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Abstract

Native mass spectrometry analysis of membrane proteins has yielded many useful insights in
recent years with respect to membrane protein-lipid interactions, including identifying specific
interactions and even measuring binding affinities based on observed abundances of lipid-bound
ions after collision-induced dissociation (CID). However, the behavior of non-covalent complexes
subjected to extensive CID can in principle be affected by numerous factors related to gas-

phase chemistry, including gas-phase basicity (GB) and acidity, shared-proton bonds, and other
factors. A recent report from our group showed that common lipids span a wide range of GB
values. Notably, phosphatidylcholine (PC) and sphingomyelin lipids are more basic than arginine,
suggesting they may strip charge upon dissociation in positive ion mode, while phosphoserine
lipids are slightly less basic than arginine and may form especially strong shared-proton bonds.
Here, we use CID to probe the strength of non-specific gas-phase interactions between lipid head
groups and several soluble proteins, used to deliberately avoid possible physiological protein-lipid
interactions. The strengths of the protein-head group interactions follow the trend predicted based
solely on lipid and amino acid GBs: phosphoserine (PS) head group forms the strongest bonds
with these proteins and out-competes the other head groups studied, while glycerophosphocholine
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(GPC) head groups form the weakest interactions and dissociate carrying away a positive charge.
These results indicate that gas-phase thermochemistry can play an important role in determining
which head groups remain bound to protein ions with native-like structures and charge states in
positive ion mode upon extensive collisional activation.
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Introduction

Native mass spectrometry can be a powerful tool in determining the composition,
stoichiometry, and structure of biochemical analytes, many of which can be challenging

to accurately and precisely characterize using other technigques. As native mass spectrometry
(MS) instrumentation and sample preparation methods have improved, a wider range of
biochemical targets have come under investigation [1, 2], including native membrane
protein-lipid and protein-drug interactions [3—11]. Many membrane proteins can be
solubilized using local environments that mimic the lipid membrane, such as detergent
micelles [12—14], or lipoprotein Nanodiscs [15-17], and are amenable to native electrospray
ionization (ESI) [2, 18]. In parallel, many protein-drug complexes are stable to electrospray
ionization, and their stoichiometry and structure can be probed by native ion mobility-mass
spectrometry (IM-MS), Collision-Induced Unfolding, and other gas-phase methods. Seminal
work from the Robinson [6, 12, 19-22], Laganowsky [23-28], Klassen [29-32], and Ruotolo
[33-35] groups and many others has demonstrated the power and utility of these approaches.

Ideally, the stoichiometry, binding sites, and apparent binding strengths of protein-lipid,
protein-drug, and other biochemical interactions studied using native (IM-)MS are a direct
reflection of the condensed phase. However, because the dielectric permittivity of the
vacuum environment is much lower than in solution, and water molecules and other
co-solutes that contribute to biomolecular structure and stability are largely absent in

the biomolecular ions produced by electrospray ionization (ESI), care must be taken

to ensure that the observed ions do not undergo unwanted changes in structure during

the native (IM-)MS experiment [36—38]. Numerous experiments and computations have
shown that biomolecular ions can become kinetically trapped (see Figure 1) in native-like
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conformations during ESI under carefully controlled instrumental conditions [37, 39-43].
Typically, micron- or submicron-sized ESI emitters (nanoelectrospray ionization, “nESI”)
and low-micromolar (or lower) concentrations of analytes and non-specific cosolutes (such
as metal ions or other potential adducts) are used as well to limit condensation of unwanted
adducts onto and evaporation-induced oligomerization of biomolecules during the ESI
process [44-48].

In the past decade, several groups have demonstrated excellent agreement between binding
behavior in solution and results inferred from native (IM-)MS experiments [10, 12, 24,

27, 28, 49]. For example, Klassen’s “Catch-and-Release” native MS experiments [30, 32,
50] have indicated similar ganglioside preferences of peripheral bacterial toxin proteins to
those known from condensed-phase techniques. The Robinson and Laganowsky groups and
others have also determined phospholipid binding preferences of both bacterial and human
transmembrane proteins and found them to agree very well with condensed-phase results
[10, 12, 19, 21, 22, 25, 27, 28, 49, 51-53]. Laganowsky has developed instrumentation for
studying protein-lipid interactions as a function of solution temperature and demonstrated
that lipid binding thermodynamics inferred from abundances of gas-phase protein-lipid
complex ions are in agreement with those determined in the condensed phase [23, 24, 27].

