
https://analyticalsciencejournals.onlinelibrary.wiley.com/action/showCampaignLink?uri=uri%3A8fec4b8f-d0ce-41f2-a22c-089377c67639&url=https%3A%2F%2Fwww.ssi.shimadzu.com%2Fproducts%2Flife-science-lab-instruments%2Fimaging%2Fimscope-qt%2Findex.html&pubDoi=10.1002/jms.4913&viewOrigin=offlinePdf


 

This article has been accepted for publication and undergone full peer review but has not been 
through the copyediting, typesetting, pagination and proofreading process which may lead to 
differences between this version and the Version of Record. Please cite this article as doi: 
10.1002/jms.4913 

 

This article is protected by copyright. All rights reserved. 

McLuckey Scott (Orcid ID: 0000-0002-1648-5570) 

 

Localization of Cyclopropyl Groups and Alkenes Within Glycerophospholipids Using 

Gas-Phase Ion/Ion Chemistry 

De’Shovon M. Shenault, Scott A. McLuckey*, Elissia T. Franklin* 

 

 

Department of Chemistry 

Purdue University 

560 Oval Drive 

West Lafayette, IN, United States, 47907-2084 

 

 

 

 

Short title:  Ion/ion Rxns for Cyclopropyl Localization in GPs 

 

*Correspondence: 

Dr. Elissia T. Franklin     Dr. Scott A. McLuckey 

560 Oval Drive     560 Oval Drive 

Department of Chemistry    Department of Chemistry 

Purdue University     Purdue University 

West Lafayette, IN 47907-2084, USA  West Lafayette, IN 47907-2084, USA 

E-mail: franklin@silentspring.org   E-mail: mcluckey@purdue.edu 

 

 

 

 

 

 

ABSTRACT 

 

Shotgun lipid analysis using electrospray ionization tandem mass spectrometry (ESI-

MS/MS) is a common approach for the identification and characterization of 

glycerophohspholipids GPs.  ESI-MS/MS, with the aid of collision-induced dissociation (CID), 
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enables the characterization of GP species at the headgroup and fatty acyl sum compositional 

levels.  However, important structural features that are often present, such as carbon-carbon 

double bond(s) and cyclopropane ring(s), etc., can be difficult to determine.  Here, we report 

the use of gas-phase charge inversion reactions that, in combination with CID, allow for more 

detailed structural elucidation of GPs.  CID of a singly deprotonated GP, [GP − H]−, generates 

FA anions, [FA − H]−.  The fatty acid anions can then react with doubly-charged cationic 

magnesium tris-phenanthroline complex, [Mg(Phen)3]
2+, to form charge inverted complex 

cations of the form [FA – H + MgPhen2]
+.  CID of the complex generates product ion spectral 

patterns that allow for the identification of carbon−carbon double bond position(s) as well as 

the sites of cyclopropyl position(s) in unsaturated lipids.  This approach to determining both 

double bond and cyclopropane positions is demonstrated with GPs for the first time using 

standards and is applied to lipids extracted from E. coli.   

 

Keywords: Glycerophospholipids; cyclopropane location; double bond location; ion/ion 

reactions; shotgun lipidomics  

 

INTRODUCTION  

 

Lipids constitute a large class of bio-molecules that play crucial roles in membrane 

composition, metabolism, and cellular communication. 1   Glycerophospholipids (GPs) 

constitute a common lipid class and are the major components of the membrane bilayer, aiding 

in energy storage and membrane organization. 2 , 3   Of the total GP content found in the 

Escherichia coli (E. coli) bacterial membrane, for example, 70 to 90% are composed of the GP 

sub-classes phosphatidylethanolamines (PEs), phosphatidylglycerols (PGs), and cardiolipins 

(CLs).4  A typical GP is comprised of a glycerol backbone with two fatty acyl (FA) chains 

attached at the sn-1 and sn-2 positions via an ester linkage, and one of a variety of head-groups 

(e.g, ethanolamine, choline, serine, inositol, or glycerol) linked via an esterified phosphate to 

the glycerol backbone at the sn-3 position.5,6   The complexity of the FA chains of GPs can 

vary, for example, on the basis of acyl chain length, nature of unsaturation (i.e., double bonds 

versus cyclopropane rings), extents of unsaturation, site(s) of unsaturation, and stereochemistry 

