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Abstract

Manipulation for simplifying or increasing the observed charge state distributions of proteins can
be highly desirable in mass spectrometry experiments. In the present work, we implemented a
vapor introduction technique to an Agilent Jet Stream ESI (Agilent Technologies, Santa Clara,
CA, USA) source. An apparatus was designed to allow for the enrichment of the nitrogen sheath
gas with basic vapors. An optical setup, using laser-induced fluorescence and a pH-chromic
dye, permits the pH profiling of the droplets as they evaporate in the electrospray plume.
Mechanisms of pH droplet modification and its effect on the protein charging phenomenon are
elucidated. An important finding is that the enrichment with basic vapors of the nitrogen sheath
gas, which surrounds the nebulizer spray, leads to an increase in the spray current. This is
attributed to an increase in the electrical conductivity of water-amine enriched solvent at the tip
exit. Here, the increased current results in a generation of additional electrolytically produced OH™ ions
and a corresponding increase in the pH at the tip exit. Along the electrospray plume, the pH of the
droplets increases due to both droplet evaporation and exposure to basic vapors from the seeded
sheath gas. The pH evolution in the ESI plume obtained using pure and basic seeded sheath gas was
correlated with the evolution of the charge state distribution observed in mass spectra of proteins, in
the negative ion mode. Taking advantage of the Agilent Jet Stream source geometry, similar protein
charge state distributions and ion intensities obtained with basic initial solutions, can be obtained using
native solution conditions by seeding the heated sheath gas with basic vapors.
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Introduction
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- ions from proteins and their noncovalent complexes.
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spray ionization (ESI) [1] is that proteins are observed as
multiple charge state ions [2]. The collection of charge states
observed by ESI mass spectrometry (ESI-MS) for a
particular molecule under a given set of experimental
conditions is referred to as the charge state distribution
(CSD). The charge state distributions of macromolecules can
be influenced by many factors, such as the extent of analyte
charging, including analyte conformation [3, 4], solution pH
[5], competition for charge between the analyte and other
species [5-10], instrumental parameters and desolvation
conditions [11], solvent and analyte basicity [8, 12], and
solvent surface tension [13]. Many of these factors are
interrelated. For example, changes in the solution pH,
solvent, and heating conditions can affect the conformation
of a protein, thereby shifting the observed CSD.

According to the context of the measurement, manipu-
lation for simplifying or increasing the observed CSD can be
highly desirable in a mass spectrometry experiment. For
example, shifting the mass-to-charge ratio (m/z) of high
molecular weight proteins to ranges that are within the limits
of conventional mass analyzers makes them more amenable
to analysis by top-down tandem mass spectrometry [14, 15].
It may also be interesting to shift the CSD to a single charge
state to avoid dilution of the analyte on many peaks or to
simplify the spectrum [16]. This raises the pivotal question
of understanding and possibly controlling the charge
distribution of gas phase proteins produced in ESI-MS.

Several strategies have been reported in the literature in
an effort to control the observed charge state distributions.
One strategy is to manipulate solution conditions, such as
solvent composition and pH [10]. Other approaches involve
the addition of “super-charging” [13, 17-21] or redox agents
[22]. Methods for the control of the charge state distribution
by gas-phase proton transfer via ion/ion [23, 24] and ion/
molecular [25-27] reactions have also been reported, which
eliminates many of the drawbacks of adding external
reagents, such as poor ESI response. Other methods that
involve phenomena associated with charge droplets such as
extractive electrospray ionization [28, 29], fused droplet-
electrospray ionization, and inductive electrospray [30] have
also been developed recently.

