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Abstract

The efficacy of dimethyl sulfoxide (DMSO) as a supercharging reagent for protein ions formed by
electrospray ionization from aqueous solution and the mechanism for supercharging were
investigated. Addition of small amounts of DMSO to aqueous solutions containing hen egg white
lysozyme or equine myoglobin results in a lowering of charge, whereas a significant increase in
charge occurs at higher concentrations. Results from both near-UV circular dichroism
spectroscopy and solution-phase hydrogen/deuterium exchange mass spectrometry indicate
that DMSO causes a compaction of the native structure of these proteins at low concentration,
but significant unfolding occurs at ~63% and ~43% DMSO for lysozyme and myoglobin,
respectively. The DMSO concentrations required to denature these two proteins in bulk solution
are ~3-5 times higher than the concentrations required for the onset of supercharging,
consistent with a significantly increased concentration of this high boiling point supercharging
reagent in the ESI droplet as preferential evaporation of water occurs. DMSO is slightly more
basic than m-nitrobenzyl alcohol and sulfolane, two other supercharging reagents, based on
calculated proton affinity and gas-phase basicity values both at the BSLYP and MP2 levels of
theory, and all three of these supercharging reagents are significantly more basic than water.
These results provide additional evidence that the origin of supercharging from aqueous solution
is the result of chemical and/or thermal denaturation that occurs in the ESI droplet as the
concentration of these supercharging reagents increases, and that proton transfer reactivity
does not play a significant role in the charge enhancement observed.
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. in which the protein is denatured [1-4]. Multiple distinct
Introduction charge state distributions corresponding to different con-
formations of the same protein in solution are often
observed, and information about the populations of solu-
tion-phase conformers has been obtained by modeling these
distributions [4]. A number of factors, in addition to protein
conformation, can affect charging in ESI, including solvent
and analyte basicity [5—7], solvent surface tension [8—10],
and instrument parameters [11-14].

Addition of small quantities of “supercharging” reagents,
such as m-nitrobenzyl alcohol (m-NBA), to either aqueous
“native” solutions [15-21] or “denaturing” solutions [8-10,
22-27] can cause an increase in the average and maximum
charge states of peptides, proteins, or protein complexes
- compared with the same solutions without the reagents.
Correspondence to: Evan R. Williams; e-mail: williams@cchem.berkeley.edu Increasing ion charge is often desirable because the perform-

lectrospray ionization (ESI) of proteins generally results

in a characteristic distribution of charge states that can
be readily mass analyzed on virtually any type of mass
spectrometer owing to the lowering of the m/z that occurs as
a result of multiple charging for large molecules. A major
factor in the extent of charging is the conformation of a
protein in solution. Narrow charge state distributions at
lower charge are generally formed from solutions in which a
protein has a compact native or native-like structure,
whereas significantly higher charge states and broader
charge state distributions are typically formed from solutions

Received: 21 January 2011
Revised: 16 February 2011
Accepted: 22 February 2011
Published online: 19 April 2011



H.J. Sterling, et al.: Protein Supercharging with DMSO in Water

ance of most mass analyzers improves at lower m/z and both
the dissociation efficiency and the information obtained
from many tandem mass spectrometry methods, such as
electron capture or transfer dissociation, can increase
significantly with charge [28-31].

Because many factors affect charging in ESI, attributing
the increased charging observed with these supercharging
reagents to just a single predominant factor can be
challenging. Supercharging reagents generally have rela-
tively low vapor pressures compared with other components
in the initial solutions, resulting in a significant increase in
their relative concentration in the ESI droplet as solvent
evaporation occurs [32]. For example, the boiling point of
m-NBA is 177 °C at 3 Torr [33], from which a value of
~405 °C at 760 Torr can be estimated [34]. The composition
of ESI droplets that initially contain low concentrations of
the supercharging reagent will rapidly become enhanced in
the supercharging reagent as the more volatile components
preferentially evaporate. This will change a number of
physical parameters, including the droplet surface tension
[8—10], which can either be increased or decreased by the
supercharging reagent depending on the composition of the
initial droplet. In the absence of any significant analyte
conformational changes, the charging observed with these
supercharging reagents has been related to effects of surface
tension [8—10]. The surface tension of m-NBA (50+5 mN/m
[9]) is higher than many organic solvents, e.g., methanol
(22.1 mN/m at 25 °C [33]), but lower than water (72.0 mN/m
at 25 °C [33]). Addition of m-NBA to methanol solutions
containing the amine-functionalized dendrimer, poly(propyl)
eneimine (DAB-16), which cannot undergo significant con-
formational changes [35], resulted in an increase in charging,
whereas addition of m-NBA to aqueous solutions containing
this same molecule resulted in a decrease in charging, con-
sistent with the changes in surface tension of the ESI droplet
as evaporation occurs [10].