(e.g. cis- versus trans- double bonds).7  

Electrospray ionization tandem mass spectrometry (ESI-MS/MS) has been used to 

address the structural complexity of GPs.  Activation methods such as collision-induced 

dissociation (CID) or higher-energy collisional dissociation, are commonly used for the 

structural elucidation of GPs.8,9  These methods applied to ions produced via ESI typically 

provide head-group and acyl chain composition, but are limited in localizing alterations (e.g., 

sites of unsaturation, cyclization, or oxidation) within the fatty acyl chain.10  Furthermore, 

determining the cis/trans stereochemistry of the double bonds in lipids is problematic for 

widely available techniques in lipidomics,11 although cis/trans isomers have been separated 

using ion mobility spectrometry and distinguished using ozone-induced dissociation (OzID) 

when applied to lipid standards.11   

Although less common than double bonds, cyclopropane rings can also be present in 

GPs and can have significant biological relevance.  Cyclopropane-containing fatty acids 

(CFAs), for example, are commonly found in bacteria, such as E. coli, Streptococcus, and 

Salmonella.12  CFAs are generated by adding a methylene group, originating from S'-adenosyl-

L-methionine,  across the C=C bond of an unsaturated fatty acid in bacterial 

phospholipids.13,14,15  The synthetic pathway of CFA has been extensively studied in E. coli16 

and it has been reported that CFAs increase the resistance of E. coli to acid stress due to their 

influence on membrane fluidity.17,18  It is therefore important to be able to identify the presence 

 10969888c, ja, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/jm

s.4913 by N
ortheastern U

niversity, W
iley O

nline L
ibrary on [10/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



 

This article is protected by copyright. All rights reserved. 

of CFAs and to localize the position(s) of the cyclopropane rings in order to understand their 

roles.19   

 Gas-chromatography mass spectrometry constitutes the gold standard for the 

elucidation of lipids containing CFAs, but can be time-consuming and is limited to volatile 

lipid samples.20 , 21   Various approaches, such as condensed-phase derivatization with the 

Paternò-Büchi (PB) reaction22 and ozone-induced dissociation (OzID),23 have been shown to 

be capable of determining the site(s) of unsaturation but are not appropriate for localizing 

cyclopropane moieties.22,23  Electron-based MS/MS techniques have been described for GP 

characterization, including double bond localization. 24 , 25 , 26 , 27   An ultraviolent 

photodissociation (UVPD) method combined with CID, recently described by Brodbelt et al., 

demonstrated the localization of both C=C double bonds and cyclopropane rings in GPs derived 

from a bacterial extract.10,28  However, UVPD generally yields low dissociation efficiencies, 

which makes challenging the determination of relatively low level components in biological 

matrices.   

 In this work, we demonstrate for the first time the use of gas-phase charge inversion 

ion/ion reactions in conjunction with CID for the localization of cyclopropane and double bond 

sites in GPs.  Charge inversion reactions have been demonstrated for the partial structural 

characterization of GPs, including the localization of double bonds, present in biological 

matrices.29,30  In brief, CID of a singly deprotonated GP, [GP-H]−, generates deprotonated FA 

anions, [FA-H]−, from the fatty acyl chains.  The mass of an FA anion reveals the carbon 

number and degree of unsaturation but CID of the anions does not reveal sites of unsaturation. 

The FA anions can be reacted with the doubly charged magnesium tris-phenanthroline 

complex, [Mg(Phen)3]
2+, to form cations, [FA-H+MgPhen]+.  Subsequent CID of this ion 

results in charge-remote fragmentation along the aliphatic chain of the FA, which allows for 

the localization of double bonds and cyclopropane sites.31  Recently, we reported the charge 

inversion of FA anions generated from cardiolipins to identify carbon−carbon double (C=C) 

bond position(s) as well as the site(s) of cyclopropyl position(s).31,32  We demonstrate here the 

application of a similar strategy to localize both cyclopropane moieties and double bonds 

within the fatty acyl chains in a mixture comprised primarily of PE, and PG GPs.  Specifically, 

standards of GPs with CFAs are used to demonstrate the process while GPs extracted from E. 

coli are used to demonstrate the capability of the work-flow in characterizing both double bond 

and cyclopropane isomers in a biological matrix.   

