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Abstract

Subtle structural features in bacterial lipids such as unsaturation elements can have vast biological
implications. Cyclopropane rings have been correlated with tolerance to a number of adverse
conditions in bacterial phospholipids. They have been shown to play a major role in
Mycobacterium tuberculosis (M. tuberculosis or Mtb) pathogenesis as they occur in mycolic acids
(MASs) in the mycobacterial cell. Traditional collisional activation methods allow elucidation of
basic structural features of lipids but fail to reveal the presence and position of cyclopropane rings.
Here, we employ 213 nm ultraviolet photodissociation mass spectrometry (UVPD-MS) for
structural characterization of cyclopropane rings in bacterial phospholipids and MAs. Upon
UVPD, dual cross-ring C-C cleavages on both sides of the cyclopropane ring are observed for
cyclopropyl lipids, resulting in diagnostic pairs of fragment ions spaced 14 Da apart, thus enabling
cyclopropane localization. These diagnostic pairs of ions corresponding to dual cross-ring
cleavage are observed in both negative and positive ion modes and afford localization of multiple
cyclopropane rings within a single lipid. This method was integrated with liquid chromatography
(LC) for LC/UVPD-MS analysis of cyclopropyl glycerophospholipids in Escherichia coli (E. coli)
and for analysis of MAs in Mycobacterium bovis (M. bovis) and M. tuberculosis lipid extracts.
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Introduction

Lipidomics, or the structural and functional analysis of the entirety of lipids that are present
within a cell or organism, has become an important emerging field owing to the diversity
and importance of lipids in biological systems.1-2 Mass spectrometry (MS) has proven to be
an invaluable tool in the field of lipidomics, especially for the analysis of structurally
complex lipids.3 MS-based lipidomics approaches used to examine ex vivo lipid profiles are
comprised of two main methods, namely (1) shotgun analysis in which complex samples are
introduced and analyzed directly without separation,*-5 and (2) separation-based methods.”:8
With both of these MS strategies, high resolution and high accuracy MS1 spectra provide
elemental information that allow components to be matched to chemical formulas of known
lipids. However, these methods alone are not able to provide structural characterization
beyond elemental composition.?

Phospholipids are the main component in cell membranes, constituting approximately half
of the entire bacterial membrane mass, and they are highly diverse in both their structure and
size, making them suitable targets for lipidomic evaluation.1%-12 Glycerophospholipids are
composed of a hydrophilic headgroup containing a phosphate moiety, a glycerol backbone,
and two hydrophobic fatty acid tails. The six major classes of glycerophospholipids are
phosphatidylglycerol (PG), phosphatidic acid (PA), phosphatidylserine (PS),
phosphatidylethanolamine (PE), phosphatidylcholine (PC), and phosphatidylinositol (PI),
which all vary in their headgroup structure. In addition to headgroup variation,
phospholipids can also vary in fatty acid chain lengths, srstereochemistry, and in their
degree, stereochemistry, location and type of unsaturation — including both double bonds and
cyclopropane modifications.

To address the structural analysis of complex lipids, tandem mass spectrometry (MS/MS)
has been employed for investigation of phospholipids. Collision-based activation methods
such as collision-induced dissociation (CID) and higher-energy collisional activation (HCD)
are commonly used for structural characterization of glycerophospholipids because they
typically provide fragments corresponding to lipid headgroup and acyl chain compositions.
13,14 However, many of the more subtle structural features such as sr-stereochemistry and
unsaturation elements including cyclopropane modifications have not been probed with
these collisional-based activation methods.
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Although cyclopropane modifications may seem insignificant, they have significant
biological implications. Cyclopropane fatty acids (CFAs) are generated by the addition of a
methylene group across the double bonds of unsaturated fatty acids (UFASs) of bacterial
phospholipids.1516 This methylene group is derived from S-adenosylmethionine, and the 7n
situ reaction of UFA to CFA is catalyzed by Cfa synthase. During this reaction, the CFA
retains the original stereochemistry of the UFA, whether cis or trans.1”18 This reaction
occurs in response to adverse environmental conditions, and it is common in various gram-
positive and gram-negative bacterial species including Escherichia coli (E. coli),
Mycobacterium tuberculosis (M. tuberculosis or Mtb), and Streotciccys thermophilus 1920

