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We report on comprehensive structure characterization of lipid A extracted from Yersinia pestis
(Yp) for determination of its phosphorylation configuration that was achieved by combining
the methods of molecular biology with high-resolution tandem mass spectrometry. The
phosphorylation pattern of diphosphorylated lipid A extracted from Yp has recently been
found to be a heterogeneous mixture of C-1 and C-4= bisphosphate, C-1 pyrophosphate, and
C-4= pyrophosphate (Proc. Natl. Acad. Sci. 2008, 105, 12742). To reduce the inherent phosphate
heterogeneity of diphosphorylated lipid A extracted from Yp, we incorporated specific C-1
and C-4= position phosphatases into wild type KIM6� Yp grown at 37 °C. Comprehensive
high-resolution tandem mass spectrometric analyses of lipid A extracted from Yp modified
with either the C-1 or C-4= phosphatase allowed for unambiguous structure assignment of
monophosphorylated and diphosphorylated lipid A and distinction of isomeric bisphosphate
and pyrophosphate forms. The prevalent aminoarabinose modification was determined to be
exclusively attached to the lipid A disaccharide via a phospho-diester linkage at either or both
the C-1 and C-4= positions. (J Am Soc Mass Spectrom 2010, 21, 785–799) © 2010 Published by
Elsevier Inc. on behalf of American Society for Mass Spectrometry

Lipopolysaccharide (LPS) constitutes the majority
of the outer leaflet of the outer membrane of
gram-negative bacteria and represents one of the

major microbial molecular signals responsible for acti-
vation of the mammalian innate immune system [1].
Recognition of LPS, in particular its bioactive compo-
nent lipid A, has provided mammalian immune sys-
tems with a key strategy for defense against many
gram-negative pathogens [2]. For instance, it has been
linked to the induction of inflammation, targeting of
bacteria for elimination, and clearance and detoxifica-
tion of LPS [3]. Recognition of LPS by the mammalian
innate immune system occurs via the pattern recogni-
tion receptor Toll-like receptor 4 (TLR4), in conjunction
with myeloid differentiation-2 (MD-2) [4–7]. Two acces-
sory proteins, LPS-binding protein (LBP) and CD14,
facilitate the transfer of LPS from the bacterial mem-
brane to the TLR4–MD-2 heterodimer complex [8–10].
Binding of LPS to TLR4–MD-2 induces site-specific
dimerization believed to play a vital role in activation

of the TLR4 recognition pathway [11]. The precise
arrangement of the TLR4–MD-2–LPS complex leading
to induced conformational dimerization was deter-
mined to involve explicit hydrophobic, ionic, and hy-
drogen bonding interactions, all of which rely heavily
on lipid A structure [11].

The enzymes required for the biosynthesis of lipid A
are highly conserved [12]. Yet, structural analysis of
lipid A within individual organisms resulting from
different growth conditions (e.g., temperature) as well
as among various organisms yields a remarkable
amount of variation [1]. Lipid A diversity has been
attributed to the action of “latent” enzymes that modify
the biochemically conserved lipid A molecule [1, 12].
Variation in lipid A structure may contribute to bacte-
rial virulence either by mitigating early innate immune
defense responses to infection [13], presumably by
evading TLR4 detection, or by intensifying inflamma-
tory responses that ensue when local infection is not
contained [2], presumably by over-stimulation of the
TLR4 recognition pathway. The crucial factors in lipid
A structure that affect TLR4 activation include phos-
phorylation patterns and acylation configurations
[11, 14, 15].
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The phosphorylation pattern of lipid A has been
shown to be important for its biological activity. For
example, high-resolution crystallography demonstrated
that the C-1 and C-4= phosphate groups on lipid A bind
to basic amino acid residues on TLR4 and MD-2,
playing a crucial role in dimerization of the TLR4–MD-
2–LPS heterodimer complex [11]. Removal of a phos-
phate group has been shown to substantially reduce
lipid A toxicity [16, 17] and interleukin-1 induction
capacity [15], whereas masking of lipid A phosphate
groups (e.g., by addition of aminoarabinose moieties,
Ara4N) has been shown to affect bacterial resistance to
host cationic antimicrobial peptides [18–21].

A number of pathogens producing significant hu-
man disease synthesize lipid A molecules that are
poorly recognized by the human innate immune system
[13]. One such poorly recognized pathogen is Yersinia
pestis (Yp) [14, 22]. Yp is a highly invasive and often
lethal gram-negative bacterium that is transmitted to
the mammalian host by either fleabite or inhalation of
an infectious droplet [23]. At the mammalian host
temperature of 37 °C, the major lipid A structure con-
sists of a �-1,6-linked diglucosamine disaccharide
with two phosphate groups, and four primary 3-
hydroxymyristic acid (C14(3-OH)) acyl chains [24–
28]. Additionally, Yp lipid A is heavily modified with
one or two Ara4N moieties [29].

Recently, we reported that diphosphorylated lipid
A structures extracted from numerous gram-negative
pathogens, including Yp grown at 37 °C, are a hetero-
geneous mixture of bisphosphate and pyrophosphate
molecules [29]. Although the presence of pyrophos-
phate was confirmed, the extent and localization of the
pyrophosphate moiety remained unclear. Moreover,
this diverse phosphorylation configuration also led to
ambiguous assignment of the Ara4N substituents. In
this report, we utilized a tandem mass spectrometric
approach to analyze Yp strains that expressed Fran-
cisella novicida lipid A C-1 position or C-4= position
phosphatase enzymes to investigate the resultant lipid
A pattern extracted from Yp. Reducing the extent and
therefore the complexity of phosphorylation in Yp by
incorporation of the specific phosphatase enzymes not
only enabled us to comprehensively characterize the
phosphate configuration but also provided a means for
localization of the Ara4N moieties.

Experimental

Bacterial Strains and Growth Conditions

Yersinia pestis KIM6� [30] was grown in Luria broth,
pH 7.4, at 37 °C with aeration and harvested in the late
exponential phase. Yp KIM6� grown at 37 °C will be
designated as wild type (YpWT_37 °C). Lipid A C-1 and
C-4= phosphatase enzymes, LpxE and LpxF, have been
expression cloned in Francisella novicida [31, 32] and
were kindly provided by Dr. C. R. H. Raetz of Duke
University. The individual plasmids containing the

structural genes for LpxE or LpxF and an ampicillin
resistance gene were incorporated into KIM6� via
electroporation. The phosphatase expressing strains of
Yp KIM6� were grown in Luria broth supplemented
with ampicillin (100 �g/mL), pH 7.4, at 37 °C with
aeration and harvested in the late exponential phase,
and referred to as YpLpxE_37 °C and YpLpxF_37 °C.

