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Abstract
Electrothermal supercharging of protein ions formed by electrospray ionization from buffered
aqueous solutions results in significant increases to both the maximum and average charge states
compared to native mass spectrometry in which ions are formed from the same solutions but with
lower spray potentials. For eight of the nine proteins investigated, the maximum charge states of
protonated ions formed from native solutions with electrothermal supercharging is greater than
those obtained from conventional denaturing solutions consisting of water/methanol/acid,
although the average charging is slightly lower owing to contributions of small populations of
more folded low charge-state structures. Under these conditions, electrothermal supercharging is
slightly less effective for anions than for cations. Equivalent sequence coverage (80%) is obtained
with electron transfer dissociation of the same high charge-state ion of cytochrome c formed by
electrothermal supercharging from native solutions and from denaturing solutions. Electrothermal
supercharging should be advantageous for combining structural studies of proteins in native
environments with mass spectrometers that have limited high m/z capabilities and for significantly
improving tandem mass spectrometry performance for protein ions formed from solutions in
which the molecules have native structures and activities.

Introduction
Mass spectrometry (MS) is an important tool in structural biology owing to its high
sensitivity, speed, and information content obtainable from complex samples. Accurate
measurements of molecular mass require ionization of intact molecules, which can readily
be achieved with many methods, such as the commonly used matrix-assisted laser
desorption/ionization1,2 and electrospray ionization (ESI).3,4 Protein identification and
determinations of posttranslational modifications can be accomplished with various forms of
tandem mass spectrometry.5,6 For these measurements, the highly charged ions formed by
electrospray ionization are advantageous owing to their ability to be more readily
dissociated7–10 and also more efficiently detected in instruments, such as orbitrap and
Fourier transform ion cyclotron resonance (FT/ICR) mass spectrometers, where charge-
sensitive detection is used. Solutions in which the protein is denatured are commonly used
for these measurements to increase the charge states formed by ESI and to enhance stable
ion formation at high solution flow rates. However, information about protein activity,
conformation, protein-protein binding, complex assembly and stoichiometry is lost in
solutions where proteins do not have native structures.

The advent of nanoelectrospray has greatly increased the application of “native” mass
spectrometry11,12 by enhancing stable ion formation from buffered aqueous solutions in
which proteins have native structures, even from solutions where high levels of essential
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salts that can adversely affect electrospray performance are required.13 Experiments aimed
at encoding information about protein conformation, protein-substrate binding sites,
allosteric regulation, and biomolecular complex structure can be done in solutions in which
the protein or biomolecule complex has native structure, and mass spectrometry can be used
to read out the encoded information. For example, footprinting strategies, such as oxidative
footprinting,14–16 hydrogen/deuterium exchange (HDX),16–20 or limited proteolysis21–23 can
be used to study changes in protein structure in solution. Non-native conditions are often
subsequently used to produce the high charge states that are advantageous in order to read
out the encoded information with MS or tandem MS. If sufficiently high charge states are
produced from solutions in which the protein has native structure and activity, tandem MS
analysis can be done directly via top-down fragmentation.19,24

Charge states formed in ESI depend on a number of factors, including solvent surface
tension,25,26 relative gas-phase basicities of sample solution components,26–29 protein
conformation,30–32 and various instrument parameters.33,34 One method to increase
charging in native mass spectrometry is with supercharging reagents.19,35–45 When added to
solutions at low concentrations, these supercharging reagents do not affect protein
structure,19,43,45 but can cause chemical and/or thermal destabilization of the protein in the
ESI droplet as the concentration of these low vapor pressure reagents increases.
Destabilization can lead to a change in the protein structure, including partial unfolding or
denaturation, which leads to higher charging,19,41–45 although other effects, such as changes
in surface tension, also play a role.42 The higher charge-state ions produced by
supercharging from native solutions often have larger collisional cross sections measured by
ion mobility,19,39,43 but this is not always the case.39,44 For concanavalin A tetramer, there
is a threshold of enhanced charging below which there is not an increase in cross sections,
but above which cross sections increase significantly.44 For the SAP (serum amyloid P) 5-
mer, no increase in cross section was observed with supercharging, which led the authors to
conclude that no significant structural changes occurred with supercharging.39 However,
differences in ion conformation are not always reflected by a difference in collision cross
section.46,47 For example, different conformers of ubiquitin that have the same charge state
and collision cross section can have distinctly different rates of HDX.46,47 Protein ions that
are initially more elongated can also fold to more compact conformations in the gas
phase.7,48,49

