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Abstract

Charge reduction reactions are important for native mass spectrometry (nMS) because lower
charge states help retain native-like conformations and preserve non-covalent interactions of
protein complexes. While mechanisms of charge reduction reactions are not well understood, they
are generally achieved through addition of small molecules, such as polyamines, to traditional
nMS buffers. Here, we present new evidence that surface active, charge reducing reagents carry
away excess charge from the droplet after being emitted due to coulombic repulsion, thereby
reducing the overall charge of the droplet. Furthermore, these processes are directly linked to

two mechanisms for electrospray ionization, specifically the charge residue and ion evaporation
models (CRM and IEM). Selected protein complexes were analyzed in solutions containing
ammonium acetate and selected trialkylamines or diaminoalkanes of increasing alkyl chain
lengths. Results show that amines with higher surface activity have increased propensities for
promoting charge reduction of the protein ions. The electrospray ionization (ESI) emitter potential
was also found to be a major contributing parameter for the prevalence of charge reduction;
higher emitter potentials consistently coincided with lower average charge states among all protein
complexes analyzed. These results offer experimental evidence for the mechanism of charge
reduction in ESI, and also provide insight into the final stages of the ESI and their impact on
biological ions.
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Introduction

Electrospray ionization of biomolecules has gone through many stages of development since
it was first described by Fenn and coworkers some 35 years ago.1=3 But Fenn’s vision

of the long term impact, expressed in the 1990 review of electrospray ionization “... that
other “cooks”(practitioners) will have even more success than we have had with the recipes
to be presented...” (Fenn et al., page 38)* rings true even today! Researchers continue to
develop new approaches that improve the informational content of the ESI mass spectral
data. Notable examples include super-charging reagents that have played key roles in the
development of top-down protein sequencing®~’ and more recently, the introduction of
native mass spectrometry (nMS) buffers that are volatile and reduce salt adduction8-19 and
the use of sub-micron emitters that provide cleaner, more defined mass spectral peaks and
better signal-to-noise ratios (S/N).11-16 While ammonium acetate is an excellent buffer for
native MS, other buffer systems are often used to either increase or reduce the charge state
distribution of proteins.

Charge reducing reagents are MS-friendly buffers that lower the average charge state (Zgyq)
of protein ions.1”- 18 Lower charge states appear at higher /7/z therefore increasing the
charge state spacing (resolving power) for ions of proteins and protein complexes. The
increased /m/z separation has proved particularly advantageous for studies of lipid binding
to membrane protein complexes!® and more generally for preserving intact protein complex
structures.20: 21 Lower Zayg is also correlated with more native-like protein states due

to less coulombic repulsion throughout the protein structure.22-24 The most commonly
used nMS buffers are ammonium acetate (AmAc), triethylammonium acetate (TEAA),

and ethylenediamine diacetate (EDDA) with the latter two being most frequently used as
charge reducing buffers.18: 25 The mechanism of charge reduction and the physicochemical
properties that are responsible for observed charge reduction are not well understood. We
recently reported results for charge reduction for a series of amino-containing compounds
that showed similar charge reduction as TEAA and EDDA, but trimethylamine A-oxide
(TMAO), showed very different behavior.19

The formation of gaseous ions of large molecules from nanodroplets formed by ESI is
generally described using the charge residue model (CRM) and ion evaporation model
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(IEM).26-31 The CRM purports that macromolecules acquire excess charges from the
evaporating nanodroplet during the late stages of desolvation in the transition from solution
to gas-phase ions, whereas IEM is often used to explain ionization of small molecules where
the ions are ejected from the droplet due to coulombic repulsion near the surface of the
droplet;27. 30. 32-35 however, neither model accounts for the mechanism of charge reduction
in its entirety.

