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Lipids in Escherichia coli and Bacillus subtilis were analyzed by matrix-assisted laser desorption/ionization
time-of-flight (MALDI-TOF) mass spectrometry and TOF/TOF tandem mass spectrometry. Lipids were
extracted from bacterial cells using an equal volume mixture of dichloromethane, ethanol, and water,
which formed a biphasic system with the lipids in the organic layer. The resulting mass spectra of the
extracts from both bacteria showed a series of peaks corresponding to sodiated phospholipids — primarily
phosphatidylethanolamines (PEs) and phosphatidylglycerols (PGs). The relative amounts of the phospho-

ﬁe;‘évords‘. lipids and the fatty acid compositions inferred from the spectra were in good agreement with previously
Bacterium reported values from GC/MS and thin-layer chromatography studies. E. coli and B. subtilis were easily
MALDI-TOF differentiated by dissimilarities in the composition and relative amounts of the phospholipids present as
TOF/TOF well as by the presence of lysyl-phosphatidylglycerol and diglycosyl diglycerides solely in the B. subtilis

mass spectra. Changes in lipid content in the bacteria during their growth phases were also monitored.
In E. coli, the spectra indicated an increase in the amount of the unique Ccy.17 fatty acid (in which the fatty
acid chain contains a cyclopropane ring) formed during exponential growth. During stationary growth,
the spectra indicated an increase in the amount of saturated fatty acids. In B. subtilis, the phospholipid
composition remained relatively unchanged during exponential growth, but the amount of PG slightly
decreased while the amount of PE slightly increased during stationary growth. No significant changes
were observed for the lysyl-phosphatidylglycerols or glycolipids during the exponential or stationary
growth phases.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Interest in the characterization of bacteria and other microor-
ganisms arises from a number of different concerns - taxonomic
identification, differentiation of pathogenic from non-pathogenic
species, monitoring metabolic processes, or analyzing the struc-
ture of the cell membrane [1-3]. While many of the studies
that address these issues use some type of chromatography or
physical-chemical methods, direct analysis by mass spectrometry
has proven to be a valuable tool in many cases. Its speed and sen-
sitivity allow for rapid analysis with minimal sample preparation
and, as a result, it has been quite successful in providing useful
information on a wide variety of microorganisms [4-7].

Over the past decade, a significant portion of mass spec-
trometry studies on bacteria have focused on the peptides and
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proteins within the cells. In whole-cell matrix-assisted laser des-
orption/ionization (MALDI) analysis, for example, bacteria are
harvested and analyzed without any processing and the result-
ing mass spectra yield characteristic peptide/protein fingerprint
patterns that are specific to a given bacterium - allowing differenti-
ation of bacteria to the genus, species, and even strain level [6-11].
Biomarkers in bacterial RNA and DNA and recombinant proteins
have been identified by this method as well [12,13].

There has also been widespread interest in the development
of methods for analyzing lipid profiles from bacteria. A variety of
methods have been developed to address questions ranging from
taxonomic identification to sorting out the important roles lipids
play in the structures of cell membranes or in the various metabolic
and communication processes within the cell [14-16]. Mass spec-
trometry based methods for the analysis of bacterial lipids have
primarily focused on answering questions related to taxonomy. The
earliest methods developed could be broadly categorized as being
either pyrolysis/MS or GC/MS [17-19]. Pyrolysis—mass spectrome-
try has largely fallen out of favor. However the GC/MS approach is
still commonly used for bacterial taxonomy. Such studies typically
involve the separation and analysis of the fatty acid esters (usually
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Fig. 1. Mass spectra of the lipid extracts from Escherichia coli and Bacillus subtilis (cells collected during stationary phase). Insets show the expanded phospholipids region of

the spectra.

methyl esters) produced by reactive hydrolysis of the lipids. A com-
parison of the fatty acid profile from an unknown organism with a
library of profiles often provides an acceptable bacterial identifica-
tion [4]. However, with both techniques information regarding the
specific fatty acids associated with the lipid moieties is lost.