Although higher charge states are normally associated with more unfolded structures, recent
results with the octameric form of the Bacillus anthracis toxin complex showed that higher
charge states are formed when a specific pH induced conformational change takes place in
solution, which makes the rotationally averaged size of the complex more compact both in
solution and in the gas phase.44 An extended β-barrel domain in the structure that results in
a lower rotationally averaged size of the entire complex appears to be able to accommodate
more charge.

High charge-state ions can also be produced from unbuffered aqueous solutions by
introducing acid or base vapor into drying gas used in an ESI interface.50–52 Protein
denaturation that can occur when the pH of the ESI droplet changes can result in the
formation of high charge-state ions. The use of supercharging reagents has the advantage
that they are effective even when heavily buffered solutions that are often necessary to
preserve native structure and function are used.19,41–45

A new electrothermal supercharging method to produce high charge-state ions from buffered
aqueous solution was recently introduced.53 In this method, typical low charge-state
distributions of proteins and intact complexes in buffered aqueous solutions are obtained
using low ESI spray potentials, but high charge-state ions are produced from the same
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solutions simply by increasing the ESI spray potential. The charge-state distributions
obtained with the electrothermal supercharging method can resemble those obtained from
standard denaturing solutions even though the protein has a native folded structure in the
original ESI solution prior to droplet formation. These results indicate that the increased
charging is due to protein unfolding that occurs in the ESI droplet as a result of activation
that occurs at high electric field.53

Here, the effectiveness of electrothermal supercharging at producing high charge-state ions
from native solutions is compared to charging obtained from denaturing solutions for a
variety of proteins. This method can overcome instrumental m/z limits in native mass
spectrometry and can be used to greatly increase the sequence information obtainable from
tandem MS of large protein ions formed from solutions in which the protein has native
structure and activity.

Experimental
All proteins were purchased as lyophilized solids from Sigma (St. Louis, MO, USA) with
the exception of truncated edema factor (EFN) and full length protective antigen (PA)
proteins, which were a kind gift of Professor Bryan Krantz of the University of California,
Berkeley, and were prepared as previously published,54 and barstar, which was expressed in
E.coli and purified as described previously.55 Solutions consisting of 10 μM protein in
either “native” conditions (aqueous 100 mM ammonium bicarbonate, pH 7) or denaturing
conditions (48/48/4 by volume methanol/water/acetic acid or methanol/water/ammonium
hydroxide for positive and negative ions, respectively) were prepared. About 5 μL of each
solution was loaded into a borosilicate capillary (1.0 mm o.d./0.78 mm i.d., Sutter
Instruments, Novato, CA, USA) pulled to a tip i.d. of ~1 μm with a Flaming/Brown
micropipette puller (Model P-87, Sutter Instruments, Novato, CA, USA). Nanospray was
initiated by applying about ±1 kV to a platinum wire (0.127 mm diameter, Sigma, St. Louis,
MO, USA) inserted into the sample solution with the nanospray emitter positioned ~3 mm
from the entrance to the mass spectrometer. To obtain native mass spectra, the spray
potential was about ±0.7 kV. For electrothermal supercharging, the spray potential was
increased to achieve the maximum extent of electrothermal supercharging while maintaining
stable ion formation. A spray potential of ±0.8 kV was used for all denaturing solutions.

