colistin-heteroresistant populations
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can be detected by MALDI-TOF analysis. We further wanted to establish the connection
of the Colistin-heteroresistant population and the bactericidal activity of colistin.
We found Colistin to be highly bactericidal for Ab 888 with rapid killing at 2
hours demonstrating its susceptibility to Colistin consistent with the absence of PEtN. In
contrast, the Ab 925 Colistin-susceptible with the PEtN addition was able to increase the
CFU/ml during the first 2 hours. However, a decrease in CFU/mL was observed from 2
hours until complete killing was observed at 6 hours. Conversely, Colistin-resistant Ab
889 and Ab 926 showed an increase in viable cells throughout the course of the assay
confirming the role of PEtN in the setting of resistance to Colistin. One possible
explanation to the positive growth tendency observed on Ab 925 Colistin sensitive during
the first 2 hours may be the presence of the PEtN, and potentially an early stage of
unknown molecular mechanisms activated upon Colistin exposure contributing in some
degree to Colistin resistant. In addition, the process of mutations is not a steady process
and many factors such as concentration of antibiotic, bacteria stress, availability of
nutrients affect the mutations present in bacteria.
Therefore, is possible that genetic mutations present in this particular isolate may
not be stable and subsequent killing was observed. It is important to note that recent
studies on Colistin regimen have reported steady-state concentrations in critically ill
patients below the minimal threshold (≤2 µg/mL) required for growth inhibition
established by CLSI and the rapid growth of heteroresistant populations has been
described in A. baumannii (34, 73)
Taken together, our data suggests the presence of PEtN in a Colistin-susceptible
strains may be an early indicator of potential development of resistance given that CLSI
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Colistin breakpoints for A. baumannii may not be reflecting the accurate concentration
required to eliminate this subpopulation. This assumption may be further supported based
on the development of complete resistance observed in Ab 925 isolate counterpart
recovered from the same patient after receiving Colistin treatment. To date, the time and
safe dosage regimens required to achieve optimal therapeutically concentration in plasma
during Colistin therapy is vague due to the limited understanding of pharmacokinetics
and pharmacodynamics properties of the two forms of Colistin clinically used. Therefore,
we speculate that concentration achieved in treatments may be insufficient to abolish
heteroresistant populations. Further studies are needed to fill the existing gaps to optimize
the use of Colistin as a monotherapy or in combination with other antimicrobials.
In addition to the presence of PEtN in Colistin resistance strains, we investigated
a novel hexosamine addition to colistin resistance strains. In this study, lipid A analysis
by MALDI-TOF MS from Ab 867 revealed the presence of species (m/z 2034) and (m/z
2071) consistent with the addition of the terminal positively charged moieties pEtN and
GalN correlating with colistin-resistant profiles as seen in our Colistin-adapted resistant
laboratory strain. Of note is that the counterpart colistin-susceptible clinical isolate did
not show any modifications to its lipid A structure (Fig. 11).
Furthermore, to identify the unknown hexosamine lipid A modification in a subset
of Colistin-resistant isolates by chemical means, a liquid chromatography/mass
spectrometry sugar assay was utilized to demonstrate that GalN was added to the lipid A
structure present in Colistin-resistant clinical isolate of A. baumannii. This modification
was also seen on the lipid A from Francisella novicida, as published previously by our
laboratory (74, 75) and by other groups in the Francisella field (76-78). In the setting of
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F. novicida, the enzyme FlmK adds a galactosamine and a mannose residue to the 1 and
4’ positions of the lipid A whereas the FlmF2 enzyme adds just the galactosamine
residue. GalN addition has also been shown to modulate resistance to antimicrobial
agents (77, 79) demonstrating the importance of elucidating this important novel addition
to the A. baumannii lipid A structure. In this context, a GalN modification could play a
similar role as other lipid A modified with amino containing such as aminoarabinose that
has been shown to modulate antimicrobial resistance by altering the electrostatic charge
on the bacterial membrane.
Thus, these structural changes may contribute to altering the colistin resistance
phenotype. In A. baumannii the reliability and accuracy of susceptibility testing methods,
such as disk diffusion and Etest are compromised. However, Bruker Daltonics
(www.bdal.com) released the MALDI-BiotyperTM to identify bacterial speciation using
overnight cultures. More than 100 platforms have been placed in European clinical
laboratories, and is currently being evaluated by the FDA. The Biotyper demonstrates
that MALDI-based bacterial diagnosis is practical and illustrates a market for new
methods to identify bacteria. Therefore, the development of a diagnostic assay using lipid
A modification linked to antimicrobial resistant phenotypes as a unique signature may
allow clinicians to identify rapid and accurate resistant phenotypes in bacteria. Taken
together, the potential to determine the presence or absent of modified lipid A with pEtN
or GalN on bacteria clinical isolates using mass spectrometry could serve as an
alternative diagnostic test to rapid predict the resistance of bacteria to colistin/polymyxin,
and potentially guide therapeutic choices that will improve clinical outcomes.
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To summarize, our study defines two candidate biomarkers PEtN and GalN to
rapidly diagnose Colistin-susceptible or resistant profiles in A. baumannii. These
biomarkers are consistent with the notion that the addition of amino- containing residues
to lipid A reduces the electrostatic interaction of Colistin to the negatively charged lipid
A in the bacterial outer membrane. Furthermore, the slow decrease of viable counts
observed in the Colistin-susceptible having the PEtN suggests that this specific
modification to lipid A may be a used as a marker to alert physicians of the presence of
colistin-resistant and heteroresistant subpopulations that may compromised therapeutic
treatments used to treat MDR A. baumannii infections as Colistin is the antimicrobial
considered as a salvage therapy. Further investigation of the genetic determinants
required for the addition of pEtN and GalN modifications to the lipid A will provide
important information to elucidate the molecular mechanism leading to Colistin
resistance in A. baumannii
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