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Abstract

Trifluoroacetic acid (TFA) is often used as a mobile phase modifier to enhance reversed phase
chromatographic performance. TFA adjusts solution pH and is an ion-pairing agent, but it is not
typically suitable for electrospray ionization-mass spectrometry (ESI-MS) and liquid
chromatography/MS (LC/MS) because of its significant signal suppression. Supercharging agents
elevate peptide and protein charge states in ESI, increasing tandem MS (MS/MS) efficiency. Here,
LC/MS protein supercharging was effected by adding agents to LC mobile phase solvents.
Significantly, the ionization suppression generally observed with TFA was, for the most part,
rescued by supercharging agents, with improved separation efficiency (higher number of
theoretical plates) and lowered detection limits.
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Several supercharging agents were tested, including novel agents N,N,N"N’-
tetraethylsulfamide (TES) and 3-methyl-2-oxazolidone (MOZ). This use of supercharging
reagents could apply broadly to LC-MS mobile phases containing TFA, and especially in
protein analysis and peptide mapping. The success of two new agents predicted to
supercharge based on pKgy, < —1.7 confirms that the supercharging mechanism for
increased positive ion charging requires low volatility, Brgnsted bases weaker than H,O.

A mechanism for the suppression rescue is described which exploits the agents’ capacity to
reduce solution phase ionization, hence decreasing trifluoroacetate anion concentrations in
the droplet. The mechanism also addresses why signal improvement is not uniform across
analytes.

1. Introduction

Over the past few decades, electrospray ionization mass spectrometry (ESI-MS) has become
the premier analytical platform for the MS analysis of proteins and peptides. The hallmark
of ESI-MS for proteins and other large biomolecules, multiple charging, extends the
effective mass range of the analyzer in direct proportion to the number of charges per ion.
Furthermore, the detection of multiply charged molecules at lower mass-to-charge (/m/2)
ratios, is more efficient than detecting equal-weight, singly charged ions. Compared to their
lower-charged counterparts, higher charged proteins and peptides dissociate more efficiently,
providing higher sequence coverage in tandem MS (MS/MS).

The term supercharging was first introduced by Williams and colleagues to describe the
increased charging observed in the presence of m-nitrobenzyl alcohol (m-NBA), glycerol,
ethylene glycol, and methoxyethanol. Of the four liquids, m7-NBA was by far most notable
for the extent by which it increased charge when added at levels below 5% [1]. Over time,
the supercharging definition has become cloudy; in some articles it appears to apply to any
observable increase in charge state, while in other articles it is reserved for charge-increases
associated with addition of particular liquids and/or solids to the spray solvent.
Inconsistencies exist even with the latter, narrower definition, because several additives are
considered to be supercharging by some investigators, but not by others [2]. The disarray
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complicates attempts to discuss mechanisms. The best we can hope is to be clear about our
meaning. We apply “supercharging” to describe analytes’ increased positive or negative ion
charging when associated with limited addition of certain agents to native or denaturing
solutions, but, for native ESI, only when that increase is not accompanied by classic
signatures of unfolding (e.g., evidence of bimodal charge state distributions). Often the best
evidence that a reagent increases charge states by a mechanism other than protein
denaturation (unfolding) is its behavior with non-protein analytes (¢e.g., short peptides,
oligosaccharides, or oligonucleotides).

After introducing the term, Williams and colleagues added /m-chlorophenol, formamide, and
dimethyl sulfoxide (DMSO) to their list of agents increasing charge [3]. We expanded the
list with m-nitroacetophenone, m-nitrobenzonitrile, m-nitrophenethyl alcohol, sulfolane, m-
trifluoromethyl-benzyl alcohol and others [2,4]. Investigating supercharging agents in native
MS, we found that adding m-NBA or sulfolane to aqueous solutions can elevate charging,
without dissociating noncovalent protein complexes [2,4,5]. Many other reports have
detailed the application of ESI supercharging to studying noncovalent complex structure and
protein conformation or have described new supercharging agents [6-17]. The benefits of
supercharging for tandem MS of peptides and proteins, especially with electron capture
dissociation (ECD) and electron transfer dissociation (ETD), have been demonstrated
[8,18-21].