 

EXPERIMENTAL SECTION 

 

Nomenclature 

The shorthand notation for lipid structures proposed by Liebisch et al. is adapted 

throughout this work when applicable.33  GP classes are identified by their headgroups and 

abbreviated as such: e.g., phosphatidylcholine (PC), phosphatidylethanolamine (PE), and 

phosphatidylglycerol (PG).  GP standards have identified head groups, fatty acyl carbon 

numbers, C=C location, degrees of unsaturation, and stereo-orientation.  For example, PC 

16:0/18:1(9Z) represents a GP with a PC headgroup, a FA 16:0 and FA 18:1 fatty acyl chain at 

the sn-1 and sn-2 positions, respectively, where the separator “/” indicating that the sn-positions 

are known.  The separator “_” is used when the sn-positions are not known.  The number before 

and after “:” indicate the carbon chain length and degree of unsaturation, respectively.  C=C 

position and geometry is specified using “9Z” nomenclature meaning that the double bond is 

at the 9th carbon of the fatty acyl chain with cis geometry.  When the C=C geometry is 

unknown, Δ-nomenclature followed by the carbon position number is used, i.e., PC 

16:0/18:1(Δ9).  C=Cs with a cyclopropane modification are described using the nomenclature 

proposed by Blevins et al. where “c” specifies a known cyclopropane at that position.10 For 
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example, PC 16:0/18:1(c9) represents a cyclopropane motif at the 9th carbon along the fatty 

acyl chain of the sn-2 chain. 

 

Chemicals  

PE 16:1/17:1(c9) (16:0-17:0 cyclo PE (1-palmitoyl-2-cis-9,10-

methylenehexadecanoyl-sn-glycero-3-phosphoethanolamine)), 17:1 Lyso PC (1-(10Z-

heptadecenoyl)-2-hydroxy-sn-glycero-3-phosphocholine) standards and E. coli Total Lipid 

Extract (product #100500) were purchased from Avanti Polar Lipids (Alabaster, AL).  Cis-10 

nonadecanoic acid (10Z-nonadecenoic acid) (19:1(10Z)), phytomonic acid (19:1(c11)), FA 

16:0, and FA 16:1(9Z) standards were purchased from Cayman Chemical Company (Ann 

Arbor, MI).  Magnesium chloride, 1,10-phenanthroline (Phen), and HPLC Grade methanol 

were purchased from Thermo Fisher Scientific (Waltham, MA).   

 

Sample Preparation 

The lipid standards were dissolved in methanol and dilute to a final concentration of 10 

μM.  Similarly, a solution of the E. coli lipid extract (total) was prepared by dissolving the 

extract in methanol and diluted to a final concentration of 50 μM in methanol.  Tris-

phenanthroline magnesium complexes were prepared by mixing 1:1 (mol/mol) magnesium 

chloride with 1,10-phenanthroline (Phen) in 50:50 methanol:water and diluted with methanol 

to a final concentration of 20 μM. 

 

Mass Spectrometry  

All experiments were performed using a QTRAP 4000 hybrid triple quadrupole/linear 

ion-trap system (Sciex, Concord, ON, Canada).  As previously reported,34 this instrument has 

been modified to allow for the storage of anionic and cationic species simultaneously.  

Oppositely-charged ions were generated from separate nano-ESI emitters in an alternately-

pulsed fashion.35 FA standards were generated as anions using nano-ESI (-1700 V), mass 

selected with Q1, and transferred to the high-pressure collision cell, q2, where they were stored.  

