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New Supercharging Reagents Produce Highly Charged Protein
lons in Native Mass Spectrometry

Catherine C. Going, Zijie Xia, and Evan R. Williams”
Department of Chemistry, University of California, Berkeley, California 94720-1460

Abstract

The effectiveness of two new supercharging reagents for producing highly charged ions by
electrospray ionization (ESI) from aqueous solutions in which proteins have native structures and
reactivities were investigated. In agueous solution, 2-thiophenone and 4-hydroxymethyl-1,3-
dioxolan-2-one (HD) at a concentration of 2% by volume can increase the average charge of
cytochrome ¢ and myoglobin by up to 163%, resulting in even higher charge states than those that
are produced from water/methanol/acid solutions in which proteins are denatured. The greatest
extent of supercharging occurs in pure water, but these supercharging reagents are also highly
effective in aqueous solutions containing 200 MM ammonium acetate buffer commonly used in
native mass spectrometry (MS). These reagents are less effective supercharging reagents than m-
nitrobenzyl alcohol (m-NBA) and propylene carbonate (PC) when ions are formed from water/
methanol/acid. The extent to which loss of the heme group from myoglobin occurs is related to the
extent of supercharging. Results from guanidine melts of cytochrome ¢ monitored with tryptophan
fluorescence show that the supercharging reagents PC, sulfolane and HD are effective chemical
denaturants in solution. These results provide additional evidence for the role of protein structural
changes in the electrospray droplet as the primary mechanism for supercharging with these
reagents in native MS. These results also demonstrate that for at least some proteins, the formation
of highly charged ions from native MS is no longer a significant barrier for obtaining structural
information using conventional tandem MS methods.

Introduction

Electrospray ionization (ESI) mass spectrometry (MS) is widely used to transfer intact
proteins and large macromolecular complexes into the gas phase for structural elucidation
and is routinely used for protein identification and quantitation. Solutions containing organic
solvents and/or acids are typically used with ESI, owing in part to both stable ion signals and
to the high charge-state ions that can be produced. The more highly charged ions produced
from denaturing solutions typically have extended gas phase conformations,1=3 and can be
efficiently dissociated in tandem MS experiments.#—8 ESI from aqueous solutions in which a
protein is in a folded, native-like conformation,® or native MS,10 has the advantage that
information about the stoichiometries!: 12 and presence of ligand binding3: 14 to proteins
and protein complexes can be obtained. Native MS has been used to obtain information
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about assembly pathways of macromolecular complexes'®>-18 and about subunit
interactions.19-21 Aqueous solution-phase structure of folded protein conformations can be
studied through hydrogen-deuterium exchange22-26 and covalent labelling techniques, such
as oxidative labelling.23 27-29 The distribution of charge states in ESI can be indicative of
the protein conformation in solution. Charge-state distributions from native MS are often
narrow and low in charge, whereas charge state distributions in denaturing MS are typically
broad and high in charge. Multimodal distributions can indicate the coexistence of multiple
protein conformations.30-33

The charge states of ions produced in native MS can be increased using several different
methods, often collectively referred to as “supercharging”. Trivalent metal ion
supercharging3* uses trivalent metal ion salts in low concentration to produce nonspecific
trivalent metal ion adduction, which can result in more than a 50% increase in the maximum
charge of protein ions produced by ESI from aqueous solutions.3* Electrothermal
supercharging3®: 36 uses an elevated spray potential in native MS to unfold proteins in the
ESI droplet. This results in charge-state distributions that have nearly the same maximum
and average charge as those obtained from conventional denaturing solutions,3® making it
the most effective supercharging technique for native solutions reported to date.
Supercharging with reagents can be effective at increasing charge from both denaturing37-40
and native?1-45 solutions. Typically, a small concentration of supercharging reagent (1-5%
by volume) is added to a sample solution. These reagents do not significantly affect protein
conformation in solution prior to ESI.24 44 46 These reagents all have boiling points higher
than that of water and become enriched in the droplet as solvent evaporation occurs.*® These
supercharging reagents can cause chemical/thermal denaturation in the ESI droplet,3: 4547
although these reagents also affect other physical properties, such as the droplet surface
tension, that also play a role in charging.3°