In addition, Schnier and coworkers [31] and, recently,
McLuckey and coworkers [32—34] reported a simple vapor
introduction technique in the atmosphere/vacuum interface
region of an ESI source. Using this setup, the average charge
state of ions derived from a protein was increased in the
positive polarity via the introduction of acidic vapors and
increased in the negative polarity via the introduction of
basic vapors. Comparison of mass spectra collected for
solutions at different pH, as well as the dependence of the
CSD on the pKa of the leaked-in vapor, suggested that the
charging phenomenon was mainly attributable to a modifi-
cation of the pH of the droplets along the plume [33, 34].
However, no measurement of the pH changes along the
spray plume was performed when the electrospray droplets
were exposed to acidic or basic vapors.
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Spectroscopic measurements can help to investigate the
chemical and physical properties of electrospray droplets
within the spray stream [7]. In the pioneering work by Zhou
et al. [35, 36], the change in pH was studied along the
electrospray plume, using a pH-chromic dye and laser-
induced fluorescence (LIF) measurements. The same strat-
egy was recently used by Wang and Zenobi to probe the
solvent polarity evolution along an electrospray plume [37].
Based on the current state-of-the-art of imaging of sprays,
we recently proposed a new experimental approach that
combines simultaneous in situ measurements by optical
methods with mass spectrometry measurements [38, 39]. In
particular, this coupling allows us to measure simultaneous
mass spectra and pH profiles to study the relation between
the charge states of peptide anions in mass spectra and pH
changes in the spray plume [38]. In the present paper, we
implement the vapor introduction technique to an Agilent Jet
Stream ESI source using a specially designed apparatus to
allow the enrichment of the nitrogen sheath gas with basic
vapors. The previously described optical setup permits
profiling of the pH of the droplets as they evaporate in the
electrospray plume with or without the addition of basic
vapors. Mass spectra are recorded simultaneously. The
correlation of pH evolution at the exit of the Taylor cone
and along the ESI plume using pure and basic seeded sheath
gas with the charge state distribution (CSD) of proteins
observed in negative ion mass spectra is reported.

Experimental
Optical Instrumentation

The experimental setup profiling the spray plume consists of
an excitation laser and an optical detection system mounted
on a moving stage. It is coupled to a single quadrupole mass
spectrometer equipped with an electrospray ionization
source (Figure 1). A 532 nm CW laser emitting on a single
longitudinal mode was used. The output power of the laser is
300 mW and its beam diameter is 0.3 mm (divergence 1.2
mrad). Details of the fluorescence instrumentation is
described elsewhere [38]. Briefly, the laser beam is focused
into the spray and the fluorescence is collected by an
objective used in an epifluoresence configuration with a
working distance of 89 mm (Figure 1). Fluorescence spectra
of fluorescent dyes from the ESI plume were recorded using
an ultra-compact spectrophotometer. The spectrometer is
directly fixed to the objective and cooled to 5 °C.

The excitation laser, the spectrophotometer and all the
optics (objectives, mirrors, filters, and fluorescence cube) are
mounted onto a moving stage. Three step-by-step motors
allow independent X, Y, and Z movement and scanning of
the ESI plume with a precision that is better than 4 pym. We
use a custom software application to control the moving
stage and data acquisition. This in-house software allows
piloting of the moving stage along the X, Y, and Z axes for
specific positioning as well as automatic step-by-step scans
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Figure 1. Schematic of the experimental setup used to probe fluorescence in the Agilent jet stream plume with seeded sheath
gas. Inset: Picture of the illuminated ESI plume. The rectangle corresponds to the scanned area of the plume for fluorescent
measurements (X=0-20 mm, Y=0-11 mm, and Z was set at the entrance of the capillary)

for 3D profiling. In the profiling mode, the spectrophotom-
eter is synchronized with the motors and fluorescence
spectra are recorded at each step. The spatial resolution (on
the X and Y axes) for the profiling experiments is 200 um
[38]. The limit of detection (LOD) for fluorescence measure-
ments was estimated at 10™'' M for Rhodamine 6 G dye
[38]. The dynamic range of detection between the LOD and
the highest possible dye concentration for which fluores-
cence spectra are not saturated was estimated to be 10,

ESI and Mass Spectrometry

Experiments were performed on a Single Quad 6100
equipped with an Agilent Jet Stream (AJS) ESI source.
The ESI tip of the AJS source has variable nebulizing
pressure and is orthogonal to the MS capillary entrance. The
ESI tip is flush with an outer concentric metal nozzle that
delivers heated sheath gas (Figure 1). The sheath gas, which
is heated up to 400 °C using a resistive heater and heat
exchanger, improves ion focusing and desolvation for
greater signal and reduced noise [39]. The ESI tip is
grounded and the electrospray field potential is adjusted by
controlling the voltage of the concentric nozzle. The mass
spectrometer entrance plate is connected to a high voltage
power supply to generate and collect ions (counter-electrode
in Figure 1). Nitrogen was used as the nebulizing gas
(25 psi), heated sheath gas and the drying gas (4 L/min,
250 °C). The drying gas is delivered around the MS
capillary and is orthogonal to the electrospray plume. The
commercial AJS source has been modified in order to allow
the laser injection into the plume and the epifluorescence
measurements. A customized setup was designed to allow