CFAs in bacterial phospholipids are more stable than their UFA counterparts'’ and have
been associated with tolerance to high osmotic pressure, high temperatures, increased
organic solvent content, freeze-dry cycles, and high alcohol concentrations.15:21.22
Additionally, cyclopropane modifications in phospholipids have been correlated with acid
stress resistance under low pH conditions, improved resistance to oxidative stress, and
changes in membrane fluidity.1523-25 |t is thought that acid stress resistance conferred from
CFAs may be due to slower transport of protons into the cell, 26 while changes in membrane
fluidity can result in limited permeability to antibiotics and other drugs.27:28

Mycobacteria such as M. tuberculosis, the causative agent of tuberculosis (TB), contain a
unique and diverse lipidome, which includes an abundance of cyclopropyl fatty acids termed
mycolic acids (MAs). MAs can be subdivided into three categories—alpha-, keto-, and
methoxy-MAs-and contain one to two cyclopropane modifications depending on their
subclass. These long-chain fatty acids influence lipid packing within the mycobacterial cell
envelope, thereby affecting fundamental cell wall functions.2® Furthermore, antibiotic-
resistant M. tuberculosis strains have been linked to distinctive remodeling of cell wall
lipids.30 Previous studies have shown that these CFAs are directly correlated with M.
tuberculosis persistence, indicating that they play a critical role in mycobacterial
pathogenesis.?”:31-33 Additionally, MAs are foreign, chemically inert compounds allowing
them to be used as diagnostic markers for TB.34-36

The generation of CFAs in bacterial lipids is recognized as a crucial part of adaption to
environmental stressors. These major biological ramifications make cyclopropane
modifications important targets for structural characterization. Existing methods for
structural characterization of cyclopropyl lipids include chemical derivatization of CFAs
followed by gas-chromatography (GC) mass spectrometry and multi-stage linear ion trap
MS analysis of metal-adducted lipid species.37~40 However, the derivatization methods
required for GC analysis of cyclopropyl lipid analysis are time consuming and are unable to
enhance sufficiently the volatilities of all classes of lipids.37:38:41 Multi-stage MS methods
with collisional activation result in fragmentation at multiple locations adjacent to the
cyclopropane ring, yielding convoluted spectra that can confound interpretation.3940:42
Liquid chromatography (LC) with UV detection has previously been employed to
differentiate mycobacterial species,*3 and MS/MS has enabled quantitation of alpha-, keto-
and methoxy-MAs in clinical samples and allowed the presence of MAs to be used as
diagnostic markers for TB infection.#4-46 More recently, MS/MS methods have even been
used to identify MAs in archaeological material and profile the species as M. tuberculosis*’
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Many of the aforementioned methods for structural characterization of cyclopropy!l lipids
including phospholipids and MAs are able to categorize lipids by class based on collisional
dissociation and high-resolution MS1 measurements but are unable to provide information
on the location and type of the unsaturation elements within these lipids.*8

To overcome these types of shortcomings, alternative activation methods such as ultraviolet
photodissociation (UVPD) have been employed to decipher subtle structural features such as
double bonds in phospholipids, including degree and location of unsaturation, which are not
accessible using traditional collision-based fragmentation methods.*%:50 UVPD is able to
generate unique, informative fragment ions owing to higher-energy pathways not accessed
by collisional-based methods. Here, we report the use of 213 nm UVPD-MS for the
characterization of CFAs in bacterial lipids, both in a shotgun approach and when integrated
with chromatographic separation for the analysis of cyclopropyl lipids in complex bacterial
extracts.

Experimental

Materials

All lipid standards including PE (16:0/17:1(c92)), PC (16:0/17:1(c92)), a-mycolic acid
(C-80) and E. colitotal lipid extract were purchased from Avanti Polar Lipids (Alabaster,
Alabama). Structures and molecular weights of cyclopropane lipid standards are shown in
Table S1. Gradient grade OmniSolv water, acetonitrile (ACN) and methanol were purchased
from VWR (Radnor, PA). Chloroform and Myobacterium bovis (M. bovis) lipid extract were
purchased from Sigma Aldrich (St. Louis, MO). LC grade isopropyl alcohol (IPA) and
Optima LC-MS grade formic acid, ammonium formate and ammonium acetate were
purchased from Thermo Fisher Scientific (Waltham, MA). Mycobacterium tuberculosis
strains H37rV (NR-14837), CDC1551 (NR-14838), and HN878 (NR-14839) total lipids
were obtained through BEI Resources, NIAID, NIH.