LPS Purification and Lipid A Isolation

Yp LPS was extracted using a hot phenol/water extrac-
tion method [33]. Further treatment of LPS with RNase
A, DNase I, and proteinase K ensured removal of
contaminating nucleic acids and proteins [34]. Hy-
drolysis of LPS to isolate lipid A was accomplished
with 1% sodium dodecyl sulfate (SDS) at pH 4.5 as
described [35].

Electrospray Ionization-Linear Ion Trap-Fourier
Transform Ion Cyclotron Resonance Mass
Spectrometry

Lipid A was analyzed by electrospray ionization (ESI)
in the negative ion mode on a LTQ-FT linear ion trap
Fourier transform ion cyclotron resonance mass spec-
trometer (Thermo Scientific, San Jose, CA). Samples
were diluted to 1.0 mg/ml in chloroform/methanol
(1:1, vol/vol) and infused at a rate of 1.0 mL/min via a
fused silica capillary (75 �m i.d./360 �m o.d.) with a 30
�m spray tip (New Objective, Woburn, MA). Instru-
ment calibration and tuning parameters were optimized
using a solution of Ultramark 1621 (Lancaster Pharma-
ceuticals, PA) in both positive and negative ion modes.
For experiments acquired in the ion cyclotron resonance
(ICR) cell, the mass resolving power was set to 100,000
and ion populations were held constant by automatic
gain control at 1.0 � 106 for mass spectra (MS) acquisi-
tion and at 5.0 � 105 for tandem mass spectra (MSn),
respectively. For tandem mass spectra, the precursor
ion selection window was set to 4–8 Da and the
collision energy was set to 30% on the instrument scale.
The collision-induced dissociation (CID) MSn analyses
in the linear ion trap were acquired with an ion popu-
lation of 1.0 � 104 and maximum fill time of 200 ms. The
subsequent MS2, MS3, and MS4 events had an isolation
window of 2 Da with a collision energy of 25%. All
spectra were acquired over a time period of 1–2 min
and averaged. Typically, MS events were mass ana-
lyzed in the ICR cell and MS2, MS3, and MS4 events
were mass analyzed in the LTQ. Infrared multiphoton
dissociation (IRMPD) MS2 events were acquired in the
ICR cell using similar detection parameters as described
above. Precursor ions were irradiated by IR photons
produced by a CO2 laser (Synrad Firestar series V20,
Mukilteo, WA, USA, model FSV20SFB 75 W [10.2–10.8
�m]) with pulse durations of 20 to 100 ms and pulse
power of 20 to 80%. Data were acquired and processed
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using Xcalibur, version 1.4 (Thermo Scientific, San Jose,
CA, USA) utilizing 7-point Gaussian smoothing.

Results

We now describe the experiments comparing the
mass and MSn tandem mass spectra of lipid A forms
from wild type, LpxE, and LpxF strains that were
used to distinguish the isomeric diphosphate and
pyrophosphate groups, determine their positions and
those of Ara4N moieties, and to estimate the extent of
pyrophosphorylation.

ESI LTQ-FT MS of Lipid A Extracted from
Yersinia pestis Wild Type, LpxE, and LpxF
Grown at 37 °C

The negative ion mode ESI LTQ-FT mass spectra of
lipid A extracted from Yp wild type (YpWT_37 °C), Yp

LpxE (YpLpxE_37 °C), and Yp LpxF (YpLpxF_37 °C)
grown at 37 °C are shown in Figure 1a–c. The two
most abundant ions at m/z 1535 and 1666 from the
YpWT_37 °C mass spectrum (Figure 1a) corresponded
to singly deprotonated ions that were diphosphoryl
tetra-acylated with the addition of one and two Ara4N
units, respectively. Note that Ara4N is added to the
phosphate group as a dehydrated carbohydrate unit,
�m(Ara4N) � 131.05,824 Da for C5H9NO3. All tetra-
acylated lipid A structures discussed hereinafter consist
of four primary 3-hydroxymyristic acyl chains, denoted
by C14(3-OH). As noted previously, the diphosphory-
lated lipid A structure was a heterogeneous mixture of
both bisphosphate and pyrophosphate [29]. Several
other less abundant singly charged ions involving
tetra-acylated configurations were present at m/z 1455
(monophosphoryl with one Ara4N), 1404 (diphospho-
ryl), and 1324 (monophosphoryl). A series of prominent
singly charged anions indicating the presence of penta-

Figure 1. Negative ion mode ESI LTQ-FT mass spectrum of lipid A from (a) YpWT_37 °C, (b)
YpLpxE_37 °C, and (c) YpLpxF_37 °C. All ions are singly charged unless noted otherwise.
Shorthand notation is as follows: LA � lipid A; di � di-acylated; tri � tri-acylated; tetra �
tetra-acylated; penta � penta-acylated; HPO3 � phosphate group; Ara4N � dehydroaminoarabi-
nose; C12 � lauric acid; all acyl chains are 3-hydroxymyristic acid (C14(3-OH)) except for the
penta-acylated Lipid A ions for which one additional lauric acid residue is included.
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acylated lipid A forms were found at m/z 1586 (diphos-
phoryl), 1717 (diphosphoryl with one Ara4N), and 1848
(diphosphoryl with two Ara4N). Penta-acylated lipid A
contained four primary acyl chains (all C14(3-OH)) and
one secondary acyl chain (C12:0) presumably attached
to the C-3= primary C14(3-OH) in an acyloxyacyl arrange-
ment and hereafter referred to as penta-acylated_C12 [29].
In addition to singly charged precursor ions, doubly
charged precursor ions were also present in the Figure
1a mass spectrum in the m/z 700–1000 range, albeit at a
lower relative abundance. Doubly charged ions at m/z
767, 832, and 923 corresponded to diphosphoryl tetra-
acylated lipid A with one and two Ara4N modifications
and diphosphoryl penta-acylated_C12 lipid A with two
Ara4N modifications, respectively. All relevant singly
and doubly charged precursor ions from Figure 1a were
identified by their elemental composition based on
accurate mass measurements [Supporting Information
(SI), which can be found in the electronic version of this
article (SI Table S1)].