for the enrichment of the sheath gas in basic vapors. A bottle
containing approximately 2 mL of the basic reagent at
controlled temperature is connected to the nitrogen sheath
gas line (Figure 1). Ammonia, triethylamine, and piperidine
base solutions were used. Approximately 7 L/min of N, gas
is directed across the bottle where head space vapors of the
basic reagent can mix with the N, flow. Nitrogen gas is
bubbled into the basic reagent liquid, creating surface
turbulence and leading to efficient base desorption. The
temperature of the reagent bottle is controlled and can vary
from 0 °C to 40 °C. This N»/basic vapor was then introduced
to the AJS sheath gas heat exchanger. The sheath gas flow
rate and temperature were set according to the experiments.
The ionization source was operated in negative ion mode
with the capillary voltage set at —2000 V and the nozzle
voltage at —1200 V or —2000 V. The spray current was
measured using a picoammeter. In this case, the ESI tip is
grounded through the picoammeter (Figure 1). Agilent
ChemsStation software was used for instrument control, data
acquisition and data processing.

Solutions were introduced in the ionization source at
50 uL min ' flow rate.

Chemicals

The fluorescent pH indicator 5 (and 6)-[10-(dimethylamino)-
3-ox0-3H-benzo[c]xanthenes-7-yl]benzenedicarboxylic acid
dye (C.SNARF-1) was purchased from Invitrogen Molecular
Probes (Cergy Pontoise, France). Other chemicals: ammoni-
um hydroxide (28 %-30 % in aqueous solution), triethyl-
amine, piperidine, ubiquitin (from bovine erythrocytes), and
myoglobin (from equine heart) were obtained from Sigma
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Aldrich (Saint Quentin Fallavier, France). The doubly (A*)
and singly (HA™; pKa 7.5) deprotonated species are the
fluorescent forms of C.SNARF-1 indicator [40]. All solu-
tions were aqueous and were prepared using Milli-Q water
(18.2 MQ.cm; Millipore Corporation Billerica, MA, USA).
C.SNARF-1 unbuffered solutions were prepared by dilution
of a stock solution (2 mM) to a final 50 uM concentration.
Solutions of 50 uM C.SNARF-1 at different pH values were
prepared by adding 1 mM NaOH prior to final dilution of the
stock solution with water. The pH of solutions was measured
using a 211R pH meter equipped with a 4 mm-diameter
microelectrode (Hanna Instruments, Woonsocket, RI, USA). A
calibration curve of the two C.SNARF-1 species fluorescence
intensity ratio log(Io2-/Iya-) (Where I is the maximum intensity
of each fluorescence band) versus the pH was obtained from a
series of 50 uM dye solutions at varying pH contained in 1-cm
quartz cuvette [38]. The potential effect of the temperature on
the fluorescence behavior of C.SNARF-1 has been evaluated
and was found to be negligible [38].

In order to correlate the pH in the ESI plume with the MS
signal and protein CSD, ubiquitin or myoglobin were added
to the sprayed solutions at a 33 pM concentration. The
protein standards were prepared as directed.

Results and Discussion

The spraying current is a key parameter in the electrochem-
ical processes involved in electrospray ionization [36, 41—
43]. Thus, before investigating the pH profiles of the spray
plume with exposure to basic vapors, we first address the
effect of basic vapors on the spraying current.

Effect of Basic Vapors on the Spraying Current
and Electrochemical Behavior of the Electrospray
Interface

Ions generated during the electrospray process are guided to the
counter electrode by the electric field. The current igg generated
by the ions on the electrode was measured using the
picoammeter and is reported in Table 1 for pure N, and

Table 1. Estimation and Measurement of pH Values at the ESI Tip for
Different Unbuffered 50 pM C.SNARF-1 Solutions (-2 kV Capillary
Voltage, Flow Rate 50 pL/min, Nozzle Voltage —1.2 kV, Negative Mode,
Sheath Gas Flow Rate 7 L/min and Temperature 210 °C). Averaged igs was
Measured with a Picoamperemeter (Keithley model 6514). See Text for
Details on the Calculation