Coupling liquid chromatography with MS, LC/MS provides rapid, high-resolution
separation and identification of analyte molecules from complex mixtures. Reversed-phase
liquid chromatography (RPLC), relying largely upon the hydrophobic characters of sorbent,
analyte, and organic solvent content, as well as the presence of various mobile phase
additives, has become the standard platform for peptide analysis and bottom-up LC/MS
proteomics.

Although the selection of buffer and pH can benefit separation efficiency by influencing the
charge on polypeptide side chains, it may adversely affect the extent of adsorption to
residual silanols (Si-OH) of the stationary phase. At pH = 4, Si-OH is deprotonated and
attracts cationic species passing through the column. This binding causes the solute plug
containing polypeptide(s) of interest to broaden, resulting in wide peaks and poor selectivity.
In such cases, additives such as trifluoroacetic acid (TFA) are added to the mobile phase to
act as ion-pairing agents, shielding cationic species from interaction with negatively charged
silanols to maintain ‘pseudoneutrality’ [22,23]. lon pairing minimizes solute band
broadening to narrow chromatographic peaks, /.¢., substantially increasing theoretical plates
and providing greater selectivity of analytes in complex mixtures.

Since the earliest applications of LC/MS to ESI, difficulty spraying aqueous TFA solutions
has been recognized [24]. Spray instability and reduced analyte signal in the presence of
TFA have generally been attributed to its high conductivity and surface tension. In pure,
unassisted electrospray mode both high conductivity and high surface tension require
voltages for spray onset that are close to those for corona discharge, resulting in either an
unstable spray or reduced signal [25,26]. Furthermore, TFA anions can also pair with basic
amino acid side chains, suppressing their ionization in the positive mode [26,27].
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Attempts to overcome TFA signal suppression include employing post-column additives
[24,26], reducing spray flow-rate or voltage [28,29], electrophoretically reducing the
trifluoroacetate anion concentration post-column [30], and pneumatically- or ultrasonically-
assisting the electrospray [22,31]. However, many of these modifications can compromise
analytical performance, offsetting gains in sensitivity. Formic acid (FA) remains the
preferred additive for LC/MS analysis, despite inferior chromatographic performance as
compared to TFA. Its pKj is lower than acetic acid (3.75 vs. 4.67), such that at 0.1% (VA) it
yields a lower pH and a greater degree of protonation in solution. Formic acid is sometimes
preferred over acetic acid simply because its odor is less objectionable.

For ESI-LC-MS/MS of tryptic peptides and phosphopeptides, benefit was found in adding
the supercharging agent /m-NBA to formic acid-containing mobile phases; e.g., 0.5% (v/4)
m-NBA increased the average peptide charge state from +2.0 to +2.89 and the ETD-MS/MS
fragmentation efficiency from 29% to 90% [19]. Li, et a/. [21] demonstrated that 0.1% -
NBA improved both ETD-MS/MS and quantitation, while with acidic and high mass
glycopeptides, Lin, et al. [32] observed improved sensitivity, charging, and chromatographic
resolution from 0.5% m-NBA. Other labs noted m-NBA-increased ion signals, too [33].
MS/MS analyses of negatively charged glycosaminoglycans separated by hydrophilic
interaction chromatography (HILIC) were improved by sulfolane addition, post-column
[34]. Sharp’s laboratory [21] reported that the quality of peptide reversed phase LC
separations was maintained with 0.1% m-NBA addition, but Meyer and Komives [33] found
it to broaden peaks.