In contrast to the YpWT_37 °C mass spectrum (Fig-
ure 1a), the mass spectrum for YpLpxE_37 °C (Figure
1b) displayed the most intense peak of an m/z 1324 ion
corresponding to a singly charged monophosphoryl
tetra-acylated lipid A species. Further investigation of
the YpLpxE_37 °C mass spectrum (Figure 1b) revealed
several other abundant singly charged ions at m/z 1455,
1506, and 1637 that were all monophosphorylated.
These ions corresponded to the following respective
species: monophosphoryl tetra-acylated with one Ara4N,
monophosphoryl penta-acylated_C12, and monophos-
phoryl penta-acylated_C12 with one Ara4N. The afore-
mentioned monophosphoryl ions demonstrated the ef-
fectiveness of LpxE to remove one phosphate group
from both diphosphoryl tetra-acylated and diphospho-
ryl penta-acylated_C12 Yp lipid A. Although at low
abundance, ions at m/z 1404 and 1535 were present,
indicating the existence of diphosphoryl tetra-acylated
lipid A structures in the YpLpxE_37 °C mass spectrum
(Figure 1b). At this particular point, it remained unclear
as to whether the diphosphorylated lipid A structures
were a result of pyrophosphorylated lipid A or inefficient
phosphatase activity. In contrast to the YpWT_37 °C mass
spectrum, the YpLpxE_37 °C mass spectrum did not
yield any doubly charged precursor ions presumably
because of missing doubly phosphorylated species. All
relevant precursor ions from Figure 1b were identified
by their respective elemental composition (SI Table S2).

Similar to the YpLpxE_37 °C mass spectrum (Figure
1b), the YpLpxF_37 °C mass spectrum (Figure 1c) dis-
played the most intense peak for an ion at m/z 1324.
Comparison of the YpLpxF_37 °C mass spectrum (Fig-
ure 1c) to the YpWT_37 °C mass spectrum (Figure 1a)
demonstrated the effectiveness of LpxF in removing
one phosphate group from diphosphoryl Yp lipid A. All
precursor ions identified in the YpLpxF_37 °C mass
spectrum (SI Table S3) were also identified in the
YpLpxE_37 °C mass spectrum (SI Table S2) but the ion
relative abundances, excluding that of the m/z 1324 ion,

were shifted noticeably. The singly charged monophos-
phorylated ions at m/z 1455, 1506, and 1637 were fairly
abundant in the YpLpxE_37 °C mass spectrum whereas
these particular ions in the YpLpxF_37 °C mass spec-
trum were at considerably lower relative abundance.
More striking, the diphosphorylated ions at m/z 1404,
1535, 1586, 1717, and 1848 had a much higher relative
abundance in the YpLpxF_37 °C mass spectrum than in
the YpLpxE_37 °C mass spectrum. As was the case for
the YpLpxE_37 °C mass spectrum, the YpLpxF_37 °C
mass spectrum did not yield any doubly charged pre-
cursor ions. All relevant precursor ions from Figure 1c
were identified in SI Table S3.

Determination of Phosphate Location in
Monophosphoryl Tetra-Acylated Lipid A from
YpLpxE_37 °C and YpLpxF_37 °C

To determine the phosphate location in monophos-
phoryl tetra-acylated lipid A from YpLpxE_37 °C and
YpLpxF_37 °C and thus test the specificity of the phos-
phatase enzymes, we performed a series of tandem
mass spectrometry experiments on monophosphorylated
precursor ions at m/z 1324 from both YpLpxE_37 °C and
YpLpxF_37 °C. The infrared multiphoton dissociation
(IRMPD) tandem mass spectra for m/z 1324 ions from
both YpLpxE_37 °C and YpLpxF_37 °C were recorded
with an ESI LTQ-FT mass spectrometer and are shown
in Figure 2. The same experimental parameters, includ-
ing fragmentation conditions (i.e., irradiation time and
duration), were employed for both YpLpxE_37 °C and
YpLpxF_37 °C mass spectra. Comparison of the two
mass spectra (Figure 2) revealed several critical differ-
ences in the presence and relative abundance of the
observed product ions.

The YpLpxE_37 °C IRMPD tandem mass spectrum of
the m/z 1324 ion (Figure 2a) displayed a series of A-type
cross-ring fragment ions at m/z 1039 (0,2A2_1 HPO3), 794
(0,2A2-C14(3-OH)_1 HPO3), 752 (0,4A2_1 HPO3), and 508
(0,4A2-C14(3-OH)_1 HPO3) which all contained one
phosphate group and were absent in the IRMPD tandem
mass spectrum of YpLpxF_37 °C (Figure 2b). Notation for
ring-cleavage fragments follows nomenclature outlined
by Domon and Costello [36]. Salient differences between
the YpLpxE_37 °C and YpLpxF_37 °C IRMPD tandem
mass spectra were observed for several fragment ions,
e.g., m/z 1080, 895, 853, etc. Specifically, the fragment
ions at m/z 895 and 651 are more abundant in the
YpLpxF_37 °C mass spectrum (Figure 2a) compared to
the same ions in the YpLpxE_37 °C mass spectrum
(Figure 2b). These product ions corresponded to an
aldehyde elimination (loss of C12H24O from C14(3-OH))
and neutral loss of one or two acyl chains as alkane
carboxylic acids from the precursor ion, respectively.
Furthermore, the ratio of ion intensities in the series
at m/z 853 and 835 was decidedly different between
the YpLpxE_37 °C and YpLpxF_37 °C IRMPD tandem
mass spectra, whereby the ratio of ion intensities
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at m/z 853:835 was 2:1 for YpLpxE_37 °C and 1:2 for
YpLpxF_37 °C. The fragment ion at m/z 853 resulted
from a neutral loss of two acyl chains, one as an alkane
carboxylic acid and one as an alkyl ketene. The frag-
ment ion at m/z 835 was a result of neutral loss of two
acyl chains both as alkane carboxylic acids. An alterna-
tive dissociation technique, collision-induced dissocia-
tion (CID) involving multi-stage MS, also confirmed the
difference in the dissociation of the precursor ion at m/z
1324 from YpLpxE_37 °C and YpLpxF_37 °C. These
results are shown in SI Figure S1 for MS2 of the m/z 1324
ion and in SI Figure S2 for MS3 of the m/z 1080 ion
(derived from the m/z 1324 precursor ion by elimination
of hydroxymyristic acid).

