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Abstract

The ability of nanoelectrospray ionization (nanoESI) to generate a continuous flow of
charged droplets relies on the electrolytic nature of the process. This electrochemistry can lead to
the accumulation of redox products in the sample solution. This consequence can have
significant implications for native mass spectrometry (MS), which aims to probe the structures
and interactions of biomolecules in solution. Here, ratiometric fluorescence imaging and a pH-
sensitive, fluorescent probe are used to quantify changes in solution pH during nanoESI under
conditions relevant to native MS. Results show that the extent and rate of change in sample pH
depends on several experimental parameters. There is a strong correlation between the extent and
rate of change in solution pH and the magnitude of both the nanoESI current and electrolyte
concentration. Smaller changes in solution pH are observed during experiments when a negative
potential is applied than for those when a positive potential is applied. Finally, we make specific

recommendations for designing native MS experiments that control for these effects.
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Introduction

The advent of electrospray ionization (ESI) made possible the analysis of large
biomolecules by mass spectrometry (MS).! In ESI, an analyte solution is in electrical contact
with a potential that drives the generation of charged droplets. Conventional ESI uses metal
capillaries with large (hundreds of pm) orifices that require external pumping to flow solutions
and applied potentials of several kV to generate charged droplets.! These conditions can result in
poor ionization efficiency and analyte aggregation due to the formation of large droplets.?
nanoESI addressed these specific challenges by generating much smaller droplets (< 200 nm in
diameter)® than those produced by conventional ESI (typically >1 pm in diameter).* Generally,
nanoESI utilizes borosilicate glass or fused silica capillaries that have been pulled to a tip of 1 to
10 um. Applying a potential of less than 1.5 kV is usually sufficient to generate a Taylor cone,
and the transport of the sample solution can be maintained through electrokinetic flow, without
applying additional pressure.’ Flow rates in nanoESI devices are typically tens of nL-min' and
depend on the composition of the solvent, the tip orifice diameter, the distance to counter
electrode (typically the inlet to the mass spectrometer), and the electrospray potential.>*® For
comparison, flow rates in conventional ESI sources are typically >1 pL-min~! and are controlled
by external pumping.®®

Native MS is used to study the structures and interactions of biomolecules®!°

and usually
makes use of nanoESI.!! In native MS, protein ions are generated from solutions with ionic
strength and pH similar to those of the relevant biological environment. Ionic strength affects
electrostatic interactions within and between molecules, e.g., the pKa values of amino acids in

proteins depend on ionic strength!'? and increasing the concentration of NaCl from 20 to 600 mM

is associated with both a tenfold increase in the rate of amyloid formation for islet amyloid
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polypeptide'® and a thirtyfold decrease in the activity of the Na,K-ATPase.'* Ammonium acetate
is widely used as an electrolyte due to its volatility, which makes it particularly amenable to MS.
Buffers are most effective at pH values near the relevant pKa.'> Although the combination of
aqueous ammonia (pKa 9.25) and acetic acid (pKa 4.8) results in a mixture that is close to neutral
pH, !¢ that solution will be ineffective at resisting changes in pH. In contrast, ammonium
phosphate has a pKa2 of 7.4 and buffers well at neutral pH, but obtaining well-resolved native
mass spectra from solutions of aqueous ammonium phosphate has only been demonstrated using
submicron emitters.!” Submicron emitters have enabled exciting new measurements of
noncovalent interactions in solution with reduced extents of nonspecific aggregation during
ESI;'*!” however, surface-induced unfolding of proteins®” and emitter clogging have also been
reported for those experiments. Aqueous ammonium bicarbonate is another popular option for
native MS, but the unfolding of proteins?!*? has also been reported for some experiments using
this salt.

During ESI, application of a potential to the solution causes electrophoretic separation of
the charged solutes. Ions with the same polarity as the applied potential move toward the exit of
the capillary, and charged droplets are released in a Taylor cone when the Coulombic repulsion
at the tip exceeds the surface tension of the liquid.> Through solvent evaporation and fission
events, these charged droplets become bare ions that can be detected by a mass spectrometer.?
Generating this continuous flow of unipolar, charged droplets requires that charge-balancing
reactions occur in the sample solution.>*? For example, when a positive potential is applied, net
positive charge is expelled, and only electrons flow through the electrode, it follows that
electrons must be produced within the solution.?>?® Charge balancing occurs through redox

reactions.?’° The specific redox reactions that occur during electrospray are determined by a
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complex interaction of experimental parameters such as flow rate, concentration of electrolytes,
magnitude of electrospray current, and redox properties of the species present.?? Even when
only considering water and the applicable acid/base and redox products, Van Berkel and
coworkers proposed a dozen redox reactions that are likely relevant to electrospray.’! The
electrochemistry of samples for native MS, which include many additional molecules and ions,
would be even more challenging to understand.

