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Abstract

The multiple charging of large molecules in electrospray ionization provides key advantages for
obtaining accurate molecular weights by mass spectrometry and for obtaining structural information
by tandem mass spectrometry and MS" experiments. Addition of glycerol or m-nitrobenzyl alcohol
into the electrospray solutions dramatically increases both the maximum observed charge state and
the abundances of the high charge states of protein and peptide ions. Adding glycerol to acidified
aqueous solutions of cytochrome c shifts the most abundant charge state from 17+ to 21+, shifts the
maximum charge state from 20+ to 23+, and shifts the average charge state from 16.6+ to 20.9+.
Much less m-nitrobenzyl alcohol (<1%) is required to produce similar results. With just 0.7% m-
nitrobenzyl alcohol, even the 24+ charge state of cytochrome c is readily observed. Similar results
are obtained with myoglobin and (Lys)4. For the latter molecule, the 5+ charge state is observed in
the electrospray mass spectrum obtained from solutions containing 6.7% m-nitrobenzyl alcohol. This
charge state corresponds to protonation of all basic sites in this peptide. Although the mechanism for
enhanced charging is unclear, it does not appear to be a consequence of conformational changes of
the analyte molecules. This method of producing highly charged protein ions should be useful for
improving the performance of mass measurements on mass spectrometers with performances that
decrease with increasing m/z. This should also be particularly useful for tandem mass spectrometry
experiments, such as electron capture dissociation, for which highly charged ions are desired.

Both electrospray ionizationl (ESI) and matrix-assisted laser desorption/ionization2 are
routinely used to produce intact gas-phase ions of proteins, nucleic acids, and specific
noncovalent biomolecular complexes3 for analysis by mass spectrometry. Electrospray
ionization has the advantage that multiply charged ions are typically produced. For large
molecules, this multiple charging phenomenon results in a distribution of molecular ions with
m/z typically between 500 and 3000 Da. Because of the lowered m/z range, virtually any type
of mass spectrometer can be used for mass measurements of large molecules. Intact
ribosomes# and DNA as large as 108 Da® have been introduced into mass spectrometers by
ESI and mass analyzed on instruments with upper m/z limits. Multiple charging also has the
advantage of shifting the m/z of the ions into a range where the performance of most mass
spectrometers excels. For example, spectra with unit mass resolution (isotopically resolved)
have been obtained for a 112 kDa protein using Fourier transform mass spectrometry, where
the average charge is centered around 90+.6 From these measurements, the molecular weights
of 100 kDa proteins can be obtained within a few daltons accuracy.

Multiply charged ions are also ideally suited for structural characterization by tandem MS or

MS" experiments. These include dissociation experiments, which are used to determine

molecular sequence7 and locations of sites of posttranslational modifications of peptides and

groteins,8 and ion—-molecule reactions, which are used to determine gas-phase conformations.
10 Multiply charged ions are also essential for the electron capture dissociation (ECD)
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method recently developed by McLafferty and co-workers. 11 with this method, highly charged
ions capture low-energy electrons produced using a heated filament, resulting in their partial
neutralization and subsequent dissociation. For proteins, ECD produces different fragmentions
than other methods and provides both unique and complementary structural information.

Several factors have been shown to influence ESI charge-state distributions, including
molecular conformation,12-14 acid—base chemistrZ both in solution and in the gas phase, 15-
20 solvent composition,lel21 instrumental factors,22 etc. Several models have been proposed
to qualitatively account for the observed charging of electrosprayed peptides and proteins.

-25 Among these are models based on molecular size and the charging of electrospray
droplets, 23 the number of basic residues (Arg, His, Lys, and the N- termmus) 4 and the relative
proton-transfer reactivities of analyte ions and solvent molecules.2®

One general conclusion resulting from several studies!?=14 is that ESI charge-state
distributions of proteins reflect solution-phase conformations. ESI mass spectra obtained from
solutions in which molecules are denatured have higher charge states (lower m/z) than spectra
obtained from solutions in which the conformations are more native.12 This effect is
presumably due to reduced Coulomb repulsion between like charges and increased accessibility
of the basic residues in the protein. The solution-phase denaturation of proteins has been
monitored using ESI mass spectrometry bi/ observing shlfts in the charge-state distribution
toward higher charge states while heating or aC|d|fy|ng the bulk electrospray solution.

