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Electrospray ion sources efficiently produce gas-phase
ions from proteins and their noncovalent complexes.
Charge-state distributions of these ions are increasingly
used to gauge their conformations in the solution phase.
Here we investigate how this correlation is affected by the
spraying conditions at the early stage of droplet genera-
tion, prior to the ionization process. We followed the
folding behavior of model proteins cytochrome ¢ and
ubiquitin and the dissociation of the noncovalent ho-
lomyoglobin complex. Spray current measurements, fast
Taylor cone imaging, and mass analysis of the generated
ions indicated that the protein structure experienced
conformational or complexation changes upon variations
in the spraying mode of the electrospray ionization source.
These effects resulted in a departure from the original
secondary, tertiary, and quaternary structure of proteins,
possibly introducing artifacts in related studies. Therefore,
if a particular gas-phase ion conformation is required or
correlations with the liquid-phase conformations are
studied, it is advantageous to maintain a particular
spraying mode. Alternatively, spraying mode-induced
changes can be utilized to alter the structure of proteins
in, for example, time-resolved experiments for the study
of protein folding dynamics.

For an increasing number of biomolecules, electrospray ioniza-
tion (ESI) is used for both the determination of their gas-phase
ion structure!=® and by inference their folding and complexation
in the solution phase.®~® In many investigations, ESI is believed
to preserve the solution-phase protein structure and the composi-
tion of noncovalent complexes.?!1 The three most relevant ESI-
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based methodologies, charge-state distribution (CSD) analysis,
amide hydrogen/deuterium-exchange experiments, and ion mobil-
ity studies, have provided a wealth of information on structural,
dynamic, and conformational properties of proteins.”812-16 For
example, ESI mass spectrometry (MS) probes the coexisting
conformations of solution-phase proteins with high mass accuracy,
superior sensitivity, and rapid detection. These unique features
have enabled ESI-MS to complement conventional analytical and
biophysical techniques, such as nuclear magnetic resonance
(NMR), circular dichroism, Fourier transform infrared spectros-
copy, tryptophan fluorescence, and scattering methods, used in
protein research.

In these techniques, ESI transfers the solution-phase proteins
as multiply charged quasi-molecular ions into the gas phase.
Proteins electrosprayed from native-like conformations in solution
retain their structures and yield narrow CSDs centered at higher
m/z values, whereas those ionized under denaturing solution
conditions give a wider charge-state envelope at higher ionic states
(i.e., lower m/z) 17-19 These observations have been explained by
the modified accessibility of ionizable basic sites, changes in their
specific pK, values, and increase in the overall surface area of
the protein.’-2 Recent studies have also shown a nearly linear
correlation between the surface area and the number of charges
accommodated by the macromolecule,? for a wide rage of
protein sizes (kDa to MDa).?
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Based on the evidence accumulated in the literature, charge-
state patterns are commonly accepted to be correlated with the
higher-order structure of proteins.?62” Comparative studies on the
dynamics of protein folding by ESI-MS and optical spectroscopic
methods have revealed that the CSD is primarily sensitive to
changes in the tertiary structure of the protein, whereas changes
in the secondary structure have minor effects.22° This correlation,
however, is not necessarily valid in all cases.**~32 The CSD strongly
depends on the intrinsic properties of the protein such as its
sequence, conformation,2$3 and gas-phase chemistry.?*=%6 In
addition, various experimental conditions may also play a decisive
role in the higher-order structure, including analyte concentra-
tion,%” pH,"2829 and composition!”1927.3839 of the solvent, tem-
perature,?239-41 redox reagents,?242 masking effects,* droplet
evaporation rate,2! emitter geometry,# and instrumental set-
tings.4546 It is crucial to control and evaluate the effects of these
parameters as they can induce a departure from the solution-phase
structure.

Various studies have demonstrated that the understanding of
ESI fundamentals is of primary importance. For example, the
electrochemical reactions inherent to the nature of electrostatic
spraying*” have been found to alter the composition or the pH of
the solution.*-5! As a result, proteins, sensitive to changes in the
experimental conditions, can denature.” A similar effect can be
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expected to occur due to acidification,”®* solvent fractionation,”
and solute concentration increase® of evaporating droplets moving
downstream. A recent study has also called attention to the
fragmentation of large macromolecular complexes resulting when
the electrosprayed droplet is too small to enclose the analyte.>”
This effect becomes even more important with the increasing use
of nanoflow electrosprays that are thought to generate 10—100
times smaller droplets than regular electrosprays.”®

Electrostatic spraying is known to exhibit a variety of spraying
regimes. These spraying modes were classified based on the fluid
dynamic behavior of the liquid meniscus (dripping, burst, pulsat-
ing, astable, and cone-jet regimes)®~6! and the temporal variation
of the spray current (axial modes I, II, and III).5* A direct link
was established between the two taxonomies® that showed the
equivalence of the burst and axial I mode, the pulsating and axial
II regime, and the cone-jet and axial III mode.>*6264 It was demon-
strated that the various spraying modes generated droplets of
differing sizes*®606 and yielded diverse ionization efficiencies.5>66

We have recently reported on how the transition between the
pulsating and cone-jet modes affects the nature and composition
of produced ions.® In this contribution, we explore how changes
in the operating mode of the ESI source affect the ionization,
charge-state distributions, and complexation of model proteins.
These correlations are probed by a combination of spray current
measurements, fast Taylor cone imaging, and mass analysis of
the produced ions.

