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Abstract

Sulfoquinovosyldiacylglycerol (SQDG) lipids, found in plants and photosynthetic bacteria, can
substitute for phospholipids under phosphate limiting conditions. Here, various low-energy ion
activation strategies have been evaluated for the identification and characterization of
deprotonated SQDG lipids from a crude membrane lipid extract of Rhodobacter sphaeroides,
using collision- induced dissociation - tandem mass spectrometry (CID-MS/MS) in either a triple
quadrupole mass spectrometer or in a hybrid quadrupole ion trap-multipole mass spectrometer
coupled with high resolution / accurate mass analysis capabilities. In the triple quadrupole
instrument, using energy resolved CID-MS/MS experiments, the SQDG head group specific
product ion at m/z 225 (CgHgO7S™), rather than m/z 81 (SO3H™), was determined to provide the
greatest sensitivity for SQDG lipid detection, and is therefore the preferred “fingerprint' ion for the
identification of this lipid class from within complex lipid mixtures when using precursor ion scan
mode MS/MS experiments. A comparison of conventional ion trap CID-MS/MS and -MS", with
“low Q' CID-MS/MS, pulsed Q dissociation (PQD)-MS/MS and higher energy collision induced
dissociation (HCD)-MS/MS performed in an LTQ Orbitrap Velos mass spectrometer, revealed
that HCD-MS/MS coupled with high resolution/accurate mass analysis represents the most
sensitive, and perhaps most importantly the most specific strategy, for ion trap based identification
and characterization of SQDG lipids, due to the ability to readily distinguish the SQDG head
group specific product ion at m/z 225.0069 from other products that may be present at the same
nominal m/z value. Finally, the mechanisms responsible for formation of each of the major
product ions observed by low-energy CID-MS/MS of deprotonated SQDG lipids were elucidated
using uniform H/D exchange, HCD-MS/MS and high resolution mass analysis. Formation of the
m/z 225 “fingerprint' ion occurs via a charge-remote ci/s-elimination reaction, likely involving
transfer of a hydrogen from the hydroxyl group located on the C2 position of the sugar ring.

Introduction

The non-phosphorous containing sulfoquinovosyldiacylglycerol (SQDG) lipids (Scheme 1)
are preferentially, though not exclusively, found in the membranes of most photosynthetic
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bacteria, higher plants, mosses, ferns and algae [1-3]. Although SQDG lipids are not
essential for anoxygenic photosynthesis, and no evidence has suggested that SQDG plays an
essential role in oxygenic photosynthesis [1-5], they do demonstrate conditional importance
under phosphate-limiting conditions [6-8], and become physiologically essential when
phosphatidylglycerol (PG) lipids are depleted through genetic mutation [1-3]. SQDG lipids
have also been found to inhibit DNA polymerases and display antitumor and antiviral
effects, probably due to their anionic detergent-like structure [9,10].

Under normal phosphate growth conditions, SQDG lipids are relatively low in abundance in
the membranes of Rhodobacter sphaeroides (R. sphaeroides), compared to phospholipids,
but have been demonstrated to undergo a significant increase in abundance under phosphate-
limiting anaerobic or aerobic growth conditions [4—7,11,12]. Despite the drastically altered
lipid profiles observed under these conditions, the bacteria are still viable and exhibit
unhampered expression of a fully active four-subunit membrane protein complex of the
terminal enzyme of the respiratory electron transport chain, cytochrome ¢ oxidase (CcO)
[11]. Notably, a number of lipid molecules have previously been demonstrated to be co-
purified with CcO, and highly conserved lipid binding sites have been identified
crystallographically in the core subunits of CcO isolated from R. sphaeroides and bovine
heart [13-17], suggesting an important functional role for lipids in CcO [18,19], as well as a
requirement for lipids for achieving high-resolution CcO crystal structures. Importantly,
abundant SQDG lipids have recently been found within the CcO enzymes purified from both
the wild type R. sphaeroides as well as a cardiolipin-deficient mutant of 7. sphaeroides
(formed by disruption of the cardiolipin synthase (cls) gene), under normal and phosphate
deficient growth conditions, and were identified for the first time in CcO crystals grown
from the wild type and cardiolipin-deficient R. sphaeroides grown under normal phosphate
conditions [11,12]. Depletion of cardiolipin and/or phosphate deficiency did not impact any
aspect of CcO structure or behavior, which was rationalized as being due to a tolerance for
quantitative substitution of cardiolipin or other phospholipids with non-phosphorous
containing negatively charged lipids (such as SQDG) in this bacterial system.

