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Abstract
The exposure of electrospray droplets to vapors of reagents of various base strengths affects
protein negative charge state distributions independent of initial solution conditions. Volatile bases
are introduced into the counter-current nitrogen drying gas of an electrospray interface to interact
with charged droplets as they undergo desolvation/disintegration, shifting charge state
distributions of proteins to higher, more negative, charge states. Alterations of charge state
distributions can implicate protein folding/unfolding phenomena. Species bound by relatively
weak interactions can be preserved, at least to some extent, allowing for the observation of high
charge states of protein-ligand complexes, such as high negative charge states of holomyoglobin.
The binding of carbonic anhydrase with its Zn2+ co-factor is apparently preserved when the holo-
form of the protein is exposed to basic vapors (i.e., the Zn2+ ion remains associated with the
protein), but this prevents the appearance of charge states higher than −17. Charge state
distributions of proteins containing disulfide bonds shift slightly with the leak-in of basic vapors,
but when these disulfide bonds are reduced with dithiothreitol in solution, charge states higher
than the number of acidic sites (Asp, Glu and C-terminus) are observed. Since there is no observed
change in the distributions of buffered proteins exposed to these reagent vapors, the charge state
changes are attributed largely to a pH affect. High pKa and highly volatile reagents have been
found to be the most effective in terms of observing the maximum negative charge state of the
biomolecule of interest.

INTRODUCTION
Modern ionization methods for biomolecules allow for the formation of multiply charged
ions from molecules capable of accommodating the concomitant intramolecular Coulombic
repulsion. Multiple charging can be desirable or it can be a complication in a mass
spectrometry experiment, depending upon the context of the measurement. For example,
multiple charging often results in m/z ratios for large biomolecules that fall within the
optimum operational range of most mass spectrometers, making it possible to determine the
masses of large molecules with almost any common form of mass spectrometry. Multiply
charged ions are also readily fragmented using common ion dissociation methods, which
simplifies structural characterization and sequencing, especially if the fragmentation of
higher charge states provides new information.1,2,3,4 On the other hand, multiple charging
can complicate mixture analysis, as it generates multiple peaks per component and
compresses the signals into a relatively narrow range of m/z values.5 It can also complicate
the determination of the charge states of product ions derived from fragmentation of
multiply-charged precursor ions, particularly for high mass product ions measured with
mass analyzers of moderate-to-low resolving powers.6 Hence, it is desirable to be able to
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manipulate charge state distributions (CSDs) in one direction or another. A variety of
approaches have been explored for this purpose.7 For example, the reduction of charge states
has been effected by the adjustment of solution conditions for electrospray ionization (ESI)8

as well as by subjecting ions to gas-phase ion/molecule9 or ion/ion reactions.10,11 Efforts to
increase charge states include the adjustment of solution conditions, such as the use of
‘supercharging’ reagents,12 denaturing agents, the use of different solvents,13,14,15 or
through chemical derivatization.16 In the absence of chemical derivatization, the extent of
multiple charging is related to the solvent accessible surface area of the analyte molecule.17

In many cases, alteration of solution conditions results in the denaturation of the analyte and
the disruption of non-covalent interactions that are ordinarily present under native
conditions, thereby increasing the solvent accessible surface area. In the past decade,
supercharging reagents such as m-nitrobenzyl alcohol18,19 and sulfolane20 have been used to
increase multiple charging. These reagents have been studied primarily in the positive
polarity with both proteins and protein-complexes. They have displayed the ability to
preserve non-covalent interactions, at least to some degree, in both ionization polarities.21,22

Instrumental parameters and desolvation conditions also affect multiple charging.23

Approaches for increasing charge states after ion formation and admission into a mass
spectrometer include electron ionization of cations24 and sequential charge inversion
reactions.25,26

The basic amino acid side chains, such as those of lysine, arginine, and histidine, along with
the N-terminus, represent the most likely protonation sites in positive ESI of proteins,
whereas the acidic residues (i.e., glutamic acid and aspartic acid) and the C-terminus are
likely deprotonation sites in negative ESI. ESI of proteins in both the positive and negative
ion polarities at high and low pH have been previously studied.27 Several studies have
shown that greater multiple charging of proteins was observed in the positive polarity when
compared to the negative polarity,28 although the number of factors that contribute to
multiple charging make it difficult to generalize broadly. In order to observe high charge
states in negative ESI, often the sample solution is altered via the addition of NH4OH,29 the
addition of a more basic reagent like piperidine,30 or the use of different solvents.31 The
addition of these reagents can cause unfolding of the protein, thus exposing more acidic sites
on the protein for deprotonation, resulting in higher negatively charged ions. Interestingly,
the supercharging reagents shown to be effective for positive ESI have not yet proved to be
effective in the negative ion mode.