Crucial to the accuracy of these types of experiments are the preservation of condensed-
phase structures and interactions during the nanoESI process without introducing new,
artifactual ones. Two ways in which these artifacts can in principle be introduced are: 1)
adduction of non-specific cosolutes to the biomolecular ion during the nanoESI process due
to droplet condensation (“non-specific adduction”) [54] and 2) changes in the structure or
location of a specific binding site due to heating and relaxation of the complex ion in the
gas-phase environment, where the potential energy surface may be different from that in
solution (“adduct migration”). Evidence for non-specific adduction is readily observed as
formation of oligomers and complexes known to be absent in solution, often as a result

of using large ESI emitters and/or high biomolecule concentrations that statistically place
multiple analytes within each initial electrospray droplet [44, 45]. This effect can even be
exploited to displace metal cations from proteins during the nanoESI process in methods
such as “buffer loading” [54] or to produce salt cluster ions for mass calibration [55]. Much
less studied is the phenomenon of adduct migration, although much evidence supports the
lability of charged species such as protons to migrate on the surface of native-like protein
ions, which can result in unfolding and/or dissociation of the ions upon gas-phase activation
[56-62]. Infrared photodissociation spectroscopy studies further indicate that protons can
move from basic sites on organic ions that are favorable in solution to other basic sites

that are more favorable in the gas phase during the ESI process [61, 63—-66]. Because
hydrogen bonds, shared-proton bonds, and other polar interactions can have very different
relative stabilities in the gas phase versus in solution [65, 67], thermochemical barriers for
disruption of non-covalent interactions can be dramatically different in the aqueous and
gas-phase environment as illustrated in Figure 1 [59]. For example, hydrochloric acid is a
much stronger acid in aqueous solution than phosphoric acid, but their relative acidities are
reversed in the gas phase [68]. Similarly, carboxylic acid groups are poor bases in aqueous
solution but relatively strong bases in the gas phase [65, 67].
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The method most commonly used to dissociate unwanted adducts, such as detergent
molecules, from protein-lipid complexes in native (IM-)MS studies, Collision-Induced
Dissociation (CID), is a “slow heating” method [13, 69—71]. Dissociation in CID occurs

on the many-microsecond to millisecond timescale [72, 73]. It is plausible that, under some
experimental conditions, lipids initially bound at the surface of a membrane protein can
undergo a change in binding geometry or migrate along the protein surface prior to complete
dissociation. Whether these processes occur under a given set of experimental conditions
inherently depends on the gas-phase potential energy surface for the protein-lipid interaction
and the timescale of the dissociation process.

Here, we use a recently-demonstrated method for experimentally measuring gas-phase
binding entropy and enthalpy barriers to determine gas-phase dissociation barrier
thermochemistry of several common lipid head groups non-specifically bound to ions of
soluble proteins in positive ion mode [73]. Relative gas-phase binding affinities to these
protein ions are found to agree very well with expectations based on measured and
computed gas-phase basicities of the lipid head groups [74]. This strategy is intended to
circumvent ambiguities in interpretation that could arise from the presence of competing
specific interactions and is used as a benchmark for evidence of non-specific lipid binding.
Finally, we discuss implications of these results for identifying and determining the
strength of physiologically relevant protein-lipid interactions using existing native (IM-)MS
strategies.

Materials and Methods

Sample preparation.

Glycerophosphorylcholine, phosphorylcholine, phosphorylethanolamine, glycerol 1-
phosphate, phosphoserine, ubiquitin, lysozyme, and transferrin were purchased from
Millipore Sigma (Saint Louis, MO, USA). Lyophilized proteins were reconstituted in
ultrapure 18 MQ cm water and buffer-exchanged into 200 MM ammonium acetate, pH
7-7.5. Lipid head groups were dissolved in 200 MM ammonium acetate, pH 7-7.5. For
experiments with ubiquitin and lysozyme, protein and lipid head group solutions were
combined such that the final concentrations of protein and head group were 10 uM and 100
UM, respectively, while for experiments with transferrin the final concentrations were 5 pM
protein and either 500 UM head group or, for competitive binding experiments, 500 uM of
each head group under investigation.

Native IM-MS and CID.