DMSO inclusion (5%) within the 0.5% FA mobile phase was reported to provide higher
peak capacity for intact protein LC-MS [35]. LC-MS/MS benefits were also observed when
5% DMSO supplemented 0.2% FA mobile phase, increasing the number of peptides in a
five-protein digest (trypsin, pepsin, or elastase) that were identified with an LTQ ion trap by
10-20%. Komives and colleagues attributed that increase to signals from higher charge states
“coalescing” with that from the 2+; /.e., charge reductions that concentrate ion signals into a
narrower range of charge states [33]. Substantially increased peptide signals in 5% DMSO
were also observed by Kuster and colleagues [36], seen with 3% DMSO [37] and also with
1% [38]. Low-abundance peptides benefited more from the addition of DMSO than high-
abundance peptides [36,38]. The performance enhancement also improved identification of
phosphoryl- and acetyl-modifications [36]. Hahne et a/. determined that coalescence
(narrowed charge state distributions) explained only 10%—-20% of the sensitivity gained with
DMSO, attributing the rest to the higher boiling point and lower surface tension of DMSO,
which would accelerate droplet fission compared to H,O. Sequestering peptides more
rapidly into charged droplets was proposed to increase ionization efficiency [36]. The
observed charge reduction was attributed to the high gas-phase basicity of DMSO (charge
stripping). This explanation is reasonable, given that the proton affinity of DMSO is higher
than that of H,O, but two points meriting consideration are that: (1) water’s proton affinity
increases markedly with increasing cluster size, such that DMSQO’s proton affinity is
approximately equal to that of (H,0)3; larger water clusters have higher affinities [39]. (2)
The extent of proton transfer within the ion source is controlled by kinetics, thus it depends
on the density of gas phase DMSO. Whether the low volatility liquid’s evaporation rate is
sufficiently fast to maintain the densities needed to account for all of the charge state

Int J Mass Spectrom. Author manuscript; available in PMC 2019 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nshanian et al.

Page 5

reduction is an open question, and an alternative to ponder is that changes in solvent
composition simply cause charges to be allocated differently when transitioning from
droplets to gas phase ions [2].

In collaboration with the Chen group, the effects of supercharging agents in liquid sample
desorption electrospray ionization (L-DESI) coupled with LC-MS were tested [40]. Proteins
eluting in from the chromatographic column in TFA-containing mobile phase were ionized
viaan L-DESI spray probe incorporating solutions supplemented with m-NBA or sulfolane.
Compared to standard L-DESI analyses, the addition of 50 mM m-NBA to the L-DESI spray
shifted the maximum charge state of 14 kDa lysozyme from +12 to +17, with ~50-fold
increased intensity [40]. Interestingly, supercharging combined with L-DESI revealed
improved tolerance towards the TFA ion-pairing agent. Xu, et a/. also found benefit by
delivering m-NBA to TFA-containing mobile phases, in their case for monoclonal antibody
analyses performed by size exclusion and reversed phase chromatography [41]. Delivering
m-NBA post-column facilitated their characterization of low-level size variants. MS signals
of antibody light and heavy chains were improved 7- and 2-fold, respectively.

The present study continues our investigations, examining the effects of supercharging
agents on intact protein LC/MS with mobile phases containing either 0.1% TFA or 0.1% FA.
In addition, two new agents are tested for their abilities to increase ESI charge states, to
rescue ion signals from TFA-induced ion suppression, and to maintain superior
chromatographic peak shapes and plate numbers. Finally, we explore the mechanism by
which signal suppression is reduced, why the reduction is not uniform across analytes.

2. Materials and methods

2.1 Materials

Proteins bovine serum albumin (BSA,; 66.3 kDa), lysozyme (14.3 kDa), myoglobin (16.9
kDa for gpo-form), ubiquitin (8.6 kDa), ribonuclease A (RNase A; 13.7 kDa), and carbonic
anhydrase (29 kDa), as well as supercharging agents m-nitrobenzyl alcohol (m-NBA, CAS
619-25-0), sulfolane (CAS 126-33-0), 3-nitrophenethyl alcohol (NPEA, CAS 52022-77-2),
N,N,N’N’-tetraethylsulfamide (TES, CAS 2832-49-7), 3-methyl-2-oxazolidone (MOZ,
CAS 19836-78-3), propylene carbonate (PC, CAS 108-32-7), and dimethyl sulfoxide
(DMSO, CAS 67-68-5) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Protein
mixtures were prepared in deionized water.

