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Abstract

Electrospray ionization mass spectrometry (ESI-MS) measurements were performed
under a variety of solution conditions on a highly acidic sub-fragment (B3C) of the
C-terminal carbohydrate-binding repeat region of Clostridium difficile toxin B, and two
mutants (B4A and B4B) containing fewer acidic residues. ESI-MS measurements performed
in negative ion mode on aqueous ammonium acetate solutions of B3C at low ionic strength
(1<80 mM) revealed evidence, based on the measured charge state distribution, of protein
unfolding. In contrast, no evidence of unfolding was detected from ESI-MS measurements
made in positive ion mode at low | or in either mode at higher I. The results of proton nuclear
magnetic resonance and circular dichroism spectroscopy measurements and gel filtration
chromatography performed on solutions of B3C under low and high | conditions suggest that
the protein exists predominantly in a folded state in neutral aqueous solutions with 1 >10 mM.
The results of ESI-MS measurements performed on B3C in a series of solutions with high I at
pH 5 to 9 rule out the possibility that the structural changes are related to ESI-induced
changes in pH. It is proposed that unfolding of B3C, observed in negative mode for solutions
with low I, occurs during the ESI process and arises due to Coulombic repulsion between the
negatively charged residues and liquid/droplet surface charge. ESI-MS measurements
performed in negative ion mode on B4A and B4B also reveal a shift to higher charge states at

low | but the magnitude of the changes are smaller than observed for B3C.



Introduction

Electrospray ionization mass spectrometry (ESI-MS) has become an important research tool
in the fields of structural and chemical biology [1-8]. It is used to probe the higher-order
structure and conformation of proteins and protein assemblies [4,6], to investigate protein
folding/unfolding pathways [9-11], to identify noncovalent protein interactions and to
quantify the corresponding kinetic and thermodynamic parameters [7,12-16]. The various
experimental strategies available to characterize the higher-order structures of proteins and
their complexes can be classified as either “direct” or “indirect” in their approach. Indirect
methods typically involve ESI-MS analysis of proteolytic peptides to investigate protein
conformation and interactions. For example, the extent of peptide backbone amide
hydrogen-deuterium exchange can be used to interrogate the structure and dynamics of
proteins and protein complexes [7,11,17]. Related and complementary approaches, based on
oxidative labeling [18-19] or chemical cross-linkers [20], are also employed to deduce
structural information [21]. Direct methods rely on the analysis of the intact protein or protein
complex in the gas phase by ESI-MS alone or in combination with other gas phase techniques.
Although the factors responsible for protein ionization in ESI are not fully understood, it is
generally agreed that the size of the protein (in particular the solvent accessible surface area)
is @ major determining factor [22-23]. Consequently, the measured charge state distribution
(CSD) can be used to establish the presence of folded and partially or fully denatured proteins
in solution and to monitor conformational changes in response to changes in solution
conditions [9,24-29]. Collision cross sections (CCS) of the gaseous ions of proteins and

protein complexes, as determined by ion mobility spectrometry, can also provide insight into



protein structure in solution [30-32].

That the ESI process itself does not significantly perturb protein structure represents an
important underlying assumption in the implementation of direct ESI-MS methods to
characterize the structure of proteins and protein complexes in solution or structural changes
resulting from changes to solution conditions. There exist abundant data to suggest that this is
generally true. For example, the detection of noncovalent protein interactions, e.g.,
protein-ligand and protein-protein complexes [1-7,13,15-16,33-35], by ESI-MS would not be
possible if proteins were to undergo significant structural changes during the ESI process. In
fact, there is growing evidence that the solution specific intermolecular interactions in protein
complexes are, to some extent, preserved in the gas phase [30,33-35]. The similarities found
between the CCS values measured for many gaseous protein ions and those estimated from
their crystal structures also argue against widespread protein structural changes during ESI
[30,36-37]. The general preservation of the native structure or close-to-native structure of
proteins and protein complexes in the gas phase can be rationalized based on the timescale of
the ESI process, which is typically in the us - ms range [38-40]. Consequently, only relatively
fast structural rearrangement processes will have a chance to occur during the life of the ESI
droplets [41-42].

