© American Society for Mass Spectrometry, 2011

RESEARCH ARTICLE

Supercharging Protein Complexes
from Aqueous Solution Disrupts their Native

Confo

Harry J. St

rmations

erling,’ Alexander F. Kintzer,! Geoffrey K. Feld,! Catherine A. Cassou,’

Bryan A. Krantz,"? Evan R. Williams'

"Department of Chemistry, University of California-Berkeley, Berkeley, CA 94720, USA
“Department of Molecular and Cell Biology, University of California-Berkeley, Berkeley, CA, USA

Abstract

The effects of aqueous solution supercharging on the solution- and gas-phase structures of two
protein complexes were investigated using traveling-wave ion mobility-mass spectrometry
(TWIMS-MS). Low initial concentrations of m-nitrobenzyl alcohol (m-NBA) in the electrospray
ionization (ESI) solution can effectively increase the charge of concanavalin A dimers and
tetramers, but at higher m-NBA concentrations, the increases in charge are accompanied by
solution-phase dissociation of the dimers and up to a ~22% increase in the collision cross
section (CCS) of the tetramers. With just 0.8% m-NBA added to the ESI solution of a ~630 kDa
anthrax toxin octamer complex, the average charge is increased by only ~4% compared with the
“native” complex, but it is sufficiently destabilized so that extensive gas-phase fragmentation
occurs in the relatively high pressure regions of the TWIMS device. Anthrax toxin complexes
exist in either a prechannel or a transmembrane channel state. With m-NBA, the prechannel
state of the complex has the same CCS/charge ratio in the gas phase as the transmembrane
channel state of the same complex formed without m-NBA, yet undergoes extensive
dissociation, indicating that destabilization from supercharging occurs in the ESI droplet prior
to ion formation and is not a result of Coulombic destabilization in the gas phase as a result of
higher charging. These results demonstrate that the supercharging of large protein complexes is
the result of conformational changes induced by the reagents in the ESI droplets, where
enrichment of the supercharging reagent during droplet evaporation occurs.
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Introduction

lectrospray ionization (ESI) mass spectrometry (MS) of
proteins or protein complexes results in a characteristic
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distribution of charge states from which information about
the solution-phase conformations of the analytes can be
inferred [1]. For aqueous or buffered aqueous solutions
where the protein or complex has a “native” or “native-like”
set of conformations, ESI typically results in narrow, low-
charge distributions, whereas the distributions from solutions
that are more denaturing are typically broad and high-
charge. In addition to the solution-phase conformations of
the analyte [2, 3], many factors can affect the ion charge
state distribution, including analyte and solvent basicities
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[4-6], solvent surface tension [7-9], and various instrument
parameters [10—13]. Controlling these factors to reduce or
increase ion charge can be of great analytical utility. For
example, a number of methods have been shown to lower
ion charge states [5, 6, 14-16], facilitating identification of
components from heterogeneous mixtures that can have
complex mass spectra because of high peak densities.
Increasing ion charge can be highly desirable because
the performance of most mass analyzers, and the
efficiency of most tandem-MS techniques, improve with
higher analyte charge. One method for increasing the
charge states of peptides, proteins, and protein complexes
is the addition of a small quantity of a low-volatility
“supercharging” reagent to the ESI solution [7-9, 17—
34]. In both “denaturing” and “native” ESI solutions,
supercharging reagents, such as m-nitrobenzyl alcohol
(m-NBA) [7], can cause significant charge enhancement
compared with the same solutions without the reagent.
During evaporation, ESI droplets become enriched with
the reagent due to its very high boiling point relative to
water and/or the organic solvents and acids that are
typically used [35-37]. For example, the boiling point of
m-NBA is 177 °C at 3 Torr [38], equal to ~405 °C at
760 Torr [39]. In “denaturing” solutions containing acetic
acid and relatively high concentrations of organic
solvents, in which most proteins are more unfolded,
these reagents increase the droplet surface tension as the
more volatile components preferentially evaporate [§, 9].
This enrichment results in an ESI droplet with a higher
surface tension and thus a higher charge density needed
to reach the Rayleigh limit [40]. More highly charged
ions can be formed from droplets with a higher charge
density. In contrast, the enrichment of the supercharging
reagent lowers the surface tension of droplets in purely
aqueous or buffered aqueous solutions (surface tension of
m-NBA is 50 =+ 5 mN/m [8] compared with 72 mN/m at
25 °C for water [38]). In the absence of other factors
that affect charging, this should cause a decrease in the
analyte charge, as occurs for an amine-functionalized
dendrimer, poly(propyleneimine) (DAB-16) [9], which
cannot undergo significant conformational changes [41].
In contrast, when this molecule was electrosprayed from
a methanol solution containing m-NBA (methanol surface
tension=22.1 mN/m at 25 °C [38]), the charge increased
compared with the same solution without the reagent [9].
We have proposed that the increase in charge observed
for proteins and protein complexes supercharged from
purely aqueous or buffered aqueous solutions results
primarily from chemical and/or thermal denaturation of the
analyte that occurs in the ESI droplet during solvent
evaporation, and that the charge enhancement from the
conformational changes of the analyte can overcome the
charge-reducing effects of lower droplet surface tension [19—
23]. Using circular dichroism spectroscopy (CD) to monitor
the transition of equine myoglobin from folded to unfolded
states, the denaturing strength of sulfolane, a compound