2.2 LC/MS of proteins

10 L of the protein mixtures were injected onto an Agilent Zorbax C3 column (2.1 mm x
150 mm, 300 A). LC/MS analysis was performed using an Agilent 1200 HPLC connected
on-line with an ESI time-of-flight (TOF) mass spectrometer (Agilent 6220 ESI-TOF, Santa
Clara, CA). A resolving power of 10,000 at /7/z 1000 is routinely achieved on this
instrument and the /m/zrange can be extended to 3200. All spectra were acquired in positive
(+ESI) mode.

Solvent A was either 0.1% TFA or 0.1% FA in water. Solvent B was 90% acetonitrile (ACN)
containing either 0.1% TFA or 0.1% FA and water. The flow was set to 200 pl/min. For
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intact protein analysis the following gradient was used: 5% B for 3 min, 5-25% B in 1 min,
held at 25% for 6 min, 25-30% in 5 min, 30-45% in 19 min, 45-80% in 6 min, held at 80%
for 5 min, returned to 5% B in 1 min, and equilibrated at 5% B for 9 min prior to next run
(Figure S6).

For the analysis of a BSA tryptic digest, an Agilent Zorbax C18 column (2.1 mm x 150 mm,
300 A) was used. The gradient employed was: 5% B for 3 min, 5-25% B in 1 min, held at
25% for 6 min, 25-30% in 5 min, from 30% to 80% in 3 min, held at 80% for 2 min,
returned to 5% B in 1 min and equilibrated at 5% B for 9 min prior to next run.
Supercharging agents 7+NBA (0.1%, v/), 3-NPEA (0.1%, v/A), TES, (0.1% vA), 3-MOZ
(0.1%, vA), PC (0.1%, v/V), and DMSO (5%, /1) were added to both aqueous and organic
components of the mobile phase containing either 0.1% TFA or 0.1% FA.

An important consideration when spraying non-volatile liquids is their ability to foul the
mass spectrometer. Investigators have elevated ion source temperatures to 150-275°C to
reduce build-up of DMSO [33,37,42]. Additives have also been delivered post-column [41],
and released only when needed for specific eluates [34].

3. Results and discussion

3.1 Supercharging agents’ effects on LC/MS signal intensities

It has been proposed that effective positive ion supercharging reagents must (1) be soluble,
(2) interact with analytes, (3) be very weak Bransted bases (pKgp.¥ < -1.7) and (4) be
similarly or less volatile than the bulk solvent to enable their concentration within the
evaporating electrospray droplet [2]. For non-denaturing solutions, the reagent must shift
protein charge state distributions when present at concentrations below those inducing
conformational changes (in contrast to others [43-45], we distinguish charge increases
driven by protein denaturation from those induced by a unique supercharging mechanism).
Similarly, we predicted that very weak Bronsted acids (pK, > 15.7) would be effective
negative ion supercharging reagents. These criteria enable reagents capable of supercharging
to be predicted, and provide a means to test this theory [2].

Note that the mechanism we propose is described incorrectly by some publications [16,44]
as gas phase “proton transfer between the protein and the reagents.” In our mechanism, the
presence of a weakly basic (solution phase) reagent causes the ESI process to deposit less
excess charge onto solvent, thus leaving more for analyte. This mechanism relies heavily on
solution phase properties. For involatile supercharging agents, gas phase proton transfer
effects are expected to be less important, simply because of the reagents’ low gas phase
density.