We have proposed that the primary origin of super-
charging proteins and protein complexes from purely
aqueous solution is conformational changes that can occur
as a result of chemical and/or thermal denaturation, and that
the decrease in droplet surface tension is a mitigating factor
in the extent of supercharging [19-21]. Sulfolane, a super-
charging reagent shown to be effective at increasing charge
for proteins and protein complexes formed from aqueous
solutions in which the structures are native [16], destabilizes
the native structure of myoglobin by ~1.5 kcal/mol/M at
25 °C, making it ~30% as effective as guanidinium chloride
for unfolding this protein [20]. The higher charge state ions
produced from aqueous solutions with sulfolane and m-NBA
have higher collision cross sections measured using ion
mobility, consistent with more unfolded structures [20, 21].
At the typically low initial concentrations of reagent required
for supercharging, no significant change to the native
structure was observed using circular dichroism spectro-
scopy (CD) [20] or hydrogen/deuterium exchange (HDX)
MS [21]. However, as the ESI droplet becomes enriched
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with the reagent due to its relatively high boiling point, the
concentration threshold for chemical and/or thermal denatu-
ration can be reached and increased charging as a result of
protein unfolding can occur. This mechanism has been
controversial [16—18], in part, because many other factors,
including proton transfer reactivity [5—7], also affect charging.
Loo and coworkers proposed that the relative proton transfer
reactivity of the supercharging reagent compared with that of
the protein may be a significant factor in supercharging from
aqueous solutions [16].

Dimethyl sulfoxide (DMSO) added to denaturing solu-
tions containing high concentrations of organic solvent can
result in supercharging of peptides and proteins, an effect
that can be attributed largely to surface tension [10, 27].
Here, the efficacy of DMSO for supercharging hen egg
white lysozyme and equine myoglobin from aqueous
solutions is investigated. Both near-UV CD and solution-
phase HDX-MS are used to determine what conformational
changes occur in these proteins in the initial ESI solutions as
a function of DMSO concentration. These and other results
indicate that protein conformational changes are the major
factor in supercharging with DMSO from these solutions,
and that proton transfer reactivity of DMSO or other
supercharging reagents cannot explain the enhanced charg-
ing observed with supercharging from aqueous solutions.

Experimental

Mass spectra were acquired using either a LTQ-mass
spectrometer (Thermo Fisher Scientific, Waltham, MA,
USA) or a 9.4 T Fourier-transform ion cyclotron resonance
mass spectrometer (FT-ICR) described elsewhere [36]. Ions
were formed using nanoelectrospray emitters prepared by
pulling borosilicate capillaries (1.0 mm 0.d./0.78 mm i.d,;
Sutter Instruments, Novato, CA, USA) to a tip i.d. of ~1 pm
with a Flaming/Brown micropipette puller (Model P-87,;
Sutter Instruments). A platinum wire (0.127 mm diameter,
Sigma, St. Louis, MO, USA) was inserted into the nano-
electrospray emitter in contact with the solution, and ESI
was initiated and maintained by applying 0.8—1.5 kV to the
wire relative to instrument ground. Hen egg white lysozyme
and horse heart myoglobin were purchased from Sigma and
were used without further purification. Solutions were
prepared with extra dry DMSO (Acros Organics, Waltham,
MA, USA) as vol/vol fractions. Estimates of DMSO
enrichment during ESI were calculated by converting the
vol/vol percents of the reagent to mole fractions using the
known densities and molecular weights of DMSO and water.