We have recently reported that the exposure of positively charged ESI droplets to acidic
vapors in the counter-current drying gas of the interface can significantly increase protein
CSDs in positive ESI.32 The results indicated that the acidic vapors significantly reduced the
pH in the evaporating droplets. When buffered solutions were used, the effect of acidic
vapors was effectively muted. Since this interaction occurs on the millisecond time-scale,
high charge states of transient intermediates can be observed and non-covalent interactions
can be preserved, at least to some extent. In this study, we report our observations of the
effect of basic vapors admitted into the counter-current drying gas of an ESI interface on
protein CSDs in the negative polarity. Several studies have been previously performed using
basic reagents, some in the vapor phase, but these were used to reduce charge state
distributions to lower charge states using ESI,33 extractive electrospray ionization (EESI)34

and electrosonic spray ionization (ESSI).35 To our knowledge, no such reagents have been
used to increase the CSDs of negatively charged proteins, other than adding the reagents
directly to the sample solution prior to ionization. However, depending on the reagent,
adding it to the solution may not result in maximum charging of the protein and can result in
the disruption of weak interactions.
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EXPERIMENTAL
Materials

Methanol, acetonitrile, and ammonium hydroxide (28–30 % in aqueous solution) were
purchased from Mallinckrodt (Phillipsburg, NJ). Triethylamine was purchased from EMD
Chemicals (Gibbstown, NJ). All proteins (bovine cytochrome c, ubiquitin from bovine red
blood cells, horse heart myoglobin, bovine α-lactalbumin, and bovine carbonic anhydrase)
as well as dithiothreitol, trimethylamine (22–26 weight % in water), propylamine,
piperidine, and isobutylamine were purchased from Sigma-Aldrich (St. Louis, MO). All
samples were used without further purification and the vapor pressures reported for the
reagents are based on the MSDS information provide from the company of purchase. Protein
solutions for negative nano-electrospray were prepared in 100% water, unless otherwise
noted. When dithiothreitol (DTT) was used for protein denaturation, proteins were placed in
100mM DTT at 40°C for several hours, and analyzed the same day. Final protein
concentrations were approximately 20–50μM.

Apparatus and Procedures
All experiments were performed using a prototype version of a QqTOF tandem mass
spectrometer (Q-Star Pulsar XL, Sciex, Toronto, ON) modified to allow for ion trap CID
and ion/ion reactions,36 although these features were not employed in these studies.
Ionization was accomplished via a nano-ESI emitter, forming [M-nH]n− anions of the
proteins. The apparatus designed to introduce reagent vapors into the interface along with
the curtain gas has been described previously.37 Briefly, approximately 0.3L/min of N2 gas
is directed across a test tube containing 20 μL of the reagent. The head space vapors of the
reagent are entrained with the N2 flow and this N2/reagent vapor flow is then mixed with the
curtain gas flow of the instrument (also N2). The newly combined flow enters the region
between the curtain plate orifice and the nozzle of the ESI interface where interactions
between the vapors and protein ions take place during the expansion into the interface. The
interface pressure is close to atmosphere, while the pressure behind the orifice plate is 1–2
torr. All of the experiments were performed at the same curtain gas pressures and same flow
of N2 and N2/reagent vapors by keeping the Swagelok metering valves at the same values
for all of the experiments.37 Typically, a sample is ionized via nano-electrospray and then
metering valves are used to regulate the vapors as desired. Nanoelectrospray emitters were
pulled from borosilicate glass capillaries with a 1.5 mm o.d. and a 0.86 mm i.d. using a
Sutter Instruments micropipet puller. The nanoelectrospray assembly consists of a
microelectrode holder with a metal (stainless steel or platinum) wire that is inserted into the
capillary.38 The voltage applied to the wire for nanoelectrospray was 1–1.2kV.