EXPERIMENTAL SECTION
The experimental setup, shown in Figure 1, was described in

full detail elsewhere.® Briefly, a home-built electrospray source
equipped with a low-noise syringe pump (Physio 22, Harvard
Apparatus, Holliston, MA) was used to spray various solutions
through stainless steel emitters with 130-um-i.d. and 260-um-o.d.
blunt tip (90531, Hamilton Co., Reno, NV) or with 100-um-i.d. and
320-um-o.d. tapered tip (TaperTip, New Objective, Woburn, MA).
Stable high voltage was generated by a regulated power supply
(PS350, Stanford Research Systems, Inc., Sunnyvale, CA) and was
directly applied to the emitter. All metal parts of the liquid supply
system were floated to avoid an external loop in the ESI circuit.>
This assured that the observed effects were directly related to
the transitions in the spraying modes.

The electrohydrodynamic behavior of the Taylor cone was
imaged by a fast camera (QICAM, QImaging, Burnaby, BC,
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Figure 1. Schematics of experimental setup for electrohydrody-
namic and chemical characterization of electrosprays: emitter (E),
syringe pump (SP), high voltage power supply (HV), nitrogen laser
(L-N2), mirror (M), focusing lens (FL), cuvette (CV), CCD camera
(CCD) with long-distance microscope (LDM), personal computer (PC-
1), counter electrode (CE), digital oscilloscope (OSC) with personal
computer (PC-2), and mass spectrometer (MS) with personal com-
puter (PC-3).

Canada) equipped with a long-distance microscope (KC, Infinity
Photo-Optical Co., Boulder, CO). The liquid meniscus was
stroboscopically back-illuminated with a pulsed light source. The
illumination was achieved by utilizing the fluorescent emission
from a laser dye solution (Coumarin 540A, Exciton, Dayton, OH)
upon excitation with a 337.1-nm nitrogen laser (VSL-337, Newport
Corp., Irvine, CA). A flat polished stainless steel plate (38.1 mm
x 38.1 mm x 0.6 mm) was placed perpendicularly to the axis of
the emitter at a distance of 10 mm from its tip. The spray current
was measured on this counter electrode with a 500-MHz digital
oscilloscope (WaveSurfer 452, LeCroy, Chestnut Ridge, NY) at a
25-kHz sampling rate. The counter electrode had a 6.0-mm-
diameter circular opening in the center and was positioned in line
with the center of the mass spectrometer inlet orifice by using
an x—y—2z mechanical translation stage (F38182 and NT37-979,
Edmund Industrial Optics, Barrington, NJ). This arrangement
allowed us to simultaneously analyze the spray current on the
counter electrode and determine the nature and yield of the pro-
duced gas-phase ions by a mass spectrometer (JMST100LC
AccuTOF mass spectrometer, JEOL Ltd., Peabody, MA). The
orifice of the sampling cone was on axis with the electrospray
emitter at a 12-mm distance from its tip. The ion-transfer optics
of the mass spectrometer was adjusted for optimum signal inten-
sity and resolution for each chemical species. Mass analysis was
performed in positive ion mode for the #/z range of 100—4000.
Each mass spectrum was acquired with an integration time of 2
s and averaged over 30 s. Data acquisition and processing was
performed with the MassCenter software (Version 1.3.0, JEOL
Ltd.).

Special care was taken to shield the spray assembly using a
Faraday cage and a plastic enclosure to minimize the interferences
by external electromagnetic fields and air currents, respectively.
The electrospray system was allowed to stabilize every time
(typically for 1 min) after adjusting the spray conditions (e.g., high
voltage) to ensure that the proteins adopted a stable conformation
before mass spectra were acquired. For example, refolding of
denatured cytochrome ¢ requires less than 10 s.5 The electro-
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sprayed protein solutions were kept at room temperature prior
to analysis. To avoid changing the ionization and ion transmission
conditions, the potentials on the ion optics and the temperature
of the sampling cone were kept constant during experiments.

Chemicals. Ultrapure water (18.3 MQ x cm) was produced
using a deionization system (E-pure D4631, Barnstead, Dubuque,
IA). Bovine heart cytochrome ¢, ubiquitin from bovine erythro-
cytes and myoglobin from equine heart were purchased from
Sigma-Aldrich and were used as received to prepare 100 uM
protein stock solutions with deionized water. The protein solutions
were then diluted to a 10 M final concentration with aqueous
methanol (HPLC grade, Sigma-Aldrich) solvents also containing
1.5 mM sodium acetate (S209-500, Fischer Scientific) or glacial
acetic acid (TraceSelect grade, Sigma-Aldrich) to obtain pH 3.75
+ 0.01. The pH values of the solvents were determined with a
glass combination electrode (S90528, Fischer Scientific).