Hydrogen/Deuterium Exchange

Deuterated lysozyme and myoglobin were prepared for
HDX studies by dissolving the solid proteins to 500 uM in
D,0 (Sigma) and heating these solutions for three hours at
50 °C. The deuterated protein solutions were held at 4 °C
prior to use. The deuterium incorporation of lysozyme and
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myoglobin was measured at ~99% and ~80%, respectively,
using a 9.4 T FT-ICR mass spectrometer where isotopic
resolution is readily achieved. The deuterated proteins were
diluted 50-fold into 200 mM ammonium acetate (pH 7.4)
solutions containing various concentrations of DMSO,
mixed, and the resulting HDX monitored continuously using
a LTQ mass spectrometer for 10 min. Mass spectra acquired
between 3.5 and 4.5 min of exchange were scan-averaged
and the peak intensities of the scan-averaged mass spectra
were used to calculate the relative extents of HDX for the
analytes. The temperature inside the nanoelectrospray source
was 44 °C.

Circular Dichroism

Circular dichroism (CD) spectra were acquired on a Jasco
model 810 spectropolarimeter (JASCO, Inc., Easton, MD,
USA). Twenty puM protein solutions were prepared in
200 mM ammonium acetate (pH 7.4) solution containing
various concentrations of DMSO and held at 44 °C for 5 min
in a 1.0 cm quartz cuvette with constant mixing using a
Teflon stir bar prior to wavelength scan analysis in the range
260 to 300 nm.

Computations

Initial structures for neutral and protonated water, sulfolane,
and m-nitrobenzyl alcohol were generated using Maestro 9.1
(Schrédinger, Inc., Portland, OR, U.S.A.). Energy-minimized
geometries calculated at the B3LYP/6-31 G* level of theory
were further optimized at the B3LYP/6-311++G(2d,2p) or
MP2(full)/6-311++G(2d,2p) level of theory using Q-Chem 3.2,
and vibrational frequencies were computed. The resulting
electronic energies and unscaled vibrational frequencies were
used to obtain 298 K enthalpies and Gibbs free energies. Proton
affinities and gas-phase basicities (—AH° and —AG° for
protonation of the neutral molecule, respectively) for each
molecule were calculated using the neutral and protonated
structures of lowest energy at 298 K.

Results and Discussion
Supercharging with DMSO

Lysozyme Nanoelectrospray mass spectra of hen egg white
lysozyme obtained from purified water with 0%—-99% (vol/
vol) DMSO were obtained, and mass spectra with 0%, 2%,
and 50% DMSO are shown in Figure la—c, respectively.
Without DMSO, the charge state distribution is narrow and
the average charge, calculated as the abundance-weighted
average of the observed charge states, is 7.7+ (Figure la).
Both the narrow distribution and low charge states are
consistent with a native or native-like conformation of the
protein in solution (Figure 1a). With 2% DMSO, the average
charge decreases to 6.6+, but a similarly narrow distribution
of charge states is observed (Figure 1b). In contrast, the
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Figure 1. Nanoelectrospray mass spectra of hen egg

white lysozyme (10 pM) in unbuffered water solutions
containing (@) 0%, (b) 2%, and (c) 50% DMSO; (d) the
average charge, calculated as the abundance-weighted
average of the observed charge states, as a function of
DMSO concentration

charge state distribution obtained from a solution containing
50% DMSO (Figure Ic) is slightly broader with a much
higher average charge of 8.8+. The average charge as a
function of DMSO concentration over the entire range
measured is shown in Figure 1d. Small amounts of DMSO,
up to 10%, result in narrow charge state distributions with
lower average charge. More charging and broader charge
state distributions are observed with higher DMSO concen-
trations. The maximum average charge (9.3+) occurs with
80% DMSO, and the average charge with a DMSO
concentration of 99% is nearly one charge state lower (8.5+).

Equine Myoglobin Similar trends in charging with DMSO
concentration were obtained for equine myoglobin, although
there are subtle differences. Nanoelectrospray mass spectra
of equine myoglobin aqueous solutions containing up to
50% (vol/vol) DMSO were acquired, and these data are
shown in Figure 2. Higher concentrations of DMSO resulted
in nearly complete loss of signal for myoglobin ions,
consistent with previous observations of aggregation of this
protein with ~66%-92% DMSO in D,O [37]. The mass
spectrum of myoglobin without DMSO (Figure 2a) is
dominated by a narrow distribution of holomyoglobin ions
with an average charge of 8.2+, with a low abundance of
apomyoglobin ions with an average charge of 7.7+ also
observed. The charge state distributions for both holo- and
apomyoglobin are relatively narrow, and these data are
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Figure 2. Nanoelectrospray mass spectra of equine myoglo-
bin (10 uM) in unbuffered water solutions containing (a) 0%, (b)
2%, and (c) 30% DMSO; (d) the average charge, calculated as
the abundance-weighted average of the observed charge
states, and (e) the relative abundances of holo- versus
apomyoglobin as a function of DMSO concentration