While it is generally safe to conclude, based on the abundant data described above, that
protein structures and intermolecular interactions are not dramatically perturbed by the ESI
process, lately evidence has emerged to show that this is not true in all situations. McLuckey
and coworkers demonstrated that the charge states of gaseous protein ions formed by ESI

from aqueous solutions can be significantly increased by introducing acidic or basic vapour



into the ESI source [43-45]. These observations were attributed to pH-induced changes
resulting from the dissolution of the acidic or basic vapour into the ESI droplets. The addition
of low-volatility reagents, such as m-nitrobenzyl alcohol, dimethyl sulfoxide (DMSQO) and
sulfolane, to aqueous protein solutions has been shown in some cases to produce a significant
increase in the protein ion charge states, i.e., supercharging [41,46-48]. Williams and
coworkers have attributed the increased charging to the rapid increase in reagent
concentration in the ESI droplets due to solvent evaporation, which promotes thermal or
chemical denaturation of the protein [48]. The hypothesis that a rapid increase in reagent
concentration in the droplets promotes protein unfolding is supported by the results of a
recent study by Julian and coworkers on the unfolding of myoglobin in a non-denaturing
solution of water and DMSO resulting from partial lyophilization of the sample [26].
Recently, Williams and coworkers demonstrated the formation of highly charged protein ions
from aqueous ammonium bicarbonate solutions at neutral pH by ESI performed in positive
ion mode [49]. The enhanced charging, which was found to be sensitive to many factors
including the temperature of the entrance capillary of the mass spectrometer, the spray
potential and the ionic strength of the solution, was attributed to thermal denaturation of the
protein resulting from the rapid heating of the ESI droplets in the atmosphere-vacuum
interface [49]. Interestingly though, measurements performed on solutions containing
ammonium acetate (NH;OACc) yielded no evidence of protein unfolding.

Here, we report new evidence for protein unfolding induced by the electrospray
ionization process. A series of ESI-MS measurements were performed on a highly acidic

sub-fragment (B3C) of the C-terminal carbohydrate-binding repeat region of the large



exotoxin, toxin B (TcdB), produced by Clostridium difficile [50-51] and two mutants
engineered to replace negatively charged residues with Ala residues, under a variety of
solution conditions. The ESI-MS measurements performed on aqueous NH;OAc solutions at
low ionic strength (I <80 mM) revealed evidence, based on the measured charge state
distribution, of protein unfolding in negative ion mode, but not in positive ion mode. In
contrast, no evidence of unfolding was found from the ESI-MS measurements performed in
either mode at high 1. The results of proton nuclear magnetic resonance (NMR) and circular
dichroism (CD) spectroscopy measurements, as well as gel filtration chromatography (GFC),
performed on B3C under low and high | conditions indicate that the protein exists
predominantly in a folded state in neutral aqueous solutions and that the structure is not
strongly dependent on solution I. The results of control experiments confirmed that the
structural changes are not related to ESI-induced changes in solution pH. It is proposed that
the unfolding of B3C, which is observed in negative ion mode for solutions with low I,
occurs in the ESI droplets and is electrostatically-driven. ESI-MS measurements performed in
negative ion mode on mutants B4A and B4B, which contain fewer acidic residues than B3C,
also reveal a shift to higher (negative) charge states at low I. However, in both cases, the
magnitude of the change is smaller than observed for B3C.
Experimental section
Proteins

The TcdB-B3C fragment consists of an N-terminal Met residue, followed by six His
residues and 254 residues from the carboxy-terminus of the toxin TcdB from Clostridium

difficile strain 630 [52]. In addition to the seven non-natural residues added to the N-terminus,



two charged residues at positions 142 and 143 of B3C (Glu2246 and Lys2247 in wild-type
TcdB) were replaced with Ala as a part of an unrelated study attempting to improve the
crystallization properties of the protein sub-fragment. This sub-fragment from the
carboxy-terminal carbohydrate-binding repeat region of TcdB contains a large excess of
negatively charged residues (48 acidic Glu and Asp residues versus 13 basic Arg and Lys
residues), which is characteristic of the entire repeat region.