found by Loo and coworkers to be an effective super-
charging reagent [24], was measured to be ~1.5 kcal/mol/M
at 25 °C, which is ~30% as effective as guanidinium
chloride (a common denaturant in protein folding studies)
for unfolding this protein [21]. In addition, the denaturing
strength of sulfolane increases at higher temperatures [21].
Reagent enrichment increases the ESI droplet lifetime [35],
which should result in an increased number of collisions
with neutral gas molecules in the atmosphere/vacuum
interface. This should, in turn, reduce the rate of evaporative
cooling and increase the effective temperature of the droplet
[19]. In addition to CD [21, 22], results from experiments
using thermal activation [19], hydrogen/deuterium ex-
change-MS [22, 23], traveling wave ion mobility-MS
(TWIMS) [22, 23], and chemical cross-linking [20] are
consistent with the hypothesis that chemical and/or thermal
denaturation of the analyte in the ESI droplet is the primary
origin of aqueous solution supercharging of proteins and
complexes.

Here, we use TWIMS-MS to examine the effects that low
initial concentrations of m-NBA have on the solution- and
gas-phase conformations of the dimers and tetramers of the
25 kDa protein concanavalin A and an anthrax toxin
octameric complex (~630 kDa). At low initial reagent
concentrations, all of the complexes can be supercharged
modestly, but at higher initial reagent concentrations, all of
the complexes undergo disruptions of the native conforma-
tions that manifest as either solution- or gas-phase dissoci-
ation or as an increase in their collision cross sections.

Experimental

Mass spectra and TWIMS arrival time distributions were
acquired using a hybrid quadrupole/ion mobility/time-of-
flight instrument (Synapt G2 High Definition Mass Spec-
trometer; Waters, Milford, MA, USA) equipped with a Z-
spray ion source. lons 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
placed in the nanoelectrospray emitter in contact with the
solution, and ESI was initiated and maintained by applying
~1 kV to the wire relative to instrument ground. Solutions of
concanavalin A were prepared from lyophilized protein
(Sigma; used without further purification) and solutions of
anthrax toxin complexes were prepared as described in detail
elsewhere [42]. m-NBA was from Sigma and was used
without further purification.