Hybrid models that incorporate both the CRM and IEM processes have been used to explain
charge reduction effects observed in ESI formation of ions, most notably, the charge carrier
field emission model (CC-FEM).36-41 Briefly, evaporation of the solvent from the initially
formed nanodroplets is adequately described by CRM, but as the solvent evaporates the ion
density increases and exceeds the Rayleigh limit resulting in droplet fission and ejection

of even smaller nanodroplets. As the solvent loss from the nanodroplet leads to increased
coulombic repulsion, an IEM step occurs and surface-active ions are preferentially ejected,
thus lowering the total charge of the nanodroplet. These processes proceed stepwise until
the transition of solvated ions to solvent-free gas phase ions. Thus, the CC-FEM invokes
CRM formation of macromolecular ions to be preceded by an IEM step where surface-
active ions (less preferentially solvated) are ejected from the droplet. This model provides
increased explanatory power for the formation of charge-reduced macromolecular ions.
Clearer understanding of electrospray processes allows for tuning of solution conditions to
provide for optimal experimental conditions. Many of the factors outlined above for charge
reduction are important for elucidating details concerning structure, stability, and dynamics
of protein complexes.

Here, we present recent experimental results for large protein complexes that are consistent
with the CC-FEM. Monomeric proteins have been extensively studied via ESI-MS, therefore
we have chosen to conduct these experiments on protein complexes which offer to provide

a more complex and less well-studied response to charge reduction conditions. A recent
example reported by Walker et al. revealed remarkable effects of native MS buffers, AmAc
and EDDA, on the conformation and stabilities of the GroEL tetradecamer.42 The protein
complexes of C-reactive protein (CRP ~115 kDa), pyruvate kinase (PK ~237 kDa) and
glutamate dehydrogenase (GDH ~334 kDa (experimental)) were studied using mixed buffers
containing various concentrations of AmAc and TEAA, and the effects of nESI (hano-

ESI) emitter potentials were also examined. Higher concentrations of TEAA and higher
emitter potentials at each TEAA concentration decreased the Z,q4 for all proteins. We also
examined a series of amino-containing compounds (trimethylamine (TMA), triethylamine,
tripropylamine (TPA), 1,5-diaminopentane (1,5-DAP), 1,6-diaminohexane (1,6-DAH), 1,7-
diaminoheptane (1,7-DAH)). These reagents were used to examine the effects of surface
activity of charge carriers on charge reduction. Increasing the hydrophobicity of the amine
compound in the mixed buffer solution corresponded to a decrease in the observed Zgq of
all the protein complexes.

Protein samples of GDH and PK were prepared from lyophilized powders obtained from
Sigma. CRP samples were prepared from a 1 mg/mL stock solution obtained from Sigma.

Anal Chem. Author manuscript; available in PMC 2023 August 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Walker et al.

Results

Page 4

All protein solutions were buffer exchanged using BioRad P-6 size exclusion columns with
a mass cutoff of 6000 Da to remove unwanted contaminants from the solution. Protein
concentrations varied from 750 nM to 2 UM, depending on the protein used. All amine
solutions were used in the presence of 160 mM ammonium acetate (AmAc). All amines
were obtained from Sigma. The pH of the AmAc, TMA, TEAA, TPA solutions were pH
6.5 to pH 7. TMA and TPA solutions were acidified slightly using acetic acid to reach pH
6.5. Solutions of the diaminoalkanes 1,5-DAP, 1,6-DAH, and 1,7-DAH were acidified to pH
8 (from pH 9.5 initially) using acetic acid. All pH measurements used 3-color litmus paper
purchased from J.T. Baker.

All solutions were sprayed using pulled borosilicate capillaries with an emitter diameter

of 1-2 um. The same tip-pulling program was used across all experiments to mitigate tip
diameter effects as much as reasonably possible. Mass spectra were deconvoluted using
UniDec processing software.*3 Relative abundances of the charge states were used to
calculate a weighted average charge. All experiments were conducted on the Thermo Q
Exactive UHMR (ultra-high mass range) instrument. Mass resolution was set to either

6250 or 12500 for all experiments shown here. Instrument tuning conditions used to
promote desolvation of ions were maintained at identical levels for each protein complex

to provide an accurate comparison of charge reduction that are solely dependent on solution
conditions. Spray voltage was also tuned to achieve highest signal except in the experiments
where spray voltage was used as the variable in the experiment. Spray voltage is defined

as the absolute voltage measured on the emitter referenced to ground. Heated capillary
temperatures were maintained at 200 °C.