Added vapor to N, igs (nA)  Solution pH  pHgg; ¢ip PHEst tip
sheath gas
calculated measured
No 145 7.5+0.01 7.82 7.78+0.05
Ammonia 381 7.5+0.01 8.53 8.51+0.09
Triethylamine 582 7.5+0.01 9.11 9.07+0.13
Piperidine 935 7.5+0.01 9.54 9.50+0.18
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different N,/basic vapor sheath gas. For pure N, sheath gas and
an unbuffered 50 uM C.SNARF-1 aqueous solution (-2 kV
capillary voltage, flow rate 50 pL/min, nozzle voltage —1.2 kV,
sheath gas flow rate 7 L/min and temperature 210 °C), a
spraying current of 145 nA is measured. Under exposure to
basic vapors introduced through the heated sheath gas of the
Agilent Jet Stream, the spraying current strongly increases and
reaches 935 nA with piperidine basic reagent. The spraying
current is dependent on several parameters [44], as shown in
equation 1 [45].

ar\*" 2/7 37
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where € and g, are respectively the permittivity of the
solvent and the permittivity of the vacuum, y is the surface
tension of the solvent, o is the electrical conductivity of the
solution, v,is the volumetric flow rate and £ is the imposed
electric field at capillary tip. The physico-chemical proper-
ties (permittivity, surface tension, and conductivity) of the
spray composed of water droplets are modified upon
exposure to basic vapors due to base incorporation in water.
A solubility of ~400 g/kg in water at 30 °C is reported for
ammonia. The electric conductivity of the ammonia—water
system rapidly increases as soon as ammonia is intro-
duced in water up to a factor 4 for 2-5 mol/L of NH;j
[46]. The surface tension decreases from 72 dynes/cm (for
pure water) to ~55 dynes/cm (for ammonium hydroxide
30 % in aqueous solution) [47]. Since the dielectric
properties of aqueous solutions of ammonia are relatively
unaffected by concentration, the solvent permittivity can
be treated as a constant [48]. The global effect of these
three terms in equation 1 is an increase in the current
when NHj is added to water, which accounts for the high
current recorded here. We postulate that similar physico-
chemical properties are obtained for water droplets seeded
with other amines (e.g., triethylamine and piperidine),
though solubility and conductivity are available only for
triethylamine [49-51].

The spraying current is a key parameter for electrochem-
ical processes occurring in electrospray and plays a central
role in the pH changes observed at the exit of the emitter tip,
before the generation of the spray plume [36, 41-43].
Electrochemical events associated with electrospray ioniza-
tion have been extensively investigated by Van Berkel’s
group and have been widely referenced in ESI mass
spectrometry publications (for a review see References [41,
52]). In particular, the redox reactions that take place in the
metal capillary of an electrospray ion source to maintain
charge balance alter the composition of the initial solution
entering the capillary. It was demonstrated by Van Berkel
and coworkers [36, 42] that solution pH may be decreased
(or increased) significantly as a result of the electrolytic
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oxidation (or reduction) of water in positive (or negative) ion
mode electrospray-mass spectrometry. Relevant reactions for
oxidation and reduction of water are 2H,O+4H" —O,+4¢ and
2H,0+2¢ —20H +H,. A quantitative estimate of the spray-
induced change in pH was deduced from the spray current. The
relevant concentrations ([H'], or [OH ].) for electrolytically
generated H™ or OH™ excess ions can be calculated from the
Faraday’s law as expressed in equation 2:

[H*], or [OH], = 1 (2)

e_Fv/

Where F is the Faraday constant (9.648 10% C.mol-1),
and vy is the volumetric flow rate of solution through the
emitter. It should be mentioned that ipg is the nebulizer
current measured from the nebulizer to the counter electrode
(endcap electrode of the capillary entrance).This current
depends on the properties of the electrospray droplets (see
equation 1). Thus, alteration of physicochemical properties
of the droplets due to the presence of amine basic vapor
modifies the spray current without involving a modification
of pH by a partial dissolution of ammonia in water prior to
ESI nebulizing. At the ESI tip, the concentration of excess
hydroxide ions is mainly due to electrochemical process and
can be estimated by equation 2.

Since C.SNARF-1 is a weak acid with pKa=7.5, it can be
expected to react with the electrochemically produced OH™
ions (in the negative mode). The final pH at the exit of the
tip is then estimated, as described in details previously [36]
and is given by in equation 3. Where [SNARF] is the initial
concentration of C.SNARF-1, pHj, is the pH of the initial
solution, and k, of C.SNARF-1=10"" and k.=10""%
Agreement between the calculated and the measured pH
values is excellent (see Table 1).