All mass spectrometry experiments were performed in triplicate (transferrin experiments) or
quadruplicate (all other experiments) on separate days in “Sensitivity” mode using a Synapt
G2-S/(Waters Corp., Milford, MA, USA) with a nESI source. nESI emitters were pulled
from 0.78 mm i.d. borosilicate capillaries to a final i.d. of ~1 um using a Flaming-Brown
P-97 micropipette puller (Sutter Instrument, Novato, CA, USA). Emitters were loaded with
3-5 uL of sample, and 0.7-1.1 kV was applied to a platinum wire in electrical contact

with the solution to initiate electrospray. The source was held at ambient temperature, the
sampling cone voltage was set to 25 V, and nitrogen, helium, and argon gas flow rates
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were 50, 100, and 5 mL/min, respectively. An ion mobility traveling wave velocity of

500 m/s was used for experiments with ubiquitin and lysozyme, a velocity of 400 m/s

was used for experiments with transferrin, and a wave height of 20 V was used for all
experiments. For CID experiments with ubiquitin and lysozyme, the singly-adducted state
was isolated for a given charge state using a 32k quadrupole with the LM resolution set

to 12. Dissociation was achieved by increasing the Trap CE in 1 V increments, beginning

at the threshold for observable dissociation and continuing until the precursor was fully
dissociated or significant covalent bond fragmentation was observed. For transferrin, due to
the higher charge states present, there was insufficient resolution to completely isolate the
singly-adducted state. Instead, an entire charge state was isolated with the LM resolution set
to 4 and CID performed by increasing the Trap CE in 10 V increments from 10 V to 100 V.
Additional mass spectra for transferrin were acquired without isolation at Trap CE values of
10, 50, 70, and 100 V.

Data analysis.

CID data for lipid head group-bound ubiquitin and lysozyme were analyzed in a similar
manner to that described in our previous publication [73], (see also Supp. Info. for a brief
description). Briefly, arrival time distributions for precursor and product ions were extracted
using TwimExtract [75] and integrated in Igor Pro v. 6.3 (WaveMetrics, Portland, OR, USA).

For experiments with transferrin, native mass spectra were deconvolved using UniDec

[76], and the Gabor Transform method in iFAMS (for “Double FT” analysis) [77, 78],

to determine mass and charge state distributions as well as total lipid head group adduction.
UniDec input parameters were: charge state range 10-25+, mass range 78-84 kDa, and peak
full-width-at-half-maximum (fwhm) 3.0. Deconvolved mass spectra were analyzed further
using Igor Pro v. 6.3 and iFAMS v. 5.3 [77, 79].

Results and Discussion

By probing the energetics of non-specific lipid head group binding, a baseline for what
might be expected in the case of lipid-protein interactions governed by gas-phase, as
opposed to condensed-phase, chemistry can be determined. To do this, we employ our
recently introduced method for determining activation energies for protein and protein
complex CID to determine dissociation barrier thermochemistry of lipid head groups non-
specifically adducted to soluble proteins.

Several lipid head groups representing common phospholipids were studied. Structures

of phosphorylethanolamine (PE), sodium glycerol 1-phosphate (PG), phosphoserine (PS),
phosphorylcholine (PC), and glycerophosphorylcholine (GPC) are shown in Figure 2. GPC
was studied in addition to PC due to the prevalence of calcium as a contaminant in PC
solutions; calcium adduction was found to decrease spectral quality and complicate analysis.
Ubiquitin (Ubq, 8.6 kDa) and lysozyme (LZ, 14 kDa) were used as model soluble proteins
with no known native phospholipid interactions. Native mass spectra of each protein with
no head group present were acquired and are shown in Figure S1. The most abundant
native-like charge state was chosen for subsequent CID experiments; 5+ for Ubqg and 7+ for
LZ. Additional solutions of each lipid head group with Ubq or LZ protein were prepared in
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10:1 head group:protein molar ratios. Statistically, at these lipid head group concentrations,
multiple lipid head groups are present in each electrospray droplet, resulting in evaporation-
induced, non-specific adduction of one or more lipid head groups onto protein ions present
in the same droplet. The singly-adducted state of each target ion complex was isolated and
subsequently dissociated in the Trap using CID over a range of collision energies.

Mass spectra of lipid head group binding.