Dissociation analyses of the singly phosphorylated
precursor ion at m/z 1324 from YpLpxE_37 °C and
YpLpxF_37 °C yielded distinctly different tandem mass
spectra. To explain the difference in dissociation mass
spectra for the precursor ion at m/z 1324, one must
consider the structure of this ion in both YpLpxE_37 °C
and YpLpxF_37 °C. The most salient aspect of the

analyses lies in the presence and absence of A-type
product ions containing the phosphate group. Observa-
tion of these diagnostic product ions in YpLpxE_37 °C
tandem mass spectra unambiguously put the phos-
phate group at the C-4= position in YpLpxE_37 °C.
Conversely, lack of these diagnostic product ions in
YpLpxF_37 °C tandem mass spectra clearly demon-
strated that the phosphate was located at the C-1
position in YpLpxF_37 °C. Furthermore, the phosphate
position, which determines the location of negative
charge in the ion, influenced the fragmentation path-
ways upon dissociation of lipid A anions. For example,
the relative intensity of product ions resulting from
neutral loss of acyl chains as an aldehyde elimination
depended on the phosphate location. When the phos-
phate group was at the C-1 position (YpLpxF_37 °C),
neutral loss of C12H24O from C14(3-OH) was substan-
tially more abundant than when the phosphate group
was at the C-4= position (YpLpxE_37 °C). Another ex-
ample included comparison of the relative intensities of
product ions resulting from the competitive loss of acyl

Figure 2. Negative ion mode ESI LTQ-FT IRMPD MS2 mass spectrum of the ion at m/z 1324 from
(a) YpLpxE_37 °C, and (b) YpLpxF_37 °C. Inset structures show the proposed phosphate positioning
and dashed lines indicate possible cleavage sites. C14(3-OH) represents acyl chain loss as an alkyl
carboxylic acid and C14(3-OH)ket represents acyl chain loss as an alkyl ketene.
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chains as either alkane carboxylic acids or alkyl ketenes.
When the phosphate group was at the C-4= location
(YpLpxE_37 °C) the ratio of the loss of an acyl chain as
an alkyl ketene to that of an alkane carboxylic acid was
much higher than the ratio of these competitive losses
if the phosphate group was at the C-1 position
(YpLpxF_37 °C). It can therefore be concluded that the
difference in structure for the m/z 1324 ion between
YpLpxE_37 °C and YpLpxF_37 °C was the position of
the phosphate group which means that the LpxE and
LpxF phosphatase enzymes expressed in the mutant
strains worked specifically.

Determination of Ara4N Location in
Monophosphoryl Tetra-Acylated Lipid A from
YpLpxE_37 °C and YpLpxF_37 °C

The second most abundant ion in the YpLpxE_37 °C
and YpLpxF_37 °C mass spectra (Figure 1b and c), m/z
1455, corresponded to a monophosphoryl tetra-acylated
lipid A structure with the addition of one Ara4N. The
IRMPD MS2 tandem mass spectra of m/z 1455 ions for

YpLpxE_37 °C and YpLpxF_37 °C are shown in Figure 3.
The most intense peak in both mass spectra was at m/z
210, which was consistent with a fragment ion containing
an Ara4N residue and a phosphate group ([Ara4N �
PO3]

�). This convincingly indicated the Ara4N was
attached to the lipid A disaccharide backbone via a
phosphodiester linkage in both YpLpxE_37 °C and
YpLpxF_37 °C mass spectra. Figure 3 also shows several
important differences between the two mass spectra.
First, there was a series of A-type product ions with
the addition of phosphate and Ara4N at m/z 1170
(0,2A2_1 HPO3; 1 Ara4N), 883 (0,4A2_1 HPO3; 1 Ara4N),
and 639 (0,4A2-C14(3-OH)_1 HPO3; 1 Ara4N) in the
YpLpxE_37 °C mass spectrum (Figure 3a) and absent
in the YpLpxF_37 °C mass spectrum (Figure 3b).
Second, the only A-type product ions present in both
YpLpxE_37 °C and YpLpxF_37 °C mass spectra were
at m/z 488 (0,2A2-C14(3-OH)-C14(3-OH)ket_0 HPO3; 0
Ara4N) and m/z 428 (0,4A2-C14(3-OH)_0 HPO3; 0
Ara4N); note that these ions did not contain phosphate
or Ara4N. Further evidence for the different location of
the phosphate and Ara4N in the precursor ion at m/z

Figure 3. Negative ion mode ESI LTQ-FT IRMPD MS2 mass spectrum of the ion at m/z 1455 from
(a) YpLpxE_37 °C and (b) YpLpxF_37 °C. Inset structures show the proposed phosphate positioning
and dashed lines indicate possible cleavage sites.
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1455 from YpLpxE_37 °C and YpLpxF_37 °C was seen
in the CID MS3 mass spectra for the ion at m/z 1211
derived from the m/z 1455 precursor by elimination of
hydroxymyristic acid (SI Figure S3).

Determination of the Phosphate Configuration in
Diphosphoryl Tetra-Acylated Lipid A from
YpLpxE_37 °C and YpLpxF_37 °C

To determine the phosphorylation pattern and distin-
guish between pyrophosphate or bisphosphate forms in
diphosphoryl tetra-acylated lipid A, we performed a
series of tandem mass spectrometry experiments on
the precursor ion at m/z 1404 isolated from both
YpLpxE_37 °C and YpLpxF_37 °C. The IRMPD MS2

tandem mass spectra of m/z 1404 ions for both
YpLpxE_37 °C and YpLpxF_37 °C are recorded in SI
Figure S4. Both spectra show prominent fragment ions
at m/z 177 and 159, which according to their accurate
mass correspond to [H3P2O7]

� and [HP2O6]
� pyrophos-

phate product ions, respectively [29]. Although detec-
tion of pyrophosphate product ions strongly suggested
the presence of a pyrophosphate group present in the
precursor ion, the IRMPD tandem mass spectra of the
m/z 1404 ion from YpLpxE_37 °C and YpLpxF_37 °C did
not confirm the location of the pyrophosphate at either
the C-1 or C-4= position, respectively. In other words,
there were no distinguishing differences between the
YpLpxE_37 °C and YpLpxF_37 °C IRMPD tandem mass
spectra. At this stage, it was determined that an alter-
native dissociation method must be utilized to further
ascertain the phosphorylation pattern of the ion at m/z
1404. Instead of using IR photon-excitation, we em-
ployed the use of CID to fragment the precursor ion at
m/z 1404. However, the resulting CID MS2 mass spectra
of the m/z 1404 ion did not result in any striking
difference between YpLpxE_37 °C and YpLpxF_37 °C
and therefore in no confirmation as to the pyrophos-
phate location.