Previous studies to identify and/or characterize SQDG lipids have involved the use of thin
layer chromatography (TLC), combined with a series of functional group-selective reaction
sprays, including a positive reaction with the sugar group-specific a-naphthol and negative
results with phosphate and amino group-specific reactions [5,20]. Quantification of SQDG
lipids has also been performed by TLC, in combination with metabolic radioactive labeling,
or by gas chromatography-mass spectrometry (GC-MS) following plate scraping, re-
extraction, saponification and chemical derivatization [5,11,21,22]. Alternative techniques
capable of providing more detailed structural information on SQDG lipids have included (i)
nuclear magnetic resonance (NMR, H and 13C) [7,10,23-25] (note however, that NMR
typically requires a relatively large amount of rigorously purified lipid for analysis), and (iii)
tandem mass spectrometry (MS/MS) methods, including fast atom bombardment (FAB)-
sector high energy collision-induced dissociation (CID)-MS/MS [7,26-28], matrix-assisted
laser desorption/ionization-time of flight (MALDI-TOF) post-source decay (PSD) [21],
MALDI- ion trap TOF CID-MS" [29], electrospray ionization (ESI)- low-energy triple
quadrupole CID-MS/MS in mass spectrometer [25,30-32], and ESI- low-energy ion trap
CID-MS" [7], in the negative ionization mode. Using these MS/MS approaches, the
presence of SQDG lipids have been determined by the observation of characteristic product
ions at m/z 80 (SO3™) under high energy CID-MS/MS conditions [26,27], at m/z 225 under
both high and low energy CID conditions [25-32], and at m/z 81 (SO3H™) under low energy
CID conditions [25,30].

Unfortunately, as most lipid classes form precursor ions at m/z 600-1500, and their
structural identification often relies on the observation of characteristic low m/z product ions
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formed in the tandem mass spectra [33,34], the activation q value (typically 0.25) associated
with performing conventional CID in quadrupole ion trap mass spectrometers imposes a
low-mass cutoff (LMCO) on the m/z range. This can result in an inability to detect product
ions that fall below this LMCO, including the characteristic ions indicated above for SQDG
lipids. To overcome this limitation, multistage CID-MS" (e.g., MS3 or MS?*) may be
employed, whereby product ions initially formed at higher m/z (i.e., above the LMCO) are
subjected to further dissociation to yield the desired low mass products [29]. Alternatively,
decreasing the activation g value of CID in the ion trap can decrease the LMCO for MS/MS,
thereby allowing the observation of low m/z product ions [11]. However, this approach also
places the precursor ions into a shallower trapping potential, potentially leading to decreased
ion stability and undesired ion losses during ion activation. Pulsed Q collision induced
dissociation (PQD) in the ion trap, which is achieved through initially applying a pulse at
high q for precursor ion activation, followed by a rapid drop of the q value down to 0.05 to
trap the fragment ions for detection [35], can also be used to extend the low mass limit to a
much lower value during CID-MS/MS, thereby providing a more complete complement of
product ions in a single spectrum, thereby providing information that is similar to that
observed by performing CID-MS" in ion traps, or CID-MS/MS in triple quadrupole mass
spectrometers. However, the sensitivity of PQD is potentially limited due to its typically
lower fragmentation efficiency compared to conventional CID. Finally, the use of higher
energy collisionally activated dissociation (HCD) in the multipole collision cell of a hybrid
linear quadrupole ion trap - Orbitrap mass spectrometer allows the efficient capture of low
m/z product ions, with the resultant MS/MS spectra being similar to those observed in a
triple quadrupole instrument, but with the advantage of mass analysis being performed at
high resolution and mass accuracy to facilitate unambiguous product ion assignment [36].

Given the physiological significance of SQDG lipids as noted above, there remains a
continued need to develop effective modern tandem mass spectrometry approaches to
examine and understand their fragmentation characteristics in order to accurately identify
their molecular structures, and to achieve sensitive quantification of each molecular species
using a minimum amount of sample, especially for the analysis of trace abundant lipids that
remain bound in the purified CcO protein complex or in CcO protein crystals. Furthermore,
although the possible channels for formation of the characteristic MS/MS product ions from
SQDG lipids have previously been rationalized [25,26], the mechanisms associated with the
formation of these ions have not been systematically investigated to date. The alternative
mass spectrometry and ion activation methods described above have particular promise for
lipid identification and characterization, as well as for understanding their associated
fragmentation mechanisms. However, the formation and relative abundances of the various
product ions that are observed using these strategies, and a demonstration of their
applicability for sensitive and specific lipid identification, characterization or quantitative
analysis, including determination of which product ion(s) provide the greatest sensitivity and
specificity for use as characteristic “fingerprint' ions of SQDG lipids from within complex
lipid extracts when using these techniques, have not previously been reported.