The vapor pressure and then the temperature of the bottle
containing the reagent are the main parameters that govern
the basic reagent concentration in the seeded sheath gas and
strongly influence the spray current. Indeed, for ammonia
reagent, the ESI current is 331 nA when the bottle is at 0 °C,
381 nA when the bottle is at 25 °C, and 505 nA when the
bottle is heated at 40 °C. Thus, the pH at the exit of the
emitter increases from 8.35 to 8.94 when the reagent bottle
temperature changes from 0 °C to 40 °C. The partial vapor
pressure increases from 115 Torr at 20 °C to 338 Torr at
40 °C. The pH values at the exit of the tip also depends on
the nozzle voltage applied on the ESI tip and the sheath gas
parameters. Figure S1 in the Supporting Information shows

pH =
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the pH values along the edge of the plume at different nozzle
voltages (1.2 kV and -2.0 kV), sheath gas temperatures
(SFT), and flow rates (SGF) using triethylamine vapor. The
pH difference between the pH measured at the exit of the
ESI tip and the initial pH solution is +1.60 at —1.2 kV
[Figure S1 (A)], while the pH difference is +1.85 at —2.0 kV
[Figure S1 (®@)]. A higher nozzle voltage induces an
accumulation of charges at the tip and a higher spray
current, as predicted by equation 1 (725 nA at -2.0 kV
instead of 582 nA at —1.2 kV). The pH at the exit of the
emitter tip also slightly depends on the sheath gas
parameters (see Figure S1). A higher flow rate induces a
higher spray current (333 nA for SGF=3 L/min instead of
582 nA for SGF=7 L/min).

In summary, AJS source uses heated nitrogen sheath gas to
favor ion generation and desolvation [53]. In top of this, the
addition of basic vapors in the sheath gas that surrounds the
nebulizer spray increases the spray current, which is primarily
attributed to an increase in the electrical conductivity of the
water-amine enriched solution. The spraying current induces a
reduction of water, which generates OH ions in the negative
ion mode. In particular, for N, sheath gas seeded with
piperidine, a spraying current of ~1 pA is measured, which
induces an increase of 2 pH units at the tip exit.

Profiling the Plume pH

In this section, we investigate the pH profiles of the spray
plume with exposure to basic vapors. 2D XY maps of the
pH within the ESI plume were obtained from the recorded
fluorescence signal of C.SNARF-1 at each point. The Z axis
was centered on the capillary entrance and the dimension of
the XY images was 20 mmx 11 mm with a step of 500 um
in both directions (see picture in Figure 1). The pH in the
ESI plume at each point was determined using the
established calibration curve. Figure 2 shows 2D images of
the pH of droplets constituting the plume obtained from a
sprayed solution of C.SNARF-1 at 50 uM in water at an
initial pH of 7.5 using pure (@) and triethylamine seeded (b)
N, sheath gas in negative ion mode. As previously reported
[38], the pH within the droplets is not homogeneous in the
ESI plume. The pH of the droplets increases as they move
down the plume. Moreover, the results of the present study
clearly indicate that the pH of droplets is changed when the
ESI plume is exposed to basic vapors. Indeed, for the same
solution of C-SNARF-1 in water at an initial pH of 7.5, the

[SNARF |k, ke IES k
B [[SNARFF (IO*PHin +:a) 0P 964§E*Q+ﬁ} +\/ [[SNARF 1= (

2
[SNARF kg ke IS ke | _ghe, ( ISNARFIka ke ips
2 _
Y0 P14 ) 10 P 968500 ke | Y\ S0P 4 10 PP | 9G4S00 (3)
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Figure 2. XY images of the pH in the plume from the fluorescence of 50 uM C.SNARF-1 in water at an initial pH of 7.5 using
(a) pure N, sheath gas and (b) sheath gas seeded with triethylamine vapors. The irradiation time at each step was set to 5 s.
The image is constituted of 943 points, and the total acquisition time for an image is 4715 s. The sheath gas parameters were:
SGF=7 L/min, SGT=210 °C. The spray was produced in negative ion mode

pH in the ESI plume is ranging from 7.78 to 8.66 when no
vapor is used (Figure 2a), while the pH is ranging from 9.07 to
10.3 when triecthylamine vapor is used to seed the sheath gas
(Figure 2b). The lateral heterogeneity is also clearly evident
when the spray is exposed to triethylamine vapor (Figure 2b).
The pH is higher at both edges of the spray plume than at the
center.