Nomenclature

Shorthand notation for phospholipid nomenclature is adapted as previously described by
Liebisch et al.?1 For example, PE (16:0/18:1(92)) indicates that the lipid contains a PE
headgroup and two acyl chains with known sr-stereochemistry (as designated by the “/”as
opposed to “ ”when sr+stereochemistry is unknown), that the sn-1 position contains 16
carbons with zero unsaturations, and that the sn-2 position contains 18 carbons with one
unsaturation element (double bond) at the 9-carbon position as counted from the acyl chain
carbonyl carbon. The configuration of the double bond is indicated as cis by “9Z” and no
additional information is given in parentheses in cases where the double bond location is
unknown, or “9A ”when the stereochemistry of the double bond is unknown. Existing
nomenclature was extended to describe CFAs, for example PE (16:0/17:1(c92)) indicates
that the fatty acid at the s7+2 position contains one unsaturation, and is further specified as a
cyclopropane ring at the 9-carbon position in the cis configuration. The “c” in parentheses
further characterizing the nature of the unsaturation as “cyclopropane” avoids confusion
with double bond unsaturation elements. If multiple different unsaturation elements exist
within an acyl chain, these could be separated by commas inside the parentheses, for
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example PE (16:0/18:2(c9Z,112)) indicates the presence of a cis-cyclopropane unsaturation
at the 9-carbon position and a cis-double bond unsaturation at the 11-carbon position.

Liquid Chromatography and Mass Spectrometry

For all experiments, lipid standards were diluted to 10 pM in 50:50 chloroform:methanol.
All spectra were acquired on a Thermo Fisher Scientific Orbitrap Fusion Lumos Tribrid
mass spectrometer equipped with a 213 nm UVPD module (San Jose, CA). For shotgun
experiments, the sample (~10 pL) was loaded into a silver-coated pulled tip glass capillary
of 1.2 mm outer diameter and then subsequently sprayed using a Nanospray Flex ion source
(Thermo Fisher Scientific, San Jose, CA). Spectra were acquired in both positive and
negative modes at a spray voltage of 1.0 kV. MS/MS spectra were collected with an isolation
width of 1 m/z, an AGC target of 5e5, a resolving power of 30,000 at /7/z 200, and with 25
scans averaged with 2 pscans per scan. HCD was performed at a normalized collision energy
(NCE) of 25, and UVPD was performed with an activation time of 200 ms.

For all LC-MS experiments, spectra were collected with a heated electrospray ionization (H-
ESI) source (Thermo Fisher Scientific, San Jose, CA) operated in negative mode at a spray
voltage of of 3.8 kV. For HCD spectra, a NCE of 25 was used, along with an isolation width
of 1 m/z, an AGC target of 2e5, and 2 picans per scan. For UVPD spectra, an activation
period of 100-200 ms was used, and 3 pscans per scan. All MS/MS spectra were collected
using a resolving power of 15,000 at /7/z200. Alternating HCD and UVPD scans were
collected in a data-dependent fashion during a total cycle time of 3-6 s between MS1 scans.
Biological extracts were diluted to 50 ng/uL in 50:50 chloroform:methanol and separated
using a reversed phase Acquity UPLC CSH C18 column (pore size 130 A, 1.7 um particle
size, 2.1mm x 100 mm, Waters, Milford, MA) on a Dionex Ultimate 3000 UHPLC system
(Thermo Fisher Scientific, Sunnyvale, CA). For phospholipid analysis, lipid extracts were
eluted at a flow rate of 260 pL/min using a gradient of 10% B from 0 to 2 minutes, up to
45% B at 6 minutes, up to 60% B at 46 minutes, up to 95% B at 47 minutes which was held
for 6 minutes, and back down to 10% B at 55 minutes for a total of 7 minutes of column re-
equilibration. Mobile phase compositions were (A) 60:40 ACN:water and (B) 90:10
IPA:ACN both with 10 mM ammonium formate and 0.1% formic acid.>2 For MA analysis,
lipid extracts were eluted with mobile phase compositions (A) methanol with 10 mM
ammonium acetate and (B) 75:25 chloroform:methanol with 10 mM ammonium acetate,
similar to elution conditions described previously.34 Gradient conditions were 15% B from 0
to 5 minutes, up to 60% B from 5 to 35 minutes, held at 60% B from 35 to 41 minutes, back
down to 15% B at 42 minutes, and finally 5 minutes of column re-equilibration with a
constant flow rate of 400 pL/min. The injection volume for all samples was 10 pL, and the
column compartment was heated to 50-65 °C during the entirety of all LC-MS runs.