Mass spectra were acquired in triplicate with three different ESI emitters per sample using a
Thermo Linear Trap Quadrupole (LTQ™) (Thermo Fischer Scientific, Waltham, MA, USA)
with a heated entrance capillary temperature of 275 °C. The glass windows on this
instrument’s source assembly were removed for all experiments to maintain a low
temperature in the air space around the nanoESI emitters to prevent protein unfolding in the
emitter prior to electrospray. Mass spectra of bovine serum albumin and a mixture of PA
and the dendrimer DAB-Am-16 were obtained on this same instrument, but with an entrance
capillary temperature of 220 °C and 275 °C, respectively. Mass spectra from the latter
samples were also acquired using a Waters Quadrupole-Time-of-Flight (Q-TOF) Premier™

(Waters, Milford, MA, USA). Electron transfer dissociation (ETD) experiments were done
using a Thermo LTQ-Orbitrap™ (Thermo Fischer Scientific, Waltham, MA, USA) with a 20
ms reaction time with fluoranthene anion, which depleted >80% of the precursor ion
abundance.

Results and Discussion
Electrothermal supercharging of positive ions

The extent to which electrothermal supercharging can increase the charge states of protein
ions formed by nanoESI from native solutions (100 mM aqueous ammonium bicarbonate,
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pH 7.0) is illustrated for the protein myoglobin in Figure 1. An ESI mass spectrum obtained
at a spray potential of +0.7 kV and a heated entrance capillary temperature of 275 °C is
shown in Figure 1a. There are charge-state distributions corresponding to both holo- and
apo-myoglobin that are centered around 8+ under these conditions, with an average charge
of 8.1 ± 0.1+ and 7.6 ± 0.1+, respectively. Narrow, low charge-state distributions such as
these are typically observed for protein ions formed from buffered aqueous solutions in
which the protein has native or native-like structure.30 Low charge states of apo-myoglobin
(23% of the total ion abundance) indicates that there is some activation of the protein from
the relatively high temperature source conditions that results in a slight conformational
change of the protein with loss of the non-covalently bound heme group. In solution, the
heme binding pocket remains until extensive unfolding of the protein occurs.56 The absence
of high charge state apo-myoglobin ions suggests that loss of the heme occurs as a result of
activation in the gas phase.

With the spray potential at +1.4 kV and all other parameters the same, apo-myoglobin ions
are predominantly formed (94% of the total ion abundance) with a charge-state distribution
that is significantly broader and shifted to higher charge (Figure 1b). Charge states up to 28+
are formed, with 13+ the most abundant. The overall average charge of both forms of
myoglobin is 14.8 ± 0.5+, which is nearly twice that obtained at the lower spray potential.
By comparison, the charge-state distribution of myoglobin formed from a typical denaturing
solution (48/48/4 by volume water/methanol/acetic acid; +0.8 kV spray potential) under the
same conditions is monomodal, and corresponds to just apo-myoglobin with an average
charge of 17.46 ± 0.02+. Although the relative abundances of the higher charge states are
somewhat greater from the denaturing solution (Figure 1c), the maximum charge state of
28+ formed from the denaturing solution is the same as that obtained by electrothermal
supercharging from the native solution (Figure 1b). In contrast to results from the native
solution, increasing the spray potential of the denaturing solution from +0.8 kV to +1.4 kV
results in only a minimal increase in the average charge (17.5+ to 18.1+).