Materials and Methods

Materials

Cell membrane pellets from R. sphaeroides strains were obtained as described previously
[11,12]. Methanol (HPLC grade) was purchased from Sigma-Aldrich (St. Louis, MO).
Isopropanol was obtained from Jade Scientific (Canton, MI). Chloroform (HPLC grade) and
ammonium acetate was from Mallinckrodt Baker (Phillipsburg, NJ). CD30D (D, 99.8%)
and CDClj (D, 99.8%) were purchased from Cambridge Isotope Laboratories (Andover,
MA\). Glass vials used for lipid extraction were purchased from either Fisher Scientific
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(Waltham, MA) or from SUN-Sri Chromatography Accessories (Rockwood, TN), and were
washed prior to use.

Extraction of lipids from isolated membranes

To 10 pL of suspended membrane from R. sphaeroides cells (diluted with water to
approximately 1.4 mg/mL protein concentration determined by BCA assay), 50 p.L of 50%
methanol was added followed by 100 L of chloroform:methanol (2:1, v/v), with vigorous
vortexing and centrifugation. The organic layer was removed then 100 p.L of chloroform
was added to the aqueous layer, followed by vortexing and centrifugation. The organic
layers were combined, dried under a stream of Nitrogen and re-dissolved in 100 pL
isopropanol:methanol:chloroform (4:2:1, v/v/v) containing 20mM ammonium acetate,
immediately prior to use.

Triple quadruple mass spectrometer product ion scan, collision energy-resolved product
ion scan and precursor ion scan mode CID-MS/MS analysis

Negative ionization mode ESI-MS, product ion scan mode CID-MS/MS, collision energy-
resolved product ion scan mode CID-MS/MS and precursor ion scan mode CID-MS/MS
analysis of total membrane lipid extracts was performed using a Thermo Scientific model
TSQ Quantum Ultra triple quadrupole (QqQ) mass spectrometer (San Jose, CA). Total
membrane lipid extracts were introduced to the mass spectrometer by direct infusion using
an Advion BioSciences Triversa Nanomate nano-electrospray ionization (nESI) source
(Ithaca, NY). nESI conditions were optimized to maximize the sensitivity and stability of the
precursor ions of interest while minimizing “in-source' fragmentation. Product ion scan
mode CID-MS/MS experiments were performed on monoisotopically isolated precursor ions
using Q1 and Q3 peak widths set at 0.5 Da, Argon collision gas pressure of 1.5 mTorr, a
laboratory collision energy of 50 eV (optimized in order to maximize the intensity of the
most abundant product ion within the observable m/z range), and a scan rate of 250 m/z
sec™L. Collision-energy-resolved product ion scan mode CID-MS/MS experiments were
obtained by varying the laboratory collision energy from 20 to 70 eV using a step size of 5
eV. Precursor ion scan mode CID-MS/MS experiments to monitor for the characteristic m/z
225 “fingerprint' ion of SQDG lipids was performed using the same conditions as described
above for the precursor ion scan MS/MS experiments. Each spectrum shown was the
average of 50-100 scans.

High resolution ion trap ESI-MS, CID-MS/MS, -MS" and HCD-MS/MS analysis

High resolution negative ionization mode ESI-MS, CID-MS/MS and -MS" analyses were
performed using a high resolution / accurate mass Thermo Scientific model LTQ Orbitrap
Velos mass spectrometer equipped with a dual pressure ion trap and a HCD multipole
collision cell (San Jose, CA). Samples were introduced to the mass spectrometer by direct
infusion using an Advion BioSciences Triversa Nanomate nano-electrospray ionization
(nESI) source (Ithaca, NY). nESI conditions were optimized to maximize the sensitivity and
stability of the precursor ions of interest while minimizing “in-source' fragmentation.
Orbitrap MS spectra were acquired with a mass analyzer resolution of 100,000, while all
MS/MS and MS" spectra were acquired using the Orbitrap with a mass analyzer resolution
of 7,500. External calibration of the instrument was performed using the standard LTQ
calibration mixture. Conventional CID-MS/MS and -MS" experiments on monoisotopically
isolated precursor ions were performed using an activation time of 10 ms and an activation q
value of 0.25. "Low q' CID-MS/MS spectra were performed using an activation q value of
0.20. PQD-MS/MS and HCD-MS/MS spectra were both acquired using default activation
times and a low mass limit of m/z 50. For each experiment, the normalized collision
energies were optimized in order to maximize the intensity of the most abundant product ion
within the observable m/z range. Automated Gain Control (AGC) target numbers were
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maintained at the same values (default settings) for all MS/MS experiments to allow a
comparison of the relative sensitivity of the various ion activation methods for product ion
formation. Each spectrum shown is the average of 100-200 scans. Theoretical m/z values
were calculated using the tool found at:
http://www.cem.msu.edu/~reusch/OrgPage/mass.htm.

