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Abstract

Electrospray ionization (ESI) of mixtures can give rise to ions with different masses and charges with
overlapping mass-to-charge (m/z) ratios. Such a scenario can be particularly problematic for the
detection of low-abundance species in the presence of more highly abundant mixture components. For
example, negative mode ESI of polar lipid extracts can result in highly abundant singly-charged
glyerophospholipids (GPLs), such as phosphatidylethanolamines (PE) and phosphatidylglycerols (PG),
that can obscure much less abundant cardiolipins (CLs), which are complex phospholipids with masses
roughly double those of GPLs that mostly form doubly-charged anions. Despite their low relative
abundance, CLs are lipidome components that perform vital biological functions. To facilitate the study
of CLs in lipid mixtures without resort to off-line or on-line separations, we have developed a gas-phase
approach employing ion/ion reactions to charge invert anionic lipid species using a trivalent metal-
complex. Specifically, ytterbium(IIl) is shown to readily complex with three neutral ligands,
N,N,N’,N’-tetra-2-ethylhexyl diglycolamide (TEHDGA), to form [Yb(TEHDGA;)]** using ESI.
Herein, we describe pilot studies to evaluate [Yb(TEHDGA);]*" as an ion/ion reagent to allow for
chemical separation of doubly- and singly-charge anions, using lipid mixtures as examples, without
neutralizing ions of either charge state.



Introduction

Electrospray ionization (ESI) is a popular ionization technique in mass spectrometry (MS) for
biomolecules such as peptides, proteins, lipids, etc.! ESI can generate various ion types such as
protonated or metal-adducted species in positive ion mode, and deprotonated or anion-adducted species
in negative ion mode. Furthermore, ESI has been shown to generate ion species with charges greater
than one when multiple readily ionized sites are present.'** The solution prior to being subjected to ESI
can be manipulated to generate different ion-types, such as altering the pH or adding various salts.®”’
This may be desirable to simplify mass spectra or change the ion-type to facilitate structural
characterization via tandem MS.!>!? However, modifying the solution to manipulate ion-type can
suppress ion formation,!® result in a more complicated mass spectrum, and/or result in the analyte no
longer being in biologically relevant solvent conditions, as is the focus of ‘native’ mass spectrometry.'*
A straightforward alternative approach is to manipulate the ion-type post-ionization via gas-phase
ion/ion reactions.!>"'® Gas-phase ion/ion reactions, when conducted within the context of a tandem MS
experiment, allow for selective manipulation of ion-type by isolating a chosen reagent ion and then
allowing it to react exclusively with a selected analyte ion. There are various ion transformation
possibilities such as proton transfer,!*!*?! metal transfer,”>>* and covalent bond formation.>*

We have previously reported using divalent alkaline earth metals complexed with tris 1,10-
phenanthroline (phen)**>* and 2,2°:6°,2”-terpyridine (terpy)**~’ to charge invert singly charged lipid
species that allowed for in-depth structural characterization and isomeric differentiation. However,
larger lipids such as Lipid A,*® cardiolipin,®® and phosphatidylinositol phosphate*®*! preferentially
ionize as dianions, precluding divalent metal complexes as suitable reagents for ion/ion reactions due
to inevitable neutralization. Furthermore, all four major macromolecule classes (i.e., proteins,
carbohydrates, oligonucleotides, and lipids) can give rise to anionic species with charges greater than
one, especially larger and structurally complex species. Therefore, besides lipids, it would be beneficial
to have more highly charged cationic reagents for ion-type manipulation for when a singly or doubly
charged cation reagent does not improve analysis. Here, we extend our approach by introducing a novel
cationic triply charged metal complex for charge inversion of lipid anions, specifically mono- and di-
anions.