More recent studies have used electrospray ionization (ESI) to
generate both positive and negative ions of intact phospholipids
and, with the use of collision induced dissociation, information
about the types of phospholipids present as well as their fatty
acid composition has been obtained [20,21]. A few studies have
also been done using MALDI-TOF, with the emphasis on rapidly
obtaining spectra of phospholipids from unprocessed, whole bac-
terial cells [19,22-24]. However, in these studies identification of
a given phospholipid was dependent on previous GC/MS data to
identify the phosphatidyl head-groups and fatty acids.

One concern with the analysis of lipids is that their composition
and relative amounts in a given bacterium are dependent on envi-
ronmental conditions, such as temperature, pH, nutrients in the
medium, or growth phase [25-30]. While this may cause difficul-
ties in using lipid profiles for taxonomy and for differentiating very
similar bacteria species, it does provide the opportunity to follow
growth changes and metabolic processes and could still be rele-
vant in differentiating bacteria in significantly different groups such
as a Gram-positive from a Gram-negative bacterium. In this paper,
we report on the analysis of lipids extracted (in a simple process)
from Escherichia coli and Bacillus subtilis at various times during
their exponential and stationary growth phases using MALDI-TOF
mass spectrometry and identification of the types of lipids using
MALDI-TOF/TOF tandem mass spectrometry.

2. Experimental
E. coli (Invitrogen Top10) and B. subtilis (BD99) were grown

at 37 °C while shaking in 50 mL of Luria-Bertani broth (B. subtilis
was supplemented with 0.05% glucose). Bacteria typically progress

through four growth phases - lag phase, log phase (or exponen-
tial phase), stationary phase, and death phase. Growth curves were
established utilizing a Klett-Summerson photoelectric colorime-
ter in which the turbidity of the sample (which is proportional to
the bacterial population) is measured as the absorbance at 660 nm.
Aliquots of cells were collected during early log, mid-log, and late
log phases, which correspond to the initial entry, mid-point, and
exit from the exponential growth phase, respectively. Additionally,
overnight cultures of each isolate were collected (24h growth),
corresponding to an extended stationary/death phase. Cells were
harvested by centrifugation at 4 °C and washed twice with ice-cold
75% ethanol.

The extraction of the lipids in the bacterial cells was based on
the method described by Folch et al. [31] and Bligh and Dyer [32].
However, instead of using chloroform and methanol, the cells were
mixed with 30mL of a 1:1:1 (v:v:v) mixture of dichloromethane,
ethanol, and water. The mixture was shaken for 1-2min and
allowed to stand overnight. The result was a biphasic system, with
the bottom, organic layer containing the lipids. This layer was then
transferred by pipette to another container and the solvent evap-
orated under nitrogen until approximately 1 mL remained. One
microliter of the lipid extract was then mixed with 1 nLof 1M 2,5-
dihydroxy benzoic acid (DHB) (in 90% methanol with 0.1% formic
acid) and spotted onto a MALDI target.

Mass spectra were obtained on an Ultraflex [I MALDI-TOF/TOF
mass spectrometer equipped with a smartbeam™ solid state
laser (Bruker Daltonik, Bremen, Germany) operated in positive-ion,
reflectron mode. The laser power was adjusted to a point slightly
above the ionization threshold of the sample and fired at a rate
of 10 Hz with ~1000-1500 laser shots accumulated per scan. Five
to eight replicate samples were obtained for each bacteria species.
In each case, the cells were grown and harvested and the lipids
extracted under similar conditions to minimize changes in lipid
composition due to outside factors. Three to five mass spectra were
obtained and averaged for each individual sample using 1000-1500
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Fig. 2. MS/MS spectra of selected phospholipids using “LIFT” TOF/TOF. Phospholipid head-groups can be easily identified from the characteristic fragment ions formed by
cleavage of the phosphate-glycerol bond. Phospholipids with multiple sodium ions can also be easily detected.

laser shots rastered over the entire spot on the MALDI target. To test
the variability in the spectra, the relative intensity of a given peak
was calculated as a percentage of the sum of the 10-15 highest
intensity peaks in the spectrum. For sample replicates, the average
relative intensity of a given peak varied less than 5%.