Hydrogen/Deuterium exchange

H/D exchange of lipid extracts was achieved by drying the original lipid extracts under
vacuum then redissolving in CDCI3:CD30D (1:1, v/v) solvent. This process was repeated
twice, then the samples were dissolved in CDCl3:CD30D (1:1, v/v) containing 20 mM
ammonium acetate immediately prior to mass spectrometry analysis. The H/D-exchanged
lipid extracts were then infused into the LTQ Orbitrap Velos mass spectrometer using a
conventional ESI source at a flow rate of 1 pL/min, under conditions optimized to minimize
back exchange. Typical ESI conditions were: spray voltage 3.0 kV, heated capillary
temperature 200 °C, S-lens 60%, sheath gas flow rate 10 arbitrary units, sweep gas flow rate
30 arbitrary units. Fully H/D exchanged precursor ions of the SQDG lipids were
monoisotopically isolated then subjected to HCD-MS/MS using the optimized conditions as
described above.

Results and Discussion

Utilization of product ion scan mode and energy resolved CID-MS/MS, and precursor ion
scan mode CID-MS/MS in a triple quadrupole mass spectrometer to examine the
fragmentation behavior and selectively identify SQDG lipids from a crude total lipid extract
of R. sphaeroides

In order to elucidate the detailed mechanisms and product ion structures associated with the
gas-phase dissociation reactions of SQDG lipids, as well as to demonstrate which product(s)
provide the greatest sensitivity and specificity for use as characteristic “fingerprint' ions for
their detection from within complex lipid extracts when using a triple quadrupole mass
spectrometer, a crude lipid membrane extract from R. sphaeroides was subjected to analysis.
Figure 1A shows the spectrum obtained by negative ion mode ESI-MS of the crude
membrane lipid extract of 7. sphaeroides obtained as described in the Methods section
above. The identities of each of the ions in this spectrum have recently been reported in the
literature [11,12]. CID-MS/MS of the abundant precursor ion at m/z 819.5 in Figure 1A
resulted in the product ion spectrum shown in Figure 1B, while CID-MS/MS product ion
spectra for the m/z 793.4, m/z 821.4 and m/z 845.5 and m/z 847.5 precursor ions are shown
in Supplemental Figures S1A-D, respectively. The very similar fragmentation behavior of
each of these precursor ions containing different fatty acyl chains (i.e., combinations of 16:0,
18:1 and 18:0) indicate that the fatty acid compositions have little influence on the observed
fragmentation pathways.

The most abundant product ion in Figure 1B is observed at m/z 225, corresponding to the
dehydrated sulfoquinovosyl head group of an SQDG lipid (pathway ain Scheme 2). In
addition, a series of other product ions that likely originate from the sulfoquinovosyl head
group (m/z 207, 165, 153, 149, 125, 95, and 81) are also observed, albeit at much lower
abundance than m/z 225. Formation of m/z 225 as the most abundant product upon
performing low energy CID-MS/MS of SQDG lipids has previously been reported by others
[25,30-32], and has been employed by Welti et al. in precursor ion scan MS/MS
experiments as a characteristic “signature' to selectively identify the presence of SQDG
lipids from within complex lipid extracts [31,32]. However, the presence of a product at a
nominal m/z of 225 could also correspond to the deprotonated fatty acid anion of a 14:1
fatty acyl moiety. Furthermore, de Souza et al. previously reported a triple quadrupole
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product ion scan MS/MS experiment that yielded the product ion at m/z 81 as the most
abundant species [30]. Note, however, that CID in the triple quadrupole can result in the
formation of product ions from both primary and secondary fragmentation reactions,
depending on the collision energy and gas pressure employed during the fragmentation.
Thus, the differences between the results observed here and those reported previously may
arise due to different CID conditions applied between the two instruments.

The m/z 563.3 and 537.4 product ions in Figure 1B correspond to the neutral losses of 16:0
and 18:1 RCOOH fatty acid chains from the sn-1 or sn-2 positions of the glycerol backbone,
respectively, while the product ions at m/z 255.3 and m/z 281.3 correspond to deprotonated
16:0 RCOO™ 18:1 RCOO™ fatty acid anions, respectively. Based on the results obtained
from NMR, and data from regioselective enzymatic hydrolysis, Keusgen ef al. have
previously reported that the relative intensity of the fragment ion resulting from loss of the
sr-1 fatty acyl moiety from deprotonated SQDG lipids upon low energy CID-MS/MS in a
triple quadruple mass spectrometer is significantly higher than the relative intensity of the
fragment ion resulting from loss of the sr+2 fatty acyl group, thereby allowing occupancy of
the sn-1 and sn-2 positions of the glycerol backbone to be assigned based on the relative
abundances of the respective fatty acyl chain neutral loss or anionic product ions [25]. This
is in contrast to previous reports for the dissociation of glycerophospholipid anions, where
loss of the sn-Zacyl group is favored, thereby yielding more abundant [M-H-R,COOH]~
product ions [37]. Another study reported a collision energy dependence to the ratio of sn-1/
sn-2 carboxylate anions from deprotonated glycerophospholipids, whereby the sn-2
carboxylate anion is observed as the dominant product at low collision energy and the sn-1
carboxylate anion is preferentially observed at higher energy [38]. Here, however, collision
energy-resolved MS/MS (Figure 1C) revealed no significant change in sn-1/sn-2 product ion
abundances as a function of collision energy. Thus, given the greater abundance of the 18:1
acyl chain neutral loss and anionic product ions observed here compared to the 16:0 acyl
chain losses, the 18:1 and 16:0 fatty acyl chains within the m/z 819.5 precursor ion have
been assigned to the sn-1 and sn-2 positions of the glycerol backbone, respectively
(pathways band cin Scheme 2). However, given that the abundances of the 537.3/563.4 and
281.3/255.3 product ions are quite similar, it is likely that the precursor ion at m/z 819.5
contains a mixture of SQDG 18:1/16:0 and SQDG 16:0/18:1 structural isomers. Note that
structural information to allow characterization of the specific position of the double bond
within the 18:1 fatty acyl chain is not obtained under the low energy CID-MS/MS
conditions employed here.