The same fluorescent measurements were made using
ammonia and piperidine as reagent for enrichment of the
sheath gas. pH values along the edge of the plume (see
dashed line in Figure 2) obtained with no vapor and different
basic vapor exposures are plotted in Figure 3. The pH values
were projected onto the X axis. The error bars on the pH values
depends on the accuracy of the fluorescence measurements.

This error can be estimated by calculating a standard
deviation based on three replicates of the fluorescence
signal measurement at each point. This error ranges from
+0.01 to£0.25 pH units (note that the precision on the
pH values of the initial solutions with the commercial
pH meter is+0.01). The large errors observed for the
highest pH wvalues reflect measurements beyond the
optimum pH range of the C.SNARF-1 dye.

Evolution of the pH along the edge of the plume using
different seeded sheath gas (see Figure 3) is discussed in
details below. As already discussed in the previous section,
because of an electrochemical effect at the electrospray
interface, the pH measured at the exit of the emitter tip (X=
0 mm) is higher than the initial pH of the presprayed
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Figure 3. Plots of the pH values determined from the fluorescence spectra of 50 yM C.SNARF-1 in water along the edge of the
spray plume (dashed line in Figure 2). The left hand point reports the pH of the initial solution prior to spraying, which is 7.5 for
all the plots. The ionization parameters were: SGF=7 L/min, SGT=210 °C. The sheath gas was seeded with (@) no vapor, (@)
ammonia vapor, (A) triethylamine vapor, and (@) piperidine vapor
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solutions and depends on the basic seeded sheath gas. Then
along the plume, the pH of the droplets increases (Figure 3).
The increase without basic exposure is consistent with the
intuitive expectation that the pH of a basic solution should
increase as the volume of droplets decreases and the basic
species become more concentrated due to solvent evaporation
[38]. The increase in OH concentration is related to the
decrease in the droplet volume, attributable to evaporation
along the spray plume. The evaporation rate follows the surface
evaporation limit law, which leads to a simple dependence of
the droplet radius on time t [55, 56] (R=R,y — 9.96 10°° t, for
water droplets at 300 K). Assuming an initial droplet diameter
of 3 um [38], and a droplet velocity of ~1 m/s [54], evaporation
of droplets leads to ~27-fold decrease in the volume at 20 mm.
Moreover, the pH evolution in the plume is different when the
sheath gas is seeded with a base. As shown in Figure 2, the pH
is higher at the edges of the spray plume where the droplets are
more exposed to the seeded sheath gas. The difference in pH
along the edge of the plume (dashed line in Figure 2) is A=
+0.87 when no vapor is used, while A=+1.02, A=+1.17 and A
=+1.47 when ammonia, triethylamine, and piperidine vapor
are used to seed the sheath gas, respectively. With the
introduction of increasingly strong basic vapors for the
enrichment of the sheath gas, the pH at the edge of the plume
increases. The exposure of droplets to the basic vapors yields to
incorporation of bases in the droplets and pH modification,
which depends on the pKa of the basic reagent. The pH in the
droplets at the edges of the spray increases when the
concentration of basic reagent is increased according to
equation 4 (see Figure S1).

pH = pK), + log{(Co;, Vi — Cou Va)/Coa Va} (4)

where pK, is the pKa value of the base [ammonia (9.25),
triethylamine (10.72), and piperidine (11.12)] [57], Cop, Cou
and V,, V, are the concentration and volume of the added
base and the acid dye C.SNARF-1. In order to confirm the
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role of the seeded sheath gas on the pH evolution of the
droplets along the spray plume, the pH evolution from a
sprayed solution of initial pH 7.5 exposed to triethylamine
vapors has been compared with the one from a sprayed
solution of initial pH 8.75 using no vapor (Figure 4). These
two solutions have the same pH (pH=9) at the exit of the
emitter tip. In case of the pH 8.75 initial solution sprayed
with pure sheath gas, the pH in the plume increases only due
to the solvent evaporation [38]. The pH increase along the
edge of the spray is higher when triethylamine is used to
seed the sheath gas. Indeed, the difference in pH along the
edge of the plume (dashed line in Figure 2) is A=+0.87
when no vapor is used, while A=+1.17 when the plume is
exposed to triethylamine vapors. Though the pH increase in
the ESI plume is more efficient using basic seeded sheath
gas, incorporation of basic vapors in the spray droplets
accounts for only 35 % of the increase, the major effect
being due to the solvent evaporation process. A more
significant finding is that, mainly due to electrochemical
effects, higher pH values can be obtained with a less basic
initial solution (pH 7.5) sprayed using seeded sheath gas
than with a more basic initial solution (pH 8.75) sprayed
with pure sheath gas.