Although electrochemistry undoubtedly occurs during ESI, the implications and
significance of electrochemistry on measurements remains uncertain.>-*? Application of positive
potentials to zinc or iron electrodes results in the appearance of Zn?" or Fe?" in the respective
mass spectra.’® Absorbance of a porphyrin solution measured as a function of electrospray
parameters revealed the extent of oxidation that had occurred in those experiments.** Changes in
solution composition can also affect redox chemistry occurring during electrospray.?’**3> The
electrochemistry concomitant with electrospray has been leveraged for the analysis of molecules
otherwise challenging to ionize, such as metallocenes, fullerenes, and inorganic compounds.3¢#°
Changes in the pH of droplets generated by ESI have been probed using ratiometric
fluorescence*! and MS* based methods; these studies established that the pH of electrospray-
produced droplets can be very different than the original samples.

Despite the obvious occurrence of redox-induced changes in pH, little work has
examined pH change in solution conditions utilized for native MS. Native MS experiments
usually strive to probe the structures and interactions of biological molecules in solution, but any
changes in sample pH during experiments may affect the properties of interest. For example, the
dissociation constant of the dimer of the a-crystallin domain of HSPBS5 increases by a factor of

15 between pH 7.5 and 6.5.** Native MS is also increasingly used to study the aggregation of
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many intrinsically disordered proteins,* such as the Alzheimer’s disease related o-synuclein, but
aggregation can depend strongly on pH.*> Therefore, it is of great interest to determine to what
extent these changes occur and to devise schemes to mitigate these changes. In this work, we will
quantify the changes in pH of solutions typically implemented in native-MS experiments using
nanoESI in both positive and negative ionization modes. It is widely believed that the structures
of native-like ions depend on the structures of the biological molecules in solution prior to
ionization.***® Therefore, we specifically probe the pH of the bulk solution inside the nanoESI
capillary. We characterize changes in sample pH as a function of time, ionization currents,
electrolyte concentrations, and polarities, using ranges of parameters that encompass most native

MS experiments.

Methods

Native Mass Spectrometry. Concanavalin A was purchased as a lyophilized powder from
Sigma-Aldrich (Item #C2010, St. Louis, MO). The material was dissolved at to a concentration
of 40 uM monomer in aqueous 200 mM ammonium acetate at pH 7.0, divided into 20 puL.
aliquots, and flash frozen. Prior to use, one aliquot was thawed and exchanged into aqueous 10
mM ammonium acetate at pH 6.0 or pH 7.0 using Micro Bio-Spin 6 columns (Bio-Rad,
Hercules, CA), then diluted to final concentrations of 16 uM monomer with the same solvent.
Approximately 2 nL of solution was loaded into a borosilicate capillary (1.00 mm outer
diameter, 0.78 mm inner diameter) that was pulled to a 1 to 3 pm tip (Sutter Instruments P-97).
A platinum wire was inserted through the wide end of the capillary to make electrical contact
with the solution. Electrospray was achieved by applying 0.65 to 1.2 kV of potential to the wire

to establish and maintain an ionization current of 60 nA. The current was measured using the



128  voltage drop across a multimeter that was positioned in series with the potential that was applied
129  to the wire. Mass spectra were acquired using a Cyclic Ion Mobility-Mass Spectrometry System
130 (Waters Co., Wilmslow, U.K.).*

131 Samples for Ratiometric Fluorescence Imaging. SNARF-4F 5-(and-6)-carboxylic acid,
132 which will be referred to as SNARF-4F °*3! was purchased from Fisher Scientific (Rockwood,
133 TN) as a lyophilized solid. A stock solution was prepared by dissolving the solid in 18.6 MQ
134 water to a concentration of 2 mM. Aliquots containing 5 pL of stock solution were kept frozen at
135 —80 °C or —18 °C and protected from light until use. Prior to experiments, one aliquot was

136  thawed and diluted to a final concentration of 1 pM. Solutions were prepared as follows:

137  aqueous ammonium acetate solutions were prepared at 200 mM and 1 M concentration; 10 mM
138  solutions were prepared through serial dilution of the 200 mM solution. The pHs of solutions
139  were adjusted with solutions of hydrochloric acid or ammonium hydroxide of the same

140  concentration as the electrolyte in the solution being adjusted. Figure 1 shows the fluorescence
141  spectra upon excitation at 530 nm of SNARF-4F in aqueous 200 mM ammonium acetate

142 acquired as a function of pH.

