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ABSTRACT

A nove eectrochemica probe has been designed, built, and used to characterize the
digribution in solution potentia within the metal capillary and Taylor cone of the
electrospray (ES) device. Results show that the measured potentia difference increases as
the internd probe travels toward the ES capillary exit, with vauesrising sharply asthe
base of the Taylor coneis penetrated. Higher conductivity solutions exhibit potentials of
higher magnitude at longer distances away from the counter electrode, but these same
solutions show lower potentids near the ES capillary exit. Removd of essly oxidizable
species from the solution causes the measured potentid difference to have nonzero vaues
at distances further within the capillary, and the values measured at dl points are raised.
The influence of the diameter of the spray tip employed for nano-electrospray mass
gpectrometry (nano-ES-MS) upon mass spectra charge state distributions was
investigated. A detailed comparison of charge state distributions obtained for nanospray
capillaries of varying diameters was undertaken while sysemdicdly varying

experimental parameters such as sample flow rate, anayte concentration, solvent
composition, and electrospray current. The genera tendency to obtain higher charge
gates from narrow diameter capillaries was conserved throughout, but tips with smaler
orifices were more sengitive to sample flow rate, while tips with larger orifices were more

sengtive to andyte concentration and pH of the solution.



Electrospray mass spectrometry (ES-MS) has been employed to study noncovalent
associaions between lipids and fusion peptides. Detailed binding specificities between
selected phospholipids and modd fusion peptides were investigated. Strong evidence has
been compiled to demondrate the importance of the initid hydrophobic interaction to the
observation of lipid- peptide binding by ES-MS. Initid hydrophobic interactionsin
solution contributed heavily to the formation of these peptide-lipid complexes,
particularly for [peptide+PC] complexes, whereas dectrogtatic interactions played a
larger role for [peptide+PG] complexes. The influence of solution pH and degree of
unsaturation of lipids upon the binding strength of [peptide+PC] complexes were al'so
investigated. These experiments help to establish ES-MS as a viable new biotechnology
tool capable of providing vauable information regarding the strength of hydrophobicaly

driven, noncovdent interactions.



INTRODUCTION

The phenomenon of electrospray (ES), i.e., the dispersion of liquid into small droplets by
an electrostatic field, was studied many years ago *. After the ES source was successfully
coupled with mass spectrometry, ES-MS has proven to be an extremely powerful tool
which makes it possible to study a wide variety of samples including biological
macromolecules and other nonvolatile compounds, many of which are not readily
amenable to analysis by other methods>>. Along with its steadily increasing applications,
many fundamental studies have focused on the individual steps that are responsible for
transforming analytes in solution into gas-phase ions ®2°.

It is well-known that in the positive ion mode, the imposed high eectric field used in ES
induces an enrichment of positive ions at the surface of the solution at the ES capillary
exit, and tends to pull the liquid containing an excess of positive charge toward the
counter electrode. The surface tension of the solution exerts a pull in the opposite
direction. The net outcome is that the solution forms a “Taylor cone” at the ES capillary
exit to balance these opposing effects. If the applied field is sufficiently high, a fine,
charged filament emerges from the cone tip and the high charge density on this “jet”
causes the break-up of the liquid into small charged droplets. Solvent evaporation reduces
the volume of the droplet at constant charge, causing fission of the droplets into smaller

droplets and, after one or more fisson events, gas-phase ions are formed.



It is evident that electrochemical phenomena play a vita role in creating and sustaining
charged droplet formation at the Taylor cone®®. However, it is not clear how the local
electric field varies within the solution emerging from a metal capillary held at high
potential. The ability to characterize these variations in potential is important for the
detailed understanding of the functioning of the ES device, and in particular, the redox
reactions that occur within the electrospray emitter. To our knowledge, the only reported
work in this area is a calculated potential distribution within a cone consisting of pure
methanol by Kebarle and coworkers?’ that used the simplifying assumption that there
were no charge carriers present, and a more detailed computational simulation done by
Van Berkel and coworkers at Oak Ridge National Laboratory?®). The latter report
concluded that the majority of the current from the redox reaction is generated within a
200-300 um region near the spray exit. Metal-solution interface potentials within the
spray capillary were aso calculated. Our goal is to experimentally measure the potential
distribution and map the potential gradients within the electrospray capillary and Taylor
cone. If one seeks to gain control of the electrochemical environment inside the ES
device, it is necessary to apply fundamental eectrochemical concepts to interpret
potentid distributions within the dectrospray capillary.