MS/MS spectra were obtained using the “LIFT” technique
described elsewhere (LIFT-TOF/TOF) [33]. In brief, fragment ions
are generated by unimolecular dissociation of the precursor ions
produced during the MALDI process, similar to a post-source decay
experiment; no collision gas was used. lons leave the source with
8 kV of kinetic energy and a given precursor ion with its jointly
migrating fragments are isolated using a timed ion gate. The ions
are then “lifted” in potential by 19kV in the LIFT cell so that the
fragment ions have kinetic energies within 30% of the parent. This
kinetic energy difference is small enough that all of the ions can
be separated in the reflector and, therefore, the unimolecular frag-
ments can be detected with their corresponding parent ion in a
single spectrum. This effectively eliminates the need to paste sev-
eral segments together, as is done in traditional post-source decay
experiments.

3. Results and discussion

Typical mass spectra of the lipid extracts from cells collected
overnight (during the stationary phase) of E. coli and B. subtilis are
shown inFig. 1. The two species can be easily distinguished by visual
inspection of the spectra. Higher m/zions are prominent in the spec-
trum for B. subtilis but are absent from the corresponding E. coli
spectrum. Differences are also apparent in the types of phospho-
lipids present. Insets in Fig. 1 show expanded regions of the spectra
from m/z 680 to 780, where phospholipids are expected. Several
more peaks are observed in this region for B. subtilis and most of
them have m/z values that differ from those observed for E. coli.

In order to identify the peaks in the spectra, LIFT-TOF/TOF
mass spectrometry was employed [33]. Fig. 2 shows examples of
the MS/MS spectra of selected phospholipid ions. The predomi-
nant fragmentation of phospholipids involves the cleavage of the
phosphate-glycerol bond, resulting in the elimination of a char-
acteristic phosphatidyl head-group, thus facilitating identification
[34]. For example, Fig. 2a is the MS/MS spectrum of m/z 726.5 and
shows a significant fragment ion at m/z 164, which is consistent
with the sodiated polar head-group of phosphatidylethanolamine
(PE): [Na+(CoHs5N)H3PO4]*. The other fragment ions in the
spectrum also indicate the presence of PE, with m/z 683.5 cor-
responding to the loss of ethanolamine (C;HsN) and m/z 585.5
and 563.5 corresponding to the loss of the ethanolamine phos-
phate head-group [(C;Hs5N)H3PO4] and the sodiated head-group
[Na+(CoHsN)H3POy4], respectively. Similar MS/MS spectra were
observed for all of the significant even mass ions observed in
the phospholipid region (from m/z 670 to 780) of the spectrum.
This observation is in line with previous studies that have indi-
cated that PE is a major component in bacterial lipids (up to
80% in E. coli) [35]. Fig. 2b is the MS/MS spectrum of m/z 745.5.
It shows a predominant fragment ion at m/z 195.0, which is
consistent with the sodiated polar head-group of phosphatidyl-
glycerol (PG): [Na+(HOCH,CHOHCH, )H3PO4]*. PGs are reportedly
the second most abundant phospholipids in bacteria [35]. The frag-
ment ion peaks at m/z 573.5 and 551.5 correspond to the loss of
the glycerol phosphate head-group [(HOCH,CHOHCH,)H3POg4] and
the sodiated head-group [Na + (HOCH,CHOCHCH, )H3PO4], respec-
tively. The LIFT-TOF/TOF data can also be helpful for identifying
ions containing more than one alkali metal ion. For example,
Fig. 2c shows the MS/MS spectrum from m/z 767.5, which is 22 Da
higher than that of m/z 745.5 and suggests the addition of a sec-
ond Na ion. The predominant fragment in this spectrum is m/z
199.0 with fragment ions observed at m/z 217.0 and 612.9 as well.
The m/z 217.0 ion is consistent with a di-sodiated glycerol phos-
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Table 1