Many experiments have been done to elucidate factors that affect supercharging in ESI. The
supercharging reagent, m-NBA, increases the charge state of native RNase A but decreases
the charge state of RNase A with all of its disulfide bonds reduced when these ions are
formed from the same aqueous solution.#” The latter protein is a random coil in solution,

and the lower surface tension of m-NBA compared to that of water results in less charging.
In contrast, the charging of RNase A, which is folded in solution, increases as a result of the
supercharging reagents destabilizing the folded form which causes unfolding to occur in the
ESI droplet. This shows that the effect of conformational changes can be greater than the
effect of droplet surface tension on the extent of protein charging. Less supercharging occurs
for proteins that have limited ability to unfold, such as proteins with many disulfide bonds or
other chemical cross links.4” Other methods to unfold proteins in ESI droplets have also
been demonstrated. Proteins can be made to unfold in ESI droplets by adding gaseous
reagents to change droplet pH#8: 4° or through rapid mixing experiments using theta glass
emitters.50: 51 Protein folding or unfolding processes induced by rapid mixing that occur on
the low microseconds time scale of small droplets produced by nanoESI can be readily
investigated.>0

A large number of factors affect charging in electrospray ionization, and alternate
mechanisms for supercharging have been proposed. Supercharging reagents can adduct onto
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protein ions. More adduction to higher charge states has been observed suggesting that high
charge states are formed via a “direct interaction” between the reagents and the

proteins.2: 52. 53 \enter and coworkers®? suggested that the large dipole moments of many
of these reagents (ranging between 3.96 for dimethyl sulfoxide (DMSO) to 4.35 for
sulfolane compared to 1.85 for water) shields adjacent charges on basic sites through solvent
reorganization, enabling more charge to be deposited on the protein ions during ESI.
However, Donald and coworkers?? investigated a large set of reagents and found no
correlation between protein supercharging from denaturing solution and reagent dipole
moment. Proton transfer between the protein and the reagents has been suggested as a
mechanism for supercharging.#2: 54 However, lower charging occurs at low concentration of
the supercharging reagent DMSO as a result of compaction of the protein in solution, but
supercharging occurs at higher concentrations of DMSO as a result of protein destabilization
in solution.*6 The effect of reagent concentration on the reduction or increase in charge of
the same protein provides strong evidence that proton transfer reactivity does not play a role
on supercharging with this reagent.

The greatest extent of charging of protein ions that have been formed from denaturing
solutions with supercharging reagents is approximately one in every three residues charged,
and ions with this charge density have near-linear structures in the gas phase.3 But
supercharging from native solutions has not yet produced comparable highly charged ions.
Here, results with two new supercharging reagents, 2-thiophenone and HD, are presented.
These reagents produce higher charge states than previously reported reagents and can
produce higher charge states than can be formed from solutions containing water/methanol/
acid that are typically used to produce high charge states of peptide and protein ions.

Experimental

All mass spectra were acquired using a Thermo LTQ (Linear Trapping Quadrupole) mass
spectrometer unless otherwise noted. lons were formed by nanoelectrospray (nanoESI) from
borosilicate capillaries (1.0 mm 0.d./0.78 mm i.d., Sutter Instruments, Novato, CA, USA)
that were pulled to a tip i.d. of ~1 um with a Flaming/Brown micropipette puller (Model
P-87, Sutter Instruments, Novato, CA, USA). A voltage of ~0.7-1.0 kV was applied to a
0.127 mm diameter platinum wire inserted into the solution in the capillary to initiate
nanoESI. The nanoESI potential was adjusted to optimize protein ion signal-to-noise ratios
(S/N) for each capillary and was maintained at these low voltages to prevent electrothermal
supercharging.3® All other source instrument parameters were constant (inlet capillary
temperature = 265 °C, capillary voltage = 35 V, and tube lens voltage = 120 V). Spectra
were acquired in triplicate using three different capillaries to account for tip-to-tip variability
in the charge-state distributions. Protein solutions at a concentration of 10 pM were prepared
from lyophilized powders dissolved in water, 200 mM ammonium acetate, 200 mM
ammonium bicarbonate, or denaturing solution (45/54/1 methanol/water/acetic acid)
containing different amounts of the supercharging reagents, m-nitrobenzyl alcohol (m-
NBA), sulfolane, propylene carbonate (PC), 2-thiophenone, and 4-hydroxymethyl-1,3-
dioxolan-2-one (HD).