consistent with predominantly native or native-like struc-
tures for both forms of this protein in solution. Although
there are differences, the structure of apomyoglobin in
aqueous solution is similar to that of holomyoglobin [38].
With 2% DMSO, the average charge for holo- and
apomyoglobin decreases to 7.5+ and 6.5+, respectively
(Figure 2b), but there is no change in the range of charge
states produced. The maximum average charge states for
both holo- (10.1+) and apomyoglobin (9.7+) were obtained
from the solution containing 30% DMSO (Figure 2c). In
contrast to the spectra with 0% and 2% DMSO, the charge
state distributions in the spectrum with 30% DMSO are very
broad and shifted to significantly higher charge. In addition,
the abundance of apomyoglobin ions is significantly greater
than that of holomyoglobin.

The average charge of holo- (black lines) and apomyoglobin
(red lines) as a function of DMSO concentration are shown in
Figure 2d, and the trends shown in these data are similar to
that obtained for lysozyme. The relative abundances of the
holo- and apomyoglobin ions as a function of DMSO
concentration are shown in Figure 2e. A nearly complete
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inversion of the abundances of these ions occurs between 10%
and 20% DMSO. These data, along with the broader and higher
charge state distributions with higher DMSO concentration are
consistent with a loss of native structure of myoglobin and
concomitant loss of heme at the higher DMSO concentrations
used.

Conformations of Lysozyme and Myoglobin
in Aqueous Solutions Containing DMSO

In order to understand how DMSO affects protein charging
from aqueous solution, it is important to know how it affects
the conformation(s) of the proteins in the initial solution
prior to ESI. Both near-UV CD spectroscopy and solution-
phase HDX experiments were performed, and these results
are compared with results of supercharging experiments
performed with identical solution conditions. Changes in
near-UV CD spectra reflect changes in the environment
around aromatic residues [39]. Secondary structure analysis
by far-UV CD was not done owing to interference by
DMSO. Extents of HDX can reflect solution-phase accessi-
bility of backbone amide hydrogen atoms from which
information about relative protein conformations can be
inferred. These data for both lysozyme and for myoglobin
are described below.

Near-UV CD Spectroscopy CD spectra at wavelengths
between 260 and 300 nm were acquired as a function of
DMSO concentration (20 pM lysozyme in 200 mM ammo-
nium acetate; pH=7.4; T=44 °C) with 0%-90% DMSO
(Figure 3a, inset). The maximum signal intensity in this
wavelength range without DMSO occurs at 289 nm. A plot
of the signal intensity at this wavelength as a function of
DMSO concentration is shown in Figure 3a. The signal
increases from 0% to 50% DMSO, consistent with a
previous study of lysozyme in unbuffered water and DMSO
at ambient temperature, which showed that compaction of
the tertiary structure of this protein occurs with up to a
DMSO mole fraction of 0.6 (~86% vol/vol) [40]). As was
observed previously [40], there is a subtle blue shift of the
wavelength where the maximum intensity is observed with
increasing DMSO concentration up until the point at which
CD signal in this region is essentially lost (Figure 3a, inset).
At 60% DMSO, there is a small decrease in signal followed
by a dramatic loss of signal in the solutions with >70%
DMSO, indicating significant loss of protein higher-order
structure [40]. Protein denaturation under these experimental
conditions occurs at a slightly lower DMSO concentration
than observed previously [40]. Torreggiani et al. showed that
the denaturation peak temperature of lysozyme decreases
with increasing DMSO concentration between 0% and 50%
[41]. The lower concentration of DMSO required for
unfolding in our experiments at higher temperature (>60%
at 44 °C) is consistent with the slightly higher concentration
required (>~86%) at ambient temperature [40]. These data
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Figure 3. Changes in tertiary structure of hen egg white
lysozyme (20 puM) in 200 mM ammonium acetate (pH 7.4)
solutions as a function of DMSO concentration measured by
(a) circular dichroism at 289 nm (wavelength scans inset) and
(b) solution hydrogen/deuterium exchange mass spectrome-
try (HDX-MS); (c) the average charge of ions in these HDX-
MS experiments calculated as the abundance-weighted
average of all the charge states in the distributions

indicate that lysozyme initially becomes more compact in
solution with up to 50% DMSO, but then unfolds when the
concentration of DMSO is between ~50%—70%.