577-nm bandpass 655-nm bandpass

Normalized Intensity / A. U.

550 600 650 700 750
143 Emission Wavelength / nm
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Figure 1. Fluorescence spectra of SNARF-4F prepared in solutions of aqueous 200 mM
ammonium acetate solutions that were adjusted to the indicated pH values. Emission spectra
were collected with a luminescence spectrophotometer (Perkin Elmer LS-50B, Walham, MA)
using an excitation wavelength of 530 nm. At the lowest pH, 3.4, excitation of SNARF-4F
results in an emission spectrum with maximum relative intensity around 585 nm and a less
intense shoulder at longer wavelengths. The feature at 585 nm decreases in intensity with
increasing solution pH (almost disappearing by pH 7.4), and the longer-wavelength feature
increases in relative intensity and appears centered near 652 nm. These spectra were used to
select bandpass filters centered near 577 and 655 nm; the shaded regions span the approximate
transmission windows of those filters. Additional aspects of photophysics of SNARF-4F, as well

as the structures of the acid and conjugate base forms, have been reported previously.>!

Experimental Setup. To probe the pH of samples during electrospray, we developed the
apparatus that is shown in Figure 2 and described below. Fluorescence was initiated by
illuminating the sample with 530-nm light generated by a light-emitting diode operated with a
current of 1 A, which yields ~60 mW of light (Figure S1). Software was written to synchronize
the light source, the filter wheel, and the camera. For each time point, two images were collected
using each bandpass filter. Images were collected with an exposure time of 400 ms and a gain of
zero. For most experiments, fluorescence images were recorded every 25 seconds for 125
iterations. During rotation of the filter wheel, the light source was switched off to minimize

photobleaching of SNARF-4F.
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Figure 2. Photograph of apparatus used for these experiments. Light was generated by a 530-nm,
light-emitting diode (a), passed through a 525-nm bandpass filter (b), and collimated using an
aspheric condenser lens with a focal length of 20 mm (c¢). That light was then focused using a
plano-convex lens with a focal length of 75 mm (d), recollimated using a second aspheric
condenser lens with a focal length of 20 mm (e), and then used to irradiate the sample capillary
(f). A fraction of the emitted light was passed through a long-pass filter (g) into a filter wheel (h)
containing bandpass filters centered near 577 nm and 655 nm, which were selected based on the
pH-dependent, fluorescence spectra of SNARF-4F (Figure 1). The transmitted light was focused
using a lens (i) and detected using a monochromatic CMOS camera (j). To minimize stray light
in these experiments, the camera was mounted at an angle of ~12° relative to the sample
capillary, a beam dump (k) was positioned in line with the incident light, and the apparatus was
operated in an enclosed box constructed of foam board with a matte, black coating. The green
region is a crude approximation of the beam path of the 530-nm light in these experiments. Inset
is a representative image of a capillary containing 500 nM SNARF-4F that was acquired using
the 655-nm bandpass filter. Additional details, including part numbers and manufacturers, are

included in the Supporting Information.
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Data Acquisition and Processing. Ratiometric analysis of the fluorescence intensity of
SNARF-4F at 577 nm (Figure 3A) and 655 nm (Figure 3B) was performed to relate the
measurements to solution pH. The intensities of two images acquired in succession were added,
and then, the resulting data was binned with a block size of 4 or 16 pixels and masked using
minimum (to exclude pixels that did not probe the capillary) and maximum (to exclude a few
“hot” pixels on the sensor) thresholds (Figure 3C). The intensity of fluorescence at 655 nm was
plotted against the fluorescence intensity at 577 nm (Figure 3D). The slope resulting from
regression analysis of these data was taken as the experimental ratio.