RESULTS AND DISCUSSION
Depending on the experimental conditions (flow rate, spray

voltage, solution conductivity, emitter geometry, etc.), electrostatic
spraying can operate in a variety of spraying modes. In principle,
it is possible to select a spraying mode by adjusting any of these
variables. In practice, however, the spray voltage and the flow
rate are the most easy to adjust. In the experiments reported here,
only the spray voltage was varied to establish a given spraying
mode.

The axial spraying regimes can be distinguished by monitoring
the spray current on a counter electrode and by capturing the
shape changes of the meniscus. This is shown in Figure 2 for a
10 uM cytochrome c¢ solution prepared with 50% (v/v) ethanol
that was acidified with acetic acid to pH 3.75. At 2500 V spray
voltage and 1.0 uL/min flow rate, the spray showed astable
behavior;! i.e., the pulsating and the conejet modes alternated
in time. Figure 2A shows the cone-jet to pulsating mode transition
in the current measurement. In the cone-jet mode, the spray
current had no appreciable ac component; only low-amplitude ~2-
Hz electronic noise from the mass spectrometer was superim-
posed on the signal. The imaging experiments confirmed the
formation of a steady-state Taylor cone, shown in Figure 2B. As
the spray switched to the pulsating mode, the dc component of
the spray current decreased by ~50 nA, and an ac component of
2.4 kHz frequency emerged. The pulsating meniscus exhibited
jet ejection with characteristic kink-type instabilities (see in Figure
2B), followed by the production of larger primary droplets
stemming from the relaxing liquid spindle.t®

Of the various axial spraying regimes, the pulsating and cone-
jet modes are the most suitable for the production of gas-phase
ions.%6 To examine whether the spraying mode influenced the
folding of the produced protein ions, we studied the CSDs of
cytochrome ¢, ubiquitin, and myoglobin. These proteins were
electrosprayed as 10 uM aqueous solutions prepared with 30—
70% (v/v) methanol or ethanol at 10% alcohol increments. The
pH values of the solutions were adjusted to 3.75 with acetic acid.
The produced ions were mass analyzed while the spray voltage
was gradually increased from the onset of the pulsating mode
through the transition to the cone-jet mode up to its stability limit.
For each solution composition and emitter voltage, the CSDs of
the proteins were normalized for the same total area to yield the
extracted mass spectra. This allowed us to deconvolute the CSDs
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Figure 2. (A) Switching of spraying mode in astable regime reflected
by spray current measurement for 10 «M cytochrome c solution (50%
ethanol, pH 3.75) sprayed at constant voltage (2500 V) and flow rate
(1.0 uL/min). The cone-jet and pulsating modes were alternating in
time at random. The cone-jet mode showed a spray current with high
dc component (95 nA) and no appreciable ac component, whereas
the pulsating regime exhibited a spray current with a lower dc
component (42 nA) and an ac component with a pulsation frequency
of 2.4 kHz. The established spraying mode was also confirmed by
visualizing the electrohydrodynamic behavior of the meniscus. Images
B and C show the Taylor cones typically observed in the cone-jet
and pulsating modes, respectively.

by constrained fitting of the mass spectra with multiple Gaussians
and to directly compare the CSDs acquired under different experi-
mental conditions (spray voltage and regime). Unless otherwise
mentioned, abundances for each protein conformer were repre-
sented by the area of the corresponding Gaussian curve.

Two-State Protein: Cytochrome ¢. The unfolding transition
of cytochrome ¢ is known to be highly cooperative between only
two states: native and unfolded.233868 Similar to previous observa-
tions,™ with increasing methanol or ethanol concentrations, the
charge-state envelope of the cytochrome ¢ underwent a dramatic
change (data not shown). At low organic content, a single CSD
was formed with a maximum at Cyt** corresponding to the native
(N) conformation of the protein. Under slightly denaturing
conditions (~50% alcohol), a second distribution emerged with a
center, v, at 13+ that had been attributed to the unfolded state
(U) of the cytochrome ¢. Above ~60% (v/v) ethanol concentration,
only the unfolded conformer was present.