All UVPD experiments were performed in the low-pressure trap of the dual linear ion trap.
Default activation times were used for all HCD experiments. Mass spectral data were
analyzed using XCalibur Qual Browser Version 3.1 (Thermo Fisher Scientific) and manually
interpreted with the aid of ChemDraw (PerkinElmer). Mtb Lipid, MycoMass and MycoMap
databases were used for secondary confirmation and comparison of proposed mycolic acid
structures.53:54
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Results and Discussion

Glycerophospholipids may be analyzed in the positive or negative ESI modes. The positive
mode is typically used for PCs owing to the fixed positive charge on the choline headgroup,
or for cation-adducted lipids. Negative ion mode, which is more commonly used for PGs,
Pls, PAs and PSs, produces deprotonated species. Zwitterionic PEs are amenable to both
positive and negative mode analysis. Both positive and negative modes were used in the
present study owing to the variety of glycerophospholipid classes. Representative MS1
spectra are illustrated in Figure S1 for both positive mode analysis of PC (16:0/17:1(c92))
and negative mode analysis of PE (16:0/17:1(c9Z)). Both HCD and 213 nm UVPD were
used for characterization of the glycerophospholipids to assess the unique structural
information provided by each activation method. Upon HCD, singly deprotonated
cyclopropane glycerophospholipid PE (16:0/17:1(c9Z)) of m/z 702 (Figure 1a) produces two
dominant fragment ions of m/z 255 and m/z 267 corresponding to acyl chain product ions
that are typically the most prominent products formed upon collisional activation of
glycerophospholipids in the negative mode. In addition, a number of fragment ions of much
lower abundance are observed that correspond to acyl chain neutral losses (/m/z 434, 446,
452, 464). 213 nm UVPD of this lipid generates similar products as observed upon HCD,
while additionally generating a unique pair of fragment ions of /7/z590 and m/z 604 (Figure
1b), which are absent in the corresponding HCD spectrum. This pair of fragment ions is
attributed to dual C-C bond cleavages across the cyclopropane ring within the 17:1(c92)
acyl chain, as illustrated in the fragment ion map in Figure 1c.

The types of products observed upon HCD and 213 nm UVPD of PC (16:0/17:1(c92)) of
my/z 746 in the positive mode are similar to those generated by PE (16:0/17:1(c92)) in the
negative mode. As seen in Figure 1d, HCD vyields the characteristic PC headgroup ions (m/z
184, 563), while both HCD and UVPD vyield acyl chain neutral loss products (/m/z 478, 490,
496, 508). The diagnostic cyclopropane cleavage products separated by 14 Da (m/z 634,
648) are generated exclusively by 213 nm UVPD (Figure 1e). These results highlight the
unique ability of 213 nm UVPD to localize cyclopropane rings in glycerophospholipids via a
pair of fragment ions not observed upon HCD (Figure 1c,f). Importantly, this fragmentation
pattern is demonstrated for both positively- and negatively-charged glycerophospholipids,
making it polarity-independent.

The UVPD fragmentation efficiency is relatively low, as evidenced by the amplification
factor of 100X or 200X used to enhance the diagnostic fragment ions in most of the MS/MS
spectra. The low efficiency likely results from the relatively low photoabsorption cross-
section of the lipids at 213 nm. Despite the low abundances of the diagnostic fragment ions,
the signal-to-noise is excellent for ions detected using an Orbitrap mass analyzer, thus
allowing the confident assignment of the key ions. A calibration curve for determination of
the limit of detection (LOD) of cyclopropane lipids based on monitoring diagnostic
fragment ions generated by UVPD is shown in Figure S2, yielding a LOD of 45 pmol (S/N
3).