Triplicate collisional-cross section (CCS) measurements for CRP were made using mixed
buffer solutions with varying ratios of AmAc and TEAA; 200 mM AmAc or 160 mM
AmAc with 0, 5, 10, or 15 mM TEAA. The emitter potentials were tuned to get optimal
signal and then biased by ~+200 V and ~+400 V relative to initial voltage to explore the
CSD sampled at higher emitter voltages. lon mobility experiments were conducted using the
Fourier transform periodic-focusing ion-mobility drift tub (FT-PF-IM-DT) UHMR Orbitrap
instrument. All experiments were performed using helium collision gas at 1.725 torr, at 23.7
°C. A more detailed description of the fundamental theory and workings of the instrument
has been described thoroughly in previous papers.44—47

To explore the effects of charge reduction on protein complexes, various mixtures of

TEAA and AmAc were screened against 3 protein complexes (CRP, PK, and GDH). The
observations from this study led to the conclusion that as the concentration of TEAA was
increased, the Z,q of the observed charge state distribution was lowered. This trend reached
asymptotal behavior beginning at 20 mM TEAA. Figure 1A summarizes the average charge
state of 3 protein complexes (CRP, PK, and GDH) in response to different concentrations of
TEAA.

Emitter voltages can vary based on various solution factors and can be used to control the
ionization efficiency. For certain buffer conditions, increased nESI emitter voltage caused
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a shift to a lower charge state for proteins in mixed buffer conditions. The mass spectra
clearly show a large change in charge state distribution (CSD) in response to an increase

in the emitter potential of about +400 V from the initial nESI potential (see Figure S1 in
Supporting Information). Figure 1A reveals two different trends for the Z,,q for each protein
complex studied: 1) an increase in emitter potential lowers the Z,,q4 of the ions for a given
set of buffer conditions; 2) as TEAA concentration is increased the emitter potential needed
to lower the Z,,q4 of the ions decreases. The plots in Figures 1B and 1C show both trends;
Figure 1B shows the observed change in relative abundance for the low and high CSDs as

a function of emitter voltage while 1C shows the change in CSD as a function of TEAA
concentration. The AmAc concentration was maintained at 160 mM regardless of the TEAA
concentration. This was intended to keep a fixed concentration of AmAc in the solution
even though that as the concentration of TEAA was varied the ionic strength of the solution
would be altered as well. The concentration of AmAc did not have a significant effect in
subsequent trials (data not shown) and reaffirmed the observation that TEAA concentration
was responsible for charge reduction.

The mass spectra of CRP, PK, and GDH in 10 mM TEAA and 160 mM AmAc (Figure 2)
show bimodal CSDs; these bimodal distributions are due to the presence of two different

ion populations and suggest that there are two ionization mechanisms operating to generate
each ion population. The higher Zgq distribution is similar to that seen when sprayed from
an AmAc solution whereas the lower Zgq distribution is similar to results seen in a mixed
buffer solution containing higher concentrations of TEAA (e.g., > 20 mM TEA, see Figure 1
and Figure S2). This bimodal CSD behavior dissipates at higher concentrations of TEAA in
the solution and at higher nESI emitter potentials. The distributions are sensitive to emitter
potentials and can be shifted reversibly to higher or lower charge states by changing the

bias placed on the nESI emitter (Figure S3). At 20 mM TEAA, the ion populations of

these protein complexes are nearly entirely charge-reduced. This observation implies that a
critical concentration of TEAA in the droplet is necessary to effectively charge reduce the
ions, and that there exists a small concentration window to observe the shift in Z,,4 from
non-charge-reduced to charge-reduced distributions. The emitter potential effects suggest
that higher spray voltages increase the partitioning of surface-active charge carries between
the bulk and the surface of the nanodroplet. This would explain why lower Z,,4 are observed
at higher emitter potentials without increasing the bulk concentration of charge reducing
reagents in the solution.