The presence of apo-myoglobin ions with high charge and holo-myoglobin with low charge
obtained by electrothermal supercharging under these conditions indicates the presence of
populations of both folded (low charge-state distribution) and unfolded (high charge-state
distribution) proteins molecules in the ESI droplet prior to ion formation. The temperature of
the tip of the ESI capillary is less than 40 °C with these source conditions.53 Thermal
unfolding of myglobin at neutral pH occurs around 76.5 °C (in 100 mM sodium phosphate
buffer, pH 7.0),57 so there should be an insignificant population of unfolded myoglobin in
the original solution prior to droplet formation. Electrothermal supercharging also occurs for
ubiquitin and cytochrome c, which also have significantly higher thermal melting
temperatures than the temperature of the nanoESI tip.53 These results are consistent with
protein unfolding occurring in the ESI droplet prior to ion formation under these
electrothermal supercharging conditions.53

A comparison between the charging obtained with electrothermal supercharging of protein
ions formed from native solutions and charging obtained for the same protein ion formed
from denaturing solutions for nine different proteins ranging in size from 8.6 kDa to 30.0
kDa is given in Table 1 and plotted in Figure 1d. The dashed line corresponds to a direct
correlation between maximum charge or average charge of ions formed from denaturing
solutions (+0.8 kV spray potential) and native solutions at either the highest nanoESI
potential (high V, electrothermal supercharging), or the lowest potential (low V, native MS)
at which stable electrospray could be maintained. The maximum and average charge with
native MS is generally much lower than that obtained from denaturing solution (on average
41% and 36% lower than from denaturing solution, respectively), and there is a greater
difference with increasing protein molecular weight, consistent with previous reports.58,59 In
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striking contrast, the maximum charge state for eight of the nine protein ions formed with
electrothermal supercharging is equal to or higher than that obtained for the same protein
ions formed from denaturing solution. The average charge with electrothermal
supercharging is only slightly lower than that obtained from the denaturing solution owing
to the broader distribution of charges formed as a result of contributions from both unfolded
and folded structures. Electrothermal supercharging also produces high charge-state ions
comparable to denaturing conditions for proteins that have multiple disulfide bonds, such as
phospholipase A2 and lysozyme, which have six and four disulfide bonds, respectively.

Unusually high charge states of EFN, a truncation mutant of anthrax edema factor, are
formed under native (low V) conditions (marked by † in Figure 1d; spectra shown in Figure
S-1a). The maximum and average charge are 38+ and 21.3 ± 1.0+, respectively, values
which are very similar to those from denaturing conditions (42+ and 23.5 ± 0.4+,
respectively) and from electrothermal supercharging conditions (47+ and 24.0 ± 0.5+,
respectively). Even under very gentle conditions used with a Waters Q-TOF mass
spectrometer, a bimodal charge-state distribution is observed (Figure S-1b; 80 °C inlet
temperature), but a low charge-state distribution centered around 10+ predominates. A
nearly identical spectrum is obtained with this instrument when 100 mM ammonium acetate,
pH 7, is used as the native buffer solution (Supplementary Figure 1c). These data suggest
that both folded and unfolded forms of EFN may be present in solution. The molten globule
state of this truncation mutant EFN is only 1 kcal/mol higher in Gibbs free energy than the
native form.60 Edema factor is an enzyme translocated by anthrax toxin into the cytosol of a
host’s cell via a β-barrel channel the toxin forms through the cell membrane.61 This β-barrel
is too narrow for folded EFN to pass, so EFN must unfold in order to enter the cell.60,62 The
ease with which this protein unfolds may account for the high charge-state distribution
formed in native MS.

Electrothermal supercharging of negative ions
Results for the same nine proteins formed as anions under the same experimental conditions
as the cations (Figure 1) are shown in Figure 2. With a spray potential of −0.7 kV, only
holo-myoglobin ions are formed with an average charge of 5.7 ± 0.1−. The absence of apo-
myoglobin under the same conditions as the positive ion data (Figure 1a) suggests that less
activation occurs with the anions. This also appears to be the case at high spray potential
(−1.4 kV) (Figure 2b), where there is a bimodal distribution with both a holo-myoglobin
distribution centered around the 6− charge state and a largely apo-myoglobin distribution
centered around the 14− charge state. 57 ± 5% of the total ion abundance consists of apo-
myoglobin, significantly less than the 93 ± 1% under the same electrothermal supercharging
conditions with positive ions (Figure 1b). Even with denaturing conditions of 48/48/4 water/
methanol/ammonium hydroxide (−0.8 kV spray potential), 13 ± 2% of the ion signal
corresponds to holo-myoglobin (Figure 2c). The maximum and average charge of holo-
myoglobin under electrothermal supercharging are 18− and 9.9 ± 1.7−, respectively, and
these values for apo-myoglobin are 20− and 14.1 ± 0.2− (Figure 2b). Electrothermal
supercharging and denaturing conditions both result in a maximum charge of 20−, but
electrothermal supercharging results in an average charge of 12.3 ± 0.7−, which is slightly
lower than that obtained from denaturing solution (13.1 ± 0.2−) as a result of the significant
population of holo-myoglobin with low charge.