UVPD-MS localization of cyclopropane rings was further extended to MA-type lipids,
found in Mycobacteria. The distinguishing structural feature of MAs is that these long-chain
fatty acids contain one to two cyclopropane rings. MAS are categorized into three main
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classes: alpha-, keto-, and methoxy-MAs (Chart 1). Alpha-MAs contain two cyclopropane
rings within their R4 chain, whereas keto- and methoxy-MAs contain one cyclopropane ring
in the R4 chain in addition to a ketone or methoxy functional group, respectively.5®
Cyclopropane ring locations are counted from the C1 position at which branching to R, and
R, groups occurs. For this example, deprotonated a-MA (C-80(c16Z, ¢32Z)) containing two
cyclopropane rings was subjected to 213 nm UVPD (Figure 2). Two pairs of diagnostic
fragment ions each spaced 14.0 Da apart were observed corresponding to cross-ring
cleavage at both the proximal c16Z (m/z619, 633) and distal c32Z (/7/z 855, 869)
cyclopropane rings. HCD of a-MA (C-80(c16Z, c32Z)) generates a single diagnostic
fragment ion of /2395, which corresponds to cleavage between the C2 and C3 MA
carbons and reveals the Ry a-branch as Co4Hyg (Figure S3). UVPD-MS offers a new means
to characterize cyclopropane rings in MAs, allowing localization of multiple cyclopropane
rings within a single lipid. This fragmentation pathway is accessible for both phospholipids
and long-chain, hydrophobic fatty acids upon UVPD. For the characterization of
glycerophospholipids and MAs, combining HCD and UVPD allows the determination of
both fatty acid chain composition (acyl chains and R, a-branch) as well as cyclopropane
localization based on the complementary fragmentation patterns afforded by each method.

We speculate that cyclopropane fragmentation occurs via cross-ring cleavage on either side
of the cyclopropane ring, as cross-ring fragmentation via UVPD has previously been
observed in both oligosaccharides and glycans.>® Scheme S1 illustrates the alternative dual
C-C bond cleavages that afford the pair of products spaced 14.0 Da apart, as shown for PE
(16:0/17:1(c92)), corresponding to a difference of CH,. This pathway is similar to the
recently proposed fragmentation route of epoxides in unsaturated lipids modified by meta-
chloroperoxybenzoic acid reactions.>’

For the lipids in the present study, diagnostic ions that originate from cross-ring cleavages of
the cyclopropane rings may be generated upon UVPD for several reasons. The ring strain of
the cyclopropyl group results in a higher ground state energy, effectively reducing the energy
of the o to o™ transition, giving the C-C bonds more pi character and increasing the
photoabsorption cross-section in the UV range.?8:5% The lower energy of the o to o*
transition of a cyclopropane ring and lower bond energy of the C-C bond in cyclopropane
compared to a standard C-C bond may account for the preferential cleavage upon UVPD.
The maximum absorption of cyclopropane rings falls in the higher-wavelength end of the
vacuum-UV range in contrast to its non-cyclic isomers, which have maximum absorption
wavelengths in the lower end of the vacuum-UV range, resulting in selective absorption and
fragmentation at the cyclopropane ring and not along the aliphatic carbon chain.

The diagnostic cross-ring cleavages observed upon 213 nm UVPD are also observed upon
193 nm UVPD (Figure S4). Owing to the higher power of the excimer laser used for 193 nm
UVPD relative to the lower power laser used for 213 nm UVPD, the diagnostic fragment
ions are more abundant upon 193 nm UVPD and are generated using a shorter activation
period (20 msec) compared to the 200 ms period employed for 213 nm. The recent
introduction of the 213 nm UVPD option on a commercial Orbitrap mass spectrometer
platform makes it more widely available for other users.
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To extend the strategy to more complex biological samples, an LC-MS workflow was
implemented for the high-throughput analysis of cyclopropyl glycerophospholipids in an £.
colrtotal lipid extract. After acquisition of survey MS1 spectra, data-dependent HCD and
UVPD spectra were acquired for each precursor in alternating scans during a net 3-s cycle
time. For confident identification of cyclopropyl glycerophospholipids, UVPD enabled
cyclopropane localization and HCD provided structural confirmation of the lipid.

An example of the base peak LC-MS/MS chromatogram from an £. coli extract is shown in
Figure 3a, along with an overlay of the extracted ion chromatogram (XIC) of the highest-
abundance cyclopropy! glycerophospholipid (7772 702). The majority of
glycerophospholipids elute between 17 and 35 minutes. Representative HCD (Figure 3b)
and 213 nm UVPD (Figure 3c) spectra allow the confident identification of the phospholipid
of m/z702 as PE (16:0_17:1(c9A)) (Figure 3d). Product ions of /7/2255 and 267 in the
HCD and UVPD spectra enable identification of the two acyl chains as 16:0 and 17:1,
respectively, whereas the diagnostic fragment ions of /7/2590 and 604 in the UVPD
spectrum confirm the location of the cyclopropane ring at the 9-carbon position within the
17:1 acyl chain. In total, the LC/UVPD-MS method allowed the identification of thirteen
cyclopropyl glycerophospholipid species (Table 1), all of which were identified as either PEs
or PGs. All identified cyclopropane rings were localized to either the 9- or 11-carbon
position within 17:1 or 19:1 acyl chains, respectively. These results are in agreement with
the previously characterized glycerophospholipid composition of £. co/i*® as 17:1 and 19:1
cyclopropane acyl chains arise from their 16:1 and 18:1 double bond acyl chain precursors
(Scheme S2). Additionally, we observed that many of the identified cyclopropane
phospholipids in E. coli phospholipid extract accounted for some of the most abundant
phospholipids overall in the sample. All identified glycerophospholipids in £. colitotal lipid
extract contained at most one cyclopropane ring within each acyl chain.