Two artificial gene variants were also synthesized (Genscript) and cloned into the
pGS-21a expression plasmid to produce two protein fragments with multiple negatively
charged residues replaced by the neutral residue Ala. In B4A, Ala replaces Asp at positions
222, 224 and 244, as well as replacing Glu at positions 225, 246 and 247. B4B is identical to
TcdB-B4A, except that Ala also replaces Asp at positions 109, 134 and 135, as well as
replacing Glu at positions 111 and 113. However, the two charged residues (Glu at position
142 and Lys at position 143) mentioned above have been retained in the mutants rather than
being replaced by Ala. As a result, B4A contains, in total, 43 acidic residues (5 fewer than
B3C) while B4B contains, in total, 38 acidic residues (10 fewer than B3C). The calculated
isoelectric points (pl) of B3C, B4A and B4B (http://web.expasy.org/protparam/) are 4.08,
4.21 and 4.32, respectively.

Each protein was expressed from a synthetic gene (Genscript) containing codons
optimized for high-level expression in Escherichia coli. The genes were expressed from the
T7 promoter in pGS-21a (Genscript) using E. coli C41 (DE3) as a host. Cells were grown in
LB autoinduction medium (Formedium) at 26 °C for 24 h before harvesting by centrifugation,

resuspension in (50 mM sodium phosphate, pH 8.0, 10 mM imidazole chloride, 300 mM
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sodium chloride, 50 g/L glycerol) and stored at -80°C. The proteins were purified as
previously described [52] with the addition of a final gel filtration chromatography (Sephacryl
S-300 HR) step using buffer B (25 mM Tris-Cl pH 7.5, 150 mM sodium chloride, 0.5 mM
EDTA, 5% (w/v) glycerol).

For the solution NMR measurements, B3C was dialyzed using Spectra/Por 4 (12-14 kDa
molecular weight cut-off (MWCO)) dialysis membrane (Spectrum) for 18 h against 9.8 mM
sodium/potassium phosphate buffer (pH 7.0) containing either 5 mM NaCl (low | sample) or
150 mM NacCl (high I sample). For the high | sample, 560 pL of protein solution was obtained
and 70 uL of phosphate-buffered saline (10 mM sodium phosphate, pH 7.2, 137 mM NacCl) and
50 uL of D,O were added to yield 680 uL of 0.3 mM B3C. For the low | sample, 50 uL of D,O
was added to 650 pL of protein solution to yield 700 uL of sample at 0.3 mM B3C. For the
CD measurements, a series of solutions of 15 uM B3C were prepared with varying
concentrations of sodium/potassium phosphate buffer to give I values of 20 mM, 60 mM and
105 mM. As a control, a 15 uM B3C solution containing 60 mM of sodium/potassium
phosphate buffer and 6 M guanidinium chloride was also prepared and used to obtain the CD
spectrum of unfolded (denatured) B3C. For the gel filtration chromatography, samples of
B3C (20 uM) were dialyzed for 16 hours against each of the solutions used for gel filtration
(10 mM sodium/potassium phosphate (pH 7.0) and containing 5 or 150 mM NaCl)
immediately prior to injection on the column. For the ESI-MS experiments, B3C, B4A and
B4B were each concentrated and exchanged with aqueous 50 mM ammonium acetate (pH 7)
using ultracentrifugation microconcentrators (Millipore Corp., Bedford, MA) with a 10 kDa

MWCO and stored at —20 °C if not used immediately. For all ESI-MS measurements, the



protein concentration was fixed at 15 uM. Ammonium acetate was added to the samples to
yield different final concentrations ranging from 10 mM to 200 mM. The corresponding |
values are similar in magnitude, ranging from 9.6 mM to 198.1 mM. For simplicity, the
solution | values reported for the ESI-MS measurements are taken to be equal to ammonium
acetate concentrations. Acetic acid was added for low pH solutions and ammonium hydroxide
was added for high pH solutions.