The maximum charge state and average charge from electrothermal supercharging for all
nine proteins are compared to those from denaturing solution in Figure 2d. At low
electrospray potentials, the maximum and average charge are much lower than those formed
from denaturing solution (on average 34% and 27% lower than from denaturing solution,
respectively), except for phospholipase A2, lysozyme and EFN. Lysozyme has a maximum
and average charge of 7− and 5.5 ± 0.1− under denaturing conditions, which is not much
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higher than the values of 6− and 4.94 ± 0.04− obtained under native conditions, consistent
with previous reports of low charge states centered around 6− for unreduced lysozyme
formed from solutions in which the protein is non-native.63 The average charge of EFN
under native conditions (23.4 ± 0.6−) is about equal to that from denaturing solutions (22.9
± 0.2−) (Figure S-2a). As was the case for EFN cations, there is a distribution of high charge
anions indicative of more unfolded conformers of the protein even when very soft source
conditions in a Q-TOF mass spectrometer are used (Figure S-2b).

The increase in average charge of ions from electrothermal supercharging compared to ions
from native MS is 78% of that from denaturing solution for positive ions, and 40% for
negative ions. Similarly, the fraction of unfolded ions (the abundances of high charge
distributions divided by the total protein ion abundance) from electrothermal supercharging
is 81% of that from denaturing solution for positive ions and 33% for negative ions. The
overall effectiveness of electrothermal supercharging at producing high charge states and
unfolding proteins during ESI is lower for negative ions than for positive ions for eight of
the nine proteins under the conditions used. There is no apparent trend with protein pI (pI =
4.5–11), indicating that electrothermal supercharging is more effective for positive than
negative ions for acidic and basic proteins alike. The net negative charge in native MS is
lower than the net positive charge for all proteins except barstar, for which the charging is
nearly the same. Only for this protein is electrothermal supercharging slightly more effective
for negative compared to positive ions. This suggests that the difference in efficiency of
electrothermal supercharging for positive versus negative ions may be due to the difference
in the charge on the protein. Lower charge state ions have less Coulombic repulsion and
may require more energetic conditions to cause unfolding. The effectiveness of
electrothermal supercharging of positive ions has been shown previously to depend on the
source capillary temperature.53 To determine if supercharging of negative ions may be
increased at higher source capillary temperatures, spectra for cytochrome c were obtained at
source capillary temperatures ranging from 150 °C to 300 °C with spray potentials between
±0.8 kV and ±1.6 kV (Figure S-3). No electrothermal supercharging is observed for anions
at either 150 °C or 175 °C, but the extent of electrothermal supercharging increases
significantly between 200 °C and 300 °C, where ~58% of the ions are unfolded (average
charge 8.1 ± 1.6−) at the highest temperature and spray potential. This value is still
significantly less than for positive ions, where ~84% of cytochrome c ions are unfolded
(average charge 13.8 ± 0.5+) at the same source temperature, but it shows that the
effectiveness of electrothermal supercharging can be optimized for anions, as it can for
cations, by adjusting source temperatures. In contrast, the source capillary temperature has
little effect on the average charge state of ions formed from denaturing solution.