This LC-MS/MS approach was further applied to the analysis of MAs in complex
mycobacterial lipid extracts. The base peak LC-MS/MS chromatogram of M. bovis lipid
extract overlaid with the XIC of the MA of highest abundance (/m/z1136) is shown in Figure
4a with elution of MAs occurring between 10 and 18 minutes. Representative HCD (Figure
4b) and 213 nm UVPD (Figure 4c) spectra allow identification of the species of /m/z1136 as
a-MA (C-78 (c14A, c304)) (Figure 4d). The fragment ion of /m/z 395 observed upon HCD
enables identification of the R, a-branch as Cy4Hag, While two pairs of diagnostic fragment
ions observed upon UVPD correspond to cross-ring cleavage at both the proximal c14A (m/z
591, 605) and distal c30A (/1/2827, 841) and cyclopropane rings. Localization of two
cyclopropane rings within the Rq chain combined with high-resolution high-mass accuracy
intact mass measurements permit classification of this lipid as an a-MA.

Seven MA species were confidently assigned based on the LC-MS/MS analysis of M. bovis
(Table 2). Although chromatographic separation of MAs was optimized extensively, the high
hydrophaobicities and minimal relative differences in hydrophaobicities between MAs present
considerable separation challenges. In certain cases, isomeric MAs were not baseline
resolved, therefore resulting in multiple possible structural identifications for a given m/z.
Therefore, chimeric MS/MS spectra. For example, activation of a methoxy-MA of m/z1224
generated fragment ions of /2367 and 395 upon HCD (Figure S5a), while UVPD yielded a
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pair of diagnostic cyclopropane product ions of m/z647 and 661 (Figure S5b). This
compilation of fragment ions leads to two possible structural identities — a methoxy-MA
with a Co4Hyg Ry a-branch (assigned based on the fragment ion of m/z395) and a
cyclopropane ring at the 18A position within the R, chain (m/2647, 661) as seen in Figure
S5c, or a methoxy-MA with a CooHys R, a-branch (7/2367) and a cyclopropane ring at the
20A position within the R, chain (m/z 647, 661), as seen in Figure S5d. In the case of this
type of ambiguity, all reasonable structural possibilities are included in the tables for a given
precursor ion. Cyclopropane positions in M. bovis MAs as counted from the C1 position at
which branching to R, and R, groups occurs varied from c14A to c20A for the proximal
cyclopropane ring, and from c30A to ¢32A for the distal cyclopropane ring found exclusively
in a-MAs.

In addition to M. bovis, lipid extracts from three virulent strains of M. tuberculosis, H37rV,
HN878 and CDC1551, were analyzed via LC-MS/MS. Of these three strains, HN878 and
CDC1551 are clinical isolates, whereas H37rV is a laboratory strain.50 HN878 is considered
a ‘hypervirulent ” Mtb strain owing to its enhanced ability to rapidly grow and eradicate
infected mice in clinical studies in comparison to other clinical isolates of Mb.51 In contrast,
clinical isolate CDC1551, although not hypervirulent, has been shown to induce a more
vigorous host response in vivoand in vitro.81 H37rV is a well-studied virulent laboratory
Mt strain.52