Similar experiments were performed for myoglobin, and
these data are shown in Figure 4a. Significant precipitation
occurred with >60% DMSO in these buffered solutions, so
50% was the maximum DMSO concentration used. The
maximum signal intensity without DMSO is at 269 nm
(Figure 4a inset), and signal intensity at this wavelength is
plotted as a function of DMSO concentration in Figure 4a.
Similar to the result for lysozyme, the CD signal increases
with increasing DMSO concentration up to 30%, suggesting
that some compaction of the myoglobin structure occurs
within this concentration range. The signal decreases slightly
at 40% DMSO, and complete loss of signal occurs with 50%
DMSO. As was the case for lysozyme, the curve maximum
shifts to shorter wavelengths with increasing DMSO
concentration (waterfall plot inset) up to the point at which
CD is lost. In contrast to lysozyme, there is a local maximum
in the curves at ~294 nm that decreases continuously from 0
to 50% DMSO. This may be a result of partial unfolding of a
region of the myoglobin molecule even at low DMSO
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Figure 4. Changes in tertiary structure of equine myoglobin
(20 pM) in 200 mM ammonium acetate (pH 7.4) solutions as a
function of DMSO concentration measured by (a) circular
dichroism at 269 nm (wavelength scans inset) and (b)
solution hydrogen/deuterium exchange mass spectrometry
(HDX-MS); (c) the average charge of the ions in HDX-MS
experiments calculated as the abundance-weighted average
of all the charge states in the distributions

concentrations. These results indicate that significant myo-
globin unfolding occurs in these solutions with ~40-50%
DMSO.

Solution-phase H/D Exchange To further probe the
changes in protein higher-order structure that occur with
increasing DMSO concentration, fully deuterated lysozyme
(500 pM in D,0) was diluted 1:50 into 200 mM ammonium
acetate (pH 7.4) solutions containing 0%—90% (vol/vol)
DMSO. Mass spectra were acquired continuously for
10 min, during which time HDX occurred. Two isotopic
distributions of the molecular ions owing to two distinct
levels of HDX were observed, indicating the presence of two
forms of the protein. The conformer that undergoes less
exchange corresponds to a native or native-like structure,
whereas the higher exchanging form has sampled unfolded
conformations, resulting in more complete exchange. The
presence of two discrete forms (or two families of indistin-
guishable folded and unfolded structures) of the protein is
consistent with two-state unfolding in the EX1 regime [42], and
we refer to these two forms as compact and unfolded. Spectra
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acquired from 3.5 to 4.5 min of exchange were scan-averaged,
and the relative abundances of the compact and unfolded forms
of the protein were calculated from the sum of the relative
abundances of the distinct isotopic distributions for each
molecular ion corresponding to less or more HDX, respec-
tively. The fraction of the population that is unfolded as a
function of DMSO concentration is shown in Figure 3b, which
indicates no significant change in the tertiary structure of
lysozyme occurs between 0% and 40% DMSO. A small
fraction of unfolded conformers is observed with 50% DMSO
(partial mass spectra of the 7+ showing both distributions
inset). With 60% DMSO, the fraction of unfolded conformers
increases to ~0.44. The corresponding partial mass spectrum of
the 7+ charge state in the inset shows a larger population of
unfolded conformers, whereas the fraction unfolded value is
calculated from all of the observed charge states (12+ through
6+). For all of the solutions with >70% DMSO, no peaks
corresponding to compact conformations are observed for any
charge state.