For Ubq, representative mass spectra for GPC, PS, PC, PE, and PG head groups, are

shown in Figure 3. (A nESI spectrum of Ubg with no lipid head group present is shown

in Figure S1 for comparison. Replicate data with lipid head groups are shown in Figures
S2-S6, illustrating the level of reproducibility of the experiments on different days using
different nESI capillaries.) Despite the apparent variability in the extent of head group
binding between replicates, which is attributed to the use of different nESI capillaries, GPC
and PC consistently display the lowest extent of binding, with up to two bound to Ubg®*
(Figures 3a, 3d, S2, and S3, respectively); PS exhibits the greatest extent of binding, with up
to twelve bound to Ubg®* (Figures 3m, and S4); and PE and PG fall between these extremes
(Figures 3g, 3j, S5, and S6). Interestingly, GPC acts as a mild charge reducing reagent under
the same instrumental conditions, increasing the relative abundance of Ubg** in the raw
nESI spectrum as compared to all other head groups studied.

Analogous mass spectra for LZ with each head group are shown in Figures 4 and S7-S11.
(A nESI spectrum of LZ with no lipid head group present is shown in Figure S1 for
comparison.) Overall, the level of adduction of head group and the ease with which they

can be dissociated from LZ follows the same trends as for Ubq. PS, PG, and PE typically
adduct to a greater extent than do PC and GPC, and GPC has a slight charge-reducing effect,
in this case increasing the relative abundance of LZ5* in the raw nESI mass spectra. Given
the variation in the extent of lipid head group binding observed between the replicates, this
overall agreement between the Ubqg and LZ data suggests that these trends are relatively
robust toward differences in the nESI process (such as initial droplet size or heating
experienced during the nESI process) occurring between different nESI capillaries.

CID of protein-head group complexes: proton abstraction.

Thermochemistry of the protein-lipid head group interactions was probed using CID and
compared to expectations based on the gas-phase basicity (-AG® of protonation at 298 K) of
each head group. Our hypothesis was that PC and GPC should be most likely to abstract a
proton from Ubq or LZ ions due to the very high GB of the PC head group (exceeding that
of the most basic amino acid, arginine), whereas less proton abstraction should be observed
for the other, lower-basicity head groups. For each protein and head group combination,
CID was performed by scanning the collision voltage in 1 V increments from a minimally-
activating voltage to one sufficient to cause complete head group dissociation but not
observable covalent bond fragmentation. Isolation mass spectra for the singly-adducted
state of each protein are shown in the middle column of Figures 3 (Ubq), 4 (LZ), and
S2-S11 (both Ubq and LZ). To account for the presence of some non-adducted Ubqg and LZ
observed after isolation, the raw fraction of observed precursor in subsequent CID kinetics
experiments was divided by this initial fraction of dissociated precursor observed upon
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isolation. The right-hand columns of Figures 3, 4, and S2-S11 show isolated mass spectra at
high activation, indicating that there is a single CID product in all cases except PC. While
PE, PG, and PS all dissociate exclusively as neutral species, GPC dissociates as a cation, and
PC dissociates predominantly as a cation and to a lesser extent as a neutral. These results
agree with those predicted by comparison of GB values of the lipid head groups and basic
amino acids [74].

CID of protein-head group complexes: dissociation energies.

In addition to the charge-abstraction capabilities of each head group, the fraction of lipid
head group-bound protein ions surviving activation was also studied as a function of CID
voltage and compared to predictions based on GB. Seminal experimental and computational
results from Johnson and coworkers [80] showed that gas-phase bases with similar GB

tend to form stronger shared-proton bonds than do those with very different proton binding
energies. Arginine residues are highly basic in the gas phase (GB 1006.6 kJ/mol [67]) and
are plentiful at the surface of many native proteins. Thus, it is expected that these residues
will carry the majority of positive charges upon nESI. Because PC and GPC have quaternary
ammonium groups, they cannot share a proton via these functional groups with residues on
the protein surface, thus any shared-proton interactions involving these head groups and a
protonated amino acid likely involve the phosphate group. Such an interaction should be
neutral, because the positive charge is held by the quaternary ammonium group, in these
cases. By contrast, PE and PS have highly basic primary amine groups that can form strong
shared-proton interactions with protonated amino acids, and the charge in such interactions
is localized there. PG has relatively low basicity phosphoric acid and glycerol groups,

thus it can form either neutral or net positively-charged interactions with protonated amino
acids. Based on their relative GB and these chemical constraints, we therefore hypothesized
that PC and GPC should form relatively weak interactions with protonated protein ions,
because the interaction site is likely neutral, whereas PE, PS, and PG can form stronger, net
positively-charged, shared-proton bonds with the protein. We further expected that PE and
PS should form stronger interactions than PG, based on the higher computed GB of these
two head groups (~950 kJ/mol, much closer to that of arginine) as compared to PG (~906
kJ/mol) [74].