Correlation Between the pH in the ESI Plume
and the MS Signal

The pH evolution in the ESI plume obtained using pure and
basic seeded sheath gases was correlated with the evolution
of the charge state distribution (CSD) observed in MS
spectra of proteins. Protein CSDs are known to be related to
conformational states, with more unfolded conformations
resulting in much higher observed charge states compared
with more folded conformations [3, 58]. Less structured
molecules can accommodate more charges during the ion
desolvation phase. Ubiquitin is a 76-residue protein with 12
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Figure 4. Plots of the pH values determined from the fluorescence spectra of 50 uM C.SNARF-1 in water along the edge of the
spray plume (dashed line in Figure 2). Initial pH values: (@) and (A), 7.5 and (@l), 8.75 (adjusted in solution with triethylamine).
The sheath gas was seeded with (@) and (l) no vapor and (A) triethylamine vapor. The ionization parameters were: SGF=

7 L/min, SGT=210 °C
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basic and 11 acid residues and an isoelectric point of 5.2
[59]. When an aqueous solution (initial pH 7.5) of ubiquitin
was analyzed by ESI-MS with no vapor in the sheath gas
(Figure 5a), the [M — 4H]* and [M — 5H]> anions are
detected with a weak intensity, indicating the native
structure of the protein. Spraying the same ubiquitin solution
in negative ion mode using triethylamine vapor to seed the
sheath gas causes an increase of two orders of magnitude of
the total ion count and a shift in the CSD to higher charge
states (Figure 5c). For comparison, the MS spectrum of
ubiquitin in water at an initial pH of 8.75 (adjusted with
triethylamine) using no vapor in the sheath gas is shown in
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Figure 5b. Note that MS spectrum in Figure 5c, compared
with the one shown in Figure 5b, has been obtained without
alteration of the initial solution used in Figure 5a. The
average charge state of ubiquitin, Z,,, can be calculated from
the observed distribution using the formula:

> Nz

Z, =
>N

(5)

N; corresponds to the number of ions of charge state z;.
The average charge states calculated from MS spectra in
Figure 5 are presented in Table 2. The average charge state
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Figure 5. Negative ESI-MS spectra of 33 uM of ubiquitin (a)—(c) and myoglobin (d)—(f) in water (with 50 uM of C.SNARF-1) with
(@) and (d) no vapor and an initial pH of 7.5, (b) and (e) no vapor and an initial pH of 8.75 (adjusted in solution with
triethylamine), and (c) and (f) triethylamine vapor and an initial pH of 7.5. Sheath gas parameters were: SGF=7 L/min, SGT=

210 °C. *Indicates the apo form of myoglobin



M. Girod et al.: pH Profiling of an Electrospray Plume Exposed to Basic Vapors

Table 2. Calculated Average Charge State Z, of Ubiquitin and (holo-)
Myoglobin in the Negative Ion mode from the CSD Observed for Water
Solutions at Initial pH of 7.50 and 8.75 with or without Triethylamine
Vapor. See Text for Details on the Calculation

Protein Initial solution pH  Added vapor pH at X=  Z,

13 mm and

Y=7 mm calculated
Ubiquitin 7.50 No 8.29 -4.4
Ubiquitin 8.75 No 9.73 —6.4
Ubiquitin 7.50 Triethylamine 10.09 -6.7
Myoglobin 7.50 No 8.30 -7.2
Myoglobin 8.75 No 9.75 -11.2
Myoglobin 7.50 Triethylamine 10.10 -11.6

increases with the use of basic sheath gas. Similar results
were observed previously using leak-in of basic vapors
during the ESI process [34]. Also, similar electrochemically
induced pH changes (using an “ESI loop circuit”) resulting
in protein unfolding in the ion source of an electrospray
mass spectrometer have been reported by Konermann et al.
[60]. Our results suggest that protein unfolding begins
immediately at the tip exit where drastic pH changes are
observed due to electrochemical effects.