While denaturation tends to promote the formation of higher charge states of proteins analyzed
by ESI mass spectrometry, the electrospray solvent can remove charges via gas-phase proton
transfer.20 Among solvent components that are more volatile than water, the degree of charge
reduction roughly correlates with the solvents’ gas-phase basicities (GB) 6,25,26 However,
we recently showed that the abundances of the higher charge states of electrosprayed proteins
increased when solvent components that are less volatile than water (2-methox g/ethanol bp
124 °C; ethylene glycol, bp 198 °C) are added into the electroyray solutions.20 This result is
unexpected because these compounds have appreciable GBs?2 (GB of 2-methoxyethanol is
174 kcal/mol; GB of ethylene glycol is 185 kcal/mol). Although ethylene glycol has been used
as an electrospray solvent by others, no enhancement of higher charge states was noted. 28

Here, we show that even more highly charged protein and peptide ions can be produced by
adding either glycerol or m-nitrobenzyl alcohol (m-NBA) to the electrospray solution. Both of
these compounds have very low vapor pressures and both compounds are commonly used as
matrixes in fast atom bombardment mass spectrometry. This enhanced charging phenomenon
may be particularly useful for experiments that require highly charged gas-phase ions, such as
electron capture dissociation,1 and for improving the performance of an analysis by further
reducing the m/z ratio of ions produced from large molecules.

EXPERIMENTAL SECTION

Experiments were performed on a quadrupole mass spectrometer with an in-house-built
electrospray source This instrument is described elsewhere.29 lons are generated by
nanoelectrospray using needles that are made from 1.0-mm-0.d./0.78-mme-i.d. borosilicate
capillaries. These capillaries are pulled to a tip with an inner diameter of ~4 um using a
micropipet puller (Sutter Instruments, Novato, CA). The electrospray is initiated by applying
a potential of ~1000 V to a Pt wire inserted into the nanoelectrospray needle to within ~1 mm
of the tip. The wire and nanoelectrospray needle are held in place with a patch clamp holder
(WPI Instruments, Sarasota, FL). The flow rates are between 60 and 200 nL/min. The ions
generated by electrospray are sampled from atmospheric pressure through a 12-cm-long
stainless steel capillary (0.50-mm i.d.) which is heated to 195 °C. This temperature is higher
than that of the gas that passes through the capillary. The voltages on the heated metal capillary
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and the first and second skimmers are 12, 15, and 7 V, respectively. The tube lens voltage is
40 V for experiments with (Lys)4 and 60 V for all other experiments. These voltages were
chosen to minimize adduction and maximize signal, while favoring high charge states.

For experiments involving heated electrospray solutions, a potential between 0 and 6 V is
applied to an insulated Nichrome wire that is wrapped around the nanoelectrospray needle in
a helical manner. An iron/constantan thermocouple (Omega Engineering, Stamford, CT)
interfaced to an electronic temperature reader (Cole-Parmer Instrument Co., Vernon Hills, IL)
is used to monitor the temperature of the electrospray needle. The temperature of the
electrospray solution is within 1 °C of the measured needle temperature.

Equine cytochrome ¢ (>95%), equine myoglobin (95-100%), and lysine tetrapeptide (60%
peptide) were purchased from Sigma Chemical Co. (St. Louis, MO) and were used without
further purification. Stock solutions of cytochrome ¢, myoglobin, and (Lys)4 were prepared
with analyte concentrations of ~10 uM. The reported solution compositions are on a volume/
volume basis. All electrospray solutions used in this study contained 3% acetic acid. Addition
of small amounts of acid to water/methanol solutions results in higher charge states due to
denaturation of proteins in solution.12 Increasing the level of acid beyond the level required
for denaturation results in a gradual shift in charge states to lower charge.26 Three percent
acetic acid was chosen to ensure that the proteins were denatured. Methanol, trichloroethylene,
and acetic acid were obtained from Aldrich Chemical Co. (Milwaukee, WI).