To further understand the origin of the various acyl chain and head group specific product
ions from the deprotonated SQDG lipids, and to evaluate which head group specific product
ions (e.g., m/z 225 vs. m/z 81) provide the greatest sensitivity for detection of this lipid class
from within a complex lipid extract using precursor ion scan mode MS/MS experiments on
the triple quadruple mass spectrometer, collision-energy-resolved CID-MS/MS experiments
were performed for the m/z 819.5 (SQDG 18:1/16:0) (Figure 1C and Supplemental Figure
S2) and m/z 845.5 (SQDG 18:1/18:1) (Supplemental Figure S3) precursor ions. For both
precursors, when the laboratory collision energy was raised above the threshold for
fragmentation (25-30 eV), the abundance of the precursor ion gradually decreased, while
that of first-generation product ions started to increase. For the m/z 819.5 precursor ion in
Figure 1C, these included m/z 563 and m/z 537 (i.e., the product ions formed via neutral
losses of the 18:1 and 16:0 acyl chains, and m/z 225 (i.e., the SQDG head group product
ion). Above a laboratory collision energy of 45 eV, the abundance of the m/z 563 and 537
product ions started to decrease, whereas the abundance of m/z 225 kept increasing,
suggesting that m/z 225 could also be generated via secondary fragmentation of the m/z 563
and 537 ions at higher collision energies, in addition to being generated directly from the
precursor ion as a first-generation product. The abundance of the m/z 281 and 255 product

Int J Mass Spectrom. Author manuscript; available in PMC 2013 April 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhang et al.

Page 7

ions (i.e., the 18:1 and 16:0 fatty acid anions) were also observed to increase above a
laboratory collision energy of 45 eV, reaching a maximum abundance around 55 eV,
indicating that these products could also be formed via secondary fragmentation of the m/z
563 and 537 product ions. Above a laboratory collision energy of 45-50 eV, m/z 225
decreased in abundance, while m/z 165, 95 and 81 started to increase. Notably, however, the
absolute abundance of m/z 81 was not observed to exceed the maximum product ion
abundance of m/z 225 at any of the collision energies examined, even though its re/ative
abundance (expressed as a percentage of the total precursor and product ion abundance, see
Supplemental Figure S2) reached a greater value than m/z 225 ion at the highest collision
energy examined. Thus m/z 225, rather than m/z 81, would appear to be a more sensitive
“fingerprint' ion for SQDG identification, albeit subject to a potential lack of selectively due
to its potential for overlap with a 14:1 fatty acyl anion, if present.

Having confirmed that the product ion at m/z 225 is the most abundant fingerprint ion for
SQDG lipid identification in the triple quadrupole instrument, it was then applied for the
selective identification of SQDG lipids from within the total membrane lipid extract of 7.
sphaeroides, using a precursor ion scan mode CID-MS/MS experiment at the optimal
laboratory collision energy of 50 eV as determined in Figure 1C (see Figure 1D). Compared
to the ESI-MS spectrum, this scan resulted in higher sensitivity (via the enhancement in
signal-to-noise provided through the use of MS/MS compared to MS), allowing the
identification of numerous SQDG lipids in addition to those described in Figure 1 and
Supplemental Figure S1, including many at low relative abundance. (e.g., m/z 805.6, m/z
817.5, m/z 833.6, m/z 835.6, m/z 837.6, m/z 861.5 and m/z 863.5). In contrast, a precursor
ion scan mode CID-MS/MS experiment to monitor for the m/z 81 product ion, using an
optimized laboratory collision energy of 70 eV as determined in Figure 1C, resulted in
significantly lower signal-to-noise that limited the observation of these low abundance
species (data not shown).