Trialkylamines and diaminoalkanes were added to AmAc solutions to explore the effect

of surface activity on the efficacy of charge reduction. The final concentrations for these
solutions consisted of 40 mM of selected amine and 160 mM of ammonium acetate. Figure
3A contains the high m/zrange of mass spectra obtained using solution with and without
added charge reducing buffers. TMA, TEAA, and TPA show increased ability to reduce

the Z,q for both GDH and CRP concomitantly with the increasing lengths of the alkane
chains. Similar data (Figure 3B) were obtained using 1,7-DAH solution, which is even more
effective for lowering the Z,q of the CRP ions than the 1,6-DAH and 1,5-DAP solutions.
Increasing the length of the alkane chains increases the hydrophobicity and in turn the
surface activity of these charge carriers thus decreasing the favorability of being solvated in

Anal Chem. Author manuscript; available in PMC 2023 August 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Walker et al.

Page 6

the “bulk” solution of the droplet. This is also demonstrated when comparing the exhibited
charge reduction of the alkyl diammonium series and the trialkylammonium series for CRP.
The trialkylammonium ions are more effective at reducing the Z,,q of CRP because they are
more hydrophobic than the alklyl diammonium ions. The emission of these molecules from
the droplet is responsible for the lower Z,,q of the resulting macromolecular ions exhibited
in Figure 3.

Discussion

Surface-activity is a term used here to describe how likely hydrophobic charge carriers, e.g.,
alkylamines, are to be partitioned to the surface of the nanodroplet. The initial understanding
of how charge is distributed in charged nanodroplets is attributed to Gauss’ law which
predicts that charges are located at the surface of the droplet due to coulombic repulsion.
Simulations conducted by Konermann et a/. demonstrated that small charge carriers (Na*,
K*, NH,™") are preferentially solvated and that their existence at the surface of the droplet
would bear an enthalpic penalty.2”: 4849 On the other hand, larger hydrophobic charge
carriers that are less preferentially solvated would be partitioned to the surface of the droplet
more than smaller ions. Hogan et al. describe a process by which surface active ions are
ejected from the droplet before CRM formation of the macromolecular ion.3¢ These surface
active ions are preferentially ejected from the droplet leading to lower charge states for the
respective macromolecules. With more surface-active charge carriers being emitted from the
droplet, fewer charges are then available to reside on the macromolecule. The CC-FEM,

in essence, is the mechanism underlying the charge reduction of protein ions generated

from nESI. Figure 4 presents the CC-FEM mechanism (A) along with the CRM (B) for
comparison. Bush et al. concluded that a CC-FEM model is also applicable to negative mode
electrosprays inclusively.>% They showed that negative charge carriers can more easily be
emitted from the droplet than positive charge carriers, resulting in lower overall charge for
negative ions. A possible aside to the CC-FEM is the effect that droplet surface tension

may have on the final charge state of gas-phase ions. Donald et a/. observed trends in
supercharging effects on proteins (i.e., increased Z,,g) while using cyclic alkyl carbonates
and cyclic alkyl sulphites, with various alkyl chain lengths, as supercharging reagents.>!

The data presented in Figure 3 demonstrate the surface activity effect described by the CC-
FEM. Protein ions generated from these mixed buffer conditions are more charge-reduced
in the presence of buffer components that are more surface active. As an example, TMA is
much more easily solvated than TPA; thus, TPA is more surface active and much easier to
eject from the nanodroplet. Therefore, the Z,,q4 for proteins in TPA solutions is much lower
than that for TMA. This same effect applies to the alkyl diammonium series. The increased
length of the alkyl chain increases the surface activity of the molecule and is responsible
for the observed charge reduction effects. It is interesting to note the slight differences in
the charge reduction effects between the classes of diammonium alkanes. The CSD for CRP
in a 40 mM TPA, 160 mM AmAc solution is centered around the 16 and 17" charge
states, whereas the CSD for CRP in a 40 mM 1,7-DAH, 160 mM AmAc solution produces
a CSD centered around the 18* charge state. 1,7-DAH ions are less surface active than the
TPA ions and therefore are not as effective at charge reducing ions. The addition of these
amino-containing compounds to the solution did not produce observable signs of protein
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instability (7.e., dissociation of protein complexes) for the specific conditions used in these
experiments (Figure S4).