RESULTS AND DISCUSSION
Protein CSDs are known to be related to conformation, with more unfolded conformations
resulting in much higher observed charge states compared to more folded conformations.
39,40 Tightly folded protein molecules are expected to have a significantly smaller projected
area compared to less-structured protein molecules, and thus can accommodate fewer
charges on the protein surface during the ion desolvation phase.41 Where relevant, the
spectra obtained in this work are correlated to previous solution phase studies and the
solution pH in those studies. Unless otherwise noted, all proteins in this study were
subjected to negative nano-ESI from 100% (unbuffered) aqueous solutions.

Cytochrome c
Cytochrome c was ionized in the negative polarity and reagents of varying basicities were
leaked into the interface to study the extent of charging. All of the reagents used had high
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pKa values: ammonia (9.25), trimethylamine (9.8), propylamine (10.54), triethylamine
(10.75), piperdine (11.12), and isobutylamine (12.5).42 Bovine cytochrome c is a mainly
helical, globular protein containing 104 amino acids (23 of which are basic and 12 are acidic
amino acids) and one covalently attached heme group43 and has been the subject of many
folding and unfolding studies in the condensed phase.44,45,46 Since its isoelectric point is
10.4, cytochrome c is positively charged at pH=7 and is therefore more difficult to ionize in
the negative polarity, as has been observed in the study of protein mixtures.47 Prior to the
leak-in of reagent vapors, the qave of cytochrome c from a 100% H2O solution was −6.4
(Figure 1a). The average abundance weighted charge (qave) was calculated via Equation (1),
where N is the number of observed analyte charge states in a given mass spectrum, qi is the
net charge of the ith charge state, and Wi is the signal intensity of the ith charge state.15

(1)

The leak-in of ammonia shifted the CSD three charge states higher to a qave= −8.1 (Figure
1b). Leak-in of propylamine, a stronger base, resulted in a qave= −10 (Figure 1c), while the
leak-in of piperdine resulted in an even higher qave= −10.5 (Figure 1d). Thus, with the
introduction of increasingly strong basic vapors, one can observe a gradual shift to higher,
more negative charge states, shifting approximately 5 charge states higher from a qave= −6.4
to qave= −10.5 with piperidine leak-in. This suggests that the protein is unfolding due to the
presence of these vapors, thus allowing more acidic sites to be accessible for deprotonation.
A similar increase in charge was observed with a ubiquitin, a smaller protein, shifting the
qave from −5.8 prior to the leak-in of reagents to −6.9 with the leak-in of isobutylamine (see
Supporting Information, Figure S-1).

The signal-to-noise levels of the spectra obtained via base leak-in are clearly higher than that
of the spectrum obtained in the absence of basic vapors. For cytochrome c, there was an 18–
20 fold improvement in the overall signal abundance with the leak-in of various reagent
vapors. This can be useful when having difficulty generating a particular charge state at high
abundance. For instance, in the case of cytochrome c, the abundance of the −8 charge state
was 38 times more abundant with the leak-in of ammonia, a slightly basic reagent. This
leak-in shifted the CSD of cytochrome c to higher charge states only slightly, allowing the
−8 charge state to become one of the most abundant charge states in the distribution. This
can be a very useful technique for studies in which the isolation of a particular charge state
of interest is important, like in MS/MS experiments.

Protein/Prosthetic/Co-factor Complexes
Proteins with conformationally dependent non-covalent interactions were studied in the
negative mode with the leak-in of various basic reagents to determine the extent to which
non-covalent interactions survive under these conditions. The previously reported work
involving exposure of positively charged droplets to acidic vapors showed the survival of at
least some proteins with non-covalently bound cofactors. Non-covalent binding can be
readily disrupted simply by the addition of denaturing solvents, by the use of high or low
pH, as well as by changing the temperature of the sample solution.48