TWIMS arrival times for all ions were assigned as the
center of the full-width half-maximum (FWHM) of the
arrival time distribution peak. Arrival times were used to
calculate the collision cross sections utilizing the calibration
protocol of Bush et al. [43]. Homotetramers of concanavalin
A and alcohol dehydrogenase and 14-mers of GroEL formed



H. J. Sterling et al.: Supercharging Disrupts Native Conformations 193

from ~10 pM solutions were used as calibrant ions. Average
charge was calculated as the abundance-weighted average of
each charge state in a given charge state distribution.
Relative abundances of concanavalin A monomers and
oligomers were calculated from the sum of the peak
areas for each species, and because of differences in
ionization and detection efficiencies, are only useful for
comparisons of changes in their relative abundances. For
concanavalin A monomer and dimer peaks that have the
same m/z, the relative contributions of each were
obtained from the normalized intensities of the TWIMS
arrival time distributions.

For the concanavalin A crosslinking experiments, lyophi-
lized protein (Sigma) was dissolved in crosslinking buffer
composed of 18 mM potassium phosphate and 60 mM sodium
chloride, with the pH adjusted to 6.8 with sodium hydroxide.
The final protein concentration was 90 pM. An identical
solution was prepared but with the addition of m-NBA to 1%
vol/vol. Suberic acid bis(3-sulfohydroxysuccinimide ester)
(Sigma) dissolved in extra dry DMSO (Acros Organics) was
added to both solutions at a final concentration of 480 uM and
allowed to react for 30 min at room temperature. The
crosslinking reaction was quenched with the addition of
ammonium acetate to a final concentration of 33 mM. The
solutions were dialyzed against 20 mM ammonium acetate (pH
7.0). After dialysis, aliquots were diluted 1:10 with neat formic
acid and nanoelectrosprayed directly.

Collision cross section calculations of the anthrax toxin
prechannel complexes were performed with the projection
approximation algorithm in MOBCAL [44]. For the octamer
prechannel complex, PAg(LFy)4, the crystal structure coor-
dinates (PDB code 3KWV; [45]) were used directly in the
calculation. For the heptamer prechannel complex,
PA,(LFy)s, the calculation was performed with coordinates
generated from a homology model built using COOT [46]
with the crystal structure coordinates of the PA heptameric
ring (PDB code 1TZO; [47]) and three LFy molecules
docked onto the ring by Least Squares Quotient alignment of
PA,LFy ternary complexes from the PAg(LFy)4 coordinates
(PDB code 3KWV; [45]). Prechannel and channel state
models were made in CHIMERA [46] using PDB structures
3KWYV and as a hybrid with 3KWYV and 1V36, respectively.

Results and Discussion

Effects of Supercharging and lonic Strength
on Charge, lon Abundance, and Collision Cross
Section

Concanavalin A from Canavalia ensiformis is a 25.6 kDa
protein that reversibly self-assembles to form dimers and
tetramers in relative abundances that depend on solution pH,
temperature, and ionic strength [48—50]. Nanoelectrospray
mass spectra of ~10 pM concanavalin A in 200 mM
ammonium acetate, pH 6.8, solutions containing 0%—1.5%
m-NBA are shown in Figure la—d. The mass spectrum
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Figure 1. Nanoelectrospray mass spectra of ~10 yM

concanavalin A in 200 mM ammonium acetate, pH 6.8,
aqueous solution containing (a) 0%, (b) 0.5%, (c) 1.0%, and
(d) 1.5% m-NBA. The normalized abundances of concanav-
alin A monomer, dimer, and tetramer as a function of m-NBA
concentration are shown in (e)

obtained from the electrospray solution without m-NBA
(Figure la) is dominated by relatively narrow charge state
distributions for tetramer (black triangles) and dimer (brown
squares), and a low relative abundance charge state
distribution for monomer (green circles). With 0.5% m-
NBA, the average charge state for all three forms of the
protein (monomer, dimer, and tetramer) increases signifi-
cantly, and all three charge state distributions are broader
than without m-NBA (Table 1; Figure 1b). Modest addi-
tional increases in average charge and range of charge states
are observed for the tetramer and dimer with 1.0% and 1.5%
m-NBA, whereas the average charge of the monomer
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Table 1. Average Charge (and Range of Charge States) Observed for each Oligomeric State of Concanavalin A Nanoelectrosprayed from 200 mM