One distinguishing characteristic of electrospray mass spectrometry (ES-MS) is the
propensity to form and detect multiply charged analyte species which enables observation
of macromolecules at relatively low m/z values?® 3. Not only does the ES process make
the detection of large biomolecules possible, but in addition, the charge state distribution
of the analyte can serve as a probe to monitor its conformational dynamics® . Several

models have been built to depict the details of the ionization process in ES-MS**!, and a



better understanding of the factors that influence the analyte charge state distribution can
help to clarify mechanistic aspects of the ES process. It has been shown that the analyte

AT-55

rp-304243 , gas-phase reactivity’” >,

ri36,40,44,46

structure/conformatio , analyte concentratio

solution pH®2°3°6¢0 solvent compositiorf*®, and ES instrumental parameters™®>054% 4|
have influences on the find charge state digtribution observed in ES-MS.

More recently developed nano-eectrospray (nano-ES) is different from conventional
electrospray (the latter typically employs 4-200 microliter/min flow rates through 0.1 mm
diameter capillaries) in that the employed nanospray tips have very small orifices, usually
less than 10 pm in diameter®®, and flow rates are in the 10-500 nL/min range. Compared
to conventional ES, there are several advantages that make nano-ES very attractive: 1)
the onset of ES occurs at a lower applied voltage which helps to reduce the problem of
electrical (corona) discharge; 2) because the sample flow rate is so low, much less sample
is consumed; 3) the radii of initially produced droplets are smaller so the ionization
efficiency is higher; 4) nebulizing gas and drying gas are not necessary, SO ion
transmission is higher®®. Furthermore, it is believed that the low solvent flow rate affects
the mechanism of ion formation. Mann et a.®” theoretically described the electrostatic
dispersion in nano-ES. Karas et d.®® presented a model to explain the origin of the
different mass spectral characteristics of ionspray and namospray by suggesting different
“predominant fission pathways’ depending on the size of the initial droplets. They point
out that ions with low surface activities experience greater losses to the residue during
fission events while the more surface active ecies become enriched. In nanospray,

because ions are desorbed from smaller initial droplets that presumably undergo fewer

fission events, Karas and coworkers®® reasoned that analytes with lower surface activities



(e.g., oligosaccharides, glycosides and glycoproteins) would experience higher
transmission through the ion source, as compared to conventiona eectrospray.

Nanospray emitters also exhibit certain drawbacks such as fragility, causing a high
propensity to fracture the sharp end of the tip. This is because, unlike the emitter used in
conventional ES that is typically made of stainless steel, nanotips are usually made of
glass that is coated with a conductive metal. Also contributing to the short lifetimes of
nanotips are the problems of corrosion of the conductive coating, and sample clogging™.
Another issue is that, owing to manufacturing difficulties, the orifice of the nanotip is less
uniform than in conventiona ES.

The ability to obtain reproducible charge state distributions can have an enormous impact
on the accuracy of studies that rely on a single charge state for quantification. In addition,
MS/MS studies performed on multiply charged precursors require a minimum signal for
the selected precursor ion. The success of such tandem mass spectrometry experiments
can hinge on the ability of the analyst to control conditions to favor the production of ions
of specified charge states. For a given precursor molecule, ions of higher charge state are
known to undergo decompositions more readily than those of lower charge state®% %72,
Moreover, because attempts have been made to use nano-ES-MS to probe the binding
and conformational properties of noncovalent complexes™, the exact nature of
interactions may change as the charge state shifts. For these reasons, it is important to
obtain a detailed understanding of the effects of the physical characteristics of the
nanospray tip on the charge state distributions of anaytes.