The native form of myoglobin (i.e., holomyoglobin) is characterized by a tightly folded
conformation and a heme group that is non-covalently bound in a hydrophobic pocket of the
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protein.49 Myoglobin has 22 acidic sites for deprotonation along with 33 basic sites
available for protonation in the positive polarity. Although electrospray ionization enables
preservation of the non-covalently bound heme group,50,51,52 it can be denatured by the
addition of relatively non-polar solvent or a strongly acidic or basic reagent.53,54 Adding
denaturing reagents to the myoglobin sample in the condensed phase resulted in the heme
group falling off almost immediately.54 This makes it very difficult to observe high charge
states of holomyoglobin in either polarity, resulting in mostly highly charged apomyoglobin
peaks.29, 30, 54

A recently published study on the use of supercharging reagents in the negative polarity
found that non-covalent protein-ligand interactions are preserved during the charging of the
proteins.19 However, the extent of supercharging was significantly less than that observed
for positive ions formed from the same solutions, with −7 being the most abundant
holomyoglobin charge state. Thus, myoglobin was studied with the leak-in of reagent vapors
of various basicities to determine the extent of charging that could be obtained, and whether
the non-covalent interaction could be preserved.

Prior to the leak-in of any reagents into the interface, the average charge state of myoglobin
was −8.3 with holomyoglobin peaks being the most dominant (data not shown). The leak-in
of ammonia vapors resulted in a shift to higher, more negative charge states to a qave= −9.2
with 85% of the peaks corresponding to holomyoglobin peaks (Figure 2a). The leak in of
trimethylamine, a stronger base, resulted in a more drastic shift to a qave= −10.5, with 80%
of the peaks corresponding to holomyoglobin (Figure 2b). The leak in of a stronger base,
piperidine, resulted in a qave= −13.2 with a CSD from −7 to −17 and approximately 65% of
the peaks corresponding to holomyoglobin peaks (Figures 2c). In all experiments where
basic reagent vapors were introduced, a peak corresponding to [heme]− as well as [heme
+H2O]− was observed. These two peaks were previously observed in the kinetic studies on
myoglobin at low pH.54 The fact that a majority of the peaks correspond to holomyoglobin
peaks suggests that the non-covalent heme-protein interaction remains sufficiently strong to
survive, although the increase in charge also suggests that the surface area of the protein
increases as a result of the exposure to basic vapors. The preservation can be a result of the
time-scale of the droplet-vapor interaction. The evolution of the droplets and passage
through the counter-current drying gas takes place on the time-scale of tens of
microseconds. However, the higher the pKa of the reagent that was leaked into the interface,
the greater the percentage of apomyoglobin peaks that were observed. This suggests that the
stronger bases are more effective at causing the unfolding of the protein and removing the
heme group. In general, the non-covalent interaction is preserved with the leak-in technique,
which shifts the qave of holomyoglobin in the negative polarity 5 charge states higher from
−8.3 to the −13.2.

Carbonic anhydrase II (CA-II), another species with a non-covalent protein-ligand
interaction, was also studied with the leak-in process in the negative polarity. A divalent
zinc ion is an essential co-factor for CA-II and is coordinated to three histidyl residues
(His-94, His-96 and His-119) and a water molecule.55 The zinc binding as well as the
unfolding and refolding of carbonic anhydrase is pH dependent and its denaturation has been
studied by mass spectrometry.56 This protein, with 31 acidic sites and 39 basic sites, has also
been reported to have partially folded structures under certain conditions.57,58 Carbonic
anhydrase has been studied using various supercharging reagents, but only in the positive
mode.3,59

Prior to the leak of any vapors into the interface, the negative nanoelectrospray spectrum of
carbonic anhydrase had a qave= −10.4 with a CSD from −8 to −12 (data not shown). The
leak-in of various amines and other strong bases resulted in a shift of the protein CSD with
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the qave shifting to −12.4 with ammonia vapor leak-in, −13.8 with propylamine leak in,
−15.3 with piperidine leak-in and −14.8 with isobutylamine leak-in (see Supporting
Information, Figure S-2).