Ammonium Acetate Solutions Containing 0%—1.5% m-NBA

Average charge (and range of charge states) (+)

Concanavalin A 0% 0.5% 1.0% 1.5%
Tetramer 20.3 (22-19) 23.5 (27-21) 24.8 (30-22) 25.0 (30-22)
Dimer 14.3 (16-13) 17.4 (20-15) 17.8 (21-16) 18.0 (21-16)
Monomer 9.4 (10-8) 11.8 (15-9) 10.8 (16-9) 11.6 (17-9)

decreases somewhat at these higher concentrations (Table 1;
Figure 1c—d).

The normalized abundances of the three forms of the
protein as a function of m-NBA concentration are shown in
Figure le. There is a significant increase in the normalized
abundance of the monomer with 1.0% and 1.5% m-NBA
that is concomitant with a decrease in the normalized
abundance of the dimer at these higher reagent concen-
trations. In contrast, the normalized abundance of the
tetramer is essentially constant at all reagent concentrations.
These results are consistent with m-NBA causing dissocia-
tion of the dimer into its constituent monomers. All
monomer ions have the same or higher m/z than the dimer
ions. In nozzle-skimmer dissociation experiments that cause
gas-phase dissociation of native and supercharged conca-
navalin A dimers, the product monomer peaks are observed
at higher, the same, and lower m/z than the average of the
precursor dimer distribution owing to predominantly sym-
metric dissociation [51, 52] (Supplemental Figure 1). The
higher charge state monomer ions and the absence of lower
charge state monomer ions in the mass spectrum with m-
NBA (Figure 1b—d) indicate that the dimers dissociate in
solution and not in the gas phase where charge is conserved.
It is not possible to determine from these data alone whether
dissociation occurs prior to ESI or in the ESI droplets.

Previous HDX-MS and CD experiments aimed at
elucidating the origin of aqueous solution supercharging
show that the native structures of proteins remain intact until
the concentration of the supercharging reagent is increased
in the ESI droplet owing to preferential evaporation of water
[21-23]. To determine if m-NBA affects the dimer—
monomer equilibrium prior to ESI, solutions of the protein
were crosslinked with suberic acid bis(3-sulfohydroxysucci-
nimide ester) with and without 1% m-NBA in the cross-
linking buffer. Comparison of nanoESI mass spectra
obtained for the two crosslinked protein solutions diluted
to 90% formic acid to ensure complete dissociation of non-
crosslinked dimers shows that the extent of crosslinking is
effectively identical for the two preparations (Supplemental
Figure 2). This indicates that m-NBA does not measurably
affect the dimer—monomer equilibrium prior to ESI. Because
the dimer dissociation does not occur in the gas phase, the
dimer dissociation observed with m-NBA (Figure 1b—d)
must occur in the ESI droplet.

The results of TWIMS-MS experiments in which the
collision cross sections of concanavalin A tetramer ions are
measured as a function of ion charge state are shown in

Figure 2. For the same ion charge states formed from
solutions containing different concentrations of m-NBA,
there are only small differences in the measured collision
cross sections, consistent with previous TWIMS-MS arrival
time distributions of myoglobin supercharged with m-NBA
or sulfolane [21]. The collision cross sections of the 19+ to
25+ charge states are essentially the same, whereas for the
26+ and higher charge states, the collision cross sections
increase significantly with increasing charge state. These
results indicate that modest increases in charge as a result of
supercharging may occur without gross conformational
changes but that beyond some threshold, which is likely
protein-specific, enhanced charging may be accompanied by
significant changes to the native conformations.