These HDX results indicate that lysozyme unfolds
between 50% and 70% DMSO in these buffered solutions,
consistent with the concentration range where unfolding is
observed by CD (Figure 3a). Intersection of the interpolated
CD and HDX data (when overlaid) occurs at 62% DMSO
and is indicated by the dashed red line in Figure 3. The HDX
results show that there is a ~17% decrease in the average
hydrogen incorporation for the compact conformations of
lysozyme with increasing DMSO concentrations between
2% and 60%, consistent with compaction of the native
structure demonstrated by Voets et al. using CD, small-angle
neutron scattering, Rayleigh scattering, and Fourier trans-
form-infrared spectroscopy [40]. Even for a 60% DMSO
solution, the molarity of water (~22 M) is high enough that
the intrinsic rate of hydrogen/deuterium exchange should be
fast enough to exchange the majority of solvent-exposed
backbone amides after 4 min, so that the average deuterium
incorporation should still reflect global protection. Rapid
intrinsic exchange is indicated by the two discrete exchange
populations observed throughout the entire range of DMSO
concentrations, although a subtle decrease in the extent of
exchange at the higher DMSO concentrations occurs
(Figure 3b).

Similar HDX-MS experiments were performed with
myoglobin. Deuterated myoglobin (~80% “H incorporation)
was diluted 1:50 into 200 mM ammonium acetate (pH 7.4)
solutions containing 0%-50% (vol/vol) DMSO. Mass
spectra were acquired continuously for 10 min, and the
relative abundances of the compact and unfolded forms of
the protein after 4 min of exchange were calculated as
described above for lysozyme. The relative population of the
unfolded form as a function of DMSO concentration is
shown in Figure 4b and indicates no significant change in
the tertiary structure of myoglobin occurs in solutions with
0%—-30% DMSO. Inset in Figure 4b are partial mass spectra
of the 12+ charge state of apomyoglobin from the solutions
containing 30%, 40%, and 50% DMSO, again showing
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discrete populations of exchange indicative of two-state
unfolding in the EX1 regime [42]. The fraction of unfolded
conformers in this concentration range (average of all charge
states) increases from 8% to 44% for holomyoglobin and
from 6% to 82% for apomyoglobin. Both the CD and HDX-
MS show that protein unfolding occurs between 30% and
50% DMSO concentration in these solutions, with the
intersection of these interpolated data (when overlaid) equal
to ~43% DMSO (vertical red line in Figure 4).

In contrast to lysozyme, a much smaller decrease in the
average hydrogen content (~8% for holo- and apomyoglo-
bin) was observed for the folded forms of these proteins
when the DMSO concentration was increased from 2% to
30%. This could be the result of less global compaction for
this protein, or it may be due to competing effects of global
compaction and some unfolding in an isolated region of the
protein, as suggested by the CD spectroscopy. A high spatial
resolution analysis of the HDX kinetics could potentially
distinguish these two possibilities, but such an analysis is
beyond the scope of the current work.

Conformational Changes and Supercharging

Lysozyme The average charge of the compact and unfolded
conformers of lysozyme from the HDX experiments as a
function of DMSO concentration is shown in Figure 3c. The
trends in charging with DMSO concentration from these
buffered solutions (200 mM ammonium acetate) are similar
to those obtained from unbuffered solutions (Figure 1d),
indicating that the ammonium acetate has only a minor
effect on supercharging. There is a similar onset of super-
charging at around 20% DMSO from both solutions, but the
maximum charge state is slightly lower for the buffered
solution (8.8+ wversus 9.3+), perhaps due to increased
stabilization of the folded forms of the protein in the higher
ionic strength solutions.

The data in Figure 1d and 3c show that onset of
supercharging occurs at a significantly lower DMSO con-
centration than is required to unfold lysozyme in the initial
solution prior to ESI. Furthermore, no significant change in
charging occurs within the range of DMSO concentration
where the change from a folded to an unfolded protein
occurs in the initial solutions. Because DMSO has a higher
boiling point than water (bp of DMSO is 189 °C at 760 Torr)
[33], preferential evaporation of water in the ESI droplet will
occur resulting in an enrichment in DMSO in the later stages
of the droplet lifetime. Because DMSO denatures proteins at
high concentration, unfolding of the protein in the DMSO-
enriched droplet can occur, and this unfolding can result
in significant enhancement in charge at higher DMSO
concentrations.