High resolution CID-MS/MS and -MS" fragmentation of SQDG lipids in a hybrid quadrupole
linear ion trap mass spectrometer

Further insights into the identities, fragmentation lineage and relative detection sensitivity
and specificity of SQDG lipids was then afforded by the use of high resolution ESI-MS,
conventional ion trap CID-MS/MS and MS", “low Q' CID-MS/MS, pulsed Q dissociation
(PQD)-MS/MS and HCD-MS/MS performed in an LTQ Orbitrap Velos mass spectrometer.
High resolution negative ion mode ESI-MS of the same lipid extract examined using the
triple quadrupole mass spectrometer (Figure 1A) resulted in the spectrum shown in Figure
2A. As expected, the spectra were very similar, albeit with the accurate mass capabilities of
this instrument providing valuable information regarding the elemental compositions of the
various ions that were observed. Conventional negative ion mode CID-MS/MS (i.e., using
an activation g value of 0.25) on the m/z 819.5 precursor ion in Figure 2A, acquired at high
resolution in the Orbitrap, yielded the spectrum shown in Figure 2B. In contrast to the triple
quadrupole CIDMS/MS data, the low mass cut-off associated with the conventional ion trap
CID-MS/MS experiment precluded observation of the m/z 225 product ion. Instead, product
ions corresponding to neutral losses of the 18:1 (m/z 537.2725) and 16:0 (m/z 563.2879)
fatty acids were observed as the dominant species. Notably, the accurate mass information
provided by this instrument could be used to unambiguously confirm the identities of these
neutral losses. The significantly lower abundance of the m/z 255.2323 (16:0 RCOO™, m/z
255.2325) and m/z 281.2479 (18:1 RCOO™, m/z 281.2482) product ions in the CID-MS/MS
spectrum is consistent with the energy resolved triple quadrupole data in Figure 1C that
indicated these ions as being formed via secondary fragmentation of the initial neutral loss
products, or are formed as competitive products only at higher collision energies. CID-MS3
of the m/z 563.2879 and m/z 537.2725 product ions resulted in the spectra shown in Figure
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2C and Figure 2D, respectively. Both ions fragmented to form m/z 225.0067 as the
dominant product ion, whose mass is consistent with a composition of CgHgO7S™
(calculated m/z of 225.0069) corresponding to the SQDG head group, and ruling out the
possibility of it being a 14:1 fatty acid RCOO™ anion (C14H2505~, m/z 225.1856). CID-MS*
of m/z 225 ion from these spectra (the spectrum obtained by CID-MS? of the m/z 225.0067
ion in Figure 2C is shown in Figure 2E), resulted in the formation of products at m/z
206.9962 (CgH;06S™, m/z 206.9963), 164.9855 (C4Hs055~, m/z 164.9858), 152.9855
(C3H505S™, m/z 152.9858), 148.9905 (C4Hs504S™, m/z 148.9909), 125.0236 (CgHs03™, m/z
125.0239), 94.9808 (CH303S™, m/z 94.9803) and 80.9644 (SO3H~, m/z 80.9646), that could
be used to further confirm its identify. Notably, the order of ion generation in these CID-
MS" spectra acquired using the quadrupole linear ion trap is very consistent with the ion
hierarchy obtained from the product ion scan mode and collision-energy-resolved CID-MS/
MS experiments performed using the triple quadrupole shown earlier. Furthermore, the
product ion at m/z 225 is again observed as the more abundant product, compared to m/z 81,
confirming this product as the preferred “fingerprint ion' for SQDG lipid identification.

Next, we examined the potential utility of alternate methods for ion activation (namely “low
Q' ion trap CID-MS/MS (Figure 3A), PQD ion trap CID-MS/MS (Figure 3B) and multipole
HCD-MS/MS (Figure 3C)), as a means to improve the sensitivity for detection of the
characteristic SQDG head group specific CgHgO7S™ product ion at m/z 225.0067, compared
to the use of conventional ion trap CID-MS/MS and -MS3, In each experiment, the
normalized collision energy used was optimized in order to observe the m/z 225.0067
product at the greatest abundance. In Figure 3A, the use of a lower activation “q' value of 0.2
resulted in a spectrum similar to that observed by conventional CID-MS/MS, but with the
LMCO achieved under these conditions (m/z 180) allowing observation of the characteristic
m/z 225 product ion at an abundance of 3.23E4. Notably, this was approximately 2.5 times
the abundance of the m/z 225 product ion observed by using the conventional CID-MS3
experiment, as seen in Figures 2C and 2D. In contrast, the use of PQD-MS/MS and HCD-
MS/MS (Figures 3B and 3C, respectively) yielded spectra that were more similar to that
observed using the triple quadrupole mass spectrometer, with m/z 225 being observed as the
most abundant product ion (abundances of 4.71E4 and 2.06E5, respectively) in each case. In
addition to the ability of HCD-MS/MS to yield the m/z 225 product ion with significantly
greatest sensitivity compared to the other methods, the observation of other product ions
formed via neutral losses of the 18:1 and 16:0 acyl chains (m/z 537.2737 and 563.2897), and
their corresponding fatty acid anions (m/z 281.2485 and 255.2330), as well as a variety of
abundant low m/z product ions formed via further dissociation of the m/z 225 product ion,
enabled the identity of the SQDG 18:1/16:0 lipid to be readily assigned. Thus, from these
experiments, we conclude that HCD-MS/MS coupled with the use of high resolution/
accurate mass analysis (that allows the characteristic m/z 225.0069 product ion to be
identified and differentiated from other product ions with the same nominal m/z value),
represents the most sensitive, and perhaps most importantly, a specific strategy, for the
identification and characterization of SQDG lipids from within complex mixtures.