Less supercharging was observed for hen egg white
lysozyme when this 14.3 kDa protein was electrosprayed
from 200 mM ammonium acetate compared with pure water
solutions using dimethyl sulfoxide as the supercharging
reagent [22]. Buffers can stabilize folded forms of the
protein, and may partially or fully counteract the destabiliz-
ing effects of the supercharging reagents during droplet
evaporation and formation [22]. To investigate the effects of
buffer concentration on the extent of supercharging of
concanavalin A, nanoelectrospray mass spectra of ~10 pM
concanavalin A from solutions containing 1% m-NBA and
either 600 mM ammonium acetate, 200 mM ammonium
acetate, or water (all at pH 7.0) were obtained (Figure 3a—c).
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Figure 2. Collision cross section of concanavalin A tet-
ramers as a function of charge state for ~10 yM aqueous
protein solutions containing 0%—1.5% m-NBA
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Figure 3. Nanoelectrospray mass spectra of ~10 uM
aqueous concanavalin A solutions containing 1% m-NBA

and either (a) 600 mM ammonium acetate, (b) 200 mM
ammonium acetate, or (c) water

The average charge and width of the charge state distributions
for the tetramer and dimer increase dramatically with decreasing
ionic strength. The highest charge state observed for the
tetramer is formed from the unbuffered solution (33+;
Figure 3c) and has a collision cross section of 75.9 nm?, which
is ~22% higher than the average collision cross section of the
tetramer obtained without m-NBA from a 200 mM ammonium
acetate solution (Figure 2). The changes in relative abundance
of all forms of the protein as a function of m-NBA concentration
for each of the three ionic strength solutions are shown in
Figure 4. There is a significant increase in the normalized
abundance of the monomer that is correlated with a decrease in
ionic strength and is concomitant with a decrease in the
normalized abundance of the dimer. In contrast, the normalized
abundance of the tetramer does not change significantly under
these solution conditions. The charge state distribution of the
monomer ions relative to the charge state distribution of the
dimer ions again suggests that dimer dissociation occurs in
solution and not in the gas phase. It is not possible to determine
from these experiments alone if the increases in charging with
decreasing ionic strength are due to dimer and tetramer
destabilization, or if other factors such as competition for
charge with ammonia in the gas phase or decreased droplet
charge due to charge carrier emission [53, 54] are also limiting
the extent of supercharging. However, these results suggest that
the buffer concentration should be minimized when maximum
charging with supercharging reagents is desired.

There are a significantly higher number of intermolecular
hydrogen bonds (52 versus 14) and salt bridges (12 versus 0)
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Figure 4. Normalized abundances of concanavalin A mono-
mer, dimer and tetramer as a function of m-NBA concentra-
tion for pH 7.0 aqueous solutions containing (a) 600 mM, (b)
200 mM, or (c) no ammonium acetate

for the tetramer compared with the dimer based on the
protomer binding information obtained from the crystal
structure of concanavalin A [55]. This should lead to a larger
activation barrier for dissociation of the tetramer compared
with the dimer, consistent with the absence of tetramer
dissociation and the extensive dimer dissociation observed in
these experiments. Both thermodynamic [48, 49] and
crystallographic [55] evidence suggest that the dimer-dimer
binding interface of the tetramer is large and hydrophobic. If
solvent molecules are sufficiently excluded from this
binding interface before and during ESI, the effectiveness
of the supercharging reagent as a denaturant may also be
reduced [20-23], consistent with the relatively modest extent
of supercharging and the absence of tetramer dissociation
observed in these experiments.