A systematic comparison of the mass spectra acquired in
pulsating and cone-jet modes revealed dramatic differences in the
ionization efficiencies and in the appearance of the CSD envelopes.
This effect was the most pronounced when both the folded and
the unfolded states were populated. Shown in Figure 3 is the total
ion chromatogram and the selected ion signal of the Cyt!** species

(68) Creighton, T. E. Biochem. J. 1990, 270, 1—16.
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Figure 3. (A) Total ion current (TIC) and mass-selected ion
chromatogram (100 times amplified) for charge state 13+ of cyto-
chrome c at constant spray voltage and flow rate (50% ethanol, pH
3.75, other experimental conditions described in caption of Figure
2). Vertical dashed lines indicate the switching points between
pulsating and cone-jet spraying modes alternating in time. Mass
spectra averaged over (B) the pulsating, and (C) the cone-jet mode
show an order of magnitude higher protein ion current in the cone-
jet mode. Switching to cone-jet mode gave rise to a shift in the CSD
with a maximum at 13+ (9+ diminished) that indicated the unfolding
of the protein.

acquired under astable spraying mode conditions (50% ethanol
and pH 3.75 at constant high voltage and flow rate).®! Upon a spray
mode change from the pulsating to the cone-jet regime, at least 1
order of magnitude enhancement was detected in the macromol-
ecule ion current. Previous studies had shown similar behavior
for small organic molecules® and small polypeptides.® Our current
measurements indicated that higher ion yields prevailed for the
cone-jet mode over a broad range of m/z.

Once the electrospray stabilized after the spraying mode
change, the mass spectra averaged in the pulsating and the cone-
jet modes (see Figure 3) revealed a significant difference between
the CSDs. Time-resolved ESI-MS studies determined the folding
time frame of cytochrome ¢ to be within ~10 s.57 As the
electrospray system was allowed to stabilize for 1 min after each
spraying mode change, the cytochrome c¢ folding had concluded
before data acquisition took place. In the pulsating regime, the
protein was mostly present in its native state (v. = 9+), whereas
in the conejet mode, the unfolded structure was favored (v, =
13+). These shifts were observed to take place at ~1—5-min
irregular intervals, i.e., each time the spraying mode changed (see
the ion chromatogram in Figure 3). As all the experimental
conditions (flow rate, spray voltage, etc.) were held constant, the
data collected in the astable spraying mode demonstrated that
the CSD changes were solely induced by switching between the
spraying modes.

The unfolding/refolding behavior was monitored over an
extended range of spray voltages. These results can be seen in
Figure 4, where the relative area of the native conformation (the
area for the native state divided by the sum of the areas for the
native and unfolded states, Ay and Ay, respectively) is depicted.
As shown in inset A, throughout the pulsating regime the native
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Figure 4. Unfolding of cytochrome ¢ upon switching of ESI source
spraying regime from pulsating to cone-jet mode. The relative area
of the native conformer CSD, An/(An + Au), (Av and Ay indicate the
areas of the native and unfolded protein CSDs, respectively) and the
dc component of the spray current (iyc) are depicted as a function of
spray voltage. Error bars indicate the standard deviations of three
measurements and are within symbols. Vertical dashed lines show
the boundaries between the established axial spraying modes. Within
the pulsating and the cone-jet regimes, the relative area of the native
conformer CSD changes very little. In the astable region, where only
the spraying regime is alternating in time (at constant spray voltage
and flow rate), the CSDs observed in the pulsating (see inset A) and
in the cone-jet (see inset B) modes show that the protein undergoes
conformational changes. The higher spray current measured in the
cone-jet mode suggests increased oxidation of the solvent converting
water to protons. The resulting lower pH in the cone-jet mode can
account for the unfolding of the protein.

form of the protein is more abundant. As the astable region was
reached at 2450 V, the CSDs began to flip-flop in sync with the
spraying mode alternating between the pulsating and cone-jet
regimes. Thus, in this region, for every spray voltage the
conformations were represented by two data points on the vertical
axis. Upon further increasing the spray voltage (2600 V), the
electrospray stabilized in the cone-jet mode, the unfolded con-
former of cytochrome ¢ became dominant, and the relative area
of the native state significantly decreased.

Remarkably, Ax/(Ax + Au), and thus the CSD, as a function
of spray voltage, remained essentially unchanged within the
pulsating and cone-jet spraying regimes. For example, the mass
spectra observed at the low- and high-stability limit of the pulsating
regime (2000 and 2550 V, respectively) appeared to be very
similar. Similarly, the mass spectra recorded at the boundaries
of the cone-jet regime (2450 and 3000 V) were close to indistin-
guishable. This indicated that similar ionization conditions were
met within a spraying regime, which provided robust conformer
ion production with little sensitivity to voltage variations.

Several effects need to be considered to explain how cyto-
chrome ¢ ions undergo conformational changes when the
spraying mode is altered. It is known that changes in the spraying
mode are capable of inducing the reduction or oxidation of the

analyte and probably affect the pH of the solution.®® Assuming
that all the charge-balancing current is supplied by the oxidation
of water, 2H,O — 4H* + O, + 4e™, using Faraday’s law one
obtains the electrolytically produced proton concentration as [H*
lelee = ips/nFv;, where igs is the electrospray current, # is the
number of electrons transferred to produce an ion (for protons
n = 1), F is the Faraday constant, and v; is the rate of
solution supply.” Fluorescence measurements show that the pH
directly calculated from the spray current is in good agreement
with values determined by spectroscopic methods.” Thus, an
upper limit for the pH shift upon spraying mode changes can be
estimated.