The lipidome constitutes a highly complex mixture and the informing power of mass spectrometry, by
virtue of its sensitivity, selectivity, and speed, is a key tool in lipidomics.**** Shot-gun lipidomics, in
particular, has emerged as an attractive approach as there is minimal sample preparation and it avoids
potentially long prior separations (e.g. liquid-chromatography-MS).*¢ The lipidome in humans is
incredibly complex and structurally diverse due to variations in head groups, number and length of fatty
acyl chains, degree and location of unsaturation, and other modifications to the fatty acyl chains (e.g
methyl, hydroxyl, or cyclopropyl groups).***” While there has been much progress in the in-depth
structural analysis and quantitation of lipids, there remain numerous challenges, such as localizing
isomeric features including C=C position on the fatty acyl chains.****

Most shot-gun lipidomic experiments employ some form of ESI that is known to give rise to multiply
charged species due to an analyte’s structure, solution conditions, and/or spray conditions. This can
complicate analysis when there are analyte ions of different mass and charge but similar mass-to-charge
(m/z) ratios. This proves to be even more difficult when one analyte is significantly lower in abundance.
There have been some approaches to address this issue from our group, such as gas-phase single proton
transfer ion/ion reactions®? and, most recently, a physical separation of lipid species within a mass
spectrometer based on charge.*’ Single proton transfer can separate mono- and di-anions by converting
the dianion to a monoanion while neutralizing the singly-charged anions. For example, we have
previously employed gas-phase proton-transfer ion/ion reactions to transform cardiolipin (CL) dianions



from [CL-2H]* to [CL-H]" yielding a shift in m/z two times the original m/z making identification of
cardiolipins straightforward.’> Herein, we further expand the options for charge state manipulation by
introducing a triply charged lanthanide-complex to charge-invert singly and doubly charged lipid anions
to cations for identification and further analysis.

Experimental Section

Materials

All lipid standards: PE 16:0/18:1, CL 18:1/18:1 18:1/18:1, CL 16:0/18:1 16:0/18:1, Cardiolipin Mix 1,
and Escherichia coli (E. coli) total lipid extract were purchased from Avanti Polar Lipids, Inc.
(Alabaster, AL) and all used without further purification. Optima® LC/MS-grade methanol (MeOH),
Optima® LC/MS-grade water (H20), Optima® acetonitrile (ACN), and HPLC-grade 2-Propanol were
purchased from Fischer Scientific (Pittsburgh, PA). Ytterbium(Ill) nitrate pentahydrate
(Yb(NOs);3:5H20) was purchased from Sigma-Aldrich (St. Louis, MO). N,N,N’,N’-tetra-2-ethylhexyl
diglycolamide (TEHDGA) was purchased from AmBeed, Inc. (Arlington Heights, IL), catalog number:
AT766751.

Sample Preparation

PE 16:0/18:1, CL 18:1/18:1 18:1/18:1, and CL 16:0/18:1 16:0/18:1 was each dissolved separately into
MeOH to a stock concentration of ~ImM. CL 16:0/18:1 16:0/18:1 was diluted further to 10 uM in
MeOH. PE 16:0/18:1 and CL 18:1/18:1 18:1/18:1 was mixed to a final 1:1 molar ratio of 10 uM. E. coli
lipid extract was dissolved into a stock solution of 1 mg/mL in MeOH and further diluted to a final
concentration of 0.05 mg/mL in MeOH. Yb(NOs);-5H.O was dissolved in MeOH to an initial
concentration of ~6 mM. TEHDGA was dissolved in 2-Propanol to an initial concentration of ~1 mM.
TEHDGA at ambient temperature is viscous which can prove challenging to accurately measure so the
calculated concentration may not be exact. Yb(NO3)3*5H>O and TEHDGA were co-mixed to a final 1:1
molar ratio of 50 uM in MeOH with no further solution modifications.

Mass Spectrometry

All experiments were performed on a Sciex TripleTOF 5600 quadrupole time-of-flight mass
spectrometer (SCIEX, Concord, ON, Canada) that has been previously modified for ion/ion reactions
and dipolar DC (DDC).*® Alternately pulsed nano-electrospray ionization (nESI) emitters allow for
sequential injection of cations and anions.’! Briefly, [Yb(TEHDGA);]*" was ionized via positive nESI,
monoisotopically isolated in Q1, and transferred into the high-pressure collision cell, g2. Next, for lipid
standards experiments, the standards were ionized via negative nESI, isolated in Q1, and transferred
into q2 for mutual storage of 30 ms. When using E. coli lipid extract, the extract was ionized via negative
nESI, transmitted through Q1 (no isolation) and into q2 for mutual storage of 30 ms. The resulting
products from the ion/ion reaction were subsequently isolated and collisionally activated either using
single frequency ion-trap collision induced dissociation (CID) or dipolar DC (DDC).>> Mass analysis
was performed via orthogonal acceleration time-of-flight measurements.