The aprotic solvent sulfolane [4], one example of a dual-polarity supercharger, is consistent
with the criteria above, being both a weak Bransted base (pKgy+"¥ = —12.9) and a weak
Brgnsted acid (pK; > 31). Molecules with demonstrated positive ion supercharging capacity:
m-NBA [1], non-ionic saccharide detergents (7.e., octyl glucoside) [46], o-NBA, p-NBA, 3-
nitrophenethyl alcohol, 3-nitroacetophenone, 3-nitrobenzonitrile, 3-trifluoromethylbenzene
methanol [4], benzyl alcohol [4,15], 3chlorothiete-Z, Z-dioxide, sulfolene [15], dimethyl
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sulfone, o-nitroanisole, p-nitroanisole [17], nitrobenzene [2,17,47], propylene carbonate
[2,17,47], ethylene carbonate, butylene carbonate, 4-vinyl-1,3-dioxalan-2-one (vinyl-
ethylene carbonate), 1,4-butanesultone and 1,3-propanesultone [17], are all weaker bases
than H,0 [2].

Supercharging agents at equal volume percentages were added to both solvent A and solvent
B of the mobile phase. Agents reported to enhance protein charging (/7-NBA, sulfolang,
NPEA, or PC), were added, or one of two novel reagents selected for very weak Brgnsted
basicity and low volatility: N,N,N”N’-tetraethylsulfamide (TES) or 3-methyl-2-oxazolidone
(MOZ). MOZ is an aprotic solvent, miscible with water and possessing a dielectric constant
of 77.5 [48]. It is expected to be a weak base, given that carbamate basicities are
intermediate between esters and amides [49]. TES, with dielectric constant = 29, is also
expected to be less basic than water, because sulfonamides are even weaker bases than
sulfones [50].

DMSO, a reagent widely reported [33,36-38,51-53] to reduce charging in positive ion mode
(sub-charge) when added to peptide solutions and when added at fow fevelsto protein
solutions, is confusingly sometimes called supercharging [3,35,44], because larger additions
to certain native-like protein solutions increased charging by denaturation. We also
examined addition of DMSO to TFA-containing mobile phases, because it has consistently
shown improved peptide LC-MS/MS performance for FA-containing mobile phases
[33,36-38].

We observed modest increases in the average charge borne by small proteins eluting from
100 mM sulfolane mobile phases; e.g., increasing from +9.6 to +14.4 for RNase A (data not
shown). However, larger proteins such as BSA displayed overabundant protein-sulfolane
adducts that persisted even with lower sulfolane concentrations (down to 20 mM). In
addition, chromatographic performance was compromised greatly, yielding irreproducible
retention times and apparently permanent changes to the column surface matrix. Therefore,
sulfolane was not tested further.

Consistent with our previous L-DESI-LC/MS study [40], adding other supercharging agents
to TFA-containing HPLC mobile phases was seen to increase protein ion signals while
maintaining chromatographic performance. A mixture containing intact proteins RNase A,
ubiquitin, lysozyme, myoglobin, BSA, and carbonic anhydrase was analyzed. Upon addition
of 0.1% mNBA or 0.1% 3-NPEA to the mobile phase containing 0.1% TFA, the total ion
current increased from 5- to 53-fold for BSA and RNase A, and 2- and 19-fold for BSA and
lysozyme, respectively, relative to no addition of supercharging agents (Figure 1a, Table 1).
Similar signal enhancements were observed in the presence of 0.1% TES and 0.1% MOZ
(Figure 1b, Table 1). Addition of PC also increased signal (Table 1). Overall, the strongest
signal enhancement from TFA mobile phases was observed with 0.1% m-NBA, although
RNase A signals were increased more with TES or MOZ. Under our conditions, addition of
5% DMSO suppressed the protein signals (data not shown).