Assignments of peaks in the mass spectra of E. coli and B. subtilis.

mfz E. coli B. subtilis

675.5 Na+PG (27:0)
685.5 Na+PG (28:2) Na+PG (28:2)
686.5 Na +PE (30:0) Na +PE (30:0)
700.5 Na+PE (31:0)
708.5 2Na-H +PE (30:0)
712.5 Na+PE (32:1)

713.5 Na+PG (30:2)
714.5 Na +PE (32:0) Na +PE (32:0)
717.5 Na+PG (30:0)
722.5 2Na-H +PE (31:0)
726.5 Na+PE (33:1)

731.5 Na+PG (31:0)
734.5 2Na-H+PE (32:1)

736.5 2Na-H +PE (32:0) 2Na-H +PE (32:0)
739.5 2Na-H +PG (30:0)
740.5 Na+PE (34:1)

745.5 Na+PG (32:0)
748.5 2Na-H +PE (33:1)

753.5 2Na-H +PG (31:0)
754.5 Na+PE (35:1)

755.5 Na+PG (33:2)
762.5 2Na-H +PE (34:1)

767.5 2Na-H +PG (32:0)
768.5 Na+PE (36:1)
776.5 2Na-H +PE (35:1)

823.6 H+LPG (30:0)
851.6 H+LPG (32:0)
887.7 Na+DGDG (30:0)
901.7 Na+DGDG (31:0)
915.7 Na+DGDG (32:0)

PE, phosphatidylethanolamine; PG, phosphatidylglycerol;  LPG, lysyl-
phosphatidylglycerol; DGDG, diglycosyl diacylglycerol. Numbers in parenthesis
indicate the number of carbon atoms and double bonds, respectively, in the fatty
acid side chains.

phate head-group [2Na-H + (HOCH,CHOCHCH; )H3PO4]* while m/z
199.0 can be assigned to the loss of H,O from that species. The
fragment ion at m/z 612.9 is consistent with the loss of (PG head-
group — H,0). A summary of the phospholipid ions identified in
the mass spectra for E. coli and B. subtilis using the LIFT-TOF/TOF
MS/MS data is given in Table 1. In each case, the phospholipids are

present as sodium or di-sodium adducts; no protonated species
were observed.

Unfortunately, the LIFT-TOF/TOF spectra did not yield sufficient
ion signals to allow unambiguous assignments of the individual
fatty acid side chains present in a given phospholipid. Thus, only
the total fatty acid side chain composition of the phospholipids
is given in Table 1. Lack of fragments corresponding to fatty acids
has been previously observed in positive-ion MALDI MS/MS anal-
ysis of phospholipids but there has been some success reported
using negative-ion collision induced dissociation [36,37]. However,
the signal from negative ions was not sufficient to perform LIFT-
TOF/TOF experiments in this study.

It has been reported that C;g and C;7 carbon chains comprise
approximately 70-80% of the total fatty acid content in both E. coli
and B. subtilis [25-29,38]. One difference is that the Cy;7 fatty acid
side chain in E. coli contains a cyclopropane ring (i.e., methylene-
hexadecanoic acid, Cey-17) [25-27,39] while that in B. subtilis is
primarily the branched chain: anteisoheptadecanoic acid (C,.17:0)
[38]. This difference is observed in the mass spectra of the two bac-
teria shown in Fig. 1 as the spectrum for E. coli shows a prominent
peak corresponding to PE (33:1), m/z 726.5, that is absent in the
B. subtilis spectrum. The most likely combination of fatty acid side
chains for this phospholipid is Ci6:0 + Ccy-17 as Cq7:9 is not known to
be present in E. coli and Cyg.1, Ci4:0 and Ccy.1g are present in small
amounts [25-27,39].