Results and Discussion

Selection of TEHDGA as ligand for trivalent metal complexes

In order to charge invert both singly- and doubly-charged anions, the reagent must be at least triply-
charged. The necessary or desirable characteristics of a useful reagent ion for gas-phase reactions are:



1) inexpensive commercially available reagents, ii) minimal solution preparation requirements, iv)
abundant and stable production of the target multiply charged species, and v) efficient execution of the
desired chemistry. Based on our extensive experience in using doubly-charged complexes comprised
of divalent metals with neutral ligands as charge inversion reagents for singly-charged lipid anions, we
looked into the possibility for use of complexes of trivalent metals. We were unable to form strong
signals for trivalent complexes using transition metal cations (e.g., Co*") with the ligands we often use
for divalent metals (e.g., phen and terpy). We therefore explored the use of trivalent lanthanides with
species commonly used for the extraction of lanthanides and actinides, such as the water soluble
diglycolamides (DGAs).”® Literature reports describe various DGAs used to stabilize tri and tetra-
valent metals (e.g N,N,N’,N’-tetramethyl-3-oxa-glutaramide (TMOGA)**), though most are not
commercially available. TEHDGA is a commercially available DGA, which we found yields strong
trivalent complexes when mixed with the commercially available Yb(NOs)3-5H,0 salt. (We did not do
an exhaustive survey of trivalent lanthanides and actinides in combination with other candidate ligands
due to the success with this combination of ligand and metal salt. We therefore anticipate that trivalent
complexes comprised of other combinations of ligands and metals can also be generated efficiently
using nESI.) Figure 1A demonstrates a positive nESI MS1 scan of the metal-ligand solution at a 1:1
molar ratio of 50uM, where L represents one TEHDGA ligand. There is evidence for protonated and
sodiated ligand, [L+H]" (m/z 582) and [L+Na]* (m/z 603), as well as a sodium-bound dimer of the
ligand, [LotNa]" (m/z 1184). There is evidence of doubly-charged species highlighted in pink that
indicate the presence of Yb due to the isotopic distributions but were not further investigated as they
were not the desired charge state. The base peak in the spectrum corresponds to [Yb(L3)]*" (m/z 638),
which is expanded in the inset to show the expected isotope distribution. It is noted that the isotopic
abundances are undermeasured for the higher m/z isotopes which indicates a high mass discrimination
that may due to the detection setup. The monoisotopic m/z of the complex, 638.5, has a calculated mass
error of 1.903 ppm, which falls within instrument specifications. To avoid confusion in analysis, the
triply charged metal complex’smost abundant isotope was isolated for all experiments besides the latter
just discussed.
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Figure 1. Ionization of Yb"(TEHDGA);, gas-phase ion/ion reaction with a CL standard and
[Yb(TEHDGA);]**, and subsequent collisional activation of the resulting complex. A) MS1 of positive
nESI of 1:1 molar ratio 50uM of Yb(NOs);-5H,O and TEHDGA. The inset is a zoom in of
[Yb(TEHDGA);]* overlayed with a theoretical isotope distribution. B) The negative mode spectrum of
isolated [CL 16:0/18:1 16:0/18:1-2H]*. C) The resulting ion/ion reaction between [Yb(TEHDGA);]**
and [CL 16:0/18:1 16:0/18:1-2H]*. D) Subsequent CID of the resulting complex, [Yb(L2)+(CL-2H)]".