Gas-phase basicities of amines are well studied and characterized,52 and it has been
proposed that gas-phase basicities are determinants of protein charge reduction in

ESI.18. 19, 52-54 \While gas-phase basicity may play a role in the mechanism of charge
reduction, the observations pertaining to the bimodality of protein ion CSDs do not support
this argument.3® Gas-phase proton transfer reactions from the protein to an amine would

be expected to yield a uniform distribution of charge states that would decrease as the
concentration of the gas-phase base increased. While gas-phase proton transfers have been
demonstrated to charge reduce ions,>® 56 it is unlikely that gas-phase proton transfers are
responsible for charge reduction via a single ESI emitter owing to the short time scales
available in transit to the mass spectrometer and the low densities of ions with which these
transfers would be required to occur. Hogan et al. predicted and observed that a bimodal
distribution of protein charge state distributions would occur in a mixed buffer environment
if charge emission from the droplet was responsible for the observed charge reduction.3¢
The initial progeny droplets produced from the mother droplet would be enriched in surface
active charge carriers. However, if the overall concentration of charge reduction reagents
becomes diminished due to repeated fissioning of the droplet, later progeny droplets
produced from that same mother droplet would receive fewer surface-active ions to remove
charges from the nanodroplet. This, in turn, would give rise to protein ion populations with
bimodal charge state distributions, charge reduced populations from earlier fission events
and non-charge reduced populations from late fission events.

Bimodal charge state distributions were also observed for GDH, CRP, and PK in multiple
concentrations of TEAA-containing buffers in Figure 2. The formation of nonspecific
dimers for these protein complexes was observed and was initially considered to be the
source of these charge reduced ions. However, the breakup of dimer ions does not account
for the solution- and voltage-dependance that are observed is these experiments. The
conditions needed to bring about the charge reduction were controlled by varying the nESI
emitter potential and the TEAA concentration present in the buffer. As seen in Figure 1,

the Zqq Of the protein complexes was sensitive to the concentration of TEAA present in

the solution. The emitter potential was also used to increase the relative concentration of
TEAA in the droplet. Support for this may be drawn from the observation that higher emitter
potentials are linked to larger initial droplet sizes.5” This may provide increased enrichment
of surface active charge carriers in progeny droplets.1% 58 The need to increase the emitter
voltage to effectively lower the charge state distributions of the ions demonstrates that a
critical concentration of TEAA is necessary in the droplet to bring about charge reduction of
the protein ions.

Itis clear from Figure 2 that these conditions show the transitory steps from a non-
charge-reduced ion population to a charge-reduced population. These data also exhibit the
predicted effects outlined by a field emission mechanism as being responsible for charge
reduction rather than it being entirely dependent on gas-phase basicity. Lastly, as the TEAA
concentration was increased beyond the limit necessary to begin generating charge-reduced
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macromolecular ions, the field emission mechanism takes over as the concentration of
surface-active ions is sufficient to remove excess charges from the subsequent nanodroplets.

Figure 5 shows the change in CCS across the different sets of solution conditions and emitter
potentials for each charge state measured. Two observations were made: 1) when compared
among conditions for the same charge state, the CCS does not change significantly; 2)

the emitter potential, while decreasing the charge state, did not decrease the CCS when
compared to other conditions for that charge state. This would indicate that the observed
charge reduction is not a consequence of conformational change induced by the charge
reduction reagents.

Charge states of proteins and protein complexes in nMS are closely linked to the solvent-
accessible surface area (SASA) of the proteins.>? 60 It is often appropriate to correlate

the charge state of the protein to the conformational state of the protein, i.e., whether the
protein has adopted a more native-like or more extended/unfolded state; higher charge states
of proteins are indicative of more extended structures.2* The question arises, are charge
reduction reagents reducing charge states of proteins by altering conformation(s) or are

they only perturbing the ESI process? lon mobility measurements would be able to offer
insight into this question. The CCS values shown in Figure 5 clearly show that TEAA
concentration does not promote statistically significant changes in CCS for the protein CRP
(CCS values and IMS conditions can be found in Table S1). Even higher emitter voltages,
while decreasing the average charge state, do not reduce the CCS when compared to other
solution conditions for the same charge state. The lower charge states have lower CCS,
which would be explained by a reduction in the coulombic repulsion in the ion. These results
support the idea that TEAA reduces average charge states via an ESI mechanism without
influencing the conformational preference of the protein ions.