The abundances of the charge states are reported relative to the most abundant charge state in
the mass spectrum. One parameter used to describe a given charge state distribution is the
average charge state (Qaverage)- This parameter is computed as follows:

N
gqi W;

qaverage= N
W,
7 i

where N is the number of observed analyte charge states in a given mass spectrum, g is the
net charge of the ith charge state, and w; is the signal intensity of the ith charge state.

RESULTS AND DISCUSSION

Glycerol

Figure 1 illustrates the effects of increasing concentrations of glycerol (up to 50%) on the
charge-state distributions of cytochrome c electrosprayed from aqueous acidic solutions each
containing 3% acetic acid (pH ~2.5). Without glycerol, charge states between 12+ and 20+ are
observed, and the distribution is centered around 17+ (Figure 1a). With just 0.1% glycerol, the
maximum charge state changes from 20+ to 21+, and the relative abundance of the 20+ charge
state is more than quadrupled (440% increase) (Figure 1b). With 1% glycerol, the maximum
charge state is 22+, and the relative abundance of the 21+ charge state increases to 82% (Figure
1c). With both 10 and 50% glycerol, the 21+ is the most abundant charge state. At a glycerol
level of 50%, even the 23+ charge state is readily detectable at 16% relative abundance (Figure
le). The average charge state changes from 16.6+ with no glycerol (Figure 1a) to 20.9+ with
50% glycerol (Figure 1e). Addition of glycerol at levels significantly above 50% resulted in a
reduction of both the signal reproducibility and level.

Addition of glycerol also increases the abundances of the high charge states of myoglobin
(Figure 2). With 10% glycerol, the maximum charge state changes from 28+ without glycerol
to 29+, and the relative abundance of the 28+ charge state increases from 5 to 60%. In contrast
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to the results with cytochrome c, adding glycerol at the 50% level results in a significant
reduction in the charge-state distribution of myoglobin. With 50% glycerol, the maximum
charge state is only 18+ (Figure 2d). This charge reduction is most likely due to proton transfer
to the glycerol.25 The adduct peaks on the lower charge states correspond to the addition of
98 Da, most likely H3PO4 or HZSO4.31 The adduct peaks can be reduced by increasing the
collision energy in the electrospray source.

Glycerol also enhances the higher charge states of the peptide (Lys)4. Three charge states of
(Lys)4 are observed when this peptide is electrosprayed from 47/50/3% water/methanol/acetic
acid: (M + H)*, (M + 2H)2* and (M + 3H)3* (Figure 3a). Addition of glycerol at the 50% level
doubles the relative abundance of the maximum charge state, (M + 3H)3*, from 38 to 76%.

Although glycerol produces significant enhancements of the higher charge states, much lower
levels of m-NBA are required to produce similar results. By adding just 0.3% m-NBA to the
electrospray solution, the maximum charge state of cytochrome c increases from 21+ to 23+,
and the relative abundances of the 20+ and 21+ charge states increase from 15 to 69% and
from 3 to 23%, respectively (Figure 4a,b). With 0.7% m-NBA, the maximum charge state is
24+, and the relative abundances of the 22+ and 23+ charge states are 55 and 24%, respectively
(Figure 4c). The maximum observed charge state of 24+ is very close to the number of basic
sites in this protein (25). It is important to note, however, that protonation can occur elsewhere
in proteins. 5 Thus, it should be possible to form even more highly charged ions. Significant
adduct formation is observed at higher m-NBA levels.

With myoglobin, the addition of 0.3% m-NBA to the electrospray solution results in an increase
in the maximum charge state from 27+ to 29+ (Figure 5). The relative abundance of the 27+
charge state increases from 6 to 35%. With 1% m-NBA, the maximum charge state shifts to
30+, and the relative abundance of the 28+ charge state is quadrupled. At an m-NBA level of
5.4%, the 31+ charge state is observed, and the 28+ is the most abundant charge state (Figure
5d). There are 33 basic sites in this protein. The average charge state shifts from 21.6+ with
no m-NBA (Figure 5a) to 27.0+ with 5.4% m-NBA (Figure 5d). Another interesting effect is
that as the level of m-NBA is increased from 1 to 5.4%, the charge-state distribution narrows
markedly, with the minimum charge state increasing from 15+ to 21+. Again, 98 Da adducts
are observed.