Mass spectrometry measurements

In all cases, ESI was performed using nanoESI tips pulled from borosilicate glass capillaries
(2.0 mm o.d., 0.78 mm i.d.) using a P-97 micropipette puller (Sutter Instruments, Novato,
CA). ESI-MS measurements were performed on a Synapt G2 quadrupole-ion mobility
separation-time-of-flight (Q-IMS-TOF) mass spectrometer (Waters UK Ltd., Manchester, UK)
and an Apexll 9.4 tesla Fourier transform ion cyclotron resonance (FTICR) mass
spectrometer (Bruker, Billerica, MA).

ApexIl 9.4T FTICR mass spectrometer. Details of the standard instrumental and experimental
conditions used for ESI-MS analysis of proteins with this instrument are described elsewhere
[16].

Synapt G2 Q-IMS-TOF mass spectrometer. Mass spectra were obtained in either positive or
negative ion modes using cesium iodide (concentration 30 ng pL™) for calibration. Given
below are some of the instrumental conditions used to carry out the measurements in positive
ion mode. A capillary voltage of 1.4 kV under positive mode was applied to carry out
nanoESI. A cone voltage of 40 V was used and the source block temperature was maintained

at 70 °C. Other important voltages for ion transmission, that is the injection voltages into the



trap and transfer ion guides, were maintained at 10 V and 5 V, respectively. Argon was used
in the trap and transfer ion guides at a pressure of 2.22 x 10 mbar and 3.36 x 10 mbar,
respectively. Data acquisition and processing were carried out using MassLynx (v 4.1).
Average Charge State Calculation

The average charge state (ACS) of the protein ions was calculated from the ESI mass

spectrum using eq 1:

>1n
ACS= 1 )

2

n

where I, is the protein ion intensity (measured as peak height) and n is the charge state.

NMR measurements

1D *H NMR spectra were recorded at 21 °C on a Varian VNMRS 700 MHz spectrometer
equipped with a 5mm *H{**C/**N} z-gradient cryogenic probe. A total of 1024 transients,
consisting of 19685 complex points spanning a spectral width of 9842 Hz, were collected.
The data were zero-filled to 32768 complex points and multiplied by an exponential
apodization function with broadening constant of 1 Hz before Fourier transformation. The H,O
signal was suppressed using WATERGATE [53].

Circular dichroism measurements

Circular dichroism (CD) spectra were recorded at 20.8 °C on an OLIS DSM CARY-17
spectrophotometer conversion and circular dichroism module (On-line Instrument Systems
Inc.) using a 0.2 mm path length quartz cuvette. Data were collected in scanning mode from
300 nm to 190 nm and the average value of 5 repetitions was reported. Data were analyzed
with OLIS Spectral Works (\Version 4.3), converting into molar ellipticity units. For each
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buffer condition, the spectrum of the CD buffer alone was subtracted from the spectrum of
the sample containing protein.

Gel filtration

Gel filtration chromatography (GFC) was performed using a Superose 6 Tricorn Column (GE
Healthcare, 10 mm ID X 300 mm, 24 mL bed volume) equilibrated in 10 mM
sodium/potassium phosphate (pH 7.0) and containing 5 or 150 mM NaCl. The running
buffer was degassed under vacuum immediately before connecting to the chromatographic
system and the column was run under a constant flow rate of 0.4 mL/min (~200 psi total
system pressure) using a Shimadzu Prominence HPLC system with LC-20AD pumps and a
SPD-20AV detector measuring absorbance at 280 nm. Samples of B3C (20 uM, 20 pL) were
loaded onto the column using a manual injector (Rheodyne). Elution volumes and peak areas
were evaluated using CLASS-VP (Shimadzu) software.