The same experiments were done with myoglobin in order
to study the influence of the seeded sheath gas on conforma-
tionally dependent noncovalent interactions. Myoglobin is a
153-residue protein with an isoelectric point of 7.2 [61]. The
native form of myoglobin (i.e., holomyoglobin) in water at pH
7.5 in negative ion mode using pure sheath gas is detected as —
8,7, and —6 [M — nH]"" anions (Figure 5d). In this case, the
heme group is noncovalently bound to the protein [62, 63].
After electrospraying the same solution using sheath gas
seeded with triethylamine, the signal is multiplied by two
orders of magnitude and the CSD is drastically shifted to more
negative charges (Z,=—11.6 instead of —7.2) with approxi-
mately 85 % of peaks corresponding to holomyoglobin
(Figure 5f). A peak corresponding to [heme] was also
observed. The increase in pH in the ESI plume due to the
basic vapors induces the denaturation of the myoglobin protein
and the removing of some heme groups. For comparison, the
MS spectrum of myoglobin in water at an initial pH of 8.75
(adjusted with triethylamine) using no vapor in the sheath gas is
shown in Figure Se. In this case, Z,=—11.2 but more
interestingly, only 73 % of peaks corresponds to holomyoglo-
bin. The apomyoglobin form is detected with a CSD from —11
to —17. Indeed, adding denaturing reagent to the myoglobin
sample in the condensed phase results in the heme group falling
off almost immediately [64]. An important finding of this work
is that ESI-MS with seeded sheath gas preserves more of the
noncovalent interactions while shifting CSD, in agreement
with previous studies [34].

Conclusion

Using a specially designed apparatus, we successfully
enriched the nitrogen sheath gas of an Agilent Jet Stream
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ESI source with basic vapors in negative electrospray
mode to shift the CSD of ubiquitin and myoglobin
proteins. An optical setup, using laser-induced fluores-
cence of a pH-chromic dye, permitted the pH profiling of
droplets as they evaporated in the electrospray plume to
provide a better understanding of the correlation between
pH and the charge state distribution of proteins. The
most significant result is that pH changes due to the
basic seeded sheath gas mainly occur at the exit of the
ESI tip, and is mainly due to electrochemical effects.
When the nitrogen sheath gas, which surrounds the
nebulizer spray in the AJS source, is enriched with basic
vapors, the spraying current is increased. The reduction
of water induces generation of electrolytically produced
OH’ ions, and increases the pH at the ESI tip exit. For
example, when N, sheath gas is seeded with piperidine,
a spraying current of ~1 pA is measured, which induces
a pH increase of 2 pH units at the tip exit when spraying
an unbuffered 50 pM C.SNARF-1 solution at pH 7.5.
Along the electrospray plume, the pH of the droplets
increases, which is consistent with the intuitive expecta-
tion that the pH of a basic solution should increase as
the volume of droplets decreases and the basic species
become more concentrated due to the solvent evapora-
tion. The pH of droplets increase along the plume also
depends on the basic vapors used for the nitrogen sheath
gas enrichment. In this case, the pH increase is due to
both evaporation and incorporation of basic reagents in
droplets. In summary, the addition of bases into the
vapor has two effects: (1) at the tip exit, the pH strongly
increases due to electrochemical effects (resulting from
an increase in the spray current upon base addition). (2)
Along the plume, the pH further increases due to partial
dissolution of bases in droplets.

The pH in the ESI plume obtained using pure and
basic seeded sheath gas was correlated to the evolution
of the CSD observed in the mass spectra of proteins in
negative ion mode. A strong increase in the ion count
and a shift in the CSD are observed upon sheath gas
seeding with basic vapors. Our results suggest that the
protein unfolding and charging begin at the exit of the
ESI tip due to the strong increase in pH at the tip exit.
High protein ion signal and charge states, usually
obtained with basic initial solutions (respectively acidic
solutions for positive ESI), can be obtained using native
solution conditions by seeding the heated sheath gas with
basic (resp. acidic) vapors, in the negative ion mode. By
taking advantage of the Agilent Jet Stream source
geometry, this vapor introduction technique can be used
in liquid chromatography mass spectrometry (LC-MS)
coupling to combine efficient LC solvent conditions with
high MS signal. Another advantage of this method is the
ability to control the CSD without affecting protein
structures in the bulk solution. This has many potential
applications in native mass spectrometry, including the
study of biomolecular complexes.
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