For both Ubg and LZ, in each set of trials, the same ranking of interaction strength is
observed experimentally, that is, GPC dissociates at the lowest CID voltage, followed
closely by PC, then PE, PG, and finally PS (Figures 5 and 6). This ordering is almost
identical to the ordering expected based on the above arguments, except that PG binds
more tightly than expected. For both proteins, PC and PG adduct mass spectra indicate
more concomitant sodium adduction than observed for the other head groups. Increased
salt adduction can lead to increases in measured CID energies [81], but the degree of
sodiation in the nESI mass spectra did not appear to affect the dissociation behavior of

the lipid head groups studied here for either protein, indicating that any effect of increased
sodium adduction is likely small. Instead, since the non-specific interactions studied here
are formed in the latter stages of the ESI process and may be concurrent with charging of
the protein, it is possible that the presence of a significant amount of PG causes alternative
charge configurations, i.e., protonation at sites other than arginine, to become favored. This

Int J Mass Spectrom. Author manuscript; available in PMC 2022 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Donor et al. Page 8

possibility of solution additives affecting the location but not the number of charge sites is
intriguing; further studies are necessary to confirm this possibility but are beyond the scope
of this report.

Activation energies for protein-head group CID.

Activation energies were determined using our previously-introduced method for each
protein and head group. Kinetic plots as a function of reciprocal effective temperature

for Ubg and LZ are shown in Figures S12 and S13, respectively. AG¥ for each head

group and protein are illustrated in Figure 6, and AG¥, AH*, and AS* values are shown

in Table S1. (For precursor ions that exhibited some dissociation upon isolation, this
dissociation was subtracted from that produced by subsequent CID activation in deriving
barrier thermochemistry values.) Despite variability in the extent of lipid head group binding
between replicates in the nESI mass spectra, AG¥ values fall between 65 and 81 kJ/mol for
all head groups and both proteins and follow the same trend as the midpoint CID voltages of
the breakdown curves, i.e., PS > PG > PE > PC > GPC. Good reproducibility was observed
between all 4 trials, with a standard deviation of ~1-3 kJ/mol (Figure 6; and Table S1). The
highest AH* measured for both proteins are for GPC and PC (Table S1), likely due to the
presence of a reverse Coulomb barrier, as these two lipid head groups dissociate bearing a
positive charge.

GPC and PC also have the highest AS* values, which may be indicative of rearrangement
to a relatively large ensemble of conformations following abstraction of charge by
GPC/PC. Thus, activation energetics measured by this method agree with trends inferred
from breakdown curve data and have the unique further advantage of uncovering subtle
differences in the CID process for different head groups, as indicated by differences in AS*¥
and AH* that may not be obvious from the appearance of the breakdown curves or the 50%
dissociation voltage alone.

Non-specific binding to a larger soluble protein: transferrin.

We also investigated non-specific lipid head group binding to a much larger soluble protein,
transferrin (TF, 80 kDa), chosen for its homogenous mass distribution, which facilitates
assignment of mass spectral peaks in comparison to other large proteins with multiple
isoforms (Figure S14). Mass spectra were first collected under identical instrumental
conditions without isolation to assess the overall extent of lipid head group adduction.
Figure 7 shows mass spectra for TF with either PS, PE, PG, or GPC head groups bound.
(Extensive calcium binding was observed for this protein with PC head group due to the
presence of calcium in the PC reagent; PC binding to TF was not explored further due to the
very low mass spectral resolution obtained due to this calcium interference.) At a low level
of activation (Figure 7a), individual adducts were not resolved for any of the head groups.
Increasing the Trap CE to 70 V clearly resolves adducts for all head groups except PG,
which is partially resolved (Figure 7c—f). PG is anionic, and sodium counter-ions present

in the PG sample adduct to this protein and decrease mass spectral resolution. The extent
of binding under these conditions follows the order PS > PE ~ PG > GPC, in agreement
with that observed for Ubq and LZ. In addition, at 70 V Trap CE, GPC strips charge from
TF, shifting the charge state distribution lower (Figure 7b and S17). This, again, agrees
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with predictions based solely on the GB of this head group and is in line with the above
observations of GPC dissociating with a charge from Ubq and LZ.