Another difference between the two bacteria species is the
presence of several peaks between m/z 800 and 950 in the mass
spectrum for B. subtilis that are absent in the E. coli spectrum. MS/MS
analysis indicated these peaks can be grouped into two main lipid
classes, both of which are known to be prevalent in Gram-positive
bacteria, such as B. subtilis, but rare in Gram-negative bacteria, such
as E. coli. LIFT-TOF/TOF spectra for the first group, consisting of m/z
823.6 and 851.6, are shown in Fig. 3. In both cases, the spectra
show a prominent fragment ion corresponding to neutral loss of
300 Da along with the complementary protonated fragment ion at
m/z 301.1. Gram-positive bacteria are known to contain amino acid
esters of phosphatidylglycerol, such as lysine, alanine, or ornithine
[28,40] and the neutral loss of 300Da is consistent with loss of
a lysyl + glycerol phosphate head-group, with the fragment ion at

[H+Lysyl+PG headgroup}*

5238

—(Lysyl + PG headgroup)

Lysyl-PG(30:0)
8236

e

Relative Intensity

35186
- (Lysyl+PG head group)

Lysyl-PG(32:0)
8518

200 400 500

800 700 800

m/z

Fig. 3. MS/MS (LIFT-TOF/TOF) spectra of m/z 823.6 and 851.6, showing the characteristic loss of a lysyl-glycerolphosphate moiety.
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Fig. 4. MS/MS (LIFT-TOF/TOF) spectra of m/z 887.7,901.7, and 915.7, identified as diglycosyl diglycerides. Fragment ions due to the loss of Cis.9, Ci6:0, and Cy7.¢ are observed.

m/z 301.1 corresponding to the protonated LPG head-group. The ments unique to a given fatty acid and, thus, only the total fatty acid
two precursor ions can then be identified as the protonated lysyl- composition can be determined.

phosphatidylglycerol moieties: H+LPG (30:0) and H+LPG (32:0). LIFT-TOF/TOF spectra for the second group, consisting of m/z
As with the phospholipids, the MS/MS spectra did not contain frag- 887.7, 901.7, and 915.7, are shown in Fig. 4. The MS/MS spectrum
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Fig. 6. Mass spectra of the phospholipids extracted from B. subtilis at various points in the growth process. An increase in the amount of PE relative to PG is observed during

the later, stationary growth phase.

for m/z 887.7 shows a prominent fragment ion at m/z 645.4, which
is consistent with the loss of a Cys5.9 fatty acid. The MS/MS spec-
trum for m/z 901.7 shows two prominent fragments, at m/z 645.4
and 659.4, which are consistent with the loss of Cyg.9g and Cys.q fatty
acids. The MS/MS spectrum for m/z915.7 also shows two fragments,
at m/z 645.4 and 673.4, which are consistent with the loss of Cy7.9
and Cys.g fatty acids. These are the only lipid species where the loss
ofagiven fatty acid side chain is observed in the MS/MS spectra. One
type of lipid that is widespread among Gram-positive bacteria are
glycolipids and, in particular, glycosyl diglycerides [15]. Assuming
m/z 887.7 consists of two Cys.q fatty acids, the three precursor ions
can thus be assigned as the sodiated diglycosyl diglycerides: DGDG
(30:0), DGDG(31:0), and DGDG (32:0), respectively [41-43]. Absent
the MS/MS data, the composition of the 30:0, 31:0 and 32:0 species
might have been presumed to be from (Cyg:9 + C14:0), (C16:0 + C15:0)
and (Cqg:0 + Cig:0) respectively since Cqg.¢9 is the most prominent
fatty acid observed in B. subtilis [25-29,38].

Lipid composition in the two bacterial species was also mon-
itored as a function of growth phase. Cells were collected during
early log, mid-log, and late log during the exponential growth phase,
at the transition from exponential to stationary growth phase, and
overnight (during the stationary phase). Mass spectra of the lipids
extracted fromE. coli at selected stages of growth are shown in Fig. 5.
During the exponential growth phase (Fig. 5a-c), increases in the
relative intensities of m/z 726.5 and 748.5 of 25% are observed. This
difference is five times higher than the average variation in intensity
observed for replicate samples. These two peaks have been iden-
tified as Na+PE (33:1) and 2Na-H +PE (33:1), which most likely
contain the Cey.17,0 fatty acid. This result is consistent with previ-
ous studies that have also reported an increase in the proportion
of cyclopropane fatty acids during growth of E. coli, especially near
the transition to the stationary phase [25,27].