Analyst. Author manuscript; available in PMC 2015 October 23.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Going et al.

Page 4

Guanidine melts of 5 uM equine cytochrome c in water, 200 mM ammonium acetate, and
200 mM ammonium bicarbonate with 0-10% supercharging reagent by volume were
performed by monitoring tryptophan fluorescence intensity using a multi-mode microplate
reader (Synergy H4 hybrid reader, BioTek, Winooski, VT, USA) in emission acquisition
mode with 280 + 20 nm excitation and 352 + 10 nm emission wavelengths. Each sample
was measured in triplicate in 384-well polystyrene solid black low volume flat bottom
microplates (Corning, New York, NY, USA). Cytochrome c unfolding curves were fit to a
two-state model Uz2N, where U is the unfolded state and N is the native state of the protein.
The free energy of unfolding AGy was obtained by fitting the unfolding curve to a sigmoidal
plot of the form:

A

I= .
m— n Equation 1
1+exp(AGN LR%Gd LCZ]) (Equation 1)

where | is the fluorescence intensity, A is a normalization constant, R is the gas constant, T
is temperature, and mis the linear proportionality constant (average m=4.0 + 0.7
kcal/mol/M).#4 The uncertainty in the AGy values is 0.2 kcal/mol and corresponds to the
standard deviation in AGy measured for cytochrome c in water, ammonium acetate, and
ammonium bicarbonate with no supercharging reagent each measured on three different
days. All proteins, salts, solvents, and supercharging reagents were purchased from Sigma
(St. Louis, MO, USA) and were used without further purification. The purities of the
supercharging reagents are all >98%, with the exception of HD, which is ~90% pure.

Results and Discussion

Supercharging in aqueous solutions

With previously identified supercharging reagents, it has not been possible to produce
charge states in native mass spectrometry that are comparable to or higher than those
obtained from denaturing solutions containing water, methanol and acid. To illustrate the
high charging obtainable with two new supercharging reagents, 2-thiophenone and HD,
mass spectra of cytochrome c produced by nanoESI from pure water and with various
supercharging reagents were obtained (Figure 1a—f). The charge-state distribution of
cytochrome c ions produced by nanoESI from pure water is centered around 8+ (Figure 1a).
An increase in average charge occurs with the known supercharging reagents, m-NBA
(38%), sulfolane (43%), or PC (28%) when these reagents are used at their optimal
concentrations, which is the concentration at which the greatest extent of supercharging is
observed without sacrificing spray stability or protein ion signal. Significantly more
charging occurs for this protein with either 2% 2-thiophenone or 2% HD (Figure 1e,f).
These reagents are structural analogs of the supercharging reagents sulfolane and PC,
respectively. The average charge compared to that obtained from pure water increases by
~118% with 2-thiophenone and HD, far exceeding the increases in charge observed with the
conventional supercharging reagents. The maximum charge state with 2-thiophenone is 22+
and with HD is 24+. The latter values is the same as the number of basic residues (Arg, Lys,
and His) in this protein. The charge state of the most abundant ion increases from 8+ in pure
water to 20+ with either of these reagents.