Calibration. Figure 3E shows the ratio of fluorescence at 655 nm relative to 577 nm (R),
which was recorded six times for each standard. Measurements were performed in a pseudo-
random order to minimize systemic biases. Each measurement used a new borosilicate capillary,
and the platinum wire was rinsed with 18.6 MQ water prior to insertion into the solution-
containing capillary, although no potential was applied. These steps were taken to capture the
variability in the experimental measurements. The expected relationship between pH and R is

given by Equation 1:3

pH = K + log (w) (Equation 1)

Rp-R
where R4 is the ratio for the acid form of SNARF-4F, R is the ratio for the conjugate base form
of SNARF-4F, and K is a constant that depends on the pKa of SNARF-4F, the signal for the acid
form of SNARF-4F at 577 nm, and the signal for the conjugate base form of SNARF-4F at 655
nm. For calibration, experimental values of R were plotted as a function of pH. The Levenberg-
Marquardt method was then used to determine the values of K, R4, and Rp that minimize the
least-squares difference between the experimental values of R and those expected based on the

model in Equation 1. The values of K, R4, and Rp determined for the calibration curve shown in

10
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Figure 3E were used to determine the “apparent pH” for all other ratiometric fluorescence

Figure 3. Panels A-D show representative
data for a single measurement of the
fluorescence ratio. (A) Fluorescent image
acquired using the 577-nm bandpass filter.
(B) Fluorescent image acquired using the
655-nm bandpass filter. The intensity for
neighboring pixels were binned and then
masked using thresholds. (C) The ratio of the
intensity using the 655-nm bandpass filter to
that using the 577-nm bandpass filter for
each binned pixel. (D) The intensity using
the 655-nm bandpass filter was plotted as
function of the intensity using the 577-nm
bandpass filter for each binned pixels; the
slope for that data was used to determine
fluorescence ratio for that pair of images. (E)
Calibration curve generated from measuring

the fluorescence ratio of SNARF-4F

standards and Equation 1. Standard solutions of 500 nM SNARF-4F were prepared in aqueous
200 mM ammonium phosphate at pH values of 3.5, 5.4, 6.4, 7.4, 8.4, and 9.3, as measured using

a calibrated pH probe. Aqueous ammonium phosphate, rather than ammonium acetate, standards
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were used for these experiments based on the increased buffering capacity of the former near

neutral pH.

Electrospray Experiments. Approximately 10 pL of solution was loaded into a
borosilicate capillary (1.00 mm outer diameter, 0.78 mm inner diameter) that was pulled to a 1 to
3 um tip (Sutter Instruments P-97). A platinum wire was inserted through the wide end of the
capillary to make electrical contact with the solution. Electrospray was achieved by applying 0.7
to 2.7 kV of potential to the wire using a power supply (Bertan 205B-03R, Hicksville, NY). Ions
were collected on a stainless-steel plate positioned ~10 mm from the capillary tip and the current
of the collected ions was measured using a picoammeter (Keithley 485, Cleveland, OH). The
magnitude of applied potential was adjusted to maintain a relatively constant electrospray current

(x10 nA). Any experiments that exhibited erratic current were terminated and a new tip loaded.

Results and Discussion

Native Mass Spectra Can Depend on Acquisition Time. Concanavalin A is a
carbohydrate-binding protein that forms predominantly dimers and tetramers in solution near
neutral pH; the relative abundance of tetramer increases with pH.>*3* Figure 4A shows the initial
native mass spectrum acquired for a sample of concanavalin A that was prepared in aqueous 10
mM ammonium acetate at pH 7.0 using an electrospray current of 60 nA. The predominant peaks
in the spectrum are assigned to dimers and tetramers of concanavalin A. The sum of the
intensities of the tetramer ions is roughly threefold greater than that for the dimer ions
(O tetramer / Y dimer = 2.97). Figure 4B shows the mass spectrum that was acquired during the

same experiment but after 30 minutes of ionization. The sum of the intensities of the tetramer

12
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ions is roughly equal to that of the dimer ions (D tetramer / Y dimer = 1.01). For comparison,
Figure 4C shows the initial native mass spectrum for a similar sample but prepared at pH 6.0.
The relative intensities of the dimer and tetramer (3 tetramer / ) dimer = 0.82) are more similar to
those in Figure 4B. Several replicate measurements of the sample prepared at pH 7 were
acquired and all exhibit decreasing tetramer fraction with increasing time (Figure 4D). Although
many native MS experiments only generate ions from individual samples for a short length of
time, others do so for much longer durations, e.g., experiments that acquire data as a function of

3336 or temperature®’ or that generate product ions through many different

collision energy
channels.*®>® Based on these (Figure 4) and other (not shown) results, we hypothesized that the

electrospray solutions were becoming acidified with increasing acquisition time.