Further multi-stage MS analyses were needed to help
elucidate the structure for the ion at m/z 1404 from
YpLpxE_37 °C and YpLpxF_37 °C. One clear distinction
was seen in the MS3 mass spectra of the ion at m/z 1160
derived from the m/z 1404 precursor (Figure 4). The m/z
1160 fragment ion resulted from elimination of a hy-
droxymyristic acid side chain from the m/z 1404 precur-
sor ion. Several key differences in the tandem mass
spectra between YpLpxE_37 °C and YpLpxF_37 °C
highlighted the fact that the m/z 1160 ion from
YpLpxE_37 °C had a different phosphate arrangement
than that of the analogous ion from YpLpxF_37 °C. The
CID MS3 mass spectrum of the m/z 1160 ion from
YpLpxE_37 °C (Figure 4a) displayed a series of A-type
cross-ring product ions that retained one and two
phosphate groups. The presence of these A-type prod-
uct ions with two phosphate groups explicitly indicated
that the C-4= position contained a pyrophosphate moi-
ety. For example, fragment ions at m/z 832, 648, and 588

corresponded to the following structures: 0,4A2_2 HPO3,
0,4A2-C12H24O_2 HPO3, and 0,4A2-C14(3-OH)_2 HPO3.
Additionally, an ion series corresponding to the loss of
phosphate from the aforementioned fragment ions were
also observed at m/z 752 (0,4A2_1 HPO3), 568 (0,4A2-
C12H24O_1 HPO3), and 508 (0,4A2-C14(3-OH)_1 HPO3)
further implicating the presence of phosphate at the
C-4= position in the YpLpxE_37 °C mass spectrum
(Figure 4a).

In contrast, the YpLpxF_37 °C CID MS3 mass spec-
trum (Figure 4b) of the m/z 1160 fragment ion did not
contain A-type product ions having one or two phos-
phate groups. A further distinction between the two
tandem mass spectra followed from the comparison of
the ratio of intensities for product ions arising from
neutral loss of acyl chains as alkyl ketenes or alkane
carboxylic acids. This was apparent in the ion series at
m/z 835 and 817. The YpLpxE_37 °C mass spectrum
(Figure 4a) displayed a much more competitive loss
of acyl chains as ketenes than the YpLpxF_37 °C
mass spectrum (Figure 4b). For example, the intensity
ratios of ions at m/z 835:817 for YpLpxE_37 °C and
YpLpxF_37 °C were 1:1 and 1:2, respectively. The pres-
ence of a pyrophosphate group at C-1 in YpLpxF_37 °C
was confirmed as follows. First, the YpLpxF_37 °C mass
spectrum did not contain A-type product ions with
phosphate groups. Second, the YpLpxF_37 °C mass
spectrum contained several glycosidic fragment ions
containing two phosphate groups at m/z 790 (Y1_2
HPO3), 772 (Z1_2 HPO3), 546 (Y1-C14(3-OH)_2 HPO3),
and 528 (Z1-C14(3-OH)_2 HPO3). It should be empha-
sized that these glycosidic fragment ions were also
observed in the YpLpxE_37 °C mass spectrum. This was
expected given the symmetrical nature of the lipid A
structure represented by the m/z 1404 ion, in regard to
cleavage of the glycosidic bond. In other words, distinc-
tion between a C or B ion from that of a Y or Z ion was
not plausible without corroborating data (e.g., A-type
product ions) given that both the C or B and Y or Z ion
will be equivalent in mass and elemental composition.

Determination of Ara4N Location in Diphosphoryl
Tetra-Acylated Lipid A from YpLpxE_37 °C and
YpLpxF_37 °C

The relative abundance of the precursor ion at m/z 1535,
corresponding to a diphosphoryl tetra-acylated lipid A
with one Ara4N modification, was considerably lower
for both YpLpxE_37 °C and YpLpxF_37 °C mass spectra
(Figure 1b and c) when compared to the YpWT_37 °C
mass spectrum (Figure 1a). The IRMPD tandem
mass spectra for the m/z 1535 precursor ion from
YpLpxE_37 °C and YpLpxF_37 °C (Figure 5) revealed
several significant product ions. Both spectra contained
an abundant fragment ion at m/z 177, which was
pyrophosphate ([H3P2O7]

�) by accurate mass measure-
ments. Additionally, two other low mass fragment ions
worth noting were found at m/z 210 and 290. These ions
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corresponded to Ara4N plus phosphate, [Ara4N �
PO3]

�, and Ara4N plus two phosphates, [Ara4N �
HP2O6]

�, respectively. The elemental composition of
the m/z 210 ion (C5H9NO6P) indicates it to be a cyclic
phosphodiester species with PO3

� bound to C-1= and
C-2=. The fragment ion at m/z 177 suggested that a
pyrophosphate was intrinsically present in the precur-
sor ion structure. The fragment ions at m/z 210 and 290
indicated that the Ara4N was attached to the phos-
phate substituent and this phosphate substituent was
pyrophosphate. This provided conclusive evidence
that the phosphate and Ara4N configuration was a
[pyrophosphate/Ara4N] in both YpLpxE_37 °C and
YpLpxF_37 °C. The dominant primary dissociation of
the m/z 1535 precursor ion involved neutral loss of
Ara4N resulting in a fragment ion at m/z 1404. All other
auxiliary dissociations resulted from a combination of
neutral loss of Ara4N plus loss of phosphate and/or
acyl chains.

Several product ions from the dissociation of the m/z
1535 precursor were isolated and fragmented to ascer-
tain the positioning of the phosphate substituents. The

clearest indication as to the different phosphate position
was seen in the MS3 mass spectra of the m/z 1324
fragment ion (by loss of [Ara4N � HPO3] from the m/z
1535 precursor) from YpLpxE_37 °C and YpLpxF_37 °C
(SI Figure S5). Although the MS3 mass spectra for
YpLpxE_37 °C and YpLpxF_37 °C were similar, there
were several key differences worth highlighting. The
first of these was several A-type product ions containing a
phosphate at m/z 1020.5 (0,2A2_1 HPO3 – H2O), 794.6
(0,2A2-C14(3-OH)ket_1 HPO3), and 508 (0,4A2-C14(3-
OH)_1 HPO3) that were present in the YpLpxE_37 °C
mass spectrum (SI Figure S5a) but not in the
YpLpxF_37 °C mass spectrum (SI Figure S5b). Addition-
ally, the competitive neutral loss of acyl chains as either
alkane carboxylic acids or alkyl ketenes revealed the
difference in phosphate location. This was demon-
strated in the comparison of the ratio of product ions at
m/z 853:835, which was 1:1 in the YpLpxE_37 °C mass
spectrum (SI Figure S5a) and 1:6 in the YpLpxF_37 °C
mass spectrum (SI Figure S5b). The YpLpxE_37 °C mass
spectrum revealed a much more competitive loss of acyl
chains as ketenes than the YpLpxF_37 °C mass spec-