The maximum charge state observed with the leak-in of basic vapors was −17, which is less
than the theoretical maximum of −31 charges based on the number of acidic sites on the
protein. Upon a closer inspection of the highly charged carbonic anhydrase peaks obtained
with the leak-in of basic reagent vapors, it was determined that 100% of the peaks
correspond to the intact protein-Zn complex (Figure 3a and c). The conformation of the
protein greatly affects the charge states that are observed and, since the non-covalent
interaction is preserved, the Zn interaction might be preventing the protein from fully
unfolding, thereby preventing exposure of more acidic sites for deprotonation. In order to
confirm this, a comparison between the CSD observed during leak-in and the CSD observed
with the use of condensed phase denaturing reagents was performed. Ionization of carbonic
anhydrase in 100% water with the leak-in of piperidine was compared to a spectrum in
which 5% piperidine had been added directly to a native carbonic anhydrase solution prior
to ionization (Figure 3). In the case where the piperidine was added directly to the solution,
two CSDs were observed: one corresponding to the protein-Zn complex (qave= −23.4) and
another where the Zn interaction was not preserved (qave= −22.9) (Figures 3b and d).
Additionally, the peaks in the spectrum contain an abundance of adducts, most likely due to
the strong organic base used to denature the protein. Analogous adduct formations has also
been observed in MALDI-MS of proteins in the presence of certain additives.60,61

From this, it appears that charge states higher than −17 can only be observed with the
disruption of the non-covalent interaction. Once the Zn is lost, the protein can then unfold
further, thereby exposing more acidic sites for deprotonation. Thus, the leak-in of various
basic reagent vapors can increase the CSD in the negative polarity while preserving non-
covalent interactions, but this may prevent the observation of the maximum theoretical
negative charge state for that protein due to incomplete denaturation.

Disulfide-containing Proteins
In the positive polarity, high charge states of disulfide-containing proteins are generally
difficult to generate unless the disulfide bonds are first reduced.62 In order to examine the
extent of charging for disulfide containing proteins in the negative polarity, α-lactalbumin, a
14 kDa protein with four disulfide bonds, was studied. Along with the disulfide bonds, α-
lactalbumin has been known to refold into a molten globule state,63 which may also affect
the number of negative charge states observed. Ionized α-lactalbumin with disulfide bonds
still intact and prepared in 100% water was difficult to observe in the negative polarity (see
Supporting Information, Figure S-3). The leak-in of ammonia and piperidine vapors resulted
a CSD from −5 to −13 (qave= −9.6) (Figure S-3b), and a CSD from −7 to −16 (qave= −12.8)
(Figure S-3c) respectively. Although the leak-in of high pKa reagent vapors does increase
the number of negative charge states observed, α-lactalbumin has 21 acidic sites, so there is
no evidence for the deprotonation of all of the carboxyl groups present in the protein.

Next, α-lactalbumin was denatured with DTT to determine if reducing the disulfide bonds
would allow for additional deprotonation of the protein by the leak-in of reagent vapors.
Prior to the leak-in of any reagent vapors, DTT denatured α-lactalbumin resulted in a CSD
of −5 to −13 with a qave= −10.1 (Figure S-3d). The leak-in of ammonia resulted in a α-
lactalbumin CSD of −6 to −15 with a qave= −11.0 (Figure S-3e), while the leak-in of
piperidine resulted in a CSD of −8 to −22 with a qave= −15.5 (Figure S-3f). Two CSDs are
observed prior to the introduction of any vapors as well as with the introduction of
ammonia, a slightly basic vapor, for the denatured α-lactalbumin suggesting that a mixture
of α-lactalbumin conformations is being observed. Only one CSD is observed with
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piperidine leak-in. Thus, with the leak-in of vapors of varying basicities one can observe a
protein transition from a mixture of conformations to (apparently) a single dominant
conformation. Also, it appears that deprotonation in excess of the number of carboxyl
groups in the protein can be observed once α-lactalbumin is denatured and a strong basic
reagent is introduced into the interface. The appearance of charge states in excess of the
nominal number of likely charge bearing sites is similar to results previously obtained in the
positive polarity with this technique.32

pH, Vapor Pressure, and Solvent Effects
In order to identify important factors in the charging process of negatively ionized proteins
using this technique, the qave of several proteins was studied as a function of the pKa of the
leaked-in vapors. In the positive polarity, it was found that the leak-in of more acidic vapors
resulted in a higher qave and CSD observed for each protein.32 A similar trend generally
holds true in the negative polarity. That is, the leak-in of more basic vapors tends to give rise
to higher qave and CSDs, at least until the highest pH values are reached (Figure 4).