[(A) Replicate #1 .:, 1 [ Replicate #1 1 To pH 6 Control #1
Minutes 0-2 o Minutes 30-32 o Full Acquistion
TF=0.86 ® TF=0.67 ®

Relative Intensity
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Figure 4. Native mass spectrometry of concanavalin A samples prepared in aqueous 10 mM
ammonium acetate. Representative mass spectra of a sample prepared at pH 7.0 that were
acquired (A) initially and (B) after 30 minutes (B) of ionization. The peaks in this m/z range were
assigned as indicated to dimers and tetramers; there were also lower-intensity, lower-m/z peaks

that were assigned to the monomer. (C) Representative mass spectrum of a sample prepared at

13
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pH 6.0. Tetramer fraction, TF, is defined as sum of intensities of the tetramer ions (those with
m/z between 4250 and 5400) divided by the sum of the intensities of the dimer (those with m/z
between 3000 and 3900) and tetramer ions; all intensities were weighted by oligomeric state. (D)
Tetramer fraction as a function of ionization time for 6 technical replicates of the sample
prepared at pH 7.0; the tetramer faction decreases with increasing ionization time for all
replicates. Results for 4 samples prepared at pH 6.0 are shown for comparison. All experiments

used an electrospray current of 60 nA.

The objective of this study was to develop a quantitative understanding of the effects of
electrospray on the pH of samples during native MS experiments. This objective is significant
because it is well understood that electrochemistry occurs during electrospray ionization and that
the structures, interactions, and activity of biological molecules can depend strongly on pH.
Towards this objective, we used a pH-dependent, fluorescent probe and ratiometric fluorescence
imaging of samples during ion generation. Ratiometric analysis of the fluorescence signals were
then used to relate measurements and solution pH. Specifically, we characterized sample pH as a
function of electrospray current, electrolyte concentration, and electrospray polarity.

Measuring the pH of Solutions Inside nanoESI Capillaries. Measuring the pH of
solutions inside nanoESI capillaries during ionization presents several challenges. For example,
the small capillary dimensions and large applied potentials would hinder potentiometric
measurements. The capillary shape and the need for capillary repositioning would pose obstacles
to calibrating a single optical signal from a probe molecule. Factors such as illumination
intensity, sample thickness, and probe concentration can influence a single optical signal, and

probe concentration may change over time due to photobleaching. To address these challenges,

14
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we used ratiometric fluorescence imaging, as described in the Methods section. This technique
involves imaging emission at two different wavelengths and using the ratio of those signals to
estimate the sample pH. Since many of the factors that impact emission intensity are common to
measurements at both wavelengths, the use of ratios helps minimize their influence on the
measurement. For the probe molecule, we selected SNARF-4F, which exhibits pH-dependent
emission spectra (Figure 1) that make it “exceptionally suitable for pH measurement in the range
from about 6.0 to 7.5%° and appealing for use in quantitative imaging.> SNARF-1, a related
molecule with analogous photophysical properties but a larger pKa, has been used to probe pH
changes that occur during the evaporation of ESI droplet.*!

Briefly, nanoESI capillaries loaded with solutions containing SNARF-4F were irradiated
with 530-nm light; the resulting emission was filtered with bandpass filters centered at either 577
or 655 nm and imaged on a CMOS sensor (Figure 2). These bandpass filters were selected based
on the emission spectra of SNARF-4F in a series of aqueous ammonium acetate standards with a
range of pH values (Figure 1). The ratiometric response of SNARF-4F as a function of solution
pH was determined from the analysis of standards (Figure 3A-3D) prepared at selected values of
pH. Plotting the ratio as a function of pH yielded a sigmoidal relationship, with the steepest
region falling between pH values of ~ 6.5 and 8.5 (Figure 3E). The observed response is
consistent with the expected acid-base equilibria® and previous pH-dependent measurements of
SNARF-4F using other fluorescence measurements.”' This response curve was used to
parameterize Equation 1. Replicate measurements were used to characterize inter-experiment
variability, as described in the Methods and Supporting Information. This analysis suggests that
this method is most appropriate for ratios that correspond to pH values between 6 and 8. Because

the relationship between the ratio and the apparent pH is less-well defined outside of this range
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of pH values, subsequent results will be plotted linearly along the vertical axis using the
measurand (the fluorescence ratio), and the corresponding apparent pH values will be indicated
to the right of figures. We did not attempt to estimate pH for very-low values of ratio, given the
sigmoidal behavior of the calibration curve (Figure 3E).