Tris-phenanthroline magnesium cations, [Mg(Phen)3]
2+, were produced by nano-ESI (+1200 

V), mass isolated by Q1, and transferred to q2 to be mutually stored with the lipid fragment 

anions for 0.3 s.31  The resulting cationic products, [FA-H+Mg(Phen)2]
+, were transferred to 

Q3 where they were each mass-selected and subjected to CID.  This initial CID step served to 

remove one of the Phen ligands to yield a [FA-H+MgPhen]+ ion.  Ion isolation and activation 

of each [FA-H+MgPhen]+ ion was performed by single frequency resonance excitation at a q 

value of 0.383.  Mass analysis was performed using mass selective axial ejection.36 The GP 

anions were generated using nano-ESI (-1700 V), mass selected with Q1, and transferred to the 

high pressure collision cell, q2, where they were stored and subsequently collisionally activated 

(q=0.25) to produce fatty acyl chain fragment anions [FA-H]−.    The procedure described above 

for the anions of the FA standards to generate and characterize [FA-H+MgPhen]+ ions was 

used for the FA anions generated from the GP anions. 

 

RESULTS AND DISCUSSION 

 

Distinguishing cyclopropane moieties from carbon-carbon double bonds in fatty acyl 

chains.  Anions of model FA anions were generated by nano-ESI, converted to [FA-

H+MgPhen]+ ions via ion/ion reaction, and subjected to CID to illustrate the behavior of 

saturated, double-bond containing, and cyclopropane containing FA ions of the form [FA-

H+MgPhen]+.   Figure 1 highlights regions of the CID product ion spectra of (a) [16:0-

H+MgPhen]+, (b)  [16:1(9Z)-H+MgPhen]+, and (c) and [17:1(c9)-H+MgPhen]+ that show the 

distinctive dissociation behaviors of a saturated FA, a FA with single double bond, and a FA 
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with a cyclopropane, respectively.  With the exception of the m/z 262 ion, which is common to 

the product ion spectra of all [FA-H+MgPhen]+ ions and corresponds to [•CH2CO2
-

+Mg2+Phen]+, all product ions containing FA fragments are even-electron.  In the case of the 

saturated FA cations, all of the neutral losses that are complementary to the even-electron 

product ions are alkanes (Figure 1(a)).  This indicates that a hydrogen transfer from the charged 

product to the neutral product, resulting in a double bond in the charged fragment, is the 

dominant process for each of the observed backbone cleavages, with the exception of the 

process leading to m/z 262.  When a double bond is present, cleavages at and adjacent to the 

double bond are inhibited relative to cleavages one bond further away from the double bond 

(see Figure 1(b)).37  Furthermore, spacings of 12 Da are observed between the fragments on 

either side of the double bond and the low-abundance fragments arising from the double bond 

location (compare m/z 359 with m/z 371 and m/z 357 with m/z 345) in Figure 1(b)).33  The 

proposed products from the dissociation reactions of [16:0-H+MgPhen]+ leading to these ions 

are provided in Scheme 1.  Fragmentation of the CFA ion (Figure 1(c)) is distinct from that of 

the saturated FA ion (Figure 1(a)) and double bond-containing FA ion (Figure 1(b)).  In this 

case, multiple doublets are observed (e.g., m/z 357/359, m/z 371/373, m/z 385/387, and m/z 

399/401) which reflect competing cleavage mechanisms for the relevant FA bonds involving 

and in the vicinity of the cyclopropyl group that result in a hydrogen transfer either to or from 

the charged product (see Scheme 2).  This series of doublets constitutes a signature for the 

presence of a cyclopropyl group.   

 

 

 

An illustration of the process that allows for the C=C double bond and/or cyclopropane 

group characterization of the fatty acyl chains of GP anions is provided in Figure 2 using PE 

16:1(9Z)/17:1(c9) as a model GP.  In brief, [PE 16:1(9Z)/17:1(c9)-H]− (m/z 728.5) was mass-

selected in Q1 and transferred to q2 where it was stored and subjected to CID to form the fatty 

acyl chain fragment ions, [16:1(9Z)-H]− (m/z 457) and [17:1(c9)-H]− (m/z 471).  Next, 

[Mg(Phen)3]
2+ (m/z 282) was mass-selected in Q1 and stored with the fatty acid anions in q2 

to allow for an ion/ion reaction.  Attachment of [Mg(Phen)3]
2+ to the fatty acyl anions resulted 

in the spontaneous loss of one phenanthroline, giving rise to two distinct product peaks 

[16:1(9Z)-H+Mg(Phen)2]
+ (m/z 637) and [17:1(c9)-H+MgPhen2]