Deconvolved mass spectra at several Trap CE values reveal the relative strength of binding
of the lipid head groups to TF (Figure S16), confirming that PS requires the most activation
to dissociate. Interestingly, while GPC dissociates readily, the overall number of GPC
adducts remains equal to or perhaps slightly higher than the number of PE or PG adducts
when the whole charge state distribution is examined (Figure S16b—d). This is attributed

to the charge stripping effect of GPC, that is, as GPC adducts dissociate and lower the
charge of the remaining protein ion, the Coulombic contribution to the barrier for further
dissociation of GPC adducts decreases, allowing some GPC adduction to persist even at high
levels of activation. Overall, the results for TF are in excellent agreement with those for Ubqg
and LZ and further confirm the essential role of GB in lipid head group binding energetics
for these proteins.

head group binding to transferrin.

Ideally, native MS can be used to accurately determine the relative binding strength of lipids
to membrane proteins based on the relative abundances observed of different lipid adducts in
native mass spectra. In most cases, this is currently done by embedding membrane proteins
in detergent micelles or Nanodiscs with at least two different lipid types, and inferring

from CID experiments which lipids remain bound after most are dissociated from the initial
complexes [13, 17, 22, 24, 82]. Based on the above results for Ubg and LZ, we hypothesized
that, for non-specific complexes of TF with adducted lipid head groups formed by nESI
from mixtures of the above head groups, PS would form the strongest interactions with

TF and survive the greatest level of collisional activation. Figure 8 illustrates competitive
head group binding experiments in which identical concentrations (500 uM) of PS and
another head group (GPC, PE, and PG) were mixed with TF in ammonium acetate solution
and ionized using nESI. At the lowest level of gas-phase activation (Trap potential 20 V),
deconvolved mass spectra exhibited a broad, poorly-resolved “hump” for each head group
combination, consistent with extensive adduction.

Because the resolution of these low-activation TF-adduct mass spectra was poor, the breadth
of the deconvolved mass spectra (defined at 10% of maximum intensity) was instead used
to characterize the maximum possible extent of binding of each different head group. For
PS alone, the deconvolved mass spectrum is ~2,000 Da wide (indicating a maximum of ~11
PS head groups adducted), whereas each of the PS/GPC, PS/PE, and PS/PG mixed head
group spectra is ~2,500 Da wide. For each of these competing head group mass spectra,

this spectral width indicates a maximum of ~13.5 PS or ~10 GPC, ~21 PE, or ~16 PG
adducts, respectively, or combinations of these head groups with fewer of each than these
maximal numbers. Upon more extensive collisional activation, the observed width of the
deconvolved mass spectra decreases in each case, until at 100 V, moderately well-resolved
adduct peaks with a spacing consistent with PS (measured spacing 184 + 2 Da, as compared
to molecular weight 185.07 Da), as well as a spectral width of ~1,500 Da, are observed in
each case. This width is consistent with a maximum of ~8 PS, ~6 GPC, 12.5 PE, or ~9

PG adducts. Due to the large mass difference between the PS and GPC head groups (185
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and 257 Da, respectively), all of the moderately-well resolved peaks in the PS and PS/GPC
spectra at 100 V collisional activation could be unambiguously assigned to PS adducts, and
no distinct GPC adduct complexes were clearly resolved. This result indicates that PS binds
more strongly to TF than does GPC, consistent with expectations based on the Ubqg and LZ
experiments described above. The lower mass spectral resolution obtained with PS/PE and
PS/PG at 100 V activation, by contrast, likely indicates the presence of both head group
types, due to the smaller mass differences between these head groups. For PS/PE, mass
spacings consistent with both PS (measured spacing 180 Da + 10 Da) and PE (measured
spacing 144 * 4 Da, as compared to PE molecular weight 141.06 Da) were both identified
by “Double Fourier Transform” of the mass spectrum [78, 79], with the PS peak larger than
the PE peak. For PS/PG, mass spacings of 183 + 4 Da and 175 + 4 Da were observed by
Double Fourier Transform of the mass spectrum, similar to the molecular weights of PS
and PG (185.07 Da and 172.07 Da, respectively), with both peaks having similar intensities.
Overall, these results are highly consistent with expectations based on the Ubg and LZ
results described above as well as head group GB values, indicating a level of adduction
after 100 V activation in the order PS ~ PG > PE > GPC. These results illustrate that, at high
levels of activation used to remove most head groups, gas-phase binding thermochemistry
can play a large role in determining which head groups are robust to dissociation.