The addition of m-NBA produces a more dramatic enhancement of the high charge states of
(Lys)4 than does glycerol. Without m-NBA (Figure 6a), the most abundant ion is (M +
2H)2*, and the abundance of (M + 3H)3* is 31%. With 3.4% m-NBA (Figure 6b), the most
abundant ion is still (M + 2H)2*, but the relative abundance of (M + 3H)3* is 85%, and some
(M + 4H)** is observed (6% relative abundance). With 6.7% m-NBA (Figure 6c), the most
abundant ion is (M + 3H)3*, and the abundance of (M + 4H)** is 40%. With 6.7% m-NBA,
even (M + 5H)°" is detectable. This latter charge state corresponds to protonating every basic
site in this peptide: the four lysine side chains and the N-terminus.

Thus far, we have identified four solvents, 2-methoxyethano|,26 ethylene glycol,26 glycerol,
and m-NBA, that enhance the higher charge states of proteins and result in the production of
even higher charge states than have been observed previously. The exact mechanism for the
charge enhancement produced by the addition of these low vapor pressure solvents into
electrospray solutions is not known. Although it has been shown that shifts toward higher
charge states are observed as proteins within bulk electrospray solutions are denatured,lz‘
14 denaturation does not appear to be the cause of the high analyte charging reported in this
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study. The enhancement of higher charge states occurs with small (4-mer) peptides, which are
not expected to have significant secondary or tertiary structure. Also, the proteins used in this
study are not expected to possess tertiary structure in acidic (pH ~2.5) electrospray solutions.
32 To determine whether conformation could still be playing a role, cytochrome ¢ (10~° M)
was electrosprayed from 97/3% water/acetic acid solutions in which the temperature of the
electrospray solution was varied between 25 and 90 °C. If any tertiary structure remained at
25 °C, then heating the electrospray solution to higher temperatures should denature the protein,
producing a concomitant shift in the charge-state distribution toward higher charge states.
No significant change in the charge-state distribution is observed for this range of temperatures
(the standard deviation of the average charge state of cytochrome c for five replicate
measurements is 0.07). This result supports our conclusion that no significant tertiary structure
remains in the electrospray solutions at 25 °C.

Among the four low vapor pressure solvents identified thus far, the enhancement of the higher
charge states of proteins decreases in the order m-NBA > glycerol > ethylene glycol > 2-
methoxyethanol. The boiling points of these solvents are 177.5 (at 3 Torr), 182 (at 20 Torr),
198 (at 760 Torr), and 124 °C (at 760 Torr), respectively.33 However, low solvent volatility
by itself is not sufficient to produce enhanced charging. Adding 0.07% poly-(pheny! ether)
diffusion pump oil (Santovac5, Santovac Fluids, Inc., St. Charles, MO) into a solution of
cytochrome ¢ (10> M) containing 17/79/3/0.7% water/methanol/acetic acid/trichloroethylene
(trichloroethylene was added to solubilize the diffusion pump oil), produces no significant
change in the charge-state distribution. Attempts to dissolve higher levels of poly(phenyl ether)
into the electrospray solution were unsuccessful. Poly-(phenyl ether) has a higher boiling
temperature (476 °C at 760 Torr), than any of the other solvents, but it has very different
physical properties, and some of these properties must also play a role.

A key difference between poly(phenyl ether) and the other low vapor pressure solvents is that
poly(phenyl ether) is not very polar. Acetic acid itself has a relatively low vapor pressure (bp
118 °C)33 and is polar. Increasing the level of acetic acid in electrospray solutions of
cytochrome c to levels as high as 90% results in a slight reduction of the abundances of the
higher charge states of cytochrome c. Thus, polarity and low volatility, by themselves, are not
sufficient to produce the enhancement of high charge states.