Elucidation of the gas-phase fragmentation mechanisms of SQDG lipids

In order to elucidate the mechanisms associated with the fragmentation pathways observed
above, high resolution HCD-MS/MS experiments were performed after subjecting the crude
lipid membrane extract from R. sphaeroidesto uniform H/D exchange in solution, prior to
introduction to the mass spectrometer by ESI. SQDG lipids contain three H/D-exchangeable
OH groups in their sugar ring; thus H/D exchange experiments can be used to distinguish
between fragmentation reactions involving hydroxyl OH protons and C-H protons. After
incubating the total membrane lipid extract with CD30D (99.9%), over 90% of the total
precursor ions were fully exchanged by the addition of 3 deuteriums, and displayed a 3 Da
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shift upon ESI-MS, as expected (data not shown). The spectrum obtained by HCD-MS/MS
of the 822.5 precursor ion, formed by H/D exchange of the 819.5 precursor ion of the SQDG
18:1/16:0 lipid, is shown in Figure 4A, while Figures 4B-D show expanded regions of the
product ion spectrum in order to more readily observe the various product ions that were
formed, and their deuterium content. The numbers indicated in parenthesis for each product
ion indicate the number of deuterium atoms that are present in each product ion.

In the spectrum shown in Figure 4, the RCOOH neutral loss product ions originally
observed at m/z 537.2737 and m/z 563.2897 in Figure 3C each display a 3 Da mass shift to
m/z 540.2911 and m/z 566.3063, respectively, indicating that no deuterium atoms were
incorporated within the neutral fatty acid species that were lost. Based on this, loss of the
neutral RCOOH groups likely occur by deprotonation of the s7-2 C—H proton for loss of the
R1COOH acyl chain, and deprotonation of one of the four sn-1 and sn-3 glycerol backbone
CH-protons for loss of the R,COOH acyl chain, via the charge-remote c/s-elimination
processes shown in Scheme 2, pathways aand 6. Formation of the deprotonated fatty acid
anions at m/z 255.2322 and m/z 281.2477 could occur either by an intermolecular proton
transfer reaction prior to separation of the ion-molecule complex of the m/z 540.2911 or m/z
566.3063 product ions and their corresponding neutral fatty acids that were initially formed
in Scheme 2, or by a charge-directed intramolecular proton transfer from the sn-1, sn-2 or
sn-3positions of the glycerol backbone to the negative charge of the sulfite moiety, resulting
in direct anion formation (pathway not shown).

The head group specific product ion originally observed at m/z 225.0071 in Figure 3C was
observed at m/z 227.0188, indicating the incorporation of two deuteriums within this
product ion. A likely mechanism for this process is shown in Scheme 2, pathway ¢,
involving a charge-remote c/s-elimination reaction with transfer of the deuteron from the
hydroxyl group located on the C2 position of the sugar ring. A comparison between the
secondary product ions formed from the m/z 225 ion (Figure 3C) with those from the H/D
exchanged version at m/z 227 (Figure 4) provides interesting clues on how several of these
ions are formed. m/z 80.9642 (HSO3™) in Figure 4 is proposed to form from m/z 227.0188
through a charge-directed 5-member ring proton transfer process as shown in Scheme 3A,
involving the negative charge on the sulfite moiety and the C5-H of the sugar ring. The
lower abundance ion at m/z 81.9708 (DSO3") in Figure 4 is likely formed via intermolecular
H/D transfer prior to separation of the ion-molecule complex of the HSO3™ product ion and
its corresponding neutral that is initially formed from fragmentation of the m/z 227.0188 ion
(Scheme 3A). Formation of m/z 94.9799 (containing no deuterium) from m/z 227.0188 is
also likely to occur through a charge-directed process by attacking the C4-H of the sugar
ring, as shown in Scheme 3B, while the m/z 95.9861 product ion containing one deuterium
is likely formed by either a more favorable intermolecular H/D transfer prior to separation of
the ion-molecule complex of the CH3SO3™ product ion and its corresponding neutral, or by
initial intramolecular nucleophilic attack from the negative charge of the sulfite moiety at
the C3-hydroxyl group of the sugar ring, resulting in transfer of a deuteron and subsequent
bond cleavage. Based on the observation of products at m/z 206.9959, m/z 208.0021 and
209.0085 in Figure 4, the ion at m/z 206.9965 in Figure 3C corresponding to the loss of H,O
from the m/z 225 ion, seems to be able to occur via several mechanisms; the most likely
involving the charge-remote pathways shown in Scheme 4, because both DO (Scheme 4A)
and HDO (Scheme 4B) losses are observed. Notably, and consistent with the result that the
fragmentations of SQDG require much higher collision energies than typical non-glyco
phospholipids, the major fragmentation pathways of deprotonated SQDG lipids by CID-MS/
MS are all charge-remote.
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Conclusions