Analyst. Author manuscript; available in PMC 2015 October 23.
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Supercharging in denaturing solutions

The effectiveness of these supercharging reagents in denaturing solutions consisting of
45/54/1 methanol/water/acetic acid was evaluated, and the relative extents of supercharging
obtained with these reagents is different in denaturing solutions (Figure 2) than in water
(Figure 1a—f). The most effective supercharging reagents from denaturing solution are m-
NBA and PC (Figure 2b,d). These reagents increase the average charge by ~43% compared
to denaturing solution without any reagent, and the most abundant charge state is 23+. 2-
thiophenone is the least effective supercharging reagent, increasing the average charge by
only 16% with the most abundant charge state the 19+. This relatively poor supercharging
with 2-thiophenone is likely due to the low concentration (0.5% by volume), above which
the stability of the spray is adversely affected. With HD, there is a 40% increase in average
charge with the 21+ the most abundant charge state. HD and 2-thiophenone are the most
effective supercharging reagents in aqueous solution, but m-NBA and PC are superior when
ions are formed from water/methanol/acid solutions.

A key finding is that the more highly charged ions can be produced with the supercharging
reagents 2-thiophenone or HD in water than can be produced under typical denaturing
conditions using water/methanol/acid solutions! Supercharging with 2-thiophenone or HD
from water (Figure 1e,f) produces average and maximum charge states that are ~20% higher
than those obtained from denaturing solutions without supercharging reagents (Figure 2a).
Moreover, the most abundant charge state is 20+ with these reagents in water compared to
15+ from a denaturing solution. Electrothermal supercharging from aqueous ammonium
bicarbonate solutions produces charge-state distributions with similar extents of charging to
those obtained from denaturing solution.38 The data with the two new supercharging
reagents demonstrates for the first time that charging greater than that obtainable from
denaturing solution without supercharging reagents can be obtained from aqueous solutions
with either 2-thiophenone or HD.

Effect of supercharging reagent concentration

The extent of supercharging depends on the reagent concentration.37: 38. 40. 42, 44-47 A 204
concentration was found to be the optimal concentration for both 2-thiophenone and for HD
in aqueous solutions. The average charge decreases at higher concentrations (Figure S1). For
cytochrome c in water, the average charge decreases from 17.8 + 1.1+ to 14.6 + 1.0+ when
the concentration of HD is increased from 2% to 3%. A similar decrease in charge occurs
with PC in denaturing solutions above its optimal concentration of 15%.40 At HD
concentrations higher than 2%, a significant fraction of the ion signal corresponds to
cytochrome c dimer. Increasing the HD concentration from 2% to 3% increases the dimer
population from 21 + 1% to 54 + 1% of the total protein ion abundance. This increasing
prevalence of dimer population with increasing reagent concentration suggests that the
supercharging reagent could be affecting the protein conformation in the ESI droplet, which
can increase protein aggregation. At a concentration of 2% 2-thiophenone or HD, a
significant amount of chemical noise due to cluster formation and adduction to the protein
ions occurs when a quadrupole-time-of-flight (Q-TOF) mass spectrometer is used (Figure
S2). This instrument has softer source conditions compared to the Thermo LTQ.3% Thus, a
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lower volume of reagent should be used when supercharging with these two new reagents on
instruments with gentle source conditions for optimal protein ion signal.

Supercharging in buffered solutions

Buffers are typically used in native MS to increase ionic strength and mitigate pH changes,
both of which can affect the native structures of proteins and protein complexes. To test the
relative effectiveness of these supercharging reagents to increase the charge of protein ions
formed from buffered solutions, 10 UM cytochrome c ions with the same concentration of
reagents were formed by nanoESI from aqueous solutions with 200 mM ammonium acetate
or 200 mM ammonium bicarbonate (Figure 1g—p). No spectra were obtained with 2-
thiophenone in these ammonium buffer solutions because the electrospray was unstable. The
average charge obtained for each supercharging reagent in 200 mM aqueous ammonium
acetate is about 11% lower than that obtained with the same reagent in pure water. The only
exception is sulfolane, for which there is a slight increase in charge. The average charge of
cytochrome c produced from solutions containing HD and ammonium acetate is 15.4 £ 0.1+,
This average charge is higher than that produced from a denaturing solution (14.9 £ 0.3+)
and corresponds to an increase in average charge of ~123% compared to ammonium acetate
without any supercharging reagent. In contrast, there is only an increase of ~57% on average
for the other reagents. These increases in average charge are similar to those observed from
water, suggesting that the denaturing strength of these reagents is not significantly different
in pure water and ammonium acetate buffer.