Conclusions

Non-specific binding of several model lipid head groups to soluble proteins in positive ion
mode was investigated with native MS and CID, including the propensity of these head
groups to remove charge upon dissociation and dissociation barrier thermochemistry. PC and
GPC head groups have the greatest tendency to remove charge from the proteins studied
upon CID, and PS, PE, and PG head groups dissociate exclusively as neutral molecules,

in agreement with expectations based solely on the relative gas-phase basicities (GB) of
these head groups and those of amino acid residues [67, 74]. PS head group has the highest
barrier for dissociation from the proteins studied, followed by PG, PE, PC, and GPC, and
these results are robust to variability in the overall extent of head group binding across
replicates due to use of different nESI capillaries. These results are largely in agreement with
expectations based on relative GB values, in combination with the fact that PC and GPC
cannot participate in shared-proton interactions at their permanent charge sites due to the
presence of the quaternary ammonium group. However, PG, which might not be expected to
form a strong interaction based on its relatively low GB, in fact forms the second strongest
interaction.

AG* values for dissociation of each head group are remarkably similar for Ubg and LZ (<4%
difference for the same head group, as compared to a difference of ~20% between the most
tightly and most weakly bound head groups) and follow identical trends. Intriguingly, the
range of AG¥ is relatively narrow (~65-82 kd/mol) despite a wider range of AH* (105-159
kJ/mol for Ubg and 84-117 kJ/mol for LZ), indicating a large degree of enthalpy-entropy
compensation. In agreement with results for Ubg and LZ, competitive binding experiments
for the same lipid head groups to TF, a much larger protein, show that PS forms the
strongest non-specific bonds to TF and that the presence of GPC adducts on TF leads to
significant charge stripping upon CID. Together, the above results suggest a signature for

Int J Mass Spectrom. Author manuscript; available in PMC 2022 November 01.
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non-specific binding of lipids to proteins with native-like structures and charge states in
positive ion mode: prevalent charge stripping by lipids with phosphocholine head groups
(such as phosphatidylcholines and sphingomyelins) upon CID and lipid binding strengths in
the order PS > PG > PE > PC.

Adduct migration and evaporation-induced non-specific adduction are both phenomena

that must be considered in designing and interpreting native MS experiments to identify
physiologically relevant protein adducts such as drug targets, lipids, or cofactors. Because
the potential energy surface in the gas phase can be very different from that in solution,
slow-heating methods such as CID can in principle result in dissociation behavior that
reflects the gas-phase potential energy surface more than that in solution, especially when
activation is very extensive. Whether this occurs inherently depends on relative barriers

for dissociation as well as the internal temperature of the ions achieved during CID and

the timescale of the experiment. The above results provide a benchmark for assessing
whether signatures of dissociation behavior dominated by gas-phase thermochemical
properties, possibly after adduct migration, may be present in native MS-based lipid binding
experiments. In combination with the ion heating/cooling and CID kinetics modeling
described here, these results also provide a model for examining effects of gas-phase
enthalpy and entropy in protein-ligand interactions using native MS. Furthermore, PC and
GPC head groups behave similarly to other reagents used for charge reduction in native MS
experiments in positive ion mode [83-85], suggesting they could be useful in this capacity.
PS head group, in contrast, may adduct strongly to many native protein ions, potentially
enabling deliberate alteration of gas-phase unfolding and dissociation pathways, as observed
recently for some covalent protein adducts [86].
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Highlights

. Phosphoserine, phosphoglycerol, phosphoethanolamine, and
(glycero)phosphocholine head groups are deliberately adducted to native-like
soluble protein ions

. Gas-phase dissociation barrier energetics and charge abstraction behavior
upon collisional activation follow expectations based on head group gas-phase
basicities and chemical structure

. Robust signatures of gas-phase thermochemistry-dominated head group
dissociation are identified
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Figure 1.