Fourier Transform lon Cyclotron Resonance Mass Spectrometry (FT-ICR MS) has been

widely practiced since its inception in 1974’*, because of its ability to reach higher



resolution and accuracy than other mass spectrometer. When coupled with electrospray
ionization (ESI)™™ or matrix-assisted laser desorption ionization (MALDI)""%, it
becomes a very powerful technique for study of macro-biomolecules. Electrospray,
especialy nano-electrospray, known as a soft ionization process, makes it possible for the
noncovaent complexes formed in the solution to transfer into the gas phase. Nano-ES-
FTMS has become a novel tool for studying of various protein-ligand noncovalent
interactions’® %2,

The fusion of a vira membrane with the host cell membrane is critica to infection by
viruses such as HIV and influenza. This membrane fusion process is facilitated by viral
envelope glycoproteins called fusion proteins. Trying to interrupt viral membrane fusion
became a new disease therapy?®, which requires a detailed knowledge of the fusion
mechanism. Fusion peptides correspond to short regions, rich in hydrophobic residues,
within the ectodomain of these proteins, which can initiate membrane fusion by leading
insertion into the host cell membrane®®. It is believed that fusion peptides not only exist
in al viral fusion proteins, they also are a central motif in the mechanism of fusiorf®.
Investigation of interactions between fusion peptides and lipid bilayers is essential for
improving the understanding of membrane fusion process. In addition, when associated
with a polar nuclear localization sequence, thus offering amphipathic character, fusion
peptides can act as efficient drug carriers by facilitating drug insertion and translocation
across the cellular membrane®’.

It has been shown by a variety of methods such as CD, FTIR, NMR?®9 that hydrophobic

interactions, electrostatic interactions and conformational changes of both the peptide and

the membrane all contribute to the transfer of the peptide from the aqueous phase through



the lipid membrane®>®. However, reports of the use of mass spectrometry to observe
noncovalent complexes between lipids and proteins (soluble®” or membrane®) or
peptide] our paper] have appeared only very recently.

Electrospray mass spectrometry (ES-MS) has the advantage of preserving the non
covalent associations that exist in solution into the gas phase. However, it aways
concerned that gas-phase noncovalent adduct ions observed by mass spectrometry may
not reflect the status of the component molecules in solutior™® %, Up until now, a
moderate noncovalent binding strength was considered to be essential to allowing
observation of intact complexes, and it has been established that upon transfer to the gas-
phase, electrostatic interactions are strengthened, while hydrophobic interactions are
weakened%*,

Noncovalent lipid-peptide or lipid-protein interactions are characterized by both
electrostatic and hydrophobic components. Our goal is to specificaly probe the
hydrophobic aspect of initia binding, and we target lipid interactions with peptides.We
also would like to further investigate the detailed binding specificities between the

selected phospholipids and mode fusion peptides.



CHAPTER 1

Mapping of Potential Gradients within the Electrospray Emitter
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Abstract

A novel electrochemical probe has been designed, built, and used to characterize the
distribution in solution potential within the metal capillary and Taylor cone of the
electrospray (ES) device. The measurement system consists of three electrodes — a
counter electrode held at highly negative potential that serves as the cathode, and two
anodes consisting of a disk-shaped, mobile, internal (working) electrode, and the internal
surface of the surrounding ES capillary (auxiliary electrode, held at ground potential).
One-dimensional Differential Electrospray Emitter Potential (DEEP) maps detailing
solution potential gradients within the electrospray emitter and in the region of the Taylor
cone are constructed by measuring the potential at the working electrode vs. the ES
capillary, as a function of working electrode position along the ES capillary axis. Results
show that the measured potential difference increases as the internal probe travels toward
the ES capillary exit, with values rising sharply as the base of the Taylor cone is
penetrated. Higher conductivity solutions exhibit potentials of higher magnitude at longer
distances away from the counter electrode, but these same solutions show lower
potentials near the ES capillary exit. Removal of easily oxidizable species from the
solution causes the measured potential difference to have nonzero values at distances
further within the capillary, and the values measured at all points are raised. Results are
consistent with the characterization of the electrospray system as a controlled-current
electrolytic flow cell. Elucidation of the electrochemical details of the electrospray

process can lead to mass spectrometric signal enhancement of certain species present in



the spraying liquid, and also allow the detection of molecules that are usually not

obsarvable due to their low ionization efficiencies.