A Typical Case. Many native MS workflows prepare samples in aqueous 200 mM
ammonium acetate at neutral pH and use positive ionization mode with a modest electrospray
current.>*%! Because of the prevalence of these conditions, “status quo” will be used to describe
experiments performed using an aqueous 200 mM ammonium acetate at pH 7.0, positive
polarity, and 60 nA current. Additionally, a surplus of replicates under these “status quo”
conditions were performed spanning multiple weeks and sample preparations to capture the
inherent measurement variability. To aid in discussion of the results, the experiment is presented
in four regions with the first three regions corresponding to 10-minute intervals, and a fourth
region from 30 minutes onwards. Note that all emitters in this study were initially loaded with
approximately 10 pL of solution. Many native MS studies use smaller sample volumes, e.g., 1—
281 or 1-5%2 uL. Therefore, the rates of change in the present study are likely to be slower than
would be expected during many native MS experiments.

Figure 5 shows the results from many “status quo” replicates. Under these conditions, the
solutions displayed an initial fluorescence ratio of 2.41 (95% CI: 2.35-2.47) corresponding to an
apparent pH of 6.92 (95% CI: 6.91-6.94). During the first 10 minutes of electrospray (region I)
the solutions exhibit a slow decrease in fluorescence ratio averaging —0.02 min~'. In region II,
10-20 minutes, the rate of change in fluorescence ratio increases to —0.06 min~'. Region III is
similar, exhibiting an average change of —0.05 min~'. Region IV reveals significant slowing to

—0.02 min™! and apparent leveling of the ratio is observed at the conclusion of the experiment.

16



338  All status-quo experiments result in a decrease in apparent pH of over 1 pH unit; on average, the
339  apparent pH decreases below 6 after 34 minutes. For context, a 1 pH unit decrease in pH causes
340  the dissociation constant of the dimer of the a-crystallin domain of HSPBS to increase by a

341  factor of 15.* We attribute the increased stability of fluorescence ratios at longer times (and
342 lower pH) to (1) increased buffering at lower pH by acetic acid, which has a pKa 0of 4.8, and (2)

343  the sigmoidal relationship between fluorescence ratio and pH.
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345  Figure 5. Ratiometric analysis of the fluorescence intensity for a solution of aqueous 200 mM
346 ammonium acetate measured as a function of time using an electrospray current of 60 nA. All
347  solutions initially had a pH of 7.0. (A) Over a 52-minute period, 125 sets of images capturing the

348  fluorescence of SNARF-4F at 655 nm and 577 nm are recorded. (B) The corresponding apparent
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pH determined as described in the Methods using the data in Figure 3E. The mean and 95% CI of
11 technical replicates are shown. The shaded blocks represent time regions I-IV, which are used

to organize observations in the discussion.

Note that there is significant variance among the technical replicates shown in Figure 5.
We attribute a significant fraction of this variance to small differences in the position of the
sample capillary, which has a shape that causes significant scattering of the excitation light and
presents different thicknesses of capillary and sample for imaging. As discussed in the Methods
section, we used several approaches to minimize variance, including the use of ratiometic
fluorescence, quantifying the fluorescence ratio on a pixel-by-pixel basis, offsetting the angle
between the capillary and the camera, and by positioning multiple optical filters between the
capillary and the camera. There are likely additional factors, e.g., fouling of the platinum wire
electrode, that contribute to differences between technical replicates. Such factors may also
contribute to the variance in the native MS results reported in Figure 4D. Although the variance
should be considered while evaluating these results, the magnitude of the change in fluorescence
ratio is much larger than that of the variance between technical replicates.

Effect of Electrospray Current. To characterize the effects of electrospray current on the
pH of solutions during native MS experiments, we performed experiments that only varied the
magnitude of that parameter. Although most native MS studies do not report electrospray
currents, most studies do report electrospray voltage and values between 0.7 kV and 2.0 kV are
common.>¢! The width of this range suggests that different studies fall under different current
regimes. We used a low current of 30 nA, a moderate current of 60 nA, and a high current of 120