Schematic potential energy surface for native protein-adduct complex in aqueous solution
(bottom; blue star represents global minimum-energy structure) and after transfer to the
gas phase environment using nESI, in which energy is imparted to desolvate the protein
ion (top). Note that relative energy barrier heights for adduct migration, protein unfolding,
and other processes can differ between the solution and gas phase due to the absence of
water and other cosolutes in the latter environment. Double-dashed line indicates variety of
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possible pathways to the gas-phase global minimum structure (pink hexagon), which may
differ substantially from the kinetically trapped native-like protein ion (pink star).
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Figure 2.

Structures of lipid head groups (a) glycerophosphorylcholine, GPC; (b) phosphorylcholine,
PC; (c) phosphorylethanolamine, PE; (d) glycerol 1-phosphate, PG; and (e) phosphosering,
PS. Protonation states shown indicate those observed upon gas-phase dissociation from
complexes with proteins in positive ion mode.
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Figure 3.

Mass spectra of GPC, PS, PC, PG, and PE bound to Ubg. (a) Ubg with GPC bound, (b)
isolated Ubg®* with one GPC bound at low activation, (c) isolated Ubg®* with one GPC
bound at high activation, (d) Ubq with PC bound, (e) isolated Ubg®* with one PC bound at
low activation, (f) isolated Ubg®* with one PC bound at high activation, (g) Ubq with PE
bound, (h) isolated Ubg®* with one PE bound at low activation, (i) isolated Ubg®* with one
PE bound at high activation, (j) Ubg with PG bound, (k) isolated Ubg®* with one PG bound
at low activation, (1) isolated Ubg®* with one PG bound at high activation, (m) Ubq with PS
bound, (n) isolated Ubg®* with one PS bound at low activation, (o) isolated Ubg®* with one
PS bound at high activation. In the isolated spectra at low activation there is a small amount
of Ubg with no adducts present, due to a combination of imperfect mass selection (most
prominent in the PC spectra) as well as dissociation due to the isolation (most prevalent in
the PE and PG spectra). Data from three other replicates for each head group, acquired using
different nESI capillaries, are shown in the Supporting Information (Figures S2-S6).
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Figure 4.

Mass spectra of GPC, PC, PE, PG, and PS bound to LZ. (a) LZ with GPC bound (b) isolated
LZ"* with GPC bound at low activation (c) isolated LZ”* with GPC bound at high activation
(d) LZ with PC bound (e) isolated LZ"* with PC bound at low activation (f) isolated LZ"*
with PC bound at high activation (g) LZ with PE bound (h) isolated LZ* with PE bound

at low activation (i) isolated LZ’* with PE bound at high activation (j) LZ with PG bound
(k) isolated LZ"* with PG bound at low activation (1) isolated LZ”* with PG bound at high
activation (m) LZ with PS bound (n) isolated LZ’* with PS bound at low activation (0)
isolated LZ’* with PS bound at high activation. PS binds the most extensively, PC the least,
with GPC, PE, and PG falling in between. In the isolated spectra at low activation there is
some LZ with no adducts, due to a combination of imperfect isolation and dissociation due
to the isolation.
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Figure 5.

Breakdown curves for dissociation of lipid head groups from (a) Ubg®* (b) LZ’*. For both
proteins, the same trend in lipid head group binding strength is observed, namely PS >
PG > PE > PC > GPC. Some dissociation of GPC from Ubq was observed upon isolation,

Int J Mass Spectrom. Author manuscript; available in PMC 2022 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Donor et al.

Page 24

as shown in (a); this was subtracted from CID-induced dissociation in determining barrier
thermochemistry values.
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Gibbs free energies of dissociation for lipid head groups bound to Ubqg and LZ in
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GPC

CID experiments, along with their average and standard deviation across four replicate
experiments performed on different days with different nESI capillaries.
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Mass spectra showing lipid head group adduction to TF at (a) low, 10 V and (b) moderate,
70 V levels of Trap CE. With moderate activation GPC has extensively stripped charge from
TF. The other panel show TF19* at 70 V Trap CE for each head group: (c) PS (d) PE (e) PG
(f) GPC. Stars identify TF1%* with no adducts, while circles mark the first resolvable head
group adduct. Significantly more PS adducts are observed than for the other head groups.
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Deconvolved mass spectra of lipid head group binding to transferrin at different levels
of collisional activation. (a) PS only (b) competitive binding between PS and GPC (c)
competitive binding between PS and PE (d) competitive binding between PS and PG.
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