* Author to whom correspondence should be addressed

Introduction
The phenomenon of electrospray (ES), i.e., the dispersion of liquid into small droplets by

an electrostatic field, was studied many years agol. After the ES source was successfully
coupled with mass spectrometry, ES-MS has proven to be an extremely powerful tool
which makes it possible to study a wide variety of samples including biological

macromolecules and other nonvolatile compounds, many of which are not readily

amenable to analysis by other methods2-S. Along with its steadily increasing applications,
many fundamental studies have focused on the individual steps that are responsible for
transforming andlytes in solution into gas-phase ionst-24.

It is well-known that in the positive ion mode, the imposed high eectric field used in ES
induces an enrichment of positive ions at the surface of the solution at the ES capillary
exit, and tends to pull the liquid containing an excess of positive charge toward the
counter electrode. The surface tension of the solution exerts a pull in the opposite
direction. The net outcome is that the solution forms a “Taylor cone’ at the ES capillary
exit to balance these opposing effects. If the applied field is sufficiently high, a fine,
charged filament emerges from the cone tip and the high charge density on this “jet”
causes the break-up of the liquid into small charged droplets. Solvent evaporation reduces
the volume of the droplet at constant charge, causing fission of the droplets into smaller

droplets and, after one or more fisson events, gas-phase ions are formed.
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It is evident that electrochemical phenomena play a vita role in creating and sustaining

charged droplet formation at the Taylor cone26. However, it is not clear how the local
electric field varies within the solution emerging from a metal capillary held at high
potential. The ability to characterize these variations in potentia is important for the
detailed understanding of the functioning of the ES device, and in particular, the redox
reactions that occur within the electrospray emitter. To our knowledge, the only reported
work in this area is a calculated potentia distribution within a cone corsisting of pure
methanol by Kebarle and coworkers?? that used the simplifying assumption that there

were no charge carriers present, and a more detailed computational simulation done by

Van Berkel and coworkers at Oak Ridge National Laboratory?8. The latter report
concluded that the magjority of the current from the redox reaction is generated within a
200-300 um region near the spray exit. Meta-solution interface potentials within the
spray capillary were also calculated. The goal of the current report is to experimentally
measure the potential distribution and map the potential gradients within the electrospray
capillary and Taylor cone. If one seeks to gain control of the electrochemical
environment inside the ES device, it is necessary to apply fundamental electrochemical

conceptsto interpret potentia distributions within the eectrosoray capillary.

Experimental Section

Chemicals
HPLC-grade acetonitrile, water, methanol, and lithium trifluoromethanesulfonate

(LiCF3S03) were purchased from EM science (Gibbstown, NJ); acetonitrile was further
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purified by distillation followed by introduction of phosphorus pentoxide (P,Os) powder

to remove traces of water.

Hardwar e Configuration

A 660A electrochemical workstation (CH Instruments, Austin, TX) was used as the
electronic detector. To protect the electronic detector from the potential damage of high
voltage arcing, for all positive ion mode work in this study, a high (negative) voltage was
applied to the counter electrode while keeping the auxiliary electrode grounded. Because
all potential measurements at the internal (working) electrode were made relative to the
ES capillary (auxiliary electrode), displayed Differential Electrospray Emitter Potential
(DEEP) maps depicting this difference in potential as a function of working electrode
movement are expected to be similar to those that would be obtained for alternative
positive mode electrospray configurations where the ES capillary (anode) is floated at a

fixed high voltage and the counter e ectrode (cathode) is maintained near ground.