In striking contrast to results in water and aqueous 200 mM ammonium acetate,
supercharging with any of these reagents is ineffective in 200 mM ammonium bicarbonate.
The charge-state distributions are all centered near 7+ with or without supercharging
reagent, and the average charge state is nearly the same except for HD, for which the
average charge is slightly lower. These data show that more highly charged ions can be
produced from solutions with low buffer concentration and that ammonium acetate is the
preferred buffer.

Supercharging and noncovalent complexes

The supercharging reagents, sulfolane and DMSO, are chemical denaturants that destabilize
the native structures of proteins.*4: 46 In addition, sulfolane and m-NBA can disrupt
noncovalent interactions and cause partial or complete dissociation of protein-protein
complexes.#3-45 The extent to which the new supercharging reagents, 2-thiophenone and
HD, disrupt noncovalent interactions compared to the standard supercharging reagents was
evaluated by measuring mass spectra of myoglobin (Figure 3). The charge-state distributions
of holo- and apo-myoglobin (highlighted in red) produced by nanoESI out of aqueous
solutions are centered around the 8+ and 9+ charge states (Figure 3a,g,1), and holo-
myoglobin is the most abundant form of these ions. An increase in charge is obtained with
M-NBA (77%), sulfolane (29%), or PC (29%) in aqueous solutions. The dominant form of
the protein is apo-myoglobin, not holo-myoglobin, with these reagents. In contrast, the
average charge with the new supercharging reagents, 2-thiophenone and HD, is much
greater. The average charge is 163% and 138% higher with 2-thiophenone and HD,
respectively, and the maximum charge state increases from 11+ to 28+. The maximum
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charge state is close to the number of basic residues (32) in this protein. The average charge
is about 10% greater than that produced from denaturing solution (18.9 + 0.3+ for apo-
myoglobin), and the maximum charge state is the same as that obtained from denaturing
solution (28+). Apo-myoglobin is the dominant form of the protein observed with HD, and
apo-myoglobin composes 100% of the protein ion population with 2-thiophenone.

With 200 mM ammonium acetate, there is a slight decrease in average charge for all
supercharging reagents compared to the results with these reagents in pure water, again with
the exception of sulfolane, for which there is a slight increase in average charge. The charge-
state distribution with HD is shifted to significantly higher charge compared to that obtained
with the other reagents. The average charge with HD in 200 mM ammonium acetate (18.3 £
0.2+) is similar to that out of denaturing solution (18.9 £ 0.3+). For all reagents except PC,
which shows little supercharging, apo-myoglobin is the most abundant protein species.

With ammonium bicarbonate, there is very little increase in charge with any supercharging
reagent, and similar to cytochrome c, there is a decrease in the average charge with HD in
this buffer. All charge-state distributions are centered around the 8+ or 9+ charge states, and
holo-myoglobin is the most abundant form of myoglobin, with the exception of m-NBA.

MS evidence for protein conformational changes in ESI droplet

Apo-myoglobin is formed in solution as a result of unfolding of the F-helix in the native
structure of holo-myoglobin and subsequent loss of the non-covalently bound heme
group.®®: 56 The percentage of apo-myoglobin observed in all spectra in Figure 3 as a
function of the average charge of all myoglobin species in a given mass spectrum is shown
in Figure 4. These data show a trend of increasing fraction of apo-myoglobin with increasing
charging obtained with the supercharging reagents. This suggests that the high charge states
formed with supercharging reagents are a result of chemical destabilization of the native
protein structure, which results in protein conformational changes in the ESI droplet and the
formation of apo-myoglobin by loss of the heme. A decrease in supercharging as well as a
decrease in protein complex dissociation in the buffered solutions suggests that the stability
of the protein increases in these buffers, and that denaturation by the supercharging reagents
is less effective. Buffers, particularly phosphate buffers, are routinely used in biology to
stabilize the native forms of proteins, and some proteins and protein complexes require a
certain ionic strength or essential salts in order to be in their active state or to assemble.>7-61
A similar effect was reported for a much larger complex, the homotetramer concanavalin A,
where less supercharging with m-NBA occurs with increasing ammonium acetate
concentration.4> The buffer capacity increases with higher concentration, and this reduces
pH changes in the ESI droplet during droplet evaporation that might also destabilize the
protein structure during supercharging. This buffer capacity is highest for ammonium
bicarbonate at neutral pH, and the least supercharging occurs for this buffer. The decrease in
average charge with HD in ammonium bicarbonate for both cytochrome ¢ and myoglobin
may be a result of surface tension effects. HD has a lower surface tension than water (44 = 3
dynes/cm versus 72 dynes/cm, respectively).52 A droplet consisting of a substantial fraction
of HD can hold less charge than a droplet of pure water, which can lead to lower charging in
the absence of protein conformational changes.3% 47 The other reagents in this study also
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have lower surface tensions than water,%2: 63 and the surface tension effects may be obscured
by conformational changes to the protein. It has been shown that conformational effects with
proteins can result in significantly larger differences in charging than surface tension
effects.4’