The enhanced charging may also be related to possible enhanced surface charging of the
electrospray droplets containing these solvents.23 The maximum surface charge density that
can be sustained by a given liquid depends on its surface tension.34 In the case of charged
spherical droplets, this is given by

N2€2 = 871'260 D30'

where N is the number of charges, e is the elementary charge, ¢, is the permittivity of the
surrounding medium, D is the diameter of the droplet at which droplet instability occurs (the
Rayleigh limit), and o is the surface tension. Between 7 and 107 °C, the surface tension of
these pure solvents decreases in the order water > glycerol > ethylene glycol > 2-
methoxyethanol > acetic acid, 36 the same as the order of decreasing charge-enhancing power
(excluding water; m-NBA is not included in the series due to lack of surface tension data). The
surface tension of aqueous solutions containing glycerol or ethylene glycol is lower than that
of pure water. However, the electrospray solutions in this study all contain 3% acetic acid
(added to minimize the conformational effects of proteins). The surface tensions of aqueous
solutions containing acetic acid are lower than that of pure water. For example, addition of
acetic acid at a level of 70% (w/w) to water decreases the surface tension from 71.1 to 34.3
dyn/cm (0.0711 to 0.0343 J/m?) at 30 °C.37 This value is similar to the surface tension of 2-
methoxyethanol at this temperature (~31 dyn/cm), the compound with the lowest charge-
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enhancing power. Given that the composition of electrospray droplets of water/acetic acid can
become highly enriched in acetic acid due to differential evaporation rates, 38 it may be that,
in such solvent systems, the surface tension of mature electrospray droplets containing solvents,
such as glycerol, is higher than that of mature droplets without such solvents. A complete
analysis of the possible mechanisms for the charge-enhancing effects of the solvents is
complicated by the many variables in the electrospray process that are poorly understood,
including droplet composition and temperature at the time of ion formation.

CONCLUSIONS

In electrospray ionization, the solvent system has a significant influence on the charge-state
distributions observed for peptides and proteins. Reduction of charge states via proton-transfer
reactions is well recognized, but the enhancement of highly charged ions is unusual. With
electrospray solutions containing either glycerol or m-NBA, we find that both the maximum
charge state and the abundances of the higher charge states of both protein and peptide ions
are enhanced over those observed with typical electrospray solutions, such as water/acetic acid
or water/methanol/acetic acid. Although this effect is presumably related to the low vapor
pressures of these components, the exact mechanism for the enhancement of high charge states
is unclear. However, it does not appear to be a result of conformational changes of the analyte.
Elucidation of the mechanism is complicated by the numerous uncertainties associated with
the mechanism of ion formation by ESI. Regardless of the mechanism, the effect should be
very useful for enhancing the performance of mass analysis of large molecules by shifting the
observed charge-state distributions to lower m/z where the performance of most mass
spectrometers is improved. Because the charge-state distributions are often narrowed, the
sensitivity of an analysis should also be improved since the overall ion signal is distributed
over fewer ions. One application where the enhanced charging should be particularly beneficial
is in the combination of tandem MS with electron capture dissociation for obtaining structural
information.
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Figure 1.

1200

Electrospray ionization mass spectra of cytochrome ¢ (10> M) from solutions containing (a)
0, (b) 0.1, (¢) 1, (d) 10, and (e) 50% glycerol. The base solution is 97/3% water/acetic acid.
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Figure 2.
Electrospray ionization mass spectra of myoglobin (102 M) from solutions containing (a) 0,
(b) 0.1, (c) 10, and (d) 50% glycerol. The base solution is 97/3% water/acetic acid.
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Figure 3.

Electrospray ionization mass spectra of (Lys), (10~ M) from solutions containing (a) 0 and
(b) 50% glycerol. The base solution is 47/50/3% water/methanol/acetic acid.
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Figure 4.
Electrospray ionization mass spectra of cytochrome ¢ (10> M) from solutions containing (a)
0, (b) 0.3, and (c) 0.7% m-NBA. The base solution is 47/50/3% water/methanol/acetic acid.
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Figure 5.
Electrospray ionization mass spectra of myoglobin (102 M) from solutions containing (a) 0,
(b) 0.3, (c) 1, and (d) 5.4% m-NBA. The base solution is 47/50/3% water/methanol/acetic acid.
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Figure 6.
Mass spectra of (Lys)s (107> M) formed by electrospray ionization from solutions containing
(@) 0, (b) 3.4, and (c) 6.7% m-NBA. The base solution is 47/50/3% water/methanol/acetic acid.
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