Electrospray Conditions

The distance between the counter electrode and the ES spray capillary was fixed at 6.0
mm. The flow rate adopted in this study was 200 pl/hr, unless otherwise noted. The high
voltage applied to the counter electrode was adjusted to give the most stable spray
conditions: values ranged from 3 kV to 4 kV, and exact values are noted in the text and
figures. All comparative studies shown in a single figure panel were performed using the

same working electrode.
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Data Treatment

For all generated figures, at each point, at least three measurements were made. Error
bars represent one standard deviation (1s) of the measured values. For certain solutions,
it was noted that measured potentials would unexpectedly achieve low positive \alues
when the working electrode was located far within the ES capillary. While never large
(always <200 mV), the magnitude of this phenomenon was highly dependent on the
solvent used, and the particular employed platinum working electrode. When present, the
dightly positive values were observed to persist even after the high voltage was shut off.
These near-zero relative potential values, considered to arise from dight differences in
the polycrystalline surfaces of the Pt electrodes and peculiarities of the histories of the
individual electrodes, were measured in a point-by-point fashion with the solvent flowing
and the high voltage off. The minor “baseline” potentials obtained in this way were
subtracted from the data shown in Figures 2, 3b, and 5. In other figures, no corrections

were made.

Results and Discussion

Measurement Device. A unique electrochemical cell that places a working electrode
inside the electrospray capillary was described’® and used to study redox reaction
products of polycyclic aromatic hydrocarbons (PAHs), and other aromatic compounds*©®.
A digtinguishing feature of the design of this electrochemica cell is that the working
electrode is shielded from the sample solution until reaching the region near the capillary
exit. We would like to exploit a modified version of this device in away that it has never

been used before, i.e., to use the internal electrode to measure potential gradients along
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the central axis of the ES capillary, and even within the Taylor cone. These data canbe
used to construct one-dimensiona Differential Electrospray Emitter Potentia (DEEP)
maps revealing the potential profile within the emitter, as a function of distance along its
axis.

Figure 1 schematically shows the DEEP mapping device that was constructed in-house.
The counter electrode (A) is a 0.9 inch thick brass plate that was held at high (negative)
voltage during al experiments. The ES spray capillary (C) serves as the auxiliary
electrode. It consists of a platinum (99.95%) cylinder with 0.5 mm i.d., 0.6 mm o.d.,
(Goodfellow Cambridge Limited, Cambridge, UK), that was held a ground (earth)
potential during all experiments. The working electrode (B) is a platinum wire (99.9%,
0.127 mm diameter) (Alfa Aesar, MA) sealed (with epoxy-resin) inside a fused slica
tube (220 um i.d., 320 um o.d.) (SGE Incorporated, TX) such that only the very end of
the wire (virtualy a disk) is exposed to the solution. The fused silica layer thus prevents
contact with the solution until the liquid reaches the working electrode surface near the
ES capillary exit. A position controller (E) was built to move the working electrode
independently with respect to the outer (ES) capillary. The minimum division of the
controller is 20 pum which corresponds to the minimum distarce that the working
electrode can be moved reliably. The x-axis zero point of al obtained DEEP maps
corresponds to the position where the working electrode surface is flush with the ES
capillary exit. Negative position values correspond to working electrode placement
within the capillary, while positive values indicate that the working eectrode is
protruding out of the capillary into the Taylor cone. The syringe for sample delivery was

mounted on a Cole-Parmer 74900 series syringe pump (Vernon Hills, IL). The high
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voltage was supplied by a Glassman (High Bridge, NJ) high voltage power supply. The
platinum wire constituting the working electrode penetrates through a cross union (F)
(Upchurch Scientific, Oak Harbor, WA) to provide electrical contact to the power supply.
The sample solution is introduced into the cross union and it passes through the annulus
between the outer wall of the fused silica tube (shielding the working electrode), and the
inner wall of the platinum auxiliary electrode (ES capillary). In addition to preventing
the solution from making contact with the working electrode during transport to the spray
tip, the fused silica also prevents direct electrical contact between the auxiliary and
working electrodes. Moreover, it offers the platinum wire necessary firmness to enable
mounting on the position controller. By properly adjusting the tightness between the
cross union and working electrode, one can move the working electrode back and forth
without causing the solution to leak. In our experiments, nebulizing gas was not
employed; this helped to keep the potentia gradients as unperturbed as possible.