Triethylamine and isobutylamine yield results that tend to be below the general trend
established by the other reagents. Triethylamine (pKa=10.75), for example, yields lower
values of qave for all proteins compared to the qave values obtained with propylamine (pKa=
10.6). This could very well be due to the significantly lower vapor pressure of triethylamine
relative to propylamine (57.1 torr versus 310 torr). Thus, a higher number density of
propylamine is present in the interface for interaction with the nanoelectrospray generated
droplet, resulting in a higher qave for propylamine. Therefore, vapor pressure is another
important factor, along with pKa, that can influence the CSD of the proteins. The vapor
pressures of the reagents used are 580 torr for the ammonium hydroxide solution (as
reported by the supplier), 430 torr for trimethylamine solution (supplier reported), 310 torr
for propylamine, 57.1 torr for triethylamine, 32.1 torr for piperidine and 138 torr for
isobutylamine. Based on pKa and vapor pressure, however, isobutylamine appears to be an
outlier. It is nominally the most basic reagent and it has a higher vapor pressure than
piperidine. Nevertheless, this reagent leads to smaller qave values for all proteins examined
relative to piperidine.

It has been noted that surface areas of some proteins decrease at very low pH. There is
precedent for such an effect, for example, in the case of ubiquitin.32 Similar phenomena may
occur at high pH if electrostatic effects are important. Carbonic anhydrase nESI mass
spectra were therefore collected as a function of solution pH to evaluate the effect of ESI
solution pH on the observed qave and CSDs. A trend similar to that observed in Figure S-2
was noted in a plot of qave versus solution pH (see Figure S-4). At pH values of 9, 10, 11,
and 12, the observed qave values were −10.2, −11.2, −12.3, and −15.3, respectively. The
qave value decreased to −14.5, however, at a pH value of 13, which suggests that the
isobutylamine leak-in experiment may have actually increased the pH value relative to the
piperidine experiment, as expected based on the higher pKa value and vapor pressure of
triethylamine. It was noted that the ammonia leak-in experiment yielded a qave value and
CSD very similar to the spectrum acquired at a solution pH of 11 and that the piperidine
leak-in experiment gave rise to a qave value and CSD very similar to that of observed in the
mass spectrum acquired at a solution pH of 12. Hence, we conclude that the ammonia leak-
in gives rise to an effective droplet pH of 11 and that the piperidine leak-in experiment gives
rise to an effective droplet pH of 12. With these pH values and the respective Kb values of
the bases, we can estimate the effective concentrations of the bases in the droplets to be 0.6
M for the ammonia experiment and 0.08 M in the piperidine experiment. This difference in
concentrations is in rough agreement with what might be expected based on the approximate
vapor pressures listed above.
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In order to test further that the observed changes in the spectra are largely the result of a pH
effect, similar to the pH effect observed in the positive polarity,32 carbonic anhydrase was
prepared in ammonium bicarbonate buffer at pH=8. The leak-in of ammonia vapors, as well
as the leak-in of stronger and more basic piperidine vapors, did not shift the qave or the CSD
of the protein (Figure S-5). This further suggests that the charging noted for the unbuffered
solutions is indeed a pH effect.

The results of the preceding studies were performed using 100% aqueous sample solutions,
but the use of other solvents, such as methanol and acetonitrile, is common. Therefore, a
limited number of experiments were conducted using the leak-in technique for non-covalent
protein-complex ions with mixed solvent systems. In general, the addition of these organic
solvents causes the protein to unfold in both polarities.13,14,15,31 A myoglobin solution of
100% H2O was compared to a myoglobin solution of 50/50 water/methanol and 50/50
water/acetonitrile with and without the leak-in of piperidine (see Supporting Information,
Figure S-6). Ionization of the 100% water and 50/50 water/methanol solutions, resulted in
over 95% of the peaks corresponding to holomyoglobin with a qave= −8.3 observed in both
spectra (Figure S-6a–b). The qave for the 50/50 water/acetonitrile protein solution was −14.0
with 60% of the peaks corresponding to apomyoglobin peaks (Figure S-6c). The leak-in of
piperidine vapor into the interface when a 100% water sample was ionized resulted in 65%
holomyoglobin peaks with a CSD from −9 to −17 and a qave = −13.2 (Figure S-6d). When a
50% methanol solution was ionized and piperidine vapors leaked in, 52% of the ion
abundance corresponded to apomyoglobin peaks compared to 35% apomyoglobin with the
100% water sample (represented by Δ in Figure S-6). The CSD for the 50% methanol
sample was comparable to that of the 100% water solution, with a qave= −14.1 (Figure
S-6e). The 50% acetonitrile sample was even further denatured with 74% of the peaks
corresponding to apomyoglobin peaks. The loss of the heme group allowed the protein to
unfold more, resulting in a higher CSD. The CSD of the 50% acetonitrile sample was −12 to
−22 with a qave= − 19.6 (Figure S-6f). Overall, these results indicate that the leak-in of basic
vapors can shift the CSD of protein samples prepared in various solvents mixtures.
However, the presence of these organic solvents tends to denature proteins in solution,
making it easier for non-covalent interactions to be disrupted. In all cases, the shift in CSD
due to the piperidine is similar, shifting the qave approximately 6 charge states higher (more
negative).