DMSO does not form an azeotrope with water [43], so
the extent to which droplets have to become enriched in
DMSO in order for unfolding to occur can be estimated
from these data. The unfolding indicated by the trend in
charging occurs at ~20% DMSO, whereas this onset in
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the initial solutions occurs at ~63% indicating that the
droplet becomes enriched in DMSO by about 5% (mole
fraction). These results are consistent with the decrease in
charging observed at low concentration (2% and 10%
DMSO), which indicate that compaction of the native
structure occurs in the initial solutions containing up to
50% DMSO. These values are rough estimates because
other factors influence charging as well, including relative
gas-phase basicities and droplet surface tension. For example,
the droplet surface tension will be lowered as the DMSO
concentration is enriched, resulting in less charging than
predicted without taking this effect into account.

Myoglobin  The average charge of myoglobin ions from the
HDX experiments as a function of DMSO concentration is
shown in Figure 4c. The compact and unfolded conformers
of apomyoglobin are distinguished in the figure with either a
solid or dashed line, respectively, whereas the average
charge of the compact and unfolded (present in the 30%—
50% DMSO solutions only) conformers of holomyoglobin
have the same average charge, so the lines overlap and are
indistinguishable in the figure. The onset of supercharging
occurs between 10% and 20% DMSO (Figure 4c) compared
with between 2% and 10% DMSO (Figure 2d) in the
unbuffered solutions. The transition from holo- to apomyo-
globin occurs at ~40% DMSO in the buffered solutions
compared with ~15% DMSO in the unbuffered water
solutions (Figure 2e¢). Both of these results are consistent
with greater stabilization at higher ionic strength for this
protein. Considerably more DMSO is required to unfold
myoglobin in the initial buffered solution (red vertical line in
Figure 4) compared with that required to induce super-
charging. From these results, we can estimate enrichment of
DMSO in the ESI droplet by ~3% (mole fraction). This is
comparable with the ~5x enrichment deduced from the
lysozyme data and does not take into account any kinetic
effects that could limit conformational changes that can
occur in a rapidly evaporating droplet.

Supercharging of myoglobin from aqueous solution
also occurs with both m-NBA and sulfolane [20]. It is of
interest to note that the extent of supercharging, on a per
mole basis, appears to relate well with the ordering of the
boiling points of these reagents [20]: m-NBA (177 °C
at 3 Torr)>sulfolane (287.6 °C at 760 Torr)>DMSO
(189 °C at 760 Torr) [33]. More enrichment of the higher
boiling point supercharging reagents will occur, but other
factors, such as the relative denaturing strengths of the three
reagents, droplet surface tension, relative gas-phase basicities,
etc., will also affect the extent of supercharging observed.

Proton Transfer Reactivity of Supercharging
Reagents

Gas-phase Basicity of DMSO The maximum charge
states of multiply protonated ions formed by ESI can be
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Figure 5. Low-energy calculated structures for protonated
m-NBA (top) and sulfolane (bottom), with protonation sites
circled. Relative Gibbs free energies (kJ/mol at 298 K)
indicated for protonated m-NBA using B3LYP and (full
MP2) with the 6-311++G(2d,2p) basis set

limited by several factors, including the relative proton
transfer reactivity between the multiply protonated ion
and neutral molecules in the solvent or with the solvent
itself [6, 7, 44]. Solvents with high basicity can reduce
the extent of charging [7] and the maximum charge states
of protein and peptide ions formed from denaturing
solutions has been related to solvent gas-phase basicity
[6, 44, 45], indicating that proton transfer reactivity can
have a significant affect on the maximum charge states
produced by ESI. Loo and coworkers have suggested that
proton transfer reactivity can play a significant role in
supercharging from aqueous solutions [16]. However, the
data shown here appear to rule out this mechanism for
supercharging observed with DMSO. In the absence of
any conformation changes, it is difficult to rationalize
how a single supercharging reagent could reduce protein
charge at low concentration, and then increase charge at
high concentration based on proton transfer reactivity.
DMSO has a gas-phase basicity (GB) of 853 kJ/mol,
which is significantly higher than that of water (660 kJ/mol)
[46]. The highest charge state of lysozyme formed from water
is 9+, and the apparent GB of this charge state formed from
solutions where the structure is native-like is between 933 and
958 kJ/mol depending on the conformer formed [47]. The
apparent GB values of lysozyme ions with lower charge states
or this same charge state of more unfolded ions are even higher
[47]. Thus, proton transfer from the protein to either DMSO or
to water should not occur spontaneously. Conversely, proton