The above two-electrode system was employed in all experiments. The open circuit
potential of the exposed platinum wire tip (working electrode) was measured with respect
to the potential of the ES capillary (auxiliary electrode). This potentia difference varies
with position of the working electrode wire tip. In the actual instrumental wiring, the ES
capillary was grounded, thereby giving it a constant potential over the course of an
experiment, and it was hard-wired to the working electrode outlet of the potentiostat. The
reference electrode port of the potentiostat was shorted to the counter electrode port, and
they both were connected to the platinum wire probe. Owing to this arrangement, positive
potentials read by the instrument mean negative potentials at the exposed platinum wire.

For electrospray operation in the positive mode, set up such that the spray capillary is
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grounded and the counter electrode is at high negative potential, the wire-probe in the
emerging solution will have potentials lower than the surrounding capillary. Because
potential is a value relative to a chosen reference zero point, the DEEP maps are made
with the y-axis showing increasingly negative values of potential relative to the grounded
ES capillary (auxiliary electrode). When the working electrode is located at points within
the ES capillary (negative xaxis values on obtained maps), the measured potentials are
reflective of, but of lower magnitude than, the potentials at the metal-solution interface at

that distance along the externd capillary.
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Fig. 1. Schematic diagram of the device employed to construct one-dimensional
Differential Electrospray Emitter Potential (DEEP) maps. A: counter electrode; B:
working electrode sealed in fused silicatube C: ES capillary, also the auxiliary electrode;
D: syringe pump; E: working electrode position controller; F. cross union; G:
electrochemical work station; H: high voltage supply. The inset shows a blow up of the
working electrode assembly sedled in a fused slica tube (B, sedant not shown)
surrounded by the ES capillary. The surface of the working electrode that comes in
contact with the sample solution is thus disk-like in shape and coplanar with the ES

capillary exit gperture.



17

Generation of DEEP Maps Showing Potential Gradients. When the electrospray high
voltage is switched on, the potential difference that is being measured between the ES
capillary and the internal wire probe is initialy rising rapidly. While the time required to
achieve a stable electrospray and resulting steady ES current is quite short, the time

needed to achieve a stable relative potential reading can be significantly longer. The exact
delay varies with the solvent system from a few seconds for the methanol/water system,

to minutes for acetonitrile or the acetonitrile/water system. With no faradaic current flow,
the electrode potentia is determined by the presence of electrochemically-active species
in the vicinity of the electrode surface, and ions need time to migrate to establish steady

state concentration gradients. Flow of the solution in our ES capillary has a linear

velocity of about 0.5 mm per second. Liquid in the electrode region is being refreshed
continuously, and it takes less than one second to replenish the volume of the Taylor cone.
Importantly, because the sprayed liquid has changed somewhat in composition as
compared to the liquid arriving into the capillary owing to oxidation reactions occurring

on the capillary walls near the capillary exit®®*®’

, and possible ensuing solution reactions,
concentration gradients must become established in opposition to the flow direction. For
this reason, the time to reach a steady state could be significantly prolonged as compared
to the same system in quiescent solution.

It was also noted that when the position of the wire probe was moved, causing a
fluctuation in measured potential, it took at least a short time for the potential reading to
stabilize, even after only asmall distance (e.g. 40 nm) of electrode movement. Moreover,

it was noted that the time required to reach stability was prolonged for movement

between points deeper inside the capillary as compared to points closer to the capillary
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tip. We attribute the slow equilibration time