Complex Destabilization Is Not Always Indicated
by a Change in Collision Cross Section

Bacillus anthracis produces a binary toxin complex that
assembles via heptameric [56] and octameric [57] ring-
shaped homo-oligomers of the protective antigen protein
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(PA). These complexes can form in solution or on host cell
surfaces [57]. Proteolytic activation of the ~83 kDa PA
results in loss of a ~20 kDa fragment and PA oligomerizes
into either a heptameric [58] or octameric prechannel
complex [57]. Loss of the 20 kDa fragment exposes binding
sites for the two other enzyme components of anthrax toxin,
called lethal factor (LF) and edema factor (EF). These
heptameric and octameric PA complexes can bind up to
three or four copies of LF (or EF), respectively [45, 57].
Following endocytosis, the PA oligomer undergoes an acidic
pH-induced conformational transition into its translocase
channel state [59]. The enzyme factors, LF and EF, are then
trafficked across the cell membrane into the cytosol where
they disrupt normal cellular function [60].
Nanoelectrospray mass spectra of ~10 uM octamer-
enriched PA oligomers bound to ~31 kDa PA-binding
domain of LF (LFy) [61] from 200 mM ammonium acetate,
pH 7.8, solutions containing 0%—0.8% m-NBA are shown in
Figure 5. All ions of the subcomplexes and protein
monomers were removed in the quadrupole by allowing
only ions with m/z>8000 to travel to the IMS and TOF
regions of the Synapt G2 instrument [62] used to obtain
these data. Without m-NBA in the solution, the spectrum is
dominated by a single narrow charge state distribution for
the octameric complex, with a much lower relative abun-
dance charge state distribution for the heptameric complex
(Figure 5a). The abundance-weighted average collision cross

100+
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sections for the octameric and heptameric complexes are 185
and 163 nm?, respectively, both of which are 95% of their
calculated collision cross section using the projection
approximation algorithm in MOBCAL [44] with the crystal
structure coordinates of the octameric complex [45] and a
homology model of the heptameric complex. The good
agreement between the measured and calculated collision
cross section suggests that these complexes do not undergo
gross conformational changes during ESI or in transit to the
ion mobility cell [63]. With 0.4% m-NBA in the electrospray
solution, the average charge for the octameric complex
increases modestly from 49.0+ to 50.5+ and the average
collision cross section also increases slightly from 185 to
187 nm?. There is a significant decrease in ion abundance for
the heptameric complex so that it is not possible to measure the
average charge or collision cross section. A small population of
high-charge LFy monomers is observed in the range m/z 1200—
1800. With 0.8% m-NBA in the electrospray solution, there is a
dramatic decrease in abundance for the octameric complex and
a significant increase in the abundance of the high-charge LFy
ions (Figure 5¢). There is also a low relative abundance charge
state distribution corresponding to a PA,LFy subcomplex in
the range m/z 3600-4600. These lower mass LFy monomer
and subcomplex ions must be the products of gas-phase
dissociation in a region of the instrument beyond the mass-
filtering quadrupole (m/z>8000). The average charge of the
small population of octameric complexes that survives intact
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Figure 5. Nanoelectrospray mass spectra of ~10 pM octamer-enriched PA oligomers bound to LFy from 200 mM ammonium
acetate, pH 7.8, aqueous solutions containing (a) 0%, (b) 0.4%, and (c) 0.8% m-NBA
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(Figure 5c inset) is 50.8+ and the average collision cross
section is 185 nm?.

In contrast to the solution-phase dissociation caused by
m-NBA for supercharged concanavalin A dimers, a signif-
icant population of the supercharged octameric complex
survives intact long enough to pass the mass filtering
quadrupole but then dissociates in the gas phase, most likely
in the relatively high-pressure regions of the ion mobility
section of the instrument as a result of unintentional
collisional activation. The small population of octameric
complexes that survives intact has essentially the same
average charge as those from the 0.4% m-NBA solution
(50.8+ versus 50.5+) and a slightly lower average collision
cross section (185 nm® versus 187 nm?). These results
indicate that only very small changes in the rotationally-
averaged size of the complex ion occur as a result of the m-
NBA enrichment, whereas the extensive gas-phase dissoci-
ation of the intact octamer indicates that the native structure
and subunit interactions are significantly destabilized. This
destabilization could occur first in the ESI droplet as a
result of m-NBA-induced chemical and/or thermal dena-
turation [19-23], followed by ecither metastable or
collisionally-activated dissociation (CAD) after the
mass-filtering quadrupole.