CONCLUSIONS
High negative charge state distributions of proteins can be generated in the negative polarity
via the introduction of reagent vapors of various basicities into the counter-current drying
gas of an ESI interface. All experimental results suggest that the charging phenomenon can
be attributed largely to a pH effect, based on buffered sample studies, comparisons with
mass spectra collected as a function of solution pH, as well as the dependence of the CSD on
the pKa of the leaked-in vapor. The vapors interact with the nanoelectrospray-generated
protein droplet, thereby effectively increasing the pH of the droplet by at least 5 pH units,
depending upon conditions, and leading to some degree of protein unfolding. A general
tendency of greater unfolding with increasing pKa of the reagent is noted except at very high
pH values. The most basic reagent used in this study did not result in the highest CSDs,
which may reflect a degree of refolding at high values of pH. For disulfide containing
proteins, the leak-in of reagent vapors increases the charge state distribution as well,
although modestly. However, when the disulfide bonds are reduced, much higher charge
states can be obtained. Reduction of the disulfide bonds allows the protein to unfold further
and expose additional acidic sites for deprotonation.
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Previous studies have generally shown that the ionization of proteins in the negative polarity
results in lower charge states compared to ionization in the positive polarity. Methods have
been developed to increase the extent of charging observed in the negative polarity, but they
all have some disadvantages. The addition of different reagents to the sample solution to
increase the amount of multiple charging can have deleterious effects on any non-covalent
interactions present in the protein. Another method to increase charging, the addition of
supercharging reagents directly into the sample, seems to work best in the positive polarity,
with minimal additional charging effects observed in the negative polarity. The exposure of
negative electrospray droplets to basic vapors, as described here, indicates that the charge
state distribution can be increased independent of initial unbuffered solution conditions. The
original spectrum can be recovered simply by removing the vapor that is being introduced.
A similar approach (i.e., the leak-in of acidic vapors) can be used in the positive polarity, as
discussed in a previous publication. This work expands the range of conditions over which
charging in ESI can be increased to include negative ions.
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Figure 1.
Negative nESI spectrum of cytochrome c in 100% H2O with a) no vapor, b) ammonia vapor,
c) propylamine vapor, d) piperidine vapor leak-in. The pKa of the basic reagents used
increases a–d.
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Figure 2.
Negative nESI spectrum of myoglobin in 100% H2O with a) ammonia vapor, b)
trimethylamine vapor, and c) piperidine vapor. The pKa of the basic reagents used increases
a–c. (Peaks labeled with ○ correspond to holomyoglobin peaks and Δ correspond to
apomyoglobin peaks)
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Figure 3.
Negative nESI spectrum of carbonic anhydrase a) in 100% H2O with piperidine vapor leak-
in, b) with 5% piperidine added in solution and no vapor leak-in. c) and d) are a zoom-ins of
the two most abundance peaks in a) and b) respectively. The non-covalent carbonic
anhydrase- Zn interaction is preserved in a) and c) while peaks corresponding to Zn loss are
observed in b) and d).
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Figure 4.
Graph of the average charge state (qave) for various proteins as a function of the pKa of the
reagent vapor that was leaked-in. For the most part, the higher the pKa of the reagent vapor,
the higher the qave. The decrease in qave for triethylamine vapor leak-in is discussed in the
text.
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