Fluorescence evidence for protein conformational changes in ESI droplets

DMSO, sulfolane, and 4-vinyl-1,3-dioxolan-2-one were previously shown to be effective
chemical denaturants in solution.#4: 46.63.64 Tg gbtain additional evidence for the role of
supercharging reagents on destabilizing protein conformation in solution, the effects of
buffer and supercharging reagents on the stability of cytochrome ¢ was investigated with
guanidine HCI melts using tryptophan fluorescence to measure protein unfolding. When
cytochrome cis in a native conformation, the single tryptophan (residue 59) is in close
proximity to the heme group, which is covalently bound at residues 14 and 17, and
tryptophan fluorescence is entirely quenched by the heme group.5® When unfolded, the
tryptophan residue is on average further away from the heme, and tryptophan fluorescence
occurs.85 Thus, tryptophan fluorescence can be used as a probe of cytochrome c unfolding in
solution. Guanidine melts were performed with between 0% and 10% by volume of PC,
sulfolane, and HD in water, 200 mM ammonium acetate, and 200 mM ammonium
bicarbonate. No fluorescence experiments were performed with m-NBA because this reagent
absorbs strongly up to ~400 nm, so no tryptophan fluorescence is observed with m-NBA in
solution. Experiments were not done with 2-thiophenone owing to a reaction between the
reagent and guanidine that results in a black precipitate.

An example of the fluorescence data for guanidine melts with propylene carbonate in water
is shown in Figure 5. With increasing propylene carbonate concentration, less guanidine is
required to unfold the protein (Figure 5), indicating that PC destabilizes the native form of
cytochrome c relative to the unfolded form. The Gibbs free energies of protein folding,
AGy, are obtained from these data (eq. 1) and show that AGy becomes less negative,
increasing from —6.1 kcal/mol to —4.0 kcal/mol, when the PC concentration increases from
0% to 10%. This result clearly demonstrates the extent to which PC destabilizes the native
form of the protein in solution.

AGy as a function of supercharging reagent concentration for the three supercharging
reagents under all buffer conditions is shown in Figure 6a—c, and all of the data is overlaid in
Figure 6d. The data are fit with lines, the slope of which corresponds to the denaturing
strength of a supercharging reagent under the given buffer conditions. For example, PC has
a denaturing strength of 1.8 kcal/mol/M in both water and 200 MM ammonium acetate, and
the AGy values show that the stability of cytochrome c is the same in ammonium acetate as
in pure water. In 200 mM ammonium bicarbonate with PC, the AGy values are all more
negative than in ammonium acetate and pure water, even without any supercharging reagent
present. This indicates that ammonium bicarbonate stabilizes cytochrome c against
denaturation in solution both with and without the supercharging reagent. This significant
stabilization observed with ammonium bicarbonate may be due in part to ammonium
bicarbonate’s high buffer capacity and the fact that its highest buffering capacity is around
pH 7, a pH at which cytochrome c is folded.%6 By contrast, ammonium acetate has very poor
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buffer capacity at this pH, and buffers instead around pH 5, closer to the pH at which equine
cytochrome c starts to unfold (pH 3) in the absence of other denaturants.5” The pH of 6 M
guanidine HCI in water is 4.5, so the sample solution acidifies as the guanidine
concentration increases. In all three buffer conditions, the denaturing strength of PC is about
the same ~1.8 kcal/mol/M, indicating that the buffer does not affect the destabilizing effect
of the supercharging reagent on the native form of the protein.