Results and Discussion

ESI mass spectra were measured in both positive and negative ion mode for aqueous
solutions of B3C (15 uM) and NH;OAc at concentrations ranging from 10 mM to 200 mM
(pH 7). Shown in Figure 1 are representative mass spectra acquired in both modes for
solutions containing 10 mM, 80 mM and 200 mM NH4OAc. In all cases, the major protein
ions detected correspond to multiply protonated or deprotonated B3C, i.e., (B3C+nH)"" =P
(positive ion mode), (B3C-nH)" = P" (negative ion mode). Notably, the CSD observed in
positive ion mode is found to be relatively insensitive to the concentration of NH,OAc, with
n ranging from +9 to +11 and an ACSof +10.0 £ 0.1 (Figure 2). At NH,OAc concentrations

above ~80 mM, the CSD measured in negative ion mode is similar (in terms of the number of
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charges) to that observed in positive ion mode, with an ACS of -10.2 £ 0.1 (Figures 1c and 1d;
Figure 2). However, lower NH4OAc concentrations produce P™ ions with a much broader
CSD. For example at 10 mM NH4OAc, the P™ ions charge states range from -10 to -23; with
a corresponding ACS of -16.6. The aforementioned results were acquired using the Waters
Synapt G2 Q-IMS-TOF mass spectrometer. However, the present findings are independent of
the instrumentation used to collect the ESI mass spectra, with similar results obtained using a
9.4T FTICR instrument (Figure S1, Supplementary Information).

The narrow CSD observed in both modes for the solutions at higher | suggest that B3C
exists in a compact, folded form in neutral aqueous solution. However, the broadening of the
CSD and shift to higher charge states observed in negative ion mode for the solutions at low |
(< 80 mM) suggests that B3C is at least partially unfolded under these conditions. The
observation of protein unfolding at low buffer concentrations (i.e., low 1) is not, in itself,
remarkable. However, it is intriguing that the ESI mass spectra acquired for the same solution,
but in positive ion mode, show no evidence (based on the measured CSD) of protein
unfolding. There are a number of possible explanations for these seemingly contradictory
observations. It is possible that both folded and unfolded B3C co-exist in solution (at least at
low I) and that, because of differences in relative response factors [54], ions corresponding to
the unfolded protein are more abundant than those of the folded structure in negative ion
mode than in positive ion mode. It also conceivable that, as reported by Kaltashov and
coworkers [29], asymmetric dissociation of protein aggregates in the gas-phase alters the
charge state distribution of protein ions, giving the appearance of protein unfolding in
solution [55]. However, given that gentle sampling conditions (suitable for detecting
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protein-ligand complexes) were employed, this explanation seems unlikely. It is also possible
that unfolding occurs selectively in negative ion mode in response to an increase in the local
pH of the solution at the end of the ESI tip due to electrochemical reduction of the solvent
[56-57]. An alternative possibility is that the ESI process itself induces protein unfolding in
the droplets, at least in negative ion mode. While it is difficult to devise experiments to
directly probe protein structure or changes in structure in the droplets produced by nanoESI,
it is, in principle, possible to establish the presence of different forms of B3C in bulk solution
or structural changes resulting from changes in solution composition (e.g. I, pH).

Several lines of investigation were undertaken to establish whether B3C exists, at least in
part, in an unfolded form in neutral aqueous solution at low I. One-dimensional (1D) *H
NMR analysis was used to analyze the structure of B3C in neutral aqueous solution with low
(20 mM) and high I (190 mM). The physical basis of the relationships between 1D NMR
observables, such as chemical shift dispersion and line-width, and protein tertiary and
quaternary structure are well understood [58] and are commonly used to distinguish globular
(folded) proteins from partly or completely denatured proteins, natively unfolded proteins,
and other intermediate folding states [59-62]. As seen in Figure 3a, the primary characteristic
indicating globular folding for B3C is the high level of 'H chemical shift dispersion
throughout the entire spectrum, including the regions corresponding to methyl protons (—1 to
1.5 ppm), a-protons (3.5—6 ppm) and amide protons (6—10 ppm). The chemical shift
dispersion in these areas results from the variety of local microenvironments created by the
three-dimensional protein structure, over and above what is expected from residual structure

present in unfolded polypeptide chains [63-66]. That the NMR spectra are similar under both
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high and low | conditions suggests that the structure of B3C is not strongly influenced by |
and that it exists predominantly in a globular form. However, due to sensitivity and signal
overlap considerations, it is not possible to rule out the presence of a small fraction of
unfolded protein.