The base peak LC-MS chromatogram of MtbH37rV lipid extract is displayed in Figure S6
showing elution of MAs between 10 and 18 minutes. Acquisition of HCD and 213 nm
UVPD spectra in alternating scans and interpretation based on the key diagnostic ions
described above enabled structural identification of 15 MAs in MtbH37rV lipid extract
(Table 3). Of these 15 lipids, six methoxy-, five alpha-, and four keto-MAs were identified.
Cyclopropane positions varied from c12A to c24A for the proximal cyclopropane ring, and
from c28A to c37A for the distal cyclopropane ring in a-MAs. M. tuberculosis showed a
broader level of diversity of MA cyclopropane locations than M. bovis. In particular, many
M. tuberculosis MA isomers were found not only arising from variations in Ry, R, chain
lengths but also based on cyclopropane location. For example, UVPD of the methoxy-MA of
my/z 1308 produced fragments of m/2703, 717 and 731, while HCD yielded predominantly
one product ion of /7/z 395 ion corresponding to the Ry a-branch. This suite of ions
indicates that the cyclopropane within the Ry chain could be located at either the 22A or 23A
position, and that both isomers are present and were not chromatographically resolved. The
tabulated identities in Table 3 include all possible combinations of Ry a-branches and R,
cyclopropane positions based on the combined HCD and UVPD spectra. LC-MS base peak
chromatograms and tables of identified MAs for Mo HN878 and CDC1551 are provided in
Figure S7 (a—d). Variations in MA patterns have previously been observed between different
Mitb complex strains and lineages,53 indicating there may also be biologically relevant
patterns of cyclopropanation in MAs based on strain/lineage which can be connected to
relevant /n vivo functions. An intriguing yet unrealized opportunity is the discovery and
profiling of MAs for differentiation of strains and lineages of Mrb using UVPD-MS. In order
to achieve this goal, the current workflow requires additional refinement of the
chromatographic method to enable successful profiling of a greater array of isomeric MAs.
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Conclusions

Although traditional collisional activation methods enable characterization of basic
structural lipid features, they fail to elucidate more subtle features such as cyclopropane
rings. The work presented herein showcases the utility of 213 nm UVPD-MS for localization
of cyclopropane rings in bacterial lipids, as UVPD results in production of a diagnostic pair
of fragment ions spaced 14 Da apart corresponding to dual cross-ring C-C cleavage of each
cyclopropane ring. UVPD generates the key cross-ring cleavage products for both positively
and negatively charged lipids across lipid classes (glycerophospholipids and mycolic acids).
For MAs, UVPD generates multiple sets of diagnostic ion pairs enabling localization of
more than one cyclopropane ring within a single lipid. Additionally, UVPD-MS has also
been implemented in an LC workflow for analysis of complex lipid extracts including ones
from E. coli, M. bovisand M. tuberculosis. Overall, UVPD-MS presents a robust method of
analysis for the localization of cyclopropane rings in bacterial lipids, enabling detailed
structural characterization of subtle lipid features that are known to play major roles in
cellular tolerance to adverse conditions and bacterial pathogenesis.
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Refer to Web version on PubMed Central for supplementary material.
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MS/MS spectra of PE (16:0/17:1(c92)) in negative ion mode: a) HCD, b) 213 nm UVPD
and c) fragment ion map. MS/MS spectra of PC (16:0/17:1(c92)) in positive ion mode: d)
HCD, and e) 213 nm UVPD and f) fragment ion map.
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Figure 2.
Negative mode 213 nm UVPD mass spectrum of a-mycolic acid (C-80(c16Z, ¢322Z)) with

corresponding fragment ion map.
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213 nm UVPD mass spectra of m/z1136, d) fragment ion map.
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Identified cyclopropane glycerophospholipids from E. colilipid extract by negative mode LC-MS/MS

Table 1.

Headgroup | m/z[M-H]~ | Fatty acid chains | m/zDiagnostic lons | Ring Position
733.50 16:0 17.1(c) | 621.38 635.39 c9A
759.52 18:1 17:1(c) 647.39 661.41 c9A
PG
761.53 18:0 17:1(c) | 649.40 663.43 c9A
787.55 18:1 19:1(c) 675.43 689.45 cl1A
700.49 16:1 17:1(c) | 588.37 602.38 c9A
702.51 16:0 17:1(c) | 590.38 604.40 c9A
714.50 17:1(c) | 17:1(c) | 602.39 616.40 c9A
18:1 | 17:1(c) | 616.40 | 630.42 c9A
728.52
PE 16:1 19:1(c) | 616.41 630.41 cl1A
16:0 | 19:1(c) | 61841 | 632.44 cl1A
730.54
18:0 17:1(c) | 618.41 632.43 c9A
. ) c9A (17:1)
742.54 19:1(c) | 17:1(c) | 630.41 644.43 c11A (19:1)
756.65 18:1 19:1(c) 644.42 658.44 cll
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Identified mycolic acids from M. bovis lipid extract by negative mode LC-MS/MS

Table 2.