Charge inversion of CL standards with [Yb(TEHDGA);]*

The ability of [Yb(Ls)]** to charge invert dianion species was examined by considering the ion/ion
reaction with [CL 16:0/18:1 16:0/18:1-2H]* (m/z 701.5). To simplify the nomenclature, the fatty acyl
information of the CL is removed from the label. Figure 1B displays the isolation of [CL-2H]*
generated by negative mode nESI. The triply charged-metal complex and CL dianion were mutually
stored within a high-pressure (10 mtorr N>) collision cell for ~30 ms and the resulting spectrum is shown
in Figure 1C. Only one product ion is observed, a long-lived complex [Yb(L2)+(CL-2H)]" (m/z 2737.3)
that is formed via the union of the two reactants followed by neutral loss (NL) of one TEHDGA (580.6
Da). This demonstrates that a triply charged metal complex can efficiently charge invert a dianion in
the gas-phase. The other ion observed in the spectrum is residual reagent, [Yb(L3)]**, which can vary
in abundance depending upon relative abundances of the reactants and the reaction time. CID of the
resulting complex yielded a NL of another TEHDGA ligand to yield [Yb(L)+(CL-2H)]" (m/z 2156.7)
shown in Figure 1D. This observation is reminiscent of our previous reports of using Mg(phen);>*
dications to charge invert monoanion lipid species (e.g. unsaturated fatty acids) to cations via a complex
formed by NL of one phen ligand and CID of the complex yielded another NL of one phen ligand.*
CID after the second phen loss yielded structurally informative lipid fragments.

CID after the second TEHDGA loss from the complexes studied here also yields structurally
informative fragment ions as shown in Figure 2. Figure 2A displays CID of the complex generated



from the first CID step (Figure 1C). The most abundant fragment ion at (m/z 1562.1) is assigned as
cleavage of one of the phosphodiester linkages of the PA moieties resulting in the loss of glycerol-
16:0/18:1. As both PA moieties are symmetrical, it is ambiguous as to whether the PA moiety at the 1’
or 3’ position of central glycerol backbone (or a mixture of the two) was lost. However, as shown below,
for different FA sum composition for each PA moiety on a CL, there will be a pair of fragment ions
representing each unique PA moiety. The other minor fragment ions observed are NL of the fatty acyl
chains as acids, (m/z 1900.4) and (m/z 1874.4) for FA 16:0 and 18:1, respectively. Subsequent isolation
and CID of [Yb(L)+(CL-2H-glycero 16:0/18:1)]", shown in Figure 2B results in product ions (m/z
1323.8) from the NL of 16:0 as a ketene, (m/z 1305.8) from the NL of 16:0 as an acid, (m/z 1297.8)
from the NL of 18:1 as a ketene, and (m/z 1279.8) from the NL of 18:1 as an acid. This fragmentation
pattern allows for sum FA composition to be determined as well as individual FA identities (chain
length and degree of unsaturation). The relative abundances for ions related to the loss of FA 16:0 in
the sn-1 position are higher than those related to the loss of 18:1 in the sn-2 position which supports
previous reports that CLs with a 2- charge state favor sn-1 losses compared to sn-2 losses.>
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Figure 2. Tandem MS of the product ions following initial CID of, [Yb(L2)+(CL-2H)]*. A) CID of
[Yb(L)+(CL-2H)]" (m/z 2157). B) CID of [Yb(L)+(CL-2H-glycero16:0/18:1)]" (m/z 1562).