The influence of I on the structure of B3C was also investigated by CD spectroscopy.
Spectra were recorded for B3C solutions with | ranging from 20 mM to 105 mM (Figure 3b).
Although the spectra do exhibit subtle differences over this range of I, the results are not
consistent with a significant change in secondary structure. Furthermore, upon addition of 6
M guanidium chloride, a strong denaturant, a dramatic change in the CD spectrum is evident,
consistent with the loss of ordered structure and suggesting that the majority of protein in
solution is folded.

To quantitatively probe for a population of unfolded protein in solution, GFC was
performed on B3C solutions with both high (190 mM) and low | (20 mM). Under both
conditions B3C elutes almost completely in a single Gaussian-shaped peak (Figure 4). The
elution volume was earlier than expected for a protein of this size, and this effect was
magnified at low I. This effect has previously been observed in polymers bearing the same
net charge as the matrix. Electrostatic repulsion between the polymer and the matrix leads to
an ionic exclusion effect that reduces the effective volume available to the charged polymer,
thus decreasing elution volumes relative to uncharged polymers of the same size [67].
Despite this effect, the elution volume of B3C under conditions of low or high I is roughly
double that of the void volume, where aggregated protein with non-native three-dimensional
structure is expected. Also, the lack of other significant peaks in the chromatogram strongly
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indicates that unfolded forms of B3C are not present in significant amounts. Assuming that
the void volume peak, which is the only significant additional peak present in the elution
profile, contains unfolded protein, the total fraction of unfolded protein in the sample at either
low I or high I is estimated to be <0.1%.

Taken together, the results of the NMR and CD spectroscopy and GFC measurements
suggest that B3C exists predominantly in a folded state in neutral aqueous solutions with |
values of 20 to 190 mM. It follows then, that the differences in CSD observed for B3C in
negative ion mode ESI-MS under low and high | conditions do not reflect protein structural
changes in bulk solution.

If the differences in CSD observed in positive and negative ion mode for the solutions
with low I do not reflect the presence of both folded and unfolded B3C in bulk solution (and
differences in relative response factors), then the differences must be due to the ESI process
itself. To establish whether the unfolding of B3C occurs selectively in negative ion mode (for
solutions with low I) due to an electrochemically-induced increase in the local pH at the end
of the ESI tip, ESI-MS measurements were performed on aqueous solutions of B3C with high
I (200 mM) at pH values ranging from 5 to 9 in both positive and negative ion modes (Figure
5). Although there are subtle differences in the appearance of the mass spectra measured for
the solutions at different pH values, in particular the extent of adduct formation observed in
negative ion mode, the CSD of the B3C ions exhibits no significant dependence on the
solution pH in either mode. These results conclusively rule out the possibility that changes in
pH are responsible for the differences in CSD observed in negative ion mode for solutions of

B3C at low and high 1.
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If pH changes are not responsible for the difference in the CSD measured for B3C in at
low and high I in negative ion mode then one is forced to consider the possibility that
unfolding occurs selectively during the ESI process carried out in negative ion mode, albeit
only for solutions at low I. But what is the driving force for unfolding? B3C is an unusually
acidic protein and is expected to have high surface activity owing to the large excess of
negative charge present at neutral pH. Consequently, it is conceivable that Coulombic
repulsion between the negatively charged residues and the ESI droplet surface charge induces
unfolding. That unfolding is not observed in negative ion mode for solutions with higher 1
can be attributed to the effective shielding of the negative charges by the buffer ions. It has
been shown in a number of studies that proteins in aqueous solution can be denatured by
relatively high electric fields [68-70]. Therefore, it is also possible that unfolding occurs at
the ESI tip prior to droplet formation.