Figure 4. Negative ion mode ESI LTQ CID MS3 mass spectrum of the ion at m/z 1160 (from m/z 1404)
from (a) YpLpxE_37 °C and (b) YpLpxF_37 °C. Inset structures show proposed pyrophosphate
positioning and dashed lines indicate possible cleavage sites.
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trum. Finally, acyl chains lost as aldehyde eliminations
were much more abundant in the YpLpxF_37 °C mass
spectrum when compared to the YpLpxE_37 °C mass
spectrum. This was seen in comparing the relative
intensities of product ions at m/z 1140 (absent in
YpLpxE_37 °C), 895.6, and 651.5. In summary, the MSn

data persuasively suggested that the ion at m/z 1324
(derived from the m/z 1535 precursor) contained a
phosphate group at the C-4= for YpLpxE_37 °C and at
C-1 for YpLpxF_37 °C. Furthermore, collating the

data analyses from Figures 5 and SI Figure S5 com-
pellingly indicated that the precursor ion at m/z 1535
contained an Ara4N-pyrophosphate moiety at C-4=
for YpLpxE_37 °C and at C-1 for YpLpxF_37 °C.

Diphosphorylated lipid A can also be modified by
the addition of two Ara4N moieties. This was clearly
established in the YpWT_37 °C ESI LTQ-FT mass spec-
trum (Figure 1a), where the ion at m/z 1666 was consis-
tent with a diphosphoryl tetra-acylated lipid A anion
containing two Ara4N modifications. The IRMPD

Figure 5. Negative ion mode ESI LTQ-FT IRMPD MS2 mass spectrum of the ion at m/z 1535 from (a)
YpLpxE_37 °C, and (b) YpLpxF_37 °C. Inset mass spectra highlight the m/z 150–300 region. Inset
structures show proposed pyrophosphate positioning and dashed lines indicate possible cleavage
sites. Mass accuracy in mmu are in parenthesis for the following product ions: [HP2O6]

�, [H3P2O7]
�,

[Ara4N � PO3]
�, and [Ara4N � HP2O6]

�.

793J Am Soc Mass Spectrom 2010, 21, 785–799 Y. PESTIS LIPID A MODIFICATIONS



tandem mass spectrum of the m/z 1666 ion from
YpWT_37 °C (SI Figure S6) displayed an abundant
pyrophosphate anion at m/z 177 suggesting the pres-
ence of a pyrophosphate moiety in the precursor ion.
Two other fragment ions of particular relevance were
present at m/z 210 and 290 corresponding to [Ara4N �
PO3]

� and [Ara4N � HP2O6]
� suggesting that at least

one Ara4N was attached to the lipid A disaccharide
backbone via a phosphate and pyrophosphate substitu-
ent. It should be pointed out that the precursor ion at
m/z 1666 from YpWT_37 °C was a heterogeneous mix-
ture of bisphosphate and pyrophosphate [29]. As with
the bisphosphate structure, it was concluded that the
two Ara4N modifications were located at the C-1 phos-
phate and C-4= phosphate positions based on literature
[24–28] and MSn evidence (see above) suggesting that
Ara4N was attached to the lipid A backbone via a
phosphate linkage. Determination of the location for the
two Ara4N modifications in the context of a pyrophos-
phorylated ion presented some challenging problems.
The diphosphorylated lipid A precursor ion with two
Ara4N modifications was present in extremely low
abundance in the YpLpxE_37 °C and YpLpxF_37 °C
mass spectra (Figure 1b and c) and this severely hin-
dered our efforts in performing multi-stage tandem MS
experiments with the m/z 1666 ion, such that we were
unable to ascertain the configuration of the pyrophos-
phorylated lipid A precursor ion that had two Ara4N
modifications.

Determination of Phosphate Location in
Monophosphoryl Penta-Acylated_C12 Lipid A
from YpLpxE_37 °C and YpLpxF_37 °C

In addition to ions corresponding to tetra-acylated lipid
A structures in YpLpxE_37 °C and YpLpxF_37 °C, there
were also ions whose m/z pointed to penta-acylated_C12
lipid A structures. The ion at m/z 1506 (Figure 1) was
consistent with a monophosphoryl penta-acylated_C12
lipid A structure. Multi-stage tandem MS analyses of
the precursor ion at m/z 1506 demonstrated the overall
activity of the phosphatase enzymes, LpxE and LpxF, in
regard to monophosphoryl penta-acylated_C12 lipid A.
MSn analyses involving MS2 IRMPD tandem mass
spectra (SI Figure S7) and MSn CID tandem mass
spectra (SI Figure S8–S10) of the precursor ion at m/z
1506 confirmed the positioning of the C12:0 secondary
fatty acid and established phosphate location in penta-
acylated YpLpxE_37 °C and YpLpxF_37 °C. The phos-
phorylation pattern was determined by comparing dis-
sociation mass spectra from YpLpxE_37 °C and
YpLpxF_37 °C and identifying diagnostic product ions
indicating phosphate positioning in the same manner as
outlined for tetra-acylated lipid A anions (vide supra).
It was determined that the monophosphoryl penta-
acylated_C12 lipid A ion at m/z 1506 from YpLpxE_37 °C
contained the phosphate group at the C-4= position.

Conversely, the ion at m/z 1506 from YpLpxF_37 °C had
its monophosphate situated at either C-1 or C-4=.

These data indicated that the C-1-specific phospha-
tase (LpxE) displayed high selectivity in removing the
C-1 phosphate group from monophosphoryl penta-
acylated_C12 lipid A. Conversely, the C-4=-specific
phosphatase (LpxF) showed decreased activity for re-
moving the C-4= phosphate group when the lipid A
structure contained a secondary fatty acid at the C-3=
position. This observation was in agreement with a
previous report describing decreased activity of Fran-
cisella LpxF to dephosphorylated lipid A at the C-4=
position when the lipid A structure contained a second-
ary acyl chain at the C-3= position [32]. It was speculated
that the secondary acyl chain at the C-3= position
sterically hindered the activity of the LpxF enzyme,
thereby not allowing complete removal of the C-4=
phosphate group. An alternative explanation for de-
creased activity of LpxF in penta-acylated_C12 lipid A
from Yp is that LpxF is not native to Yp and introduc-
tion of this enzyme into Yp could have unknown
consequences, suggesting that a simple steric explana-
tion for lack of activity might be too simplistic. Further-
more, given the high specificity of enzymes not only to
their specific function but also to their native environ-
ment (e.g., Francisella versus Yersinia), the fact that these
non-native phosphatase enzymes work so efficiently in
Yersinia was surprising and not easily explainable.