Table 1. Proton Affinities (PA) and Gas-phase Basicities (GB). Values
for Water and DMSO from Reference [46] and Values for Sulfolane and
m-NBA Calculated Using B3LYP and (full MP2) with the 6-311++G
(2d,2p) Basis Set

PA (kJ/mol) GB (kJ/mol)
Water 691 660
DMSO 884 853
Sulfolane 830 (817) 801 (787)
m-NBA 834 (811) 800 (779)




H.J. Sterling, et al.: Protein Supercharging with DMSO in Water

transfer from protonated water or protonated DMSO to the
protein is exothermic based on the apparent GB of the protein,
but proton transfer from protonated water is more exothermic
so more charging should take place without DMSO present in
the solution if this mechanism played a role.

Although water dimers and higher order clusters are more
basic than water itself, and the basicities are influenced by
solvent and the local environment of the molecules, the
disparate trends in charging of these proteins at low and high
DMSO concentration cannot be explained by proton transfer
reactivity. The slight reduction in supercharging of
lysozyme at 99% versus 90% DMSO may occur as a
result of proton transfer owing to the much higher
concentration of DMSO compared with protein and the
potential for any energetic collisions that may occur in the
ESI interface to drive endothermic proton transfer reac-
tions to some extent. Protonated DMSO clusters were
observed at high DMSO concentration. This may be due
to competitive ionization, but the higher basicity of such
clusters may cause some limited proton transfer from the
proteins to occur at the highest DMSO concentrations
used. Alternatively, the slight reduction in charging at
99% in the unbuffered solution may be related to the
“partially collapsed” conformations observed by Voets et
al. at DMSO mole fraction >0.9 [40].

Calculated Proton Affinities and Gas-phase
Basicities of Sulfolane and m-NBA

Both sulfolane and m-NBA are commonly used super-
charging reagents and have the advantage that even greater
extents of supercharging can be typically achieved with
much lower initial solution concentrations. The proton
affinities (PA) and GB values for these two supercharging
reagents have not been previously reported, so these values
were determined using computational chemistry. The low-
est-energy structures of protonated sulfolane and m-NBA are
shown in Figure 5. The energetically most favorable
protonation site is the sulfonyl oxygen atom of sulfolane,
and one of the nitro oxygen atoms for m-NBA. From the
computed 298 K enthalpies of these structures as well as
those for H,O and H;0", PA and GB values were computed
at the B3LYP/6-311++G(2d,2p) and MP2(full)/6-311++G
(2d,2p) levels of theory, and these values are given in
Table 1. B3LYP results in slightly higher values than
MP2. Although there are some uncertainties in calculated
PA and GB values, those obtained here for water are only
slightly below their experimentally measured values (691
and 660 kJ/mol, respectively). These results indicate that
GB values of m-NBA and sulfolane are similar and that
these molecules are less basic (lower GB) than DMSO by
roughly 50-75 kJ/mol, but more basic than water by
roughly 125-150 kJ/mol. Thus, all three of these super-
charging reagents are significantly more basic than water.
These results indicate that proton transfer reactivity or
protection of protonation sites on the protein by any of
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these three supercharging reagents is not a significant
factor in the origin of supercharging from purely aqueous
solutions.

Conclusions

DMSO is an effective supercharging reagent for protein ions
formed from aqueous solutions, although considerably
higher concentrations are required to obtain significant
charge increases compared with either m-NBA or sulfolane.
A decrease in the average charge of both lysozyme and
myoglobin occurs at low concentrations of DMSO in the
initial solutions, consistent with a compaction of the native
structure as indicated by both near UV-CD spectroscopy and
solution HDX-MS. Protein unfolding occurs at high DMSO
concentrations, where extensive charge enhancement is also
observed. The concentrations required for solution-phase
unfolding of myoglobin and lysozyme are ~3-5x higher
(mole fraction) than is required for the onset of super-
charging. This is consistent with the ESI droplets becoming
enriched with the reagent during solvent evaporation due to
its much lower vapor pressure compared with water. As the
reagent concentration increases in the droplet, chemical and/
or thermal denaturation occurs, and the unfolded protein
molecules can carry away more charge. These supercharging
reagents are much more basic than water, indicating that the
proton-transfer reactivities of these reagents are not the cause
of charge increases, but as with surface tension effects, may
limit the extent of supercharging observed at high reagent
concentrations.
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