The denaturing strength of sulfolane is 1.9 to 2.0 kcal/mol/M in pure water and ammonium
acetate and is similar to that of PC. These values are similar to the previously measured
denaturing strength of sulfolane for myoglobin in Tris buffer (1.5 + 0.1 kcal/mol/M).%6 In
ammonium bicarbonate, the denaturing strength is 0.9 kcal/mol/M, indicating that sulfolane
is a less effective chemical denaturant in ammonium bicarbonate, and the protein is
stabilized in this buffer both with and without sulfolane.

HD has a denaturing strength of about 1.8, 1.1 and 1.3 kcal/mol/M in water, ammonium
acetate and ammonium bicarbonate, respectively. These results are consistent with those of
sulfolane that show that the effectiveness of these chemical denaturants can depend on the
buffer concentration and identity.

Stability of native proteins in solution and supercharging

The fluorescence data provide compelling evidence that the structure of cytochrome c is
unaffected by the supercharging reagents in the original ESI solutions. With 10% PC, the
structure of cytochrome c as monitored by fluorescence is unaffected even with ~0.5 M
guanidine (Figure 5). Similarly, there is no measurable change in protein structure with up to
10% sulfolane or 10% HD without guanidine. In native supercharging, the optimal
concentrations of these reagents is less than 10% (5%, 5%, and 2% for PC, sulfolane, and
HD, respectively). These data indicate that the structure of cytochrome c is not significantly
disrupted in the presence of these supercharging reagents in the solutions prior to ESI in
native supercharging experiments.

A comparison of the mass spectra in Figure 1 and these AGy data reveals a correlation
between lower solution-phase stability of the native form of the protein and more effective
supercharging. The charge-state distributions with PC and sulfolane are similar both in water
and ammonium acetate (Figure 1), which is consistent with the similar denaturing ability of
these two reagents from both of these solutions (Figure 6). For HD, the AGy and denaturing
strength is slightly lower in ammonium acetate than water, which is reflected in the mass
spectra where there is a more substantial decrease in the most abundant charge state from
20+ to 16+ compared to that observed for PC or sulfolane. With ammonium bicarbonate,
there is no supercharging observed with any reagent, consistent with the high stability of the
folded form of the protein in all solutions containing ammonium bicarbonate. All mass
spectra are centered around the 7+ charge state, and all AGy plots with ammonium
bicarbonate are similar (Figure 6d). This qualitative correlation between the bulk solution-
phase studies and the mass spectra indicate that conformational effects play a large role in
the supercharging phenomenon.
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The AGy values are very similar for all three supercharging reagents in pure water (Figure
6d), yet the extent of supercharging differs (Figure 1b—f), with HD producing more charging
than either PC or sulfolane. This indicates that in addition to the intrinsic denaturing ability
of these reagents in solution, other factors play a role in the extent of supercharging
observed. Some of these factors may be reagent solubility and boiling point, which influence
to what extent and how quickly the reagent concentrates in the ESI droplet and the extent to
which droplet heating occurs. For example, the boiling points of PC and sulfolane are
similar (285 °C for sulfolane and 240 °C for PC) and are much lower than that of HD (354
°C).62 Because the boiling points of PC and sulfolane are lower than that of HD, the rate of
concentration in the ESI droplet will be less, and this may produce less supercharging with
these reagents than occurs with HD. Moreover, there will be less evaporative cooling with
HD, and this may lead to higher ESI droplet temperatures that also promote protein
unfolding. PC has a solubility limit of 17% in water, whereas sulfolane and HD are
completely miscible with water. Because they are completely miscible, higher
concentrations of both sulfolane and HD can occur in the evaporating droplet, consistent
with more supercharging observed with sulfolane and HD than with PC. The presence of m-
NBA has been shown previously to increase droplet lifetimes by inhibiting droplet
evaporation,58 and may lead to increased protein unfolding as a result of lower evaporative
cooling and longer times for unfolding to occur. Additional factors, such as surface tension,
likely play a role as well in the relative effectiveness of these supercharging reagents.