The results from this study demonstrate the utility of advanced tandem mass spectrometry
based ion activation strategies, particularly when coupled with high resolution MS/MS
analysis, as well as associated mechanistic studies, to obtain insights into the gas-phase
fragmentation reactions and facilitate the selective identification of individual species such
as SQDG lipids, from within complex lipid extracts. The results from this work are expected
to facilitate future efforts directed toward the development and application of optimized
strategies for the sensitive identification, characterization and quantitative analysis of trace
abundant lipids within complex membrane lipid extracts, or from within purified protein
complexes or protein crystals.
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Figure 1.

Negative ionization mode triple quadrupole ESI-mass spectrometry and tandem mass
spectrometry analysis of a total membrane lipid extract from R. sphaeroides. (A) ESI-MS
spectrum, (B) CID-MS/MS product ion spectra of m/z 819.5 (SQDG 18:1/16:0) acquired at
a laboratory collision energy of 47 eV, and (C) energy resolved CID-MS/MS of m/z 819.5.
The yield of the precursor and product ions at each collision energy value are shown as their
observed ion counts. The inset to panel C shows an expanded region of the collision energy
breakdown curve in order to observe the individual fragmentation channels at higher
collision energies. (D) CID-MS/MS precursor ion scan (laboratory collision energy of 50
eV) to monitor for the characteristic m/z 225 ion in order to selectively identify all SQDG
lipid species in the total membrane lipid extract from R. sphaeroides.
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Figure 2.

High resolution negative ionization mode ESI-ion trap mass spectrometry and multistage
tandem mass spectrometry analysis of a total membrane lipid extract from R. sphaeroides.
(A) ESI-MS spectrum, (B) CID-MS/MS product ion spectra of m/z 819.5286 (SQDG
18:1/16:0), (C) CID-MS3 product ion spectra of m/z 563.2879 from panel B, (D) CID-MS?3
product ion spectra of m/z 537.2725 from panel B, and (E) CID-MS* product ion spectra of
m/z 225.0067 from panel C.
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Figure 3.

High resolution negative ionization mode ESI-tandem mass spectrometry analysis of m/z
819.5 from a total membrane lipid extract from R. sphaeroides using alternative ion
activation methods. (A) "Low Q' ion trap CID-MS/MS (activation q = 0.2), (B) PQD ion trap
CID-MS/MS, and (C) HCD multipole CID-MS/MS. The insets to panels B and C show
expanded regions of the low m/z range in each spectrum.
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High resolution negative ionization mode ESI HCD-MS/MS analysis of m/z 822.5 from a
total membrane lipid extract from R. sphaeroides following in-solution H/D exchange using
CD30D. Panel (A) shows the full m/z range, while panels (B, C and D) show expanded

regions of the spectrum from panel A. The numbers indicated in parenthesis for each
product ion indicate the number of deuterium atoms that are present in each case.
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Scheme 1.
General structure of sulfoquinovosyldiacylglyceride (SQDG) lipids under physiological pH.
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Scheme 2.
Proposed pathways for the multistage gas-phase dissociation reactions of the deprotonated
SQDG 18:1/16:0 lipid from a total membrane lipid extract from R. sphaeroides.
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Scheme 3.

Proposed pathways for the formation of m/z 81 (A) and m/z 95 (B) from m/z 225 (D, m/z
227).

Int J Mass Spectrom. Author manuscript; available in PMC 2013 April 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhang et al.

Page 20
A 0 o
0=5$—0 3 o—i—o
e} MS o
o) —» and HO (D20)
/7o a
OH" /o Y 0
(DYH
m/z 225.0069 (D,, m/z 227) m/z 206.9963
B
o

0=S—0

0 MS o)
re — and Hy0 (HDO)
£ (D) o b (D)HO N\
(D)H @ O

H

m/z 225.0069 (D,, m/z 227) m/z 206.9963 (D;, m/z 208)

Scheme4.

Proposed pathways for the formation of m/z 207 (A) and m/z 208 (B) from m/z 225 (D5, m/
z 227).
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