The ion/ion reaction phenomenology and results of the subsequent CID steps observed using CL
16:0/18:1 16:0/18:1, as illustrated in Figures 1B and 2, appear to be universal for all CLs, which is
supported by the data in Figures 3, S1, and S2. Figure 3A reflects the MS1 of nESI of Cardiolipin Mix
1 (see insert of Figure 3A) ionized in negative ion mode. The labels for each ion are color coded to
reflect CL identity and the shaded boxes indicate ion-types with identical charges, which are listed in
the adjacent box. The mix is reported by the vendor (Avanti Lipids) to consist of CL 14:1(3)-15:1, CL
15:0(3)-16:1, CL 22:1(3)-14:1, and CL 24:1(3)-14:1; linkage location of each PA moiety and s» position
for fatty acyl chains are not reported. Abundant dianions of all CLs were readily seen, as well as their
respective less-abundant monoanions at higher m/z values. Figure 3B shows the resulting ion/ion
reaction from charge inverting all ions from Figure 3A with [Yb(TEHDGA);]**. The CL dianions,
similar to the example shown in Figure 1B, formed a positive, singly charged complex via NL of one
TEHDGA ligand. Expanding m/z 3100-4600 shows low abundance charge inverted CL dianions with
all three TEHDGA ligands. Presumably, excess energy from the ion/ion reaction results in the rapid NL
of one ligand. CL monoanions are charge inverted to form a positive doubly charged complex around
m/z 1250-1500 in abundances reflective of their relative abundances of the MS1 in negative ion mode.
Similar fragmentation patterns that were observed in Figure 1C and Figure 2 are observed for the CLs
here and are shown in Figures S1 and S2. All charge inverted CL dianions first undergo a second NL
of one TEHDGA ligand upon CID. A second CID step results in minor NL of each fatty acyl chain as
acids, while the most abundant fragment ions reflect phosphodiester cleavages along each PA moiety.
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Figure 3. Charge inversion ion/ion reactions between [Yb(TEHDGA );]** and Cardiolipin 1 mix. A)
MSI1 of negative ion mode nESI of Cardiolipin Mix 1 (CL mix). CL identity is listed as sum fatty acyl
composition and color coded. The yellow and purple shaded box indicate similar ion-types and their
respective charge is listed in the box. B) Resulting ion/ion reaction from charge inversion of the CL
mix. The colored boxes here indicate the precursor ion-type that was charge-inverted. The charge states
are once more indicated by a boxed label.

Simultaneous charge inversion of PE and CLs

To further investigate [Yb(TEHDGA);]*" as a charge inversion reagent, a preferentially singly charged
lipid was utilized, specifically PE 16:0/18:1. As shown in Figure 3B, charge inversion of singly charged
CLs resulted in a doubly charged complex, which was also observed when using a singly charged PE
ion (see Figure 4A), though there more products observed for the PE. The base peak from the resulting
ion/ion reaction is [Yb(L,)+(PE-H)]*" (m/z 1025.3); there is also a minor ion with all three ligands,
[Yb(Ls)+(PE-H)]** (m/z 1315.6). Notably, (m/z 2767.2) reflects a second attachment of the PE anion to
yield a 1+ complex, [Yb(L:)+2(PE-H)]", as well as evidence of a NL of an additional ligand at (m/z



2186.7). This sequential reaction involves charge inversion to a 2+ complex reacting followed by an
additional attachment of a residual PE anion. We note that evidence for the formation of [ Yb(L.)+2(PE-
H)]" was noted even at mutual storage times as low as 1 ms, which suggests that there may have been
a small population of doubly-charged PE dimers in the precursor anion population. CID was performed
on the second PE attachment in Figure S3, where CID of [[Yb(L2)+2(PE-H)]" resulted in NL of one
ligand (Figure S3A) and subsequent CID (Figure S3B) revealed fatty acyl chain losses with and
without headgroup loss, NL of the last ligand, and phosphodiester cleavage from one of the PE
attachments.

Products from sequential attachments of singly-charged anions to the reagent tri-cation (see an example
in Figure 4A) appear at similar m/z ratios to those of the single attachment of a CL di-anion, which can
complicate the separation of ions of similar m/z but different z. A mixture of PE 16:0/18:1 and CL
18:1/18:1 18:1/18:1 was ionized and allowed to react simultaneously with [Yb(TEHDGA);]** to
provide the ion/ion reaction product ion spectrum in Figure 4B. An abundant charge inverted CL is
present, as well as the PE product ions that also appear in Figure 4A. For complex mixture analysis,
such as identifying low level CLs in the presence of more abundant PEs with similar m/z, the resulting
ion/ion reaction product identification can be ambiguous. As apparent in Figure 4A, the second PE
attachment undergoes minor NL of a second TEHDGA, most likely due to excess energy from the
ion/ion reaction while the CL product does not. This led to the hypothesis that if both the second PE
attachment and CL product shed one ligand during the first CID step (as demonstrated in Figure 1C),
the PE species may shed it faster than the CL. To explore this possibility, we applied dipolar DC (DDC)
collisional activation, a broadband activation technique. @~We’ve previously reported various
implementations of DDC.3%%%57 [t has been demonstrated that changing the applied time of DDC while
keeping the voltage constant, pseudo-first order kinetics are observed and thus dissociation rates can be
determined. Dissociation rate determination has been able to offer fundamental insights into topics
such as gas-phase covalent bond formation energetics,’®® determining effective ion temperatures,’’ and
lipid isomeric differentiation.’® Here, we investigated if the PE complex underwent a ligand loss faster
than the CL complex by applying DDC first at a constant time of 200 ms and 31 V (Figure 4C). With
these conditions, only one fragment ion is observed, one ligand loss from the PE complex, with no
evidence of the CL complex fragmenting.