To determine if destabilization occurs instead as result of
increased Coulombic repulsion affer the higher charge state
ions are formed, the average charge of the octamer complex
was increased by inducing a specific conformational change
in the complex that occurs away from the PA—-ligand binding
interface [42], where the vast majority of dissociation occurs
for the supercharged complex. TWIMS-MS spectra of these
complexes were acquired with the same instrument con-
ditions but without m-NBA. The conformational transition
of anthrax toxin complexes from the cell-surface prechannel
state to the transmembrane channel state was revealed in
previous MS experiments by a subtle increase in the average
and maximum charge in the pH range 7.2-7.0 that occurs
without a shift in the charge states of the subcomplexes or
constituent monomers, indicating a specific conformational
change of the complex rather than just pH-induced unfolding
[42]. The transition midpoint observed using electron
microscopy (EM) and CD was also in the pH range 7.2—
7.0 [42]. Here, the pH titration was performed with the same
octamer-enriched sample of anthrax toxin and with the same
instrument conditions as was used in the supercharging
experiments, but without m-NBA. Nanoelectrospray mass
spectra obtained from the pH 7.2 and 7.0 solutions (Figure 6)
show a subtle increase in the average charge at the lower pH
without any significant changes to the complex abundance
or additional gas-phase fragmentation. Mass spectra from the
pH 7.8-7.2 solutions are all essentially identical, and mass
spectra from the pH 7.0—6.6 solutions are also all essentially
identical (Supplemental Figure 3). The low abundance LFy
monomers are present in all spectra from pH 7.6-6.6 with
approximately equal signal/moise. A plot of the average
charge and average collision cross section as a function of
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Figure 6. Nanoelectrospray mass spectra of ~10 pyM
octamer-enriched PA oligomers bound to LFy from 200 mM
ammonium acetate aqueous solutions at pH (a) 7.2 and (b)
7.0. Models of the prechannel and channel forms of anthrax
toxin complexes are inset. Plotted below the mass spectra
are the average charge (red squares; right axis) and average
collision cross section (black triangles; left axis) of the
octamer complex as a function of solution pH

pH is shown in Figure 6¢, which demonstrates that the shift
to modestly higher charge states between pH 7.2 and 7.0 is
concomitant with an overall compaction of the complex as
measured by a subtle decrease in the collision cross section.
This is an interesting result because higher charge states for
proteins are normally associated with more unfolded or
elongated structures, but in this case, the rotationally-averaged
size becomes more compact and results in higher charging. The
oligomer in the prevailing model for the structure of the PA
channel forms an approximately 100-A long p-barrel domain
[42, 64], and this extended domain appears to be able to
accommodate more charges (Figure 6 inset).

The gas-phase structures of the channel state of the
toxin complex are somewhat more compact than the
supercharged prechannel state complex (183 nm? versus
185 nm?, respectively), with marginally lower average
charge (50.5+ versus 50.8+, respectively). The ratio of
collision cross section/charge is the same for these two
forms of the complex (3.6 nm?/z), indicating that the
Coulombic repulsion should be essentially the same for
the channel state complex and the supercharged pre-
channel complex. However, the extensive dissociation
observed with supercharging of the prechannel complex
is not observed in any of the channel complex spectra
(Supplemental Figure 3). This demonstrates that dissoci-
ation of LFy from the supercharged prechannel toxin
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complex does not occur as a result of increased
Coulombic repulsion, but rather as a result of destabili-
zation that occurs prior to ion formation, similar to the
destabilization that occurs for concanavalin A dimers.