+ (m/z 651).  Ion-trap CID of 

the ions at m/z 637 and m/z 651 resulted in the loss of an additional phen, yielding ions at m/z 

457 ([16:1(9Z)-H+MgPhen]+) and m/z 471 ([17:1(c9)-H+MgPhen]+).  Consistent with previous 

work,33 CID of [16:1(9Z)-H+MgPhen]+ gives rise to a spectral pattern that is indictive of a 

double bond (12 Da spacing) in the 9th position (Figure 2a, highlighted in red).  In contrast, 

CID of [17:1(c9)-H+MgPhen]+ gives rise to a distinctive fragmentation pattern arising from 

the cyclopropyl ring in the 9th position (c9), displaying doublets between C9-C14, as 

highlighted in blue and shown in Figure 2b.   

 

Characterization of GP species in E. coli total lipid extract 

The workflow described above was applied to an E. coli total lipid extract for the 

structural elucidation of cyclopropyl and double bond-containing GPs.  The vendor quoted 

lipid profile of 57.5% PE; 15.1% PG; 9.8% cardiolipin; 17.6% unknown provides a suitable 

matrix for demonstration of ion/ion reactions and MS/MS in shotgun lipid characterization.  

Figure 3 shows the negative ion mass spectrum of the E. coli total lipid extract over the m/z 

range of 650-850, which is dominated by PE and PG anions.  The most abundant PE and PG 

anions that were characterized in this work are indicated in red and blue, respectively. 

 

 

 10969888c, ja, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/jm

s.4913 by N
ortheastern U

niversity, W
iley O

nline L
ibrary on [10/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



 

This article is protected by copyright. All rights reserved. 

Figure 4 illustrates the application of the ion/ion reaction approach to characterize the 

ion at m/z 733.3, tentatively identified as a PG 33:1 based on the mass.38  Figure 4a shows the 

CID product ion spectrum of the m/z 733.5 anion, which shows the two most abundant fragment 

ions to be at m/z 267.2 and m/z 255.2.  The former corresponds to the fatty acyl chain [17:1-

H]− while the latter corresponds to the fatty acyl chain [16:0−H]−, identifying PG 33:1 as PG 

17:1_16:0.   We note that there was no evidence of an isomeric species of PG 17:0_16.1 (or 

any other FA combination that corresponds to 33:1) due to the absence of FA signals consistent 

with other FA anions.  The charge inversion reaction using [Mg(Phen)3]
2+ produced two 

abundant product ion peaks consistent with [16:0-H+Mg(Phen)2]
+ (m/z 638.9) and [17:1-

H+Mg(Phen)2]
+ (m/z 650.9) (Figure 4b.)  Isolation and CID of the m/z 650.9 ion resulted in 

the additional loss of a phenanthroline (180 Da), forming the fragment ion [17:1−H+MgPhen]+ 

(m/z 471.0).  Isolation and activation of the [17:1-H+MgPhen]+ ion resulted in a spectrum 

similar to that of the 17:1 standard described above in the discussion of Figures 1 and 2.  The 

diagnostic product ion doublets at m/z 357.2/359.2, 371.2/373.2, 385.0/387.0, 399.0/401.2 and 

411.2/413.0 are consistent with the FA 17:1(c9) structure characterizing the species as PG 

17:1(c9)_16:0.  

 

 

 

 

 An example of a PE is provided by the ion at m/z 728.5 from Figure 3 consistent with 

the presence of PE 35:2. Figure 5a shows the CID spectrum of the ion at m/z 728.5, which 

resulted in four product anions that correspond the complementary pairs 17:1(m/z 

267.2)_18:1(m/z 281.2) and 16:1(m/z 253.2)_19:1(m/z 295.3).  The CID spectrum therefore 

suggests the presence of a major isomer (i.e., PE 17:1_18:1) and a minor isomer (i.e., PE 

16:1_19:1).  After the anions of Figure 5a were subjected to ion/ion reactions with 

[Mg(Phen)3]
2+, the fatty acyl anions were charge inverted resulting in [16:1−H+Mg(Phen)2]

+ 

(m/z 637.2), [17:1−H+Mg(Phen)2]
+ (m/z 651.2), [18:1−H+Mg(Phen)2]

+ (m/z 665.2), 

[19:1−H+Mg(Phen)2]
+ (m/z 679.1) (Figure 5b).   