Page 21

m/zR; Cproximal Cistal
m/z[M-H]~ | Chemical Formula | MA Class (a

branch) m/z diagnostic ions Ring position m/z diagnostic ions Ring position
1136.1827 CrgH15603 alpha 395 591.5822 | 605.5955 cl4A 827.8332 | 841.8562 c30A
1164.2144 CgoH15603 alpha 395 619.6094 | 633.6285 cleA 855.8664 | 869.8799 c32A
12242723 CesH16405 methoxy | 367,305 | 647.6461 | 6616635 | SO 82% - - ;
1252.3030 CgsH16804 methoxy 395 675.6829 | 689.6957 c20A - - -
1264.3038 CgsH16804 keto 395 675.6766 | 689.6908 c20A - - -
1278.3201 Cg7H17004 keto 395 661.6508 | 675.6776 c19A - - -
1280.3351 Cg7H17204 methoxy 395 675.6799 | 689.6937 c20A - - -
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Table 3.
Identified mycolic acids from negative mode LC-MS/MS of MtbH37rV lipid extract
Cprc»ximal Cdistal
m/z[M-H]~ | Chemical Formula | MA Class | m/zRy(a branch)
m/z diagnostic ions Ring position m/z diagnostic ions Ring position
C28A (395),
799.8055 | 813.8219 | 30/ (367)
c12A (395), C29A (395),
1108.1517 CrH14503 alpha 367, 395 563.5489 | 577.5628 | '(yn (367 | 8138219 | 827.8329 | 5y oy
¢30A (395),
8278329 | 841.8343 [ 0\ (oo
%11‘}5%((3396% 827.8365 | 841.8579 %%%%233%57))
1136.1832 CrgH15,03 alpha 367, 395 591.5841 | 605.6042
c31A (395),
841.8579 | 855.8885 | 331 (3e0)
605.5002 | 619.6101 | G158 (399),
c17& (367) ¢304 (395)
1164.2152 CgoH15603 alpha 367, 395 855.8632 | 869.8831 [ 351 (367
c16A (395),
6196191 | 633.6240 | " g’ r3ey
c34A (395),
c18A (395), | 883.9001 | 897.9147 | ¢36A (367)
1192.2462 CgoH16003 alpha 367, 395 6476431 | 6616550 |  on 367y | 8979147 | 9119293 | casa (395),
c37A (367)
c16A (395),
1196.2405 Cg1H16004 methoxy 339, 367, 395 619.6137 | 633.6265 | c18A (367), - - -
1220.2776 CgqH16403 alpha 395 675.6735 | 689.6898 | c20A(339) | 911.9219 | 925.9453 c36A
c20A
cl6A (395),
6196279 | 633.6438 | jan'(367) - - -
c17A (395),
1224.2726 Ca3H16404 methoxy 367, 395 6336438 | 6476468 | (o1 (367) - - -
C18A (395),
647.6468 | 661.6632 | (01 (367) - - -
c18A (395),
6476412 | 6616640 | 0 (367) - - -
C19A (395), i i i
1236.2728 CgaH16404 keto 367, 395 6616656 | 6756862 | 1 (367)
C20A (395),
675.6862 | 689.6714 | 591 (367) - - -
c17A (395),
1250.2877 CasH16604 keto 367, 395 6336160 | 6476550 | (g1 (367) - - -
C18A (395), i i i
647.6450 | 6616660 | o0x (367)
1252.3036 CasHi6804 methoxy 367, 395 661.6660 | 675.6946 %1291%((3396% ; ; ;
1264.3048 CgH16504 keto 395
675.6946 | 689.7070 CCZZ%AA%%% - . -
675.6756 | 689.6970 <20A - - -
1278.3203 Cg7H17004 keto 395 661.6488 | 675.6763 c19A - - -
675.6829 | 689.6929 €204 - - -
1280.3353 Cg7H17,04 methoxy 395 689.6929 | 703.7004 c21A - - -
703.7004 | 717.7073 €220 - - -
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) Cpro><ima| Cdistal
m/z[M-H]~ | Chemical Formula | MA Class | m/zR,(a branch)
m/z diagnostic ions Ring position m/z diagnostic ions Ring position
703.7078 | 717.7203 c22A - - -
1308.3666 CBQH17604 methoxy 395 717.7203 731.7619 c23A _ _ _
1336.3982 Co1H18004 methoxy 395 731.7510 | 745.7446 c24A - - -
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