Chemical and/or Thermal Destabilization
in the ESI Droplet

All of the results of our studies aimed at elucidating the
origin of aqueous solution supercharging have supported the
hypothesis that the broad distribution of high charge ions
observed with “native” protein and complex supercharging
are caused by chemical and/or thermal denaturation of the
analyte in the ESI droplet as the reagent concentration
increases due to preferential evaporation of the solvent [19—
23]. The TWIMS-MS results presented here indicate that
chemical and/or thermal “destabilization” can occur without
an extensive unfolding process. This destabilization must be
sufficient for accommodation of additional charges, but may
not necessarily result in significant changes to the rotation-
ally averaged size of the ion after its formation.

The prechannel to channel transition for anthrax toxin
complexes occurs with a significant change in their solution-
phase structures [42, 64—66]. Nonetheless, only a modest
~1% decrease in the collision cross section (Figure 6¢) was
measured for the octamer channel compared with the
octamer prechannel. This illustrates that significant changes
in solution-phase structures do not always result in signif-
icant changes in the collision cross section. Similarly,
supercharged prechannel complexes have essentially un-
changed collision cross sections compared with native
prechannel complexes, but the extensive gas-phase dissoci-
ation of the former clearly indicates that m-NBA causes
destabilization of its native structure that is not related to an
increase in columbic repulsion after ion formation. Only the
highest charge concanavalin A tetramers had measurably
different collision cross sections (Figure 2), yet the dramatic
dissociation of the dimers in the ESI droplet (Figure 3)
clearly indicates that m-NBA is affecting the native dimer—
monomer equilibrium.

Native solution supercharging of proteins and protein
complexes has been used in a variety of studies, including
comparisons of collision cross sections, CAD fragmentation
pathways, and dissociation energies as a function of charge
state [30]; attempts to map the binding sites of a cofactor
[31] or ligands [32] utilizing top-down dissociation techni-
ques; and for small molecule screening [33]. In each of
these studies, the structures of the analytes formed by
supercharging were assumed to be the same as those
originating from buffered solutions without the supercharg-
ing reagent. The results described here show that this may
not always be the case, and that the potential for
destabilization or more significant denaturation and unfold-
ing of the analyte [19-23] should be considered when
supercharging reagents are used.

Conclusions

The results of these TWIMS-MS studies of supercharged
concanavalin A oligomers and anthrax toxin octamer
indicate that charge enhancement is the result of destabili-
zation of the native solution-phase structures that may or
may not be reflected as changes in the collision cross
sections of the gas-phase ions. Similar to what occurs with
monomeric proteins, this destabilization appears to happen
in the ESI droplet as water preferentially evaporates and the
droplet becomes enriched in the high-boiling point reagent,
which then acts as a chemical denaturant [19-23]. Conca-
navalin A oligomers are supercharged to a much greater
extent in water versus 200 and 600 mM ammonium acetate
solutions, concomitant with much more extensive solution-
phase dissociation of the dimer and denaturation of the
tetramer. Further elucidation of the role of salts in charging
[67] and supercharging is required, but these results indicate
that buffer or other salt concentrations should be minimized
when maximum charge through the use of supercharging
reagents is desired.

Despite the destabilization inherent to aqueous solution
supercharging, this technique has potential for the develop-
ment or improvement of ESI-MS applications that provide
information about the structures, structural transitions, and
dynamics of biomolecules, as well as their complexes in
solution [23, 32] and in the gas phase [31]. In applications in
which rapid unfolding and/or subunit dissociation is desired
but supercharging reagents are not sufficiently denaturing on
the timescale of ESI, it may be possible to use low
concentrations of some Hofmeister salts to partially destabi-
lize the equilibrium conformations prior to, and during, ESI
and/or to introduce acid vapors in the countercurrent drying
gas to lower the droplet pH during ESI, as demonstrated by
McLuckey and coworkers [68]. This latter technique also
works best in unbuffered solutions [68], so it should be
particularly effective when combined with native super-
charging from unbuffered solution.
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