 

Ion-trap CID of the ions at m/z 637.2, 651.2, 665.2 and 679.1 resulted in an additional 

loss of a phenanthroline ligand resulting in the [16:1-H+MgPhen]+ (m/z 457.2), [17:1-

H+MgPhen]+ (m/z 471.2), [18:1-H+MgPhen]+ (m/z 485.1) and [19:1-H+MgPhen]+ (m/z 499.0) 

ions.  The CID product ion spectra of the four [FA-H+MgPhen]+ cations listed above are 

provided in Figure 6.  Consistent with Figure 1b, the [16:1-H+MgPhen]+ precursor ion 

(Figure 6a, m/z 457.2) gives rise to a spectral pattern with 12 Da spacing between m/z 345.1 

amd m/z 357.1 indicating a double bond at the C9 position.  A similar spectral pattern was 

obtained from CID of the [18:1-H+MgPhen]+ ion (Figure 6c, m/z 485.1), with the tell-tale 12 

Da spacing between m/z 373.1 and m/z 385.1 indicating a double bond at the C11 position.  

Note that it is possible for there to be mixtures of ions with different positions of unsaturation 

but that, in these cases, a single isomer appears to be present.   

The CID spectra from both [17:1−H+MgPhen]+ (Figure 6b, m/z 471.2) and [19:1-

H+MgPhen]+ (Figure 6d, m/z 499.0) ions show characteristic doublet patterns, suggesting the 

presence of a cyclopropyl ring at the C9 and C11 positions, respectively.  A deprotonated 

phytomonic acid standard ([19:1(c11)-H]−) was charge inverted with [Mg(Phen)3]
2+, followed 

by CID to produce the [19:1(c11)-H+MgPhen]+ ion at m/z 499.0.  Another round of CID was 

then employed resulting in similar doublet patterns at 385.0/387.0, 399.0/401.1, 413.0/415.0, 

426.9/429.1 and 441.0/443.0 to the profiled 19:1 fatty acyl chain (compare Figure S-1 and 

Figure 6d).  In contrast, cis-10-nonadecanoic acid (FA 19:1 (10Z)) was subjected to the same 
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process and the resulting product ion spectrum of [19:1(10Z)-H+MgPhen]+ (m/z 499.0) shows 

the expected fragmentation pattern for an FA with a double bond at C10 and distinct from that 

of the profiled 19:1(c9) fatty acyl chain (compare Figure S-2 with Figure 6d).  A [17:1(9Z)-

H] – anion could be generated from a lyso-PC 17:1(9Z) standard (see Figure S-3) to compare 

with the data for the profiled m/z 471.2 ion (compare Figure S-3 with Figure 6b).  The CID 

product ion spectrum of the m/z 471.2 generated from the lyso-PC 17:1(9Z) standard shows 

the expected pattern and 12 Da spacing for a double bond at the C9 position, in contrast with 

the behavior noted for the profiled m/z 471 ion. 

 

 

 

 

 Table 1 summarizes unsaturated GPs represented in the negative ion ESI mass spectrum 

of the E. coli total lipid extract (Figure 3) that were subjected characterization using the MSn 

workflow outlined in Figure 2.  Many of the GP anions derived from the E. coli extract were 

found to be comprised of mixtures of FA compositions, as illustrated above for the PE 35:2 

ions.  In a few cases, FA anions from minor components were apparent upon CID of the GP 

precursor anions but were too low in abundance (<2% of the most abundant FA anion generated 

by CID of the GP anion) to allow for subsequent isolation and CID to localize the unsaturation.  

These cases are indicated with an asterisk in Table 1.  