Under the astable spraying conditions, e.g., at 2500 V emitter
potential, the dc component of the measured spray current, ipc,
in the pulsating and cone-jet modes was 42 and 95 nA, respectively
(see Figure 2A). For low buffer capacity solutions, at the applied
flow rate (1.0 uL/min) and the measured ipc the pH of the
solution is calculated to decrease from the original 3.75 to 1.58
and 1.23 in pulsating and cone-jet modes, respectively. Thus,
upon regime change to cone-jet mode, a pH change of 0.35 unit
is expected that corresponds to an increase in the electrochemi-
cally produced proton concentration, [H™]qe, by a factor
of ~2.3. According to literature data, this 0.35 unit pH change
can account for the unfolding of cytochrome ¢ in aqueous
solutions.1”® Furthermore, these results are consistent with the
acid-induced unfolding of cytochrome ¢ at various alcohol con-
centrations.? Due to solvent evaporation from the droplets, further
pH changes are known to occur downstream in the electrospray
plume.* These changes can be similar in magnitude and due to
differences in droplet size distributions might also depend on
spraying modes.

The role of the spraying mode-induced pH change in the
altered conformation of cytochrome ¢ was probed by introducing
a buffer. Mass spectra of the unbuffered and buffered protein
solutions acquired under identical experimental conditions in the
pulsating and the conejet modes are shown in Figure 5. As
discussed above, in the unbuffered solution, the protein exhibited
different conformations when ionized using the two spraying
modes (Figure 5A versus Figure 5B). In the presence of a buffer,
however, no change was observed in the CSDs produced in the
two axial regimes (Figure 5C versus Figure 5D). These results
underlined that the observed CSD changes were caused by the
different pH shifts as the operating mode alternated between the
pulsating and cone-jet modes.

Multistate Protein: Ubiquitin. The effects of spraying
regime changes on CSDs observed for cytochrome ¢ were also
explored for ubiquitin (see Supporting Figure 1 in the Supporting
Information). From 10 uM solutions with low organic content
(<40%), ubiquitin was ionized in its native conformation. The mass
spectrum appeared to be composed of a single distribution of
charge states peaking at 6+. Increasing the methanol concentra-
tion gave a gradual rise to several higher charge states. In contrast
to the highly cooperative behavior of cytochrome c, this indicated
that in addition to the native and unfolded states other conforma-
tions were also populated. Previous work based on NMR and MS
utilizing hydrogen—deuterium exchange and CSD studies also

(69) Samalikova, M.; Matecko, I.; Muller, N.; Grandori, R. Anal. Bioanal. Chem.
2004, 378, 1112—1123.
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Figure 5. Effect of spraying mode on CSDs of 10 uM cytochrome
c¢ solution in 50% ethanol for buffered and unbuffered solutions. For
low buffer capacity solutions acidified with acetic acid (pH 3.75), the
protein underwent conformational changes when the ESI source
switched from (A) the pulsating to (B) the cone-jet mode. However,
when electrosprayed from a solution containing 1.5 mM sodium
acetate buffer (pH 3.75) no shifts in the change-state envelope were
observed upon changing the spraying mode from (C) the pulsating
to (D) the cone-jet mode. The two measurements were carried out
at 2.0 uL/min flow rate with the pulsating and cone-jet regimes
maintained at 2700 and 3100 V, respectively. These results indicated
that the unfolding of cytochrome ¢ was due to the decreased pH in
cone-jet mode (see text).

found that at low-salt and pH conditions a partially structured
nonnative state (A-state) of ubiquitin became populated when the
alcohol level exceeded ~40%.70-72

When the ubiquitin solution was electrosprayed in pulsating
and cone-jet modes, a significant difference was noticed in the
charge-state envelopes. At 3.75 pH, this effect was the most
noticeable for solutions prepared with 60% (v/v) methanol, which
was consistent with earlier results showing that these conditions
favored the A-state.”-72 The overlapping charge-state distributions
of the N, A, and U conformers can be unraveled by chemometric
tools, such as singular value decomposition or multivariate curve
resolution-alternating least-squares methods.”” The purpose of
the present study, however, was to demonstrate the effect of
spraying regime changes on the CSDs of proteins. Therefore, the
CSDs of the individual conformer states were not deconvoluted.
Instead, the abundance ratios of characteristic charge states were
tracked to gauge the presence of various folding states.

Similarly to the case of cytochrome ¢, the mass spectra of
ubiquitin acquired in pulsating and cone-jet modes (see the bottom
panels in Figure 6) showed nativelike and denaturing ionization,
respectively. For example, from the onset of the spray in the
pulsating regime at 2200 V until 2650 V the base peak of the mass
spectrum corresponded to the 6+ charge state. As the spray
changed to cone-jet mode, however, the protein adopted a rather

(70) Brutscher, B.; Bruschweiler, R.; Ernst, R. R. Biochemistry 1997, 36, 13043 —
13053.

(71) Mohimen, A.; Dobo, A.; Hoerner, J. K; Kaltashov, 1. A. Anal. Chem. 2003,
75, 4139—4147.

(72) Hoerner, J. K,; Xiao, H.; Kaltashov, I. A. Biochemistry 2005, 44, 11286—
11294.