For mobile phases employing formic acid to ion pair with analytes, adding 0.1% 7-NBA or
0.1% 3-NPEA was seen to increase the total ion current by 2 to 6-fold for smaller proteins
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(RNase A, ubiquitin, lysozyme) and 1.5 to 2-fold for BSA and carbonic anhydrase (Figures
2, S7). Addition of TES and MOZ increased ion intensities weakly; e.g., ubiquitin and
lysozyme signals were approximately 1.3 times as intense in the presence of MOZ
(Supplemental Figures S1, S7). PC, however, increased ubiquitin and insulin signals about
3- and 8-fold, respectively (Supplemental Figures S2, S7). The addition of 5% DMSO to the
FA mobile phase did not suppress signals, counter to what we observed with TFA (data not
shown).

To summarize, the 5 supercharging additives increased ion signals strongly from 0.1% TFA-
containing mobile phases and less so (or not at all) from 0.1% FA phases. The smaller
improvement seen with FA ion pairing mobile phases is perhaps not surprising, given that
ion suppression is so severe in TFA solutions. DMSO was seen to decrease intact protein
signals from TFA-containing mobile phases, while improving signals from FA mobile
phases.

3.2 Supercharging agents’ effects on protein charge state distributions

In addition to increasing ion intensities, supercharging agents also increased average charge
states of proteins separated by LC/MS. For example, upon addition of 0.1% m-NBA to the
mobile phase containing TFA, there was a considerable increase in the charge state of
lysozyme compared to the control (Figure 3, Table 2); the weighted average charge state
increased from +6.1 to +11.4. Similar trends with respect to charge state distribution were
observed for the other proteins in the mixture, e.g., the average charge states for RNase A
and ubiquitin increased from +6.2 to +11.6 and +7.1 to +8.3 in the presence of m-NBA
(Table 2). Enhanced protein charging was observed for the other supercharging agents
investigated and also in the presence of FA modifier in the mobile phase (Figure 4, Table 2).
The newly identified supercharging agents, TES and MOZ, performed about as well as the
other agents. For instance, in the presence of TES, the average charge state of lysozyme
increased from +6.1 to +10.6 (Figure 3), while the average charge state of RNase A
increased from +6.2 to +9.7. Similarly, in the presence of MOZ, the average charge state of
lysozyme increased from +6.1 to +10.3 (Table 2). Some caution is warranted when
comparing the charge increases delivered by different supercharging agents under LC/MS
conditions, because solvent compositions differ and retention times shift. In principle,
composition changes can alter protein conformer populations. Nevertheless, the data
consistently indicate that all four reagents deliver higher charge states.

3.3 Supercharging agents’ effects on efficiency and limit of detection (LOD)

Most additives changed protein retention times slightly. For 0.1% TFA, retention times
increased by about 0.5 and 0.25 min in the presence of 7-NBA and 3-NPEA, respectively,
while they decreased by about 0.5 and 0.5 — 1 min with TES and PC, respectively. MOZ did
not change retention times significantly.

In 0.1% FA, retention times were only affected significantly by PC and then only the later
eluting proteins myoglobin, BSA and carbonic anhydrase (Supplemental Figures S2 and S5).
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In general, the supercharging agents tested had positive effects on chromatographic
efficiency or plate number (N). Plate number (A) was calculated using the retention time (&)
and peak width at half height (W/4,) according to:

N =554t/ W,)* (1)

For TFA, efficiency improved for 3 - 4 of the 6 proteins in the mixture, depending on the
supercharging additive. With 0.1% m-NBA, plate numbers more than doubled for RNase A
and myoglobin, while 0.1% 3-NPEA addition improved myoglobin plate numbers almost 4-
fold (Figure 5).

With formic acid and 5% DMSO, the plate number for RNase A increased 4.5-fold, while
that for carbonic anhydrase increased approximately 3.3-fold under the same conditions
(Supplemental Figure S3).