To test the hypothesis that B3C undergoes charge-induced unfolding in negative ion
mode, ESI-MS measurements were performed on neutral aqueous solutions of two mutant
proteins, B4A and B4B, which have fewer (5 and 10, respectively) acidic residues than B3C,
and NH,OAc concentrations ranging from 10 to 200 mM. Illustrative mass spectra acquired
in both modes for solutions containing 15 uM mutant protein and NH,OAc at three different
concentrations are shown for B4A and B4B in Figure S2 and S3, respectively. The
corresponding plots of ACS versus | are shown in Figure 6. It can be seen that for both
mutants the mass spectra acquired for solutions with low and high | are qualitatively similar
to those measured for B3C (Figure 1). For solutions with high I, the ACS measured for B4A
and B4B in positive and negative ion modes (10.6 + 0.1 and -10.6 = 0.1, and 10.6 £ 0.1 and
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-10.3 £ 0.3, respectively) are similar to the results obtained for B3C. For the solutions at low
| (10 mM) there is no evidence of unfolding in positive ion mode. In contrast, in negative ion
mode the ACS increases significantly, to -14.0 for B4A and -12.7 for B4B, which is consistent
with unfolding. However, the absolute ACS values determined under these conditions are
noticeably smaller than those measured for B3C. Furthermore, inspection of the plot of ACS
versus | reveals that the onset of unfolding for the two mutants occurs at lower NH;OAC
concentrations than found for B3C. For B4A, the ACS values start to increase (become more
negative) at concentrations <60 mM, while for B4B the change occurs at concentrations <40
mM. These differences are more clearly seen in the mass spectra measured for B3C, B4A and
B4B at NH,OAc concentrations of 20 mM, 40 mM and 60 mM (Figures S4, S5 and S6). That
the increase in ACS in negative ion mode occurs at lower I is consistent with the reduction in
the electrostatic repulsion (the putative driving force for protein unfolding) between the
mutant proteins, which contain fewer acidic residues, and the droplet surface charge.
Conclusions

The results of the present study provide evidence for the occurrence of rapid,
electrostatic-induced unfolding of acidic proteins in negatively charged ESI droplets. The
extent of unfolding of the recombinant fragments B3C, B4A and B4B of TcdB in negative ion
mode ESI-MS, which was monitored by changes in the CSD and the ACS, was found to be
sensitive to the concentration of the solution “buffer”, NH;OAc. For neutral solutions of B3C
at high I, >80 mM, the mass spectra exhibit a relatively narrow CSD and constant ACS,
consistent with the protein having a compact structure. However, for solutions at lower I, the

proteins exhibit a much broader CSD and a substantially larger (absolute) ACS, consistent
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with unfolding of the protein. In contrast, the CSD and ACS measured in positive ion mode
are essentially independent of | (over the range investigated) and consistent with a folded
protein. The results of *H NMR and CD spectroscopy and GFC measurements performed on
solutions of B3C under low and high I conditions also suggest that the protein exists
predominantly in a folded state in neutral aqueous solutions with | >10 mM. The results of
ESI-MS measurements performed on a series of solutions of B3C with high I at pH 5 to 9
ruled out the possibility that the structural changes are related to ESI-induced changes in
solution pH. Instead, it is proposed that the unfolding of B3C, observed in negative mode for
solutions with low I, occurs in the ESI droplets and arises due to Coulombic repulsion
between the negatively charged residues of the protein and droplet surface charge. The results
of ESI-MS measurements performed on the mutants B4A and B4B, which contain fewer
acidic residues than B3C, also reveal a shift to higher absolute ACS at low I. However, in
both cases the magnitude of the change is smaller than observed for B3C, consistent with the
proposed electrostatic-induced unfolding mechanism.
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Figure captions

Figure 1

Figure 2

Figure 3

Figure 4

ESI mass spectra acquired in positive ion mode for aqueous solutions of
TcdB-B3C (P, 15 uM) and ammonium acetate (a) 10 mM, (c) 80 mM and (e)
200 mM. ESI mass spectra acquired in negative ion mode for aqueous solutions
of TcdB-B3C (P, 15 uM) and ammonium acetate (b) 10 mM, (d) 80 mM and (f)

200 mM

Plot of average charge state (ACS) versus ionic strength (1) measured from ESI
mass spectra acquired in positive (m) and negative (®) ion modes for aqueous
ammonium acetate solutions (pH 7) of TcdB-B3C (15 uM)