(73) Navea, S.; Tauler, R.; de Juan, A. Anal. Chem. 2006, 78, 4768—4778.
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Figure 6. Unfolding of ubiquitin in 60% methanol caused by
switching between pulsating and cone-jet modes. Upon the switch
to cone-jet regime, the CSD of ubiquitin shifted to lower m/z values.
This shift was induced by applying higher spray voltages and
monitored by following the abundance ratio of the charge states 6+
and 10+ that corresponded to the native and an unfolded state,
respectively. The vertical dashed lines show boundaries between the
established spraying regimes. Error bars indicate the standard
deviations of three measurements. In the astable region, at 2 uL/min
constant flow rate and 2650 V spray voltage, the mass spectrum
acquired in pulsating regime showed that the protein was ionized
mostly in its native conformer (base peak was at 6+ state). However,
when sprayed in the cone-jet mode, a shift to the 10+ (and 9+) charge
states indicated that the majority of the ubiquitin was present in an
unfolded conformation. Similar to the case of cytochrome c, these
effects could be explained by the enhanced acidification of the solution
in cone-jet mode.

unfolded state with a base peak at the 10+ charge state. By
following the ratio of the native 6+ and the less structured 10+
state abundances, I(Ub%") /I(Ub0*), as a function of the spray
voltage (see top panel in Figure 6), we found that the dynamic
change in the protein structure was linked to the spraying mode
only and was not affected by the high voltage. As expressed by a
nearly constant I(Ub5%) /I(Ub) ratio in the figure, throughout
both the pulsating and the cone-jet regimes, the tertiary structure
of the ubiquitin remained unchanged. At 2650 V emitter potential,
when the astable regime was reached, however, the protein CSD
envelope was alternating in time. This provided us with further
evidence that the unfolding of the ubiquitin was linked to the
spraying mode changes only and not to the altered experimental
conditions. The unfolding of ubiquitin, similarly to that of cyto-
chrome ¢, can be explained by spraying regime-induced pH
changes in the electrosprayed solution.

Noncovalent Complexation: Myoglobin. Unlike in cyto-
chrome c, in holomyoglobin, the heme prosthetic group is retained
inside a hydrophobic pocket through noncovalent interactions.
The hydrophobicity of the heme moiety prevents the dissociation
of this complex, so in the absence of an organic phase in
moderately acidic solutions (2.6 < pH < 3.5), it remains intact.™
Electrosprayed at pH 3.75 from solutions containing less than
~10% (v/v) methanol, the myoglobin produced intact ions with

(74) Sage, ]J. T.; Morikis, D.; Champion, P. M. Biochemistry 1991, 30, 1227—
1237.
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Figure 7. Effect of spraying regime changes on the integrity and
conformation of the noncovalent myoglobin complex. A solution of
10 uM myoglobin in 30% methanol (pH 3.75) was electrosprayed at
1 uL/min flow rate using a microelectrospray source (New Objective
emitter). The mass spectra in the insets show the CSDs for the intact
holomyoglobin (h""), and its dissociation products the apomyoglobin
(a™") and the heme prosthetic group (Heme™). Dissociation of the
myoglobin is reported by the relative area of the holo form (Are(holo)
= SIh™I(TIh™) + TI@™) + I(Heme™)) as a function of spray
voltage (black filled circles), where I stands for the ionic abundance
in the mass spectrum, h™ is [holomyoglobin + nH]"*, and a™* is
[apomyoglobin + mH]™* and n, m indicate the charge states. The
unfolding of the holo and apo specimens is presented by the ratios
I(h99)/I(h19%) and I(@%t)/i(at>") shown in royal blue and orange filled
circles, respectively. Error bars indicate the standard deviations of
three measurements and are within symbols. The vertical dashed line
separates the two spraying regimes. As the operating mode switches
from the pulsating to the cone-jet mode, also indicated by a jump in
the dc component of the spray current, i, at 3350 V, reduced h®*/
h10+ and al*/al5* ratios are obtained. This indicates the unfolding
of both species. Concurrently, Are(holo) increases, showing that softer
ionization conditions are achieved, i.e., the integrity of the noncovalent
complex is preserved to a higher degree in the cone-jet regime.

the CSD centered around the 9+ state. Above ~20% organic
solvent content, the formation of the apoprotein was also observed
along with a wide distribution of charge states. This can be seen
in the mass spectrum of 10 M myoglobin solution at pH 3.75
prepared with 30% methanol (see the insets in Figure 7). The CSD
of the intact holomyoglobin (h**) followed a unimodal distribution
centered on the h?* species, corresponding to the native confor-
mation. Dissociation of the noncovalent complex resulted in the
formation of the Heme™ ion and in a wide apomyoglobin CSD
(a™*) ranging from a‘* to a?+.