To further characterize the apparent difference in kinetic stabilities of the complexes with two PE
constituents versus those with a single CL, separate experiments were performed where CL and PE ions
were isolated prior to the charge inversion reaction to look at only one product complex at a time. For
each precursor ion, the DDC voltage was held at 27 V and the time over which the DDC voltage was
applied was varied. The survival yield at each time point was calculated by normalizing all ion
abundances and dividing the precursor ion’s abundance by the sum of the precursor and all fragments
abundance and plotted in Figure 4D. At DDC = 27 V, most of the 2™ PE attachment complex was
depleted by 550 ms (dissociation rate = 6.3 s™') whereas no measurable CL complex fragmentation was
noted. At DDC = 31 V, a dissociation rate for the CL complex was 0.3 s™! while that for the complex
with two PE constituents was approximately 85.0 s (considering only the linear dynamic range),
roughly 100x faster (see Figure S4). This verified that is it straightforward to establish conditions in
which essentially more fragile complexes comprised of two PEs can be dissociated without fragmenting
the more stable complexes comprised of a CL.
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Figure 4. Ion/ion reactions between [Yb(TEHDGA);]* and [PE 16:0/18:1-H]" and/or [CL 18:1/18:1
18:1/18:1-2H]* and subsequent activation. A) Ion/ion reaction product ion spectrum of
[Yb(TEHDGA);]** and [PE 16:0/18:1-H]. B) Ion/ion reaction product ion spectrum of
[Yb(TEHDGA);]** with a mixture of [PE 16:0/18:1-H] and [CL 18:1/18:1 18:1/18:1-2H]*. C)
Broadband DDC activation of the charge-inverted PE and CL complexes. D) DDC kinetics of the
survival yield for each CL and PE charge inverted complex as a function of time.

Charge inversion of E. coli lipid extract

E. coli lipid extract was used as a complex lipid mixture to probe the resulting reaction with
[Yb(TEHDGA);]** for chemical charge state separation. Figure 5A provides the negative ion-mode
MSI1 of E. coli lipid extract, (m/z 700-800), which is presumably a mixture of various singly-charged
PE and PGs, as well as doubly-charged CLs. There is a small population of doubly charged ions between
(m/z 550-610) that is believed to be monolyso-CLs (MLCL), e.g. CLs with one less FA chain. Around
(m/z 1320-1510) is presumably the singly charged counterparts of the doubly charged CLs, though it
may also be a combination of PE and PG dimers. Figure 5B reflects the charge inversion ion/ion
reaction with all ions from Figure SA with [Yb(TEHDGA);]**. Charge inverted PE and PGs with three
and two ligands, (~m/z 975-1095 and 12565-1385, respectively) are prominent doubly charged species
at lower m/z. At higher m/z (~2660-2940) there is a large distribution of singly charged species that is
believed to be a combination of charge inverted CLs and two attachments of PE and/or PGs. In lower
abundance but still easily observed, at (~m/z 2430-2555) are the putative monolyso-CLs.
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Figure 5. Ion/ion reactions between [Yb(TEHDGA );]**and E. coli polar lipid extract. A) Negative ion-
mode MS1 of 0.05 mg/mL E. coli polar lipid extract. B) Charge inversion product ion spectrum of .
coli polar lipid extract reacting with [Yb(TEHDGA);]*".