Instrument m/z Limits and Native MS
Charging of a protein or protein complex in native mass spectrometry generally increases as
R3/2, where R is the radius of the protein approximated as a sphere, or as M1/2, where M is
the protein molecular weight.58,59,64–66 Thus, instruments with high m/z capabilities are
typically used for measuring mass spectra of large proteins and protein complexes from
buffered aqueous solutions in which these molecules have native structures. For example, an
ESI mass spectrum of bovine serum albumin (583 residues, 67 kDa; aqueous 100 mM
ammonium bicarbonate, pH 7) acquired using a Q-TOF mass spectrometer is shown in
Figure 3a. Molecular ions with charges states ranging from 14+ to 19+ are formed. The 16+
at m/z = 4176 is the most abundant ion and the average charge is 16.4+. A mass spectrum
acquired with this same solution using a Thermo LTQ mass spectrometer (+0.8 kV spray
potential) has similar relative abundances of the 17+ to 19+ charge states, but the most
abundant ion measured with the Q-TOF (16+) is outside the m/z range (≤ 4000) of this LTQ
instrument (Figure 3 b). With electrothermal supercharging with the LTQ mass spectrometer
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(+1.6 kV spray potential, all other conditions identical), predominantly high charge-state
ions ranging from 29+ to 65+ are formed, and the average charge is 48+. There is a low
abundance of 17+ and 18+ charge states, indicating that some fraction of the population
remains folded under these conditions. Electrothermal supercharging shifts the charge-state
distribution from the upper edge of the m/z range of the LTQ instrument to one that is
almost entirely within the range of this instrument even though the protein is folded in the
original solution from which these ions are formed.

The charge states of molecular ions of even larger proteins formed in native MS can be
entirely outside the m/z range of many types of mass spectrometers. A mass spectrum of an
equimolar mixture of the 83 kDa protective antigen (PA) protein from Bacillus anthracis and
a 1.7 kDa dendrimer poly(propyleneimine) hexadecaamine generation 3.0, DAB-Am-16,
measured using a Q-TOF mass spectrometer is shown in Figure 4a. PA ions with charge
states ranging from 15+ to 20+ are formed with an average charge state of 18.3+. DAB-
Am-16 2+ to 4+ ions are formed with an average charge of 3.0+. Even the most highly
charged molecular ion of PA (20+) formed from this buffered aqueous solution has a m/z =
4192 that is outside the range of the LTQ instrument. No PA ions are observed in a mass
spectrum obtained from this same solution using a LTQ instrument (Figure 4b) under native
conditions (+0.8 kV spray potential). The observation of a charge-state distribution for
DAB-Am-16 with an average charge state of 2.9+ (Figure 4b) indicates that that absence of
PA ions in this spectrum is due to formation of molecular ion charge states that are outside
the m/z range of the mass spectrometer rather than an inability to form ions from this
solution under these conditions. The data in Figure 4a show that the presence of the
dendrimer does not suppress PA ion formation from this solution. With electrothermal
supercharging with the LTQ instrument (+1.6 kV spray potential, all other conditions the
same as those used for Figure 4b), a charge-state distribution of PA ions ranging from 36+ to
86+ is observed with an average charge of 60.2+. Thus, electrothermal supercharging
produces more than a 3-fold gain in the number of charges for this protein. The charge-state
distribution with electrothermal supercharging is centered around m/z = 1400, well within
the m/z range of the mass spectrometer, despite these ions being formed from a buffered
aqueous solution in which the structure of the protein was originally native prior to ESI
droplet formation.