By changing the spray voltage, we found that the extent of
the holomyoglobin dissociation and the CSD of the apoprotein
depended on the established spraying mode. The individual
conformations were not deconvoluted in the data analysis. Instead,
the integrity of the heme protein was monitored by the relative
area of the holo form, A, (holo), expressed as Y1(h**) /(S I(h*")
+ YI(a"*) + I(Heme™)), where I represented the ion abundances.
The conformations of the holo- and apomyoglobin were character-
ized by the I(h?") /I(h1%*) and I(al%%)/I(al’*) ratios, respectively.

At 1 ul/min flow rate and low voltages (2500—3300 V), the
spray operated in the pulsating mode. Within this regime, applying
higher voltages did not appreciably affect the conformation of the

holo and apo forms (see the unchanged I(h®") /I(h1*) and I(al®*)/
I(a®*) ratios in Figure 7) and produced the same type of ions
over an ~800-V range. As the emitter potential was increased from
3300 to 3350 V, the Taylor cone pulsation ceased and the dc
component of the spray current significantly increased, indicating
that the operating mode switched to the cone-jet regime (see ig.
in Figure 7). Concurrently, A, (holo) increased, indicating less
dissociation of the myoglobin, i.e., “milder” ionization conditions
in the cone-jet regime. Upon the pulsating to cone-jet mode
transition, the I(h®") /I(h1%") and I(al®*)/I(al>") ratios took lower
values. This showed enrichment in the highly unfolded protein
conformations (appearing at lower m/z values) for the holo and
apo species. These ratios remained constant throughout the cone-
jet regime over a range of 450 V. Thus, the ionization conditions
appeared unaffected by the increasing spray voltage and were
determined by the spraying mode only. In the pulsating mode,
the base peak corresponded to the h?* species (see Figure 7). As
the electrospray switched to the cone-jet regime, the CSDs of both
the holo- and the apoprotein gradually shifted to smaller m/z
values, with the maximum for the apo species ultimately ap-
proaching 15+ (see the insets in Figure 7). The low cooperativity
in the unfolding behavior of the apomyoglobin—compared to that
of cytochrome c—indicated that multiple conformers were involved
in the process. Previous investigations of this transition under
similar experimental conditions using NMR and optical spectros-
copy,”™ calorimetric,’6” and ESI-MS?7.78 methods arrived at
similar conclusions.

As discussed in detail for the case of cytochrome c, the shift
in the apomyoglobin CSD upon spraying regime change could
be rationalized by considering local changes in the pH at the
emitter. As the spray switched to the cone-jet mode and the
solution became more acidic due to the enhanced oxidation of
water, the equilibrium between the coexisting native (N), inter-
mediate (I), extended (E), and unfolded (U) conformers™ was
shifted toward the more unfolded states. Earlier chemometric
studies over the 2.5—10 pH range revealed that the CSDs of these
conformational isomers were centered on the vy = 8.9, v; = 10.4,
vg = 15.3, and vy = 20.5 charge states, respectively.””8 The mass
spectra of myoglobin shown in these studies (e.g., Figure 1 in ref
78) were very similar to ours, allowing us to directly compare the
CSDs. In light of the deconvoluted CSD data in ref 78, the CSD
changes observed in the pulsating to cone-jet transition were
consistent with a related change in conformation between the
intermediate and extended states.

Considering the enhanced acidification of the solution in the
cone-jet mode, also indicated by the unfolding of the apoprotein,
it seems counterintuitive that the noncovalent interaction in
myoglobin is preserved to a better extent in this mode. Earlier
results, however, indicated similar behavior for the fragmentation
of thermometer ions; i.e., compared to the pulsating mode, softer
ionization was achieved in the conejet regime.® To further
investigate this relationship, we compared the mass spectra of
myoglobin electrosprayed from unbuffered and buffered solutions

(75) Hughson, F. M.; Wright, P. E.; Baldwin, R. L. Science 1990, 249, 1544—
1548.

(76) Griko, Y. V.; Privalov, P. L. J. Mol. Biol. 1994, 235, 1318—1325.

(77) Privalov, P. L. J. Mol. Biol. 1996, 258, 707—725.

(78) Dobo, A.; Kaltashov, 1. A. Anal. Chem. 2001, 73, 4763—4773.

(79) Gilmanshin, R.; Gulotta, M.; Dyer, R. B.; Callender, R. H. Biochemistry 2001,
40, 5127—5136.
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in the two axial regimes (see Figure 2 in the Supporting
Information). These experiments revealed that the changes in the
spraying mode mostly affected the dissociation of the complex.
Consistent with the results obtained for thermometer ions, the
protein complex was preserved to a better degree in the cone-jet
mode. The CSDs of the apo and holo forms did not appreciably
shift with the change in the spraying regime.