With respect to TFA signal suppression and its impact on limits of detection (LOD), we
observed that 0.1% m-NBA significantly rescued signals for 3 of the 6 proteins in the
mixture (Table 3). LOD was determined from the lowest concentration that delivered a
signal-to-noise ratio (S/N) ratio of 3:1. For example, RNase A showed a 5-fold decrease in
LOD, while that for ubiquitin and lysozyme was decreased 3.3-fold. Therefore, by adding
m-NBA to TFA-containing mobile phases, lower concentrations were detected for
approximately half of the proteins in the mixture, while LODs for the other proteins were
unchanged.

These effects in TFA contrasted with those in FA-containing mobile phases. Protein
sensitivity was reduced by adding m-NBA to 0.1% FA eluent. Moreover, while 5% DMSO
suppressed protein signal in 0.1% TFA, it significantly /increased signals in 0.1% FA for
lysozyme and carbonic anhydrase (data not shown).

3.4 LC-MS of a tryptic peptide mixture with supercharging agents

Peptide mapping is an important analytical tool used to test recombinant therapeutic protein
lots prior to release for clinical trials [54,55]. It establishes protein identity by confirming
primary structure or amino acid sequence lot-to-lot. Peptide mapping has also been used to
establish the genetic stability of product-producing organisms throughout product life cycle
[56]. Peptide mapping supports the monitoring of protein oxidation or deamidation, which
may affect therapeutic function [57]. Consequently, methods to improve MS sensitivity for
high resolution LC separations of peptides can be valuable.

As with intact protein mixtures, increased ion current was observed for the LC/MS analysis
of BSA tryptic peptides using TFA as the ion pairing agent when either 0.1% m-NBA
(Supplemental Figure S4) or 0.1% 3-NPEA (data not shown) was present. Relative
intensities of the higher charge states also increased with either agent. For example, the
average charge state of peptide TVMENFVAFVDK increased from +1.5 to +2.3 with m-
NBA and to +2.5 with 3-NPEA. Increasing peptide charging aids MS/MS fragmentation for
bottom-up proteomics strategies, especially with ETD sequencing methods [19].
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3.5 Mechanism by which supercharging agents reverse TFA ion suppression

We, and others, have reported that /m-NBA or sulfolane addition [32,40,41] can increase
analyte ion signals in LC/MS with TFA. We attributed that increase to a related property of
supercharging additives, and aprotic solvents in general to suppress ionization 7n solution
[2]. By reducing the extent to which TFA ionizes within ESI droplets [60], these additives
decrease trifluoroacetate anion concentrations and their accompanying analyte ion
suppression. The agents concentrate within the droplet due to their low volatility, yet impact
separation quality minimally, due to their almost negligible concentration in the bulk eluent.
The success of strategies reducing anion concentrations by other means supports our
mechanism [30,61].

The extent of improvement provided by supercharging agents is protein-dependent,
generally following the order from most improved to least improved as RNase A,
myoglobin, lysozyme, carbonic anhydrase, ubiquitin, and bovine albumin. The protein
isoelectric points are 9.6, 6.97, 11.35, 5.9, 6.79, and 4.7, respectively. Clearly, basic proteins
benefit more than acidic proteins. This behavior may reflect that TFA suppresses the signals
of basic proteins (capable of much more trifluoroacetate anion binding) more strongly than
acidic proteins. Reducing trifluoroacetate anion concentrations would then appear more
beneficial to basic proteins.

Conclusion

Signal suppression caused by ion pairing agent TFA can be circumvented in LC-ESI-MS by
including a modest amount of supercharging agent in the mobile phase. For the proteins
investigated, ESI-MS signal intensities increased by up to 70-fold with 0.1% m-NBA, 3-
NPEA, TES, MOZ, or PC, delivering lower detection limits. Moreover, the chromatographic
plate numbers for some proteins increased significantly when 0.1% m-NBA supplemented
the TFA-containing mobile phases. Signals were also increased from FA-containing mobile
phases, albeit not as dramatically as from TFA. The average charge states of peptides and
proteins increased in the presence of these additives, consistent with the known behavior of
m-NBA, 3-NPEA, and PC. In addition, additives TES and MOZ also increased peptide and
protein charge states, confirming that molecular candidates that supercharge peptides and
proteins can be predicted based on their low volatility and very weak Bransted basicity.