(a) 1D 'H NMR spectra for neutral aqueous solutions of TcdB-B3C. The
spectrum shown in black was measured with 0.3 mM B3C in phosphate buffer
(pH 7.0) with 150 mM NacCl. The spectrum shown in red was measured with 0.3
mM B3C in phosphate buffer (pH 7.0) with 5 mM NaCl. The spectra were
recorded at 21 °C, with 1024 scans and with WATERGATE water suppression
[53], on a Varian VNMRS 700 MHz spectrometer equipped with a 5mm
'H{**C/**N} z-gradient cryogenic probe. The sharp lines between 3.2 and 3.6
ppm derive from the concentrator membrane. (b) CD spectra of aqueous
solutions of TcdB-B3C with phosphate buffer at different ionic strengths: 20
mM, m; 60 mM, e; 105 mM, A; and with the addition of 6 M guanidinium
chloride,

Chromatograms of B3C (12 pg) eluted from Superose 6 10/300 gel filtration

column equilibrated with 10 mM sodium/potassium phosphate (pH 7.0) and (a)
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Figure 5

Figure 6

5 mM sodium chloride or (b) 150 mM sodium chloride. The inset in panel (a)
shows a magnified view of the void volume peak.

ESI mass spectra acquired in positive ion mode for aqueous solutions of
TcdB-B3C (P, 15 uM) and ammonium acetate (200 mM) at pH (a) 9.0, (b) 8.0,
(c) 7.0, (d) 6.0 and (e) 5.0. ESI mass spectra acquired in negative ion mode for
aqueous solutions of TcdB-B3C (P, 15 uM) and ammonium acetate (200 mM) at
pH (f) 9.0, (9) 8.0, (h) 7.0, (i) 6.0 and (j) 5.0.

Plots of average charge state (ACS) versus ionic strength (I) measured from ESI
mass spectra acquired in positive (m) and negative (e) ion mode for aqueous
ammonium acetate solutions (pH 7) of two mutants (a) TcdB-B4A (10 uM) and
(b) TcdB-B4B (10 uM). The ESI-MS measurements were carried out using

identical instrumental/experimental conditions as those used for TcdB-B3C.
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Figure S1: ESI mass spectra acquired in positive mode for aqueous solutions of TcdB-B3C (P,
15 uM) and ammonium acetate (a) 10 mM; average charge state (ACS) +9.58, (c) 80 mM,;
ACS +9.81 and (e) 200 mM; ACS of +9.91. ESI mass spectra acquired in negative mode for
aqueous solutions of TcdB-B3C (P, 15 uM) and ammonium acetate (b) 10 mM; ACS -15.11,
(d) 80 mM; ACS -9.93 and (f) 200 mM; ACS -10.01. All measurements carried out using a

Bruker Apex 11 9.4T FTICR MS.
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Figure S2: ESI mass spectra acquired for aqueous solutions of TcdB-B4A (P, 15 uM) with 10
mM ammonium acetate in (a) positive mode and (b) negative mode; 60 mM ammonium
acetate in (c) positive mode and (d) negative mode; 200 mM ammonium acetate in (e)
positive mode and (f) negative mode.
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Figure S3: ESI mass spectra acquired for aqueous solutions of TcdB-B4B (P, 15 uM) with 10
mM ammonium acetate in (a) positive mode and (b) negative mode; 40 mM ammonium
acetate in (c) positive mode and (d) negative mode; 200 mM ammonium acetate in (e)

positive mode and (f) negative mode.
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Figure S4: ESI mass spectra acquired for aqueous solutions of TcdB-B3C (P, 15 uM) with (a)
20 mM ammonium acetate; (b) 40 mM ammonium acetate and (c) 60 mM ammonium

acetate.
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Figure S5: ESI mass spectra acquired for aqueous solutions of TcdB-B4A (P, 15 uM) with (a)
20 mM ammonium acetate; (b) 40 mM ammonium acetate and (c) 60 mM ammonium acetate

in negative ion mode.
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Figure S6: ESI mass spectra acquired for aqueous solutions of TcdB-B4B (P, 15 uM) with (a)
20 mM ammonium acetate; (b) 40 mM ammonium acetate and (c) 60 mM ammonium acetate

in negative ion mode.
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