Interestingly, the charge-state distribution for DAB-Am-16 is slightly higher under native
conditions (Figure 4b) than under electrothermal supercharging conditions (Figure 4c), with
an average charge of 2.9+ and 2.8+, respectively. A similar result was observed for a
mixture of ubiquitin and DAB-Am-16 (100 mM aqueous ammonium bicarbonate, data not
shown) where a change in the spray potential from 0.7 kV to 1.7 kV resulted in a 30%
increase in the average charge of ubiquitin compared to a 13% decrease in the average
charge of DAB-Am-16. DAB-Am-16 has 16 primary amine termini that can potentially be
protonated in these experiments, and 5+ ions can be readily formed under some instrumental
conditions from these ammonium bicarbonate solutions. In contrast to both ubiquitin and
PA, DAB-Am-16 cannot undergo large structural changes, i.e., DAB-Am-16 maintains a
compact, spherical structure without significant changes in solvent exposed surface area in
aqueous and organic solvents67 and cannot unfold into a more extended structure like these
globular proteins can do when denatured. Thus, the absence of a charge enhancement for
DAB-Am-16 with electrothermal supercharging is consistent with the inability to cause
unfolding of this molecule in the ESI droplet as opposed to the inability for this molecule to
be able to carry additional charge. The slightly lower charge on DAB-Am-16 obtained with
electrothermal supercharging is consistent with the higher spray potential causing more
activation to the ions prior to their reaching the inlet capillary. Energetic collisions can drive
endothermic proton transfer reactions68 between multiply protonated DAB-Am-16 and
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water, which is the solvent in these experiments, and result in a lowering of the net charge
state of DAB-Am-16.

Improving Dissociation of Ions Formed from Native MS
Dissociation of low charge states of protein ions formed in native MS generally results in
limited fragmentation and low sequence coverage compared to the high charge-state ions
formed from denaturing solutions. For example, the most abundant cytochrome c ion formed
from a native solution (+0.75 kV; Figure 5a) is 7+, less than half the number of charges as
the most abundant ion formed for this protein from denaturing solutions (16+; Figure 5c).
ETD (electron transfer dissociation) of the 7+ ion formed under native conditions results in
mostly charge-reduced precursor ions (85% product ion abundance) and few sequence
specific ions. Fragment ions z17 - z19 and z35 are formed, resulting in only 4% sequence
coverage under these conditions. These results are consistent with previous ETD and ECD
(electron capture dissociation) studies of low charge states of cytochrome c formed from
native conditions that report little to no sequence coverage for charge states up to the 8+ and
9+ precursor ions without thermal or collisional activation prior to or subsequent to
fragmentation by ETD or ECD.69–71 Reduced precursors are also formed in ETD of the 16+
ion formed from denaturing solution (11% product ion abundance), but extensive c and z
fragment ions are also formed as a result of cleavages at 79 of the 99 possible backbone
cleavage sites, excluding sites N-terminal to cytochrome c’s proline residues as possible
cleavage sites, resulting in 80% sequence coverage. Abundant 16+ charge-state ions are also
formed with electrothermal supercharging from the native solution (Figure 5b), and ETD of
this ion also results in cleavage at 79 cleavage sites (80% sequence coverage) that are mostly
the same as those from ETD of the 16+ ions from denaturing solution (Figure 6), suggesting
the more open gas-phase structures or locations of the charges of the 16+ ions formed from
these two different solutions are similar, but not identical.72 No fragmentation occurs
between residues 12 and 22 as a result of covalent bonds to the heme moiety at residues 14
and 17, consistent with previous ECD results for this protein.69–71 These results show that
essentially the same sequence coverage can be obtained from the high charge-state ions
formed by electrothermal supercharging of proteins from native solutions as that obtained
from the same high charge states formed from denaturing solutions.

Conclusions
Electrothermal supercharging with ammonium bicarbonate can effectively produce high
charge-state ions of proteins from buffered aqueous solutions in which the protein has a
native or native-like structure. The extent of supercharging from these buffered aqueous
solutions is comparable to that obtained from denaturing solutions in which no
supercharging reagents are used. Electrothermal supercharging makes it possible to combine
native MS of large molecules with instruments that have limited upper m/z limits for
molecular weight measurements. This method also enables greatly increased sequence
information from tandem MS of ions formed from native solutions. This method could be
particularly advantageous for more routinely combining structural studies of proteins in
native environments with MS. For example, this method could be used in continuous H/D
exchange studies by replacing acid denaturation20 or conventional supercharging reagents19