nA; these values are within the range of currents that have been reported.>%® Figure 6 shows
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fluorescence response over time at each current. There is a clear relationship between the onset
and magnitude of change in fluorescence ratio and the magnitude of the electrospray current.
During region I, the smallest current (30 nA, blue traces) exhibits the slowest change in
fluorescence ratio and the largest current (120 nA, green traces) displays the most dramatic
change in fluorescence ratio. An intermediate amount of current (60 nA, beige interval) falls in
between the two extremes. However, beyond region I, the rate of change in fluorescence ratio for
all three currents is relatively similar. In region IV, the rate of change slows in all three cases,
with 120 nA leveling off the most dramatically, although it exhibits the greatest overall change in
fluorescence ratio relative to the other currents. The slower response at 30 nA current is
consistent with slower production of redox products at lower currents. Note that one technical
replicate at 30 nA exhibits a prolonged resistance to change in pH; that data was acquired using
the same protocol and the origin of the apparent resistance in that replicate is not understood.
Overall, all currents result in a substantial decrease in fluorescence ratio (i.e.,
acidification) during electrospray, although at different rates and to varying extents. The highest
magnitude of current, 120 nA, displays an 85% decrease in fluorescence ratio and 60 nA and 30
nA decrease 74% and 65%, respectively. This corresponds to a decrease of more than 1 pH unit
in all three cases. The 1 pH unit decrease occurs after just 20 minutes at 120 nA. These results
demonstrate that using lower electrospray currents in nanoESI can delay the onset of
acidification. Note that some analysts initially apply a much higher electrospray voltage to assist
in establishing a stable spray prior to lowering the voltage prior to acquiring data. Whereas the
results for lower current exhibit slow initial changes, the results for 120 nA suggest that using

higher currents may rapidly reduce the capacity of the sample to resist changes in pH.
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Figure 6. Increasingly large magnitudes of electrospray current (i.e., larger applied potentials)
induce increasingly rapid changes in solution pH. A current of 120 nA (green traces) results in
decreased solution pH almost immediately, whereas 30 nA (blue traces) results in a period of
stability prior to the onset of acidification. Each dotted trace represents a technical replicate (n =
4 for each). The results using 60 nA (transparent beige interval that spans the 95% confidence
interval based on 11 technical replicates and is also reported in Figure 5B) are bracketed by the

results using lower and higher currents.

Effect of Electrolyte Concentration. Although ammonium acetate has little buffering
capacity at neutral pH, it has been suggested that higher concentrations of ammonium acetate
will improve its ability to resist changes in pH, but will also increase the formation rate of redox
products.'® To explore which of these factors are predominant, SNARF-4F was electrosprayed
from aqueous ammonium acetate at 10 mM, 200 mM, and 1 M that was adjusted to pH 7.0; this
range of concentrations spans that used in most native MS experiments.*®**> The results from
applying 60 nA of current to SNARF-4F prepared in each of these solutions are shown in Figure

7. The observed trends demonstrate that increasing electrolyte concentration increases the initial
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resistance to ESI-induced changes in pH. During region I, the fluorescence ratio decreases >17
times faster in the 10 mM solution than in the 1 M solution. The steep drop in the fluorescence
ratio indicates rapid acidification of the 10 mM solution. The 1 M solution exhibits a slope close
to zero (—0.008 min™') during the same period. However, this trend reverses over the course of
the experiment. In region II for the 10 mM solution, the change in ratio slows by 70% to —0.04
min ! relative to region 1. The change in ratio slows to —0.01 min! and —0.003 min! in regions
III to IV, respectively. Conversely, the ratios for the 1 M solution are relatively stable through
regions | to III. Beyond region III, the fluorescence ratio abruptly drops at a rate >10x faster than
the preceding regions, although this is still less than half of the rate observed for 10 mM
solutions.

These results indicate that higher electrolyte concentrations in nanoESI applications are
more effective at resisting pH changes from electrospray relative to lower electrolyte
concentrations. High concentrations of ammonium acetate can also improve the quality of
protein mass spectra by reducing the relative abundance of metal ion adducts.®>*® However, the
concentration of electrolyte can also affect electrostatic interactions in proteins, which in turn can

6568 in solution. Therefore,

affect the strengths of protein-ligand®’ and protein-protein interactions
care should be taken when selecting the electrolyte concentration with respect to the analyte and

the relevant biological environment.
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Figure 7. The effect of ammonium acetate concentration on the sample pH as a function of time,
based on experiments using a current of 60 nA in positive-ion mode. Aqueous 1 M ammonium
acetate solutions (blue traces) exhibit the greatest resistance to changes in pH. Aqueous 10 mM
ammonium acetate solutions (green traces) exhibit rapid acidification beginning shortly
following the application of a potential. Each dotted trace represents a technical replicate (n = 4
for each). The results using aqueous 200 mM ammonium acetate (transparent beige interval that
spans the 95% confidence interval and is also reported in Figure 5B) are bracketed by the results

using lower and higher electrolyte concentration.