 

CONCLUSION 

In this work, we demonstrate for the first time the localization of both double bonds 

and cyclopropane sites in GPs using ion/ion charge inversion reactions. GP anions were 

fragmented generating FA anions in high relative abundance, which enables the identification 

of carbon number and the number of alkene/cyclopropyl groups.  CID of deprotonated FAs, 

however, neither distinguishes cyclopropyl groups from double bonds nor allows for the 

localization of the sites of such groups.  We therefore charge invert the FA anions via reaction 

with [MgPhen3]
2+ initially to produce [FA – H + Mg(Phen)2]

+ cations.  CID of [FA – H + 

Mg(Phen)2]
+ leads to loss of one Phen ligand, generating a [FA – H + MgPhen]+ cation.  CID 

of the [FA – H + MgPhen]+ cation yields distinct fragmentation patterns for FA anions with 

double bonds and cyclopropyl groups.  In each case, it is possible to identify whether the FA 

modification is a double bond or cyclopropane group as well as to localize the modification 

site.  The phenomenology is demonstrated here with standards and is extended to GP anions 

generated from a E. coli total extract.  The 16:1 and 18:1 fatty acyl chains in the E. coli total 

extract were found to be 16:1 (Δ9) and 18:1 (Δ11), respectively, while 17:1 and 19:1 fatty acyl 

chains were found to be 17:1 (c9) and 19 (c11), respectively.    The demonstrated work-flow 

offers extensive GP structural characterization using gas-phase ion/ion reactions and tandem 

mass spectrometry. 
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Scheme 1 – Proposed products from cleavages in the double bond region of [16:1(9Z)-

H+MgPhen]+ 
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Scheme 2 – Proposed products from cleavages 

in the cyclopropyl region of [17:1(c9)-

H+MgPhen]+.   
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and (c) [17:1(c9)-H+MgPhen]+.  Filled and open circles (●/○) represent selected/unselected 

anions, respectively, and filled and open squares (■/□) represent selected and unselected 

cations.  Lightning bolts () indicate the precursor ion subjected to collisional activation. 
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Figure 2. Graphic representation of the approach to characterize fatty acyl chains in GPs.  

Anionic glycerophospholipids, [GP-H]- subjected to CID generate fatty acyl anions, [FA-H]-.  

The fatty acid anions undergo ion/ion reactions with tris-phenanthroline magnesium dictations, 

[MgPhen3]
2+, resulting in a complex that spontaneously loses one of the phenanthroline ligands 

to yield [FA-H+MgPhen2]
+ cations.  Following an additional CID step to drive off a second 

phenanthroline ligand, CID of the resulting [FA-H+MgPhen]+ cations generate product ion 

spectra that allow for the localization of a double bond or cyclopropyl group.  Filled and open 

circles (●/○) represent selected/unselected anions, respectively, and filled and open squares 

(■/□) represent selected and unselected cations.  Lightning bolts () indicate the precursor ion 

subjected to collisional activation. 
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Figure 3. Negative ion mode nanoESI MS spectrum of lipid total extract from E. coli. Some 

of the mixture components that were subjected to characterization (see Table 1) are also 

indicated by head group, total FA carbon number and degree of unsaturation. 
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Figure 4. a) CID product ion spectrum of the PG 33:1 anion at m/z 733.3 (from Figure 3). b) 

Ion/ion reaction of the ions in panel a).  CID of the ion at m/z 650.9 generates an abundant ion 

at m/z 471.2 (phenanthroline loss), the CID product ion spectrum of which is given in c). Filled 

and open circles (●/○) represent selected/unselected anions, respectively, and filled and open 

squares (■/□) represent selected and unselected cations.  Lightning bolts () indicate the 

precursor ion subjected to collisional activation. 
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Figure 5 – (a) CID product ion spectrum of the PE 35:2 ions at m/z 728.5.  (b) Product ion 

spectrum after reaction of the anions in (a) with [Mg(Phen)3]
2+.  Filled and open circles (●/○) 

represent selected/unselected anions, respectively, and filled and open squares (■/□) represent 

selected and unselected cations.  Lightning bolts () indicate the precursor ion subjected to 

collisional activation. 
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Figure 6. a) CID of the ion population at m/z 637.2 followed by activation of the ions at m/z 

457.2. b) CID of the ion population at m/z 637.2 followed activation of the ions at m/z 471.2. 

c) CID of the ion population at m/z 637.2 followed by activation of the ions at m/z 485.1. d)  