Conclusion

The results presented here provide additional experimental evidence for the dual

ionization model, CC-FEM, for formation of protein complex ions via nESI. This

model provides a rationalization for the observed phenomena of charge state reduction

in mixed buffer solutions, viz. surface activity of the charge-carrying molecules in the
nanodroplet definitively predicts the efficacy of the molecule to induce charge reduction of
macromolecular ions. Higher emitter potentials are responsible for producing lower charge
states of proteins by increasing the partition of surface-active ions in the nanodroplet,
forcing surface active ions to the droplet surface. Bimodal charge state distributions for
proteins indicate that charge emission of surface-active ions, rather than a gas-phase proton
transfer, is responsible for charge reduction. The observed effects of solution composition
and ESI conditions apply also to monomeric proteins. We chose to focus this study

on protein complexes due to higher innate charge which illustrates the effect of charge
reduction more distinctly.

Protein charge states in native MS are linked to the SASA of the protein. Lower protein
charge states favor more native-like conformations in the gas phase due to a reduction
in coulombic repulsion.22-24 |t is important to understand how the components in the
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solution interact with the protein to provide a more accurate framework in which to interpret
experimental observations. In these studies, the diaminoalkane molecules were observed to
increase the width of the charge state distribution for CRP, which is a potential indicator

of conformational drift; however, the CCS for CRP suggest otherwise. These questions
illustrate the needs for additional studies on these processes, specifically surface-induced
dissociation (SID).61: 62 Here we do not address potential effects of co-solutes that may also
alter the charge states of protein complexes, specifically osmolytes and chaperones. As noted
previously for TMAO,19 these co-solutes are more likely to induce significant compositional
and conformational changes. Studies addressing these issues are currently underway.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

A) Bar charts displaying the average charge state of CRP, PK, and GDH protein complexes
as a function of TEAA concentration and emitter voltage. The Z,q shifts by up as much as
25% simply by increasing spray voltage. AmAc concentrations are held constant at 160 mM
for all data in this figure. B) Plots showing the relative abundances of the low (TEAA-like)
and high (AmAc-like) CSDs for 15 mM TEAA and 160 mM AmAc buffer conditions as

a function of emitter potential. C) These plots show the same information as (B) but as a
function of TEAA concentration at 1.7 kV emitter potential.
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Mass spectra of CRP, PK, and GDH demonstrating the bimodal charge state distribution that
accompanies a combined ionization model. The higher charge state distributions are typical
for AmAc buffers, whereas the lower charge state distributions are typical for TEAA charge

reduction. The buffer concentrations are 10 mM TEAA and 160 mM AmAc.
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Mass spectra demonstrating the efficacy of amines and dialkylamines to reduce the Zgq of
given proteins. A) GDH and CRP protein solutions had 40 mM of a given amine added to
the solution. For both protein complexes a trend of lower Z,,q exists as the surface activity
of the amine increases. B) CRP mass spectra in a similar experiment using dialkylamines
to show a trend of increasing charge reduction as the surface activity of the dialkylamine
increases. Once again, the most surface-active charge carrier is the most effective charge
reduction agent. Labeled charge state are the charge state of the peak with the highest

relative abundance.
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A) A representative sketch of the basic mechanism for combined CRM and IEM. Surface

active charge carriers disproportionally populate the surface of the parent droplet. Progeny
droplets then are given large relative concentrations of surface-active charge carriers. These
charge carriers leave the droplet and syphon excess charges from the droplet. The proteins

left in the nanodroplet are then ionized via a CRM pathway. B) The CRM is generally
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accepted as the mechanism for the formation of macromolecular ions from ESI droplets. The
charge carriers in this model are more likely to stay solvated in solution and thus their charge
will become deposited upon loss of the solvent.
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CRP CCS vs Solution Conditions and Emitter Potential
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Figureb.

Bar chart for the measured CCS of CRP from different charge reducing solutions and

nESI emitter potentials. Black error bars delineate the standard deviation of triplicate
measurements. Variations in the buffer do not change the CCS significantly when compared
among other conditions for the same charge state. Despite lowering the average charge state,
higher emitter voltages did not change the CCS values significantly when compared to other
values for the same charge state. These results are evidence that the TEAA concentration is
not influencing the conformational preference of the protein complex when compared to the
same charge state under other buffer conditions.
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