The higher mass ions in Figure 5B (m/z 2660-2940) are related complexes containing either CLs or
two attachments of PE/PG. Taking advantage of the different kinetic stabilities of the CL- and PE/PG-
containing species, DDC was used to separate the two ion-types by selectively inducing the loss of one
ligand (580.5 Da) from the PE/PG-containing species. This is demonstrated in Figure 6, where first the
2 PE/PG attachment and CL complexes (m/z 2660-2940) were isolated via a resonance ejection
ramp.>%>° All four spectra (Figure 6A-D) reflect increasing DDC times (A)0, B)50, C)100, and D)200
ms) that show an increasing extent of ligand loss. By 200 ms, essentially all the PE/PG-containing
complexes with two ligands are depleted from the isolated population with most being converted to
single ligand complexes in the region of (m/z 2100-2400). Evidence for a small degree of sequential
fragmentation (i.e., from the appearance of ions at m/z 1423-1700) is also apparent and presumed
various acyl chain losses from the PE/PG-containing complexes.
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Figure 6. Isolation and subsequent DDC activation of CL-complex and 2(PE/PG)-complex ions post
ion/ion reaction of E. coli and [Yb(TEHDGA);]*". A) Isolation of (m/z 2660-2940) following the
ion/ion reaction in Figure 5SB. B) 50 ms of DDC of 31 V of the isolated ion species. C) 100 ms and D)
200 ms of 31 V of the isolated ion species.

A zoom in of no DDC applied, Figure 7A, and 200 ms of 31 V of DDC applied, Figure 7B, were
plotted with their absolute abundance. Comparison of the absolute abundances in Figure 7A and 7B
indicates very little ligand loss from the presumed CL-containing ions, as approximately equal
abundances of these ions are observed before and after application of the DDC voltage. The PE/PG-
containing complexes, on the other hand, are largely depleted. The sum compositions of the CLs found
here, some of which are labeled in the expanded region of Figure 7B, further enlarged and labeled in
Figure S5, agree with previous reports of profiling CLs in E. coli.**%
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Figure 7. Zoom-in of post-ion/ion reaction of E. coli and [Yb(TEHDGA );]** without and with isolation
and DDC afterwards. A) Zoom-in of Figure 5B, the resulting product ion spectrum. B) Zoom-in of
Figure 6D -isolation and 31 V applied DDC for 200 ms post ion/ion reaction. The red labels in B report
CL sum composition.

Conclusions

ESI can give rise to a variety of charge states that can make analysis difficult when differently charged
species overlap in m/z. Here, a trivalent lanthanide coordinated to three N,N,N’ ,N’-tetra-2-ethylhexyl
diglycolamides (TEHDGA) yielded a triply charged cation, [Yb(TEHDGA);]**, that was used to charge
invert singly- and doubly-charged lipids with similar m/z. Charge-inversion of doubly deprotonated CLs
yielded a singular product ion, [Yb(L,)+(CL-2H)]" (L=TEHDGA), that upon ion-trap CID underwent
a NL of one TEHDGA ligand followed by various fatty acyl chain losses upon further CID. Singly-
charged PE anions formed a variety of product ions from the ion/ion reaction, i.e [Yb(L3)+(PE-H)]**
,[Yb(L,)+(PE-H)]**, and more notably second attachment ions [Yb(L2)+2(PE-H)]*and [Yb(L)+2(PE-
H)]*. CID of all latter ions show various degrees of ligand loss as well as fatty acyl chain losses that aid
in distinguishing CLs from PEs.

While the second attachment of PE during the ion/ion reaction results in products that are similar in m/z
to CL product ions, it was found via dissociation kinetics (DDC activation) that the second PE
attachment complexes undergo NL of one TEHDGA significantly faster than do CL-containing
complexes. The kinetic stabilities of the two types of complexes are sufficiently different that DDC
conditions can be established to deplete the PE-containing complexes with little to no loss of the CL-
containing complexes. This minimizes spectral congestion while retaining both lipid species for further
interrogation via tandem MS. This phenomenon was found to be universal for singly charged PE and
PGs and was here demonstrated by subjecting an E. coli lipid extract to ion/ion reactions with
[Yb(L;)]*". The overall process involving ion/ion reactions and various CID steps constitutes a
‘chemical’ means for separating mixtures of singly- and doubly-charged anions that overlap in m/z,
which is a common situation in the negative nESI of lipid mixtures.
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