Effect of Electrospray Polarity. Although most native MS experiments probe native-like
cations, experiments probing native-like anions can provide similar® and complementary data.>¢
Therefore, it is useful to understand how the application of positive versus negative potential
during electrospray affects the characteristics of the electrospray solution. To do so, we
considered the “status quo” conditions described above (Table 1), but under negative polarity. As
shown by the black trace in Figure 8, using a negative potential has a far smaller effect on the

electrospray solution compared to a positive potential under the same conditions (Figure 5). The
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448  apparent pH of the electrospray solution increases less than 0.1 pH unit under negative polarity,
449  which corresponds to a 25% increase in hydroxide concentration. This is in stark contrast to the
450  more than order of magnitude increase in proton concentration during the corresponding

451  experiments using positive electrospray ionization. For 10 mM electrolyte, using an electrospray
452  current of —60 nA resulted in the fluorescence ratio more than doubling over the course of the
453  experiment, which corresponds to an increase of 0.65 in apparent pH. The fluorescence ratio
454  increases at a rate of +0.087 min™ through region III and then decreases slightly to +0.055 min’!
455  for the final 20 minutes. The monotonic increase in fluorescence ratio and apparent pH with

456  negative ionization and 10 mM ammonium acetate is consistent with the solution not reaching

457  the buffering regime of ammonium (pKa 9.25).
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461  Figure 8. The effect of applying a negative potential on the sample pH as a function of time.
462  Solutions of aqueous 200 mM ammonium acetate and 60 nA under negative polarity (purple

463  traces, n = 6 technical replicates) exhibit a small increase in fluorescence ratio throughout the
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experiment. Solutions of aqueous 10 mM ammonium acetate and 60 nA under negative polarity
(green traces, n = 2 technical replicates) display modest alkalization.

The minimal alkalization of the 200 mM ammonium acetate solution is less
straightforward to explain. With a platinum electrode, water oxidation and reduction should be
the primary source of charge balance and redox-induced changes in pH under positive and
negative polarity, respectively.’! Because water can undergo many possible redox reactions that
vary in reduction potential (and therefore probability of occurrence),’! it is plausible that the
reduction reactions occurring under negative-mode ionization produce fewer pH-altering
species,?! which would account for smaller overall change in solution composition over the
timeframe of the experiment. It is likely that many reactions take place during these
experiments®’ and a thorough understanding of this phenomenon will require further

investigation.

Conclusions

Figure 4 shows an example of how the features in native mass spectra can evolve during
individual experiments, which we hypothesized was caused by electrochemically induced
acidification of samples concomitant with positive-polarity ESI. Ratiometric fluorescence
imaging experiments (Figures 2 and 3) provide compelling evidence that sample pH can drift
(Figure 5) during native MS experiments, which typically use even smaller sample volumes than
used here (10 uL). For positive-polarity nanoESI of samples of a given electrolyte concentration,
increasing the ionization current increased the rate of sample acidification (Figure 6). Samples
with higher electrolyte concentrations are more resistant to changes in pH during nanoESI

(Figure 7), but electrolyte concentration also affects electrostatic interactions in solution.
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Negative-polarity nanoESI results in slower changes in solution pH than analogous experiments
performed using positive polarity (Figure 8).

Based on these results and observations, we suspect that sample pH can drift during many
native MS experiments. Because the properties of many proteins depend strongly on pH, it is
likely that results of many native MS experiments have been affected by this phenomenon. We
recommend that researchers consider the following during the design and analysis of native MS
experiments: (1) Favor parameters (e.g., high electrolyte concentrations, negative polarity
ionization, and low ionization currents that mitigate changes in pH during experiments. (2)
Acquire data using positive and negative polarity. Because the pH of the samples in those
experiments would change in opposite directions, similar results (e.g., stoichiometry, equilibria
constants, collision cross sections, etc.) for the two polarities would be consistent with the results
being independent of any changes in pH that may have occurred. (3) Compare data acquired at
different intervals (e.g., near the beginning and near the end) during the same nanoESI
experiment. Because the pH of the samples depends on time, similar results for different time
intervals would be consistent with the results being independent of any changes in pH that

occurred.

Supporting Information. Additional Description of Apparatus, Assessment of Measurement
Variability, and Figure S1.
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