Multi-Stage Tandem MS Analyses of Other
Penta-Acylated_C12 Lipid A Precursor Ions from
YpLpxE_37 °C and YpLpxF_37 °C

Precursor ions at m/z 1586 (diphosphoryl), 1637 (mono-
phosphoryl with 1 Ara4N), 1717 (diphosphoryl with 1
Ara4N), and 1848 (diphosphoryl with 2 Ara4N) were
identified in Figure 1 and all corresponded by mass to
penta-acylated_C12 lipid A structures. Here, as was the
case for the ion at m/z 1506, the fifth acyl group was
C12:0 and positioned as a secondary fatty acid on the
C-3= acyl chain via an ester linkage at the 3-hydroxyl
position. The C-1 position phosphatase, LpxE, resulted
in efficient removal of the phosphate group at the C-1
position for all penta-acylated_C12 lipid A structures
and therefore it was possible to determine the location
of phosphate and Ara4N for precursor ions at m/z 1586,
1637, and 1717 in YpLpxE_37 °C. It should be noted that
because of the relative low abundance of the precursor
ion at m/z 1848 in YpLpxE_37 °C it was not possible to
fully interrogate this ion and thus the structure was left
ambiguous. Following MS2 analysis of the precursor ion
at m/z 1586 from YpLpxE_37 °C (SI Figure S11a), it was
determined that the diphosphorylation pattern in this
particular precursor ion was in fact a pyrophosphate
located at the C-4= position (analogous to the ion at m/z
1404 from YpLpxE_37 °C). Next, the precursor ion at
m/z 1637 from YpLpxE_37 °C was determined to have a
C-4= phosphate with an Ara4N substituent attached to
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the lipid A backbone via the C-4= phosphate group (SI
Figure S12a; analogous to the ion at m/z 1455 in
YpLpxE_37 °C). The phosphate and Ara4N configura-
tion for the precursor ion at m/z 1717 was determined to
be Ara4N attachment to pyrophosphate at the C-4=
position (SI Figure S13a; analogous to the ion at m/z
1535 for LpxE_37 °C).

Phosphate and Ara4N location for the precursor ions
at m/z 1586 (SI Figure S11b), 1637 (SI Figure S12b), 1717
(SI Figure S13b), and 1848 (no mass spectrum due to
low abundance) from YpLpxF_37 °C was not manage-
able due to the inefficiency of the C-4= phosphatase,
LpxF, to remove the C-4= phosphate group from penta-
acylated_C12 lipid A when the fifth fatty acid is at-
tached via an acyloxyacyl linkage to the C-3= primary
acyl chain. Without efficient removal of the C-4= phos-
phate group, the precursor ion at m/z 1637 was a
heterogeneous mixture of C-1 and C-4= monophosphate
and the precursor ions at m/z 1586, 1717, and 1848 were
a heterogeneous mixture of bisphosphate and pyro-
phosphate. A heterogeneous mixture of phosphoryla-
tion patterns convolutes the dissociation spectra to a
point that specific structure determination is not
likely.

Approximate Quantification of Bisphosphate and
Pyrophosphate Forms

As evident from the Figure 1 data, both LpxE and LpxF
efficiently removed one phosphate group from diphos-
phoryl tetra-acylated lipid A extracted from Yp. The
dominant peak in both YpLpxE_37 °C (Figure 1b) and
YpLpxF_37 °C (Figure 1c) is at m/z 1324 corresponding
to monophosphoryl tetra-acylated lipid A. This indi-
cated that the dominant form of the diphosphorylated
YpWT_37 °C is bisphosphate. Previous estimates of the
amount of bisphosphate versus pyrophosphate from
lipid A extracted from Yp were unattainable using
YpWT_37 °C only (Figure 1a) [29]. Incorporation of
LpxE and LpxF effectively eliminated bisphosphoryl
tetra-acylated lipid A from YpLpxE_37 °C (Figure 1b)
and YpLpxF_37 °C (Figure 1c). This allowed us to
estimate the amount of pyrophosphate present in tetra-
acylated lipid A from YpLpxE_37 °C and YpLpxF_37 °C
on the basis of relative intensities from MS1 mass
spectra. Our estimation of relative percentages of pyro-
phosphate is not devoid of several major assumptions,
as the use of precursor ion relative abundance to
quantitatively determine components of a mixture is
problematic for several reasons [37, 38]. Most impor-
tantly, electrospray ionization efficiencies vary between
structures, making their absolute abundances difficult
to determine.

Our next assumption, supported by comprehensive
tandem mass spectrometric analyses of YpLpxE_37 °C
and YpLpxF_37 °C, was that LpxE and LpxF acted at
near 100% efficiency and specificity for tetra-acylated

lipid A. In other words, we assumed that all diphos-
phoryl tetra-acylated lipid A present in YpLpxE_37 °C
(Figure 1b) and YpLpxF_37 °C (Figure 1c) is C-4= posi-
tion pyrophosphate and C-1 position pyrophosphate,
respectively. Given these assumptions, we determined
the relative percentage of pyrophosphate (ESI LTQ-FT
mass spectra (n � 3)) present in tetra-acylated lipid A
from YpLpxE_37 °C to be 2% � 0.1% (monophospho-
ryl 98% � 0.1%) and the relative percentage of pyro-
phosphate present in tetra-acylated lipid A from
YpLpxF_37 °C to be 9% � 0.5% (monophosphoryl was
91% � 0.5%). These percentage values were calculated
by summing the relative intensities for all peaks whose
m/z values were associated with tetra-acylated mono-
phosphorylated and pyrophosphorylated lipid A struc-
tures. The m/z values used for monophosphoryl were
1324 and 1455. The m/z values used for pyrophosphoryl
were 1404, 1535, and 1666. Next, monophosphoryl
percentage was calculated by taking the sum of mono-
phosphoryl intensities divided by the total intensities of
(monophosphoryl � pyrophosphoryl). Pyrophosphoryl
percentage was calculated by taking the sum of pyro-
phosphoryl intensities divided by the total intensities of
(monophosphoryl � pyrophosphoryl).

Extrapolation of this data to include an estimate of
the relative amount of pyrophosphate present in tetra-
acylated lipid A extracted from YpWT_37 °C is further
complicated because more assumptions must be made.
For example, one way to estimate the amount of pyro-
phosphate in YpWT_37 °C is to assume all lipid A from
YpWT_37 °C is represented in both YpLpxE_37 °C and
YpLpxF_37 °C in equal proportions as seen in the fol-
lowing equation:

YpWT_37 °C (lipid A)

� 0.5 � YpLpxE_37 °C (lipid A)

� 0.5 � YpLpxF_37 °C (lipid A).