to produce high charge-state ions for tandem MS determination of where solution-phase
exchange has occurred. The short lifetime of the ESI droplet essentially eliminates the
opportunity for back-exchange to occur in these experiments. Information about protein
complex stoichiometries can be obtained from the mass of intact complexes measured at low
spray potential, and from the same solutions, information about the molecular sequence can
be obtained from tandem MS experiments of high charge-state ions formed by
electrothermal supercharging simply by increasing the spray potential. The extent of
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electrothermal supercharging depends on the protein, and is more effective for positive ions
than for negative ions for eight of the nine proteins investigated here. The effectiveness of
electrothermal supercharging depends on a number of factors, including the source
temperature, physical properties of the protein, and the nature of the buffer. It is possible
that other buffers or salts could be identified that would improve the charge enhancement for
negative ions.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Positive ion nanoelectrospray mass spectra of 10 μM myoglobin in 100 mM ammonium
bicarbonate, pH 7, at electrospray potentials of (a) +0.70 kV (native) and (b) +1.4 kV
(electrothermal supercharging), and in (c) methanol/water/acetic acid (48/48/4, v/v)
denaturing solution at a spray potential of +0.80 kV. (d) Correlation plot of the maximum
and average charge state for nine proteins obtained from denaturing solution and from native
and electrothermal supercharging from buffered aqueous solution. Data marked by “†” are
discussed in the text.
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Figure 2.
Negative ion nanoelectrospray mass spectra of 10 μM myoglobin in 100 mM ammonium
bicarbonate, pH 7, at electrospray potentials of (a) −0.70 kV (native) and (b) −1.4 kV
(electrothermal supercharging), and in (c) methanol/water/ammonium hydroxide (48/48/4,
v/v) denaturing solution at a spray potential of −0.80 kV. (d) Correlation plot of the
maximum and average charge state for nine proteins obtained from denaturing solution and
from native and eletrothermal supercharging from buffered aqueous solution. Data marked
by “†” are discussed in the text.
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Figure 3.
Positive ion nanoelectrospray mass spectra of 10 μM bovine serum albumin (67 kDa) in 100
mM ammonium bicarbonate, pH 7, obtained (a) using a Q-TOF mass spectrometer with high
m/z capabilities, and using a Thermo LTQ™ mass spectrometer with an upper m/z limit of
4,000 at (b) +0.80 kV (native) and (c) +1.6 kV (electrothermal supercharging) spray
potentials.
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Figure 4.
Positive ion nanoelectrospray mass spectra of a mixture of 10 μM protective antigen (83
kDa) (PDB ID: 1ACC)73 and 10 μM DAB-Am-16 dendrimer (1.7 kDa) in 100 mM
ammonium bicarbonate, pH 7, obtained (a) using a Q-TOF mass spectrometer with high m/z
capabilities, and using a Thermo LTQ™ with an upper m/z limit of 4,000 at (b) +0.80 kV
(native) and (c) +1.6 kV (electrothermal supercharging) spray potentials.
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Figure 5.
Positive ion nanoelectrospray mass spectra of cytochrome c formed from 100 mM
ammonium bicarbonate, pH7, at (a) +0.75 kV spray potential (native) and (b) +1.3 kV spray
potential (electrothermal supercharging), and from (c) a methanol/water/acetic acid solution
(denaturing) at a spray potential of +0.80 kV. ETD of (d) the 7+ ion from native solution, (e)
the 16+ ion from electrothermal supercharging from the same native solution, and (f) the
16+ ion from denaturing solution resulted in sequence coverages of 4%, 80%, and 80%,
respectively.
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Figure 6.
Sequence coverage map showing the cleavage sites resulting from ETD of the 16+
cytochrome c ion produced by nanoESI from native solution with electrothermal
supercharging and by nanoESI from denaturing solution.
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