This suggested that the dissociation of the holomyoglobin
occurred at least in part in the gas phase via collision-activated
dissociation. The conformations of the holo- and apoproteins,
however, were affected by the spraying mode-induced pH changes
of the elctrosprayed solutions in the unbuffered system. The
higher survival yield of the noncovalent complex in the
cone-jet mode could be explained in terms of the smaller droplet
sizes produced by this regime. First, the larger droplets in the
pulsating mode may produce increased background gas pressure
in the interface due to the higher solvent load. This in turn could
increased the efficiency of collision-activated dissociation. Second,
the smaller droplets and consequently lower background pressure
in the cone-jet mode could result in enhanced evaporative droplet
cooling and in the stabilization of the complex.® Thus, the
diminished fragmentation of thermometer ions and the higher
survival yield of noncovalent complexes in cone-jet mode could
both be the result of the small (submicrometer) droplets produced
by this spraying regime.

CONCLUSIONS
The widespread application of ESI-MS for probing the solution-

phase structure of proteins and noncovalent complexes requires
a fundamental understanding of the underlying processes. These
include the formation and dynamics of the electrified meniscus,
the emergence of the filament, its breakup into droplets, and
ultimately the release of gas-phase ions. In order to minimize
structural changes in the protein ions during ESI, one needs to
establish the most appropriate spraying conditions.

Earlier studies considered the influence of a variety of
experimental factors on the CSDs of proteins, including the
potential distributions created by the ion optics, the ion source
temperature, and the solvent fractionation and acidification
during droplet evaporation. These variables were reported to
affect the chemical composition of the electrosprayed solution
or interfere with the steps of ion generation. Therefore, their
control is required for proteins sensitive to such changes.

The purpose of the present study was to elucidate the effect
of axial spraying regimes on the conformation and noncovalent
complexation of proteins. Our results demonstrated that switching
between the pulsating and the cone-jet modes was followed by
conformational changes of the protein ions. These changes
appeared to mainly stem from the electrochemical redox processes
inherent to the electrospray source. As the operating mode
switched from the pulsating to the cone-jet regime, higher spray
current was produced that had to be balanced by enhanced
oxidation at the metal—liquid interface. Generally, this resulted
in the oxidation of water and consequently the generation of
protons. Thus, the concentration of the electrochemically pro-

(80) Marginean, L; Kelly, R. T.; Page, J. S.; Tang, K.; Smith, R. D. Anal. Chem.
2007, 79, 8030—8036.

(81) Marginean, I.; Nemes, P.; Parvin, L.; Vertes, A. Appl. Phys. Lett. 2006, 89,
064104.
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duced protons increased when the spray switched to the cone-jet
mode and, conversely, decreased upon returning to the pulsating
mode.

These variations in the pH at the emitter affected the higher-
order structure of the model proteins. Therefore, in protein folding
studies utilizing ESI-MS, stabilization of the pH (through a buffer)
or the spraying mode is well advised. This latter can be achieved
by regulating the spray voltage via an electronic feedback based
on spray current measurements® or through an automated
optoelectronic system.56

Although the amount of net charge on the Taylor cone is
different in the two studied spraying modes, it is negligible
compared to the total amount of hydrogen ions balanced by
counterions available in the same volume. For example, we
measured the net charge on a Taylor cone with 65-um anchoring
diameter based on the oscillation frequency in pulsating mode to
be z = ~3 x 107 elementary charges.8! The number of hydrogen
ions in the Taylor cone volume for a solution with pH 3.75 is Ny
= ~2 x 10, Thus, the solution conformation of the protein is
determined by the vast majority of the hydrogen ions present in
the solution together with its counterion. At pH 3.75 or lower,
changes between spraying modes in the availability of net charge
are negligible compared to the reservoir of charges in the solution.

The selection of the spraying mode depends on the properties
of the produced ions. Although in the pulsating mode the chemical
composition of the electrosprayed solution is preserved to a better
degree, the low ionization efficiency achieved and the enhanced
dissociation of the produced ions probably due to the elevated
pressure in the sampler cone—skimmer region of the mass
spectrometer might be undesirable. For example, the cone-jet
mode appears to be more suitable for the ionization of fragile
molecules or noncovalent complexes that are insensitive to the
lower pH created by this regime. For solutions of low buffer
capacity, pH or redox buffers can be introduced to help minimize
the changes in their chemical composition due to the switching
between spraying modes.

The demonstrated relationship between the spraying mode and
ionization properties (ionization efficiency, protein conformation,
and the integrity of noncovalent complexes) offers a novel tool
for the structural studies of proteins. For example, by adjusting
the spray voltage, one can trigger a change in the spraying mode
and follow the evolution of the protein ion charge-state distribution.
Although its applications are limited to proteins with two folding
states, compared to mixing techniques used to produce pH
perturbations, this approach offers a simpler experimental setup
and a better defined start time for protein folding dynamics
studies. Selecting the appropriate spraying mode can also be used
to stabilize noncovalent complexes for the undistorted determi-
nation of their binding constants.
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SUPPORTING INFORMATION AVAILABLE

Figure 1 containing the ubiquitin charge-state distributions
in the two spraying modes as a function of methanol con-
centration is available. Figure 2 shows the integrity and
CSDs of the myoglobin complex for pulsating and cone-jet
spraying modes in unbuffered and buffered solutions. This

material is available free of charge via the Internet at http://
pubs.acs.org.
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