CID of the ion population at m/z 637.2 followed by activation of the ions at m/z 499.0.  Filled 

and open circles (●/○) represent selected/unselected anions, respectively, and filled and open 

squares (■/□) represent selected and unselected cations.  Lightning bolts () indicate the 

precursor ion subjected to collisional activation. 
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Table 1. The PGs and PEs in an E. coli total lipid extract characterized via MSn involving CID 

of the deprotonated GP, ion/ion charge inversion of the FA product anions using tris-

phenanthroline magnesium dictations, and CID of the [FA−H+MgPhen]+ ions.  Asterisks 

Headgroup 

Sum 

Composition Combination 

m/z 

[M – H]– Ring Position 

Double Bond 

Position 

Standards      

PE 33:1 16:0/17:1 702.9 [17:1(c9)-H]-  

PC 17:1 17:1 Lyso 542.0  [17:1(∆10)-H]- 

Fatty Acid 19:1 19:1 295.6  [19:1(∆10)-H]- 

Fatty Acid 19:1 19:1 295.6 [19:1(c11)-H]-  

      

E. coli      

PE 33:2 16:1_17:1 700.5 [17:1(c9)-H]- [16:1(∆9)-H]- 

“  33:2 15:1_18:1 700.5 *  [18:1(∆11)-H]- 

“ 33:1 16:0_17:1  702.5 [17:1(c9)-H]-   

 “ 33:1 17:0_16:1 702.5   [16:1(∆9)-H]- 

 “ 34:2 17:1_17:1  714.5 [17:1(c9)-H]-   

“  

34:2 

 

16:1_18:1 

 

714.5 

  [18:1(∆11)-H]- 

[16:1(∆9)-H]- 

“ 34:2 15:1_19:1 714.5 [19:1(c11)-H]-  * 

“ 34:1 16:0_18:1 716.4  [18:1(∆11)-H]- 

“ 34:1 16:1_18:0 716.4  [16:1(∆9)-H]- 

“ 34:1 17:0_17:1 716.4 [17:1(c9)-H]-  

 “ 35.2 18:1_17:1   728.5 [17:1(c9)-H]- [18:1(∆11)-H]- 

 “ 35.2 16:1_19:1 728.5 [19:1(c11)-H]- [16:1(∆9)-H]- 

 “ 35:1 16:0_19:1 730.5 [19:1(c11)-H]-   

 “ 35:1 18:0_17:1 730.5 [17:1(c9)-H]-   

 “  

36:2 

 

19:1_17:1 

 

742.5 

[19:1(c11)-H]- 

[17:1(c9)-H]- 

  

 “ 36:2 18:1_18:1 742.5   [18:1(∆11)-H]- 

 “ 37:2 17:1_20:1 756.5 [17:1(c9)-H]-   

 “ 37:2 18:1_19:1 756.5 [19:1(c11)-H]- [18:1(∆11)-H]- 

 “ 37:2 19:0_18:2 756.5  * *  

      

PG  32:1 16:0_16:1 719.4  [16:1(∆9)-H]- 

 “ 32:1 14:0_18:1 719.4  [18:1(∆11)-H]- 

“ 33:1 16:0_17:1 733.4 [17:1(c9)-H]-  

“ 33:2 16:1_17:1 731.4 [17:1(c9)-H]- [16:1(∆9)-H]- 

“ 33:2 14:1_19:1 731.4 [19:1(c11)-H]- * 

“ 

34:2 

 

16:1_18:1 745.4 

 [16:1(∆9)-H]- 

[18:1(∆11)-H]- 

“ 34:2 17:1_17:1 745.4 [17:1(c9)-H]-  

“ 34:1 16:0_18:1 747.5  [18:1(∆11)-H]- 

“ 35.2 18:1_17:1  759.5 [17:1(c9)-H]- [18:1(∆11)-H]- 

“ 35.2 16:1_19:1 759.5 [19:1(c11)-H]- [16:1(∆9)-H]- 

“ 35:1 18:0_17:1  761.5 [17:1(c9)-H]-   

“ 35:1 17:0_18:1 761.5   [18:1(∆11)-H]- 
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indicate cases in which the FA anions could be observed from minor GP components but were 

too low in abundance for further characterization via MS/MS.   
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