This strategy to overcome TFA-induced ion suppression succeeds because during
chromatography the low supercharging agent concentrations do not seriously perturb the
separations. During ESI, however, aconcentrate within the droplet because of their ultra-low
evaporation rate. By suppressing TFA dissociation, the weak bases reduce trifluoroacetate
anions and the signal suppression they cause. In principal, other solvents or solvent additives
that reduce TFA dissociation may rescue suppressed ion signals, even if they do not increase
charging in positive ion mode.

Supercharging reduces /m/z requirements for the mass analyzer, improves mass resolution
and mass accuracy, and for MS/MS, enhances fragmentation and sequence coverage. For
reversed phase HPLC, TFA is a standard ion pairing agent for achieving high quality
separations, yet it suppresses ESI-MS signals when coupled for mass detection.
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Supercharging agents can rescue that TFA-based ion suppression, thereby offering higher
resolution LC/MS for protein measurements. Adding supercharging agents to the LC
methods for separating intact proteins destined for interrogation by multiple reaction
monitoring (MRM) is one area poised to benefit from increased sensitivity, especially when
the intact protein approach is compared to traditional bottom-up methods [62,63].
Supercharging agent addition may provide an alternative to mixing small amounts of TFA
and FA in balancing improved chromatographic efficiency with MS sensitivity [62].
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Refer to Web version on PubMed Central for supplementary material.
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. New supercharging agents, tetraethylsulfamide and 2-methyl-2-oxazoline,
identified
. Using supercharging agents rescues LC/MS TFA-induced ion suppression
. LC/MS protein sensitivity and LC resolution is improved with supercharging
agents
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Figure 1.

LC/MS of protein mixture containing (1) 17 uM RNase A, (2) 13 uM ubiquitin, (3) 7.7 uM
lysozyme, (4) 15 uM BSA, (5) 6.5 uM myoglobin, and (6) 7.6 uM carbonic anhydrase with
0.1% TFA and (a) 0.1% m-NBA and 0.1% 3-NPEA, and (b) 0.1% MOZ and 0.1% TES. No
supercharging agent was added to the measurements represented by the bottom trace in both
(a) and (b).
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LC/MS of protein mixture containing (1) 17 uM RNase A, (2) 13 uM ubiquitin, (3) 7.7 uM
lysozyme, (4) 15 uM BSA, (5) 6.5 uM myoglobin, and (6) 7.6 uM carbonic anhydrase with
0.1% formic acid and 0.1% m-NBA and 0.1% 3-NPEA. No supercharging agent was added
to the measurements represented by the bottom trace.
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ESI-MS spectra of 7.7 UM lysozyme in 0.1% TFA (a) no supercharging agent, (b) with 0.1%
m-NBA, (c) with 0.1% TES, and (d) 0.1% MOZ.
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Figure 4.

ESI-MS spectra of 7.7 uM lysozyme in 0.1% formic acid and (a) no MOZ, and (b) with
0.1% MOZ. ESI-MS spectra of 17 uM RNase A in 0.1% formic acid and (c) no MOZ, and
(d) with 0.1% MOZ.
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Number of theoretical plates for LC/MS of proteins with 0.1% TFA and supercharging

agents.
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Limit of detection (M) with 0.1% TFA ion-pairing agent with and without 7-NBA

Table 3

Protein TFA TFA + m-NBA | Fold Increase w/m-NBA
RNase A 8.4x1077 | 1.7x1077 5.0

Ubiquitin 43x10°% | 1.3x10°6 3.3

Lysozyme 26x1076 | 7.7x1077 33

Myoglobin 65x1077 | 6.5% 1077 No change

BSA 15x10°% | 1.5x10°° No change

Carbonic anhydrase | 2.5x 1077 | 2.5 x 1077 No change
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