Comparison of Fig. 5a-c to d shows two other trends worth
noting. Peaks at m/z 712.5 (Na+PE (32:1)) and 734.5 (2Na-H +PE

(32:1)) disappear, apparently being replaced by peaks at m/z 714.5
and 736.5. This would seem to suggest growth-phase dependent
saturation of a specific fatty acid from (32:1) to (32:0). A previous
gas chromatography study that analyzed fatty acid profiles during
growth of E. coli AB301 reported that the amount of Cg.g remained
fairly constant during exponential growth while the amount of C¢.1
decreased, but changes during the stationary growth phase were
not measured [27]. The second trend apparent in the comparison
between Fig. 5a-c and d is the sudden appearance of peaks at m/z
754.5 and 776.5, assigned to Na+PE (35:1) and 2Na-H +PE (35:1),
respectively.

Mass spectra for cells collected from B. subtilis at various stages of
growth are shown in Fig. 6. No significant (and consistent) changes
were observed during the exponential growth phase, which is in
agreement with previous studies [28,29], but the mass spectra do
indicate an increase in the amount PE, at the expense of PG, during
the stationary phase. For example, the peak at m/z 685.5 (Na+PG
(28:2)) decreases while that of m/z 686.5 (Na + PE (30:0)) increases
and the peak at m/z 767.5 (2Na + PG (32:0)) decreases while that of
m/z 768.5 (Na+PE (36:1)) increases. This trend was also reported
during the growth phases of B. stearothermophilus, which is simi-
lar to B. subtilis except it lacks amino acid esters of PG and has a
higher cardiolipin concentration [30]. During exponential growth,
the phospholipids content remained relatively unchanged. How-
ever, during the transition to stationary growth and afterwards, the
amount of PE increased while that of PG decreased (although there
was a corresponding increase in the amount of cardiolipin, which
was attributed to the conversion of PG).

4. Conclusion

MALDI-TOF and MALDI-TOF/TOF analyses of various lipids
extracted from E. coli and B. subtilis cells collected at various times
in the growth phase are reported. Phospholipids containing phos-
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phatidylethanolamine and phosphatidylglycerol were observed for
both bacteria, with noticeable differences in the relative amounts
of each phospholipid and their fatty acid compositions. The Cey17
fatty acid (containing a cyclopropane ring) was easily identified in
E. coli while lysyl-phosphatidylglycerols and diglycosyl diglycerides
were observed in the B. subtilis extracts. During the growth of E. coli,
the mass spectra indicated an increase in the amount of Cey_7 dur-
ing the exponential growth phase and an increase in the amount of
saturated fatty acids during the stationary growth phase. In B. sub-
tilis, no significant changes were observed in the spectra during the
exponential growth phase but the relative amount of PE increased
while that of PG decreased during the stationary growth phase.

These rapid and direct analyses from simple lipid extracts from
two species of bacteria demonstrate the detection of two types of
biology-related and experimentally useful differences in lipid pro-
files. The detection of differences in the profiles from two very
dissimilar organisms is not unexpected, but it was obtained using
a very simple procedure and the lipid profiles were entirely consis-
tent with previously reported profiles obtained using much more
laborious methods. The ability to follow the subtle, but well estab-
lished, changes in the lipid profiles associated with the growth
phase of the bacterium demonstrates the potential of this or sim-
ilar approaches for studying changes in the bacterial lipidome.
Although much more work will be needed to prove this, the
detection of these relatively small changes in the lipid profiles dur-
ing growth is also consistent with differentiation of more closely
related organisms than the two used in this study.
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