Conclusion

Electrospray ionization in combination with two new supercharging reagents, 2-thiophenone
and HD, can produce more highly charged ions from aqueous solutions in which proteins
have native conformations than obtained from more traditional solutions consisting of water/
methanol/acid in which proteins are unfolded. Supercharging with these new reagents in
native mass spectrometry produces significantly more than a two-fold increase in average
and maximum charge, and these reagents are about twice as effective at native MS
supercharging than m-NBA, sulfolane, and PC. Both m-NBA and PC are still the most
effective reagents for increasing protein ion charge from denaturing solution. More loss of
the heme from myoglobin occurs with increasing supercharging, indicating that
supercharging is a result of protein conformational changes in the electrospray droplet. The
supercharging reagents PC, sulfolane and HD are effective chemical denaturants in solution,
and the extent of supercharging observed with these reagents is related to the denaturing
capability of the reagent and the stabilities of proteins in different buffers. Combined, these
results provide compelling evidence that the primary mechanism of supercharging with
these reagents in native mass spectrometry is their effectiveness at destabilizing native
protein structure, resulting in unfolding of the protein in the ESI droplet.

These results demonstrate that it is possible to keep proteins in solutions in which they have
native structures and reactivities, yet produce more highly charged ions than is possible with
conventional solutions in which proteins are denatured. The highly charged ions produced
with these reagents in native MS are almost certainly as unfolded in the gas phase as
comparably charged ions produced by other methods used to form highly charged ions, such
as ESI from solutions consisting of water, methanol, and acetic acid in which proteins are
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denatured. This should make it possible to combine the advantages of native mass
spectrometry with the capabilities of tandem mass spectrometry to obtain extensive
structural information on the highly charged ions that can be produced with these reagents.
This should be particularly advantageous for top-down H/D exchange methods for deducing
information about protein conformations and dynamics. Continuous H/D exchange can be
monitored without the need for proteolysis and denaturing conditions necessary for
producing high charge states.?4 Because the lifetime of the droplet in which protein
denaturation occurs can be less than 27 ps,%9 the potential for back-exchange in solution is
eliminated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(middle column), and 200 mM ammonium bicarbonate (right column) with no
supercharging reagent (a, g, I), 1.5% m-NBA (b, h, m), 5% sulfolane (c, i, n), 5% PC (d, j,
0), 2% 2-thiophenone (e), and 2% HD (f, k, p).
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NanoESI mass spectra of cytochrome c in denaturing solution (45/54/1 methanol/water/
acetic acid) with no supercharging reagent (a), 5% m-NBA (b), 10% sulfolane (c), 15% PC

(d), 0.5% 2-thiophenone (e), and 5% HD (f).
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(middle column), and 200 mM ammonium bicarbonate (right column) with no

supercharging reagent (a, g, I), 1.5% m-NBA (b, h, m), 5% sulfolane (c, i, n), 5% PC (d, j,
0), 2% 2-thiophenone (e), and 2% HD (f, k, p). Apo-myoglobin is labeled with red circles.
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The average charge of myoglobin (using an intensity weighted average of both holo- and

apo-myoglobin) plotted versus the percentage of the total protein ion signal that is apo-
myoglobin under all of the solution conditions shown in Figure 3.
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in the plot so that the maximum of the sigmoidal fit (from Equation 1) is defined as one.
Guanidine concentration was increased in increments of 0.25 M, and PC concentration was
increased in increments of 2.5% by volume.
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Free energy of folding (AGy) of cytochrome c as a function of supercharging reagent
concentration for PC (a), sulfolane (b), HD (c), and all three reagents (d). The free energy of
folding was calculated from guanidine melt data fit to Equation 1.
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