Next, we can insert the percentages of pyrophosphate
seen in YpLpxE_37 °C and YpLpxF_37 °C as follows:

0.5 � (2%) � 0.5 � (9%)

� YpWT_37 °C pyrophosphate

Based on this rationale, tetra-acylated lipid A from
YpWT_37 °C would contain ca. 5–6% pyrophosphate. It
is difficult to estimate the error associated with the
5–6% pyrophosphate in YpWT_37 °C and the figure
must be considered tentative. Although crude, this is
the first attempt to assign a relative amount of
pyrophosphate in YpWT_37 °C since this form was
discovered [29].
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Discussion

Distinction of Bisphosphate and Pyrophosphate
Forms

To determine the phosphorylation pattern in lipid A
extracted from Yp grown at 37 °C, we incorporated
specific lipid A phosphatase enzymes, LpxE and LpxF,
into the Yp KIM6� strain followed by tandem mass
spectrometry. This molecular biology approach coupled
to tandem mass spectrometry was utilized to reduce the
inherent heterogeneity observed in YpWT_37 °C lipid A
phosphorylation. The inherent heterogeneity is caused
by the presence of both bisphosphate and pyrophos-
phate forms of diphosphorylated lipid A from
YpWT_37 °C [29]. Structural characterization of diphos-
phorylated lipid A from YpWT_37 °C via tandem MS
did not result in specific localization of pyrophosphate
or Ara4N. However, tandem mass spectrometric anal-

yses of YpLpxE_37 °C and YpLpxF_37 °C allowed us to
verify the specificity and efficiency of LpxE and LpxF
and also provided unambiguous tandem mass spectra
detailing the presence and location of pyrophosphate
and confirmed Ara4N attachment sites in lipid A ex-
tracted from Yp.

Scheme 1 summarizes tetra-acylated lipid A struc-
tures from YpLpxE_37 °C (Figure 1b and SI Table S2)
and YpLpxF_37 °C (Figure 1c and SI Table S3) with
the corresponding m/z values. Of particular interest,
diphosphoryl tetra-acylated lipid A from Yp contains a
pyrophosphate substituent at both the C-1 and C-4=
positions. Moreover, Scheme 1 illustrates that these
pyrophosphate substituents can be modified with
Ara4N. Scheme 2 summarizes the structures of penta-
acylated_C12 lipid A variants including those in which
the C-4= position pyrophosphate was also identified.
However, we were unable to confirm C-1 position

Scheme 1. Tetra-acylated lipid A structures identified for YpLpxE_37 °C and YpLpxF_37 °C.
In YpLpxE_37 °C, monophosphate, pyrophosphate, and Ara4N are located at the C-4= position. In
YpLpxF_37 °C, monophosphate, pyrophosphate, and Ara4N are located at the C-1 position.
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pyrophosphate in penta-acylated_C12 lipid A due to
the lack of LpxF activity in lipid A structures containing
a secondary fatty acid at the C-3= position. It has been
suggested in literature that other gram-negative organ-
isms, such as Helicobacter pylori and Leptospira interro-
gans, process a C-4= phosphatase that can dephosphor-
ylate the C-4= position in the presence of a secondary
acyl chain at the C-3= position [32]. To date, we have not
investigated the use of other C-4= phosphatases.

The importance of defining the structure of Yp lipid
A relates to how it corresponds to its biological func-
tion. Of particular relevance, specific phosphorylation
patterns of lipid A structure are known to greatly
influence LPS’s pro-inflammatory capabilities. This ob-
servation is not without precedent, as lipid A phosphate

groups are known to foster ionic interactions crucial for
LPS binding to the TLR4–MD-2 complex [11]. Subse-
quently, lipid A phosphate plays a critical role in LPS
bioactivity and full activation of the TLR4 signaling
pathway [15, 16]. A number of pathogenic organisms
displaying reduced pro-inflammatory activities syn-
thesize non-phosphorylated or monophosphorylated
lipid A structures [39–52]. The phospho-deficient
aspects of these lipid A structures have been linked
to reduced endotoxic properties and diminished af-
finity towards host cationic antimicrobial peptides.
Lipid A structures that moderate their endotoxic
properties but still maintain some immunostimula-
tory qualities could potentially be used as vaccine
adjuvants [53–56].

Scheme 2. Penta-acylated_C12 lipid A structures identified for YpLpxE_37 °C and YpLpxF_37 °C. In
YpLpxE_37 °C, monophosphate, pyrophosphate, and Ara4N are located at the C-4= position. In
YpLpxF_37 °C, monophosphate, pyrophosphate, and Ara4N are located at the C-1 and C-4= positions.
For YpLpxF_37 °C, X represents bisphosphate and pyrophosphate for diphosphoryl lipid A (ions at
m/z 1717 and 1586). For monophosphoryl lipid A (ions at m/z 1637 and 1506) X represents
monophosphate attachment at either C-1 or C-4= positions.
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At this stage, the significance of pyrophosphorylated
lipid A is yet to be established. Ongoing investigations
will provide insight into the role that pyrophosphory-
lated lipid A plays in the relationship between the
pathogen and host. One hypothesis is that pyrophos-
phorylation reduces the net ionic charge of the lipid A
structure compared to biphosphorylation due to cou-
lombic repulsion. A reduction in net ionic charge could
bias the pathogen’s chance of host detection by modu-
lating its LPS pro-inflammatory response, as seen in
bacteria that synthesize monophosphorylated lipid A.
Alternatively, pyrophosphorylated lipid A could poten-
tially serve an unknown biological role pertinent to
bacterial survival but not necessarily related to patho-
genesis (e.g., outer membrane structural integrity). In
either case, the establishment of pyrophosphorylated
lipid A in Yp provides a step for further expounding the
function and role of lipid A phosphorylation.

Conclusions

The presence of pyrophosphate in lipid A extracted
from Yp grown at 37 °C has been confirmed by the use
of specific lipid A phosphatase enzymes followed by
multi-stage tandem mass spectrometry. Moreover, lo-
calization of pyrophosphate to both the C-1 and C-4=
positions in tetra-acylated lipid A from Yp was demon-
strated. It was therefore concluded that diphosphoryl
tetra-acylated lipid A extracted from Yp was a hetero-
geneous mixture of C-1 and C-4= bisphosphate, C-1
pyrophosphate, and C-4= pyrophosphate. Additionally,
it was established that Ara4N was exclusively attached
to the lipid A disaccharide backbone via a phosphate
linkage. This phosphate linkage was found to be either
monophosphate or pyrophosphate.
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