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ABSTRACT

This dissertation elucidates a greater understanding of protein folding and
unfolding processes during the lifetimes of electrospray and nano-spray droplets in laser
electrospray mass spectrometry (LEMS) and nano-laser electrospray mass spectrometry
(nano-LEMS) measurements, respectively. The similarity in mass spectral features
obtained from conventional electrospray measurements for supercharged proteins with
those of LEMS measurements suggested that supercharging phenomena occurs in the
electrospray droplets during the droplet desolvation process. It was observed that the
laser vaporization of protein from condensed phase into the electrospray droplets
containing denaturing electrospray solution and a supercharging reagent resulted in the
increase in ion abundance of higher charge states in comparison with electrospray
measurements. Conversely, the addition of solution additives with varying gas phase
basicity in the electrospray solvent resulted in charge reduction for unfolded protein upon
laser vaporization from condensed phase into the charged electrospray droplets. The
extent of charge reduction and the fraction of folded protein within the electrospray
droplets was found to be dependent upon both the extent of protein denaturation in the
solution prior to laser vaporization and the gas phase basicity of solution additives.

The ability of the LEMS technique to analyze molecules from solution with high
matrix effects was established by the successful detection of protein molecules from
solution with high salt concentration. Experiments with LEMS enabled the detection of a
protonated protein feature as the dominating peak in the mass spectra for up to 250 mM
sodium chloride while conventional electrospray resulted in predominantly salt-adducted



features, with suppression of the protonated protein ions for the salt concentration of 5
mM. This dissertation also expanded upon the use of a reaction system to measure the
lifetimes of laser vaporized liquid droplets coupled with electrospray and nano-spray
postionization mass spectrometry. Electrospray and nanospray droplet lifetimes were
measured to be 4.5+0.6 ms and 1.4+0.3 ms using LEMS and nano-LEMS measurements,
respectively. Time dependent protein folding measurements using LEMS revealed
intermediate states during protein folding processes which are often limited in
conventional electrospray measurements where bulk solution in manipulated (change in

pH) to achieve protein folding.
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CHAPTER 1

DEVELOPMENT OF ATMOSPHERIC PRESSURE MASS SPECTROMETRY
1.1 Introduction

The development of the first mass spectrometer by Sir Joseph J. Thompson dates
back to 1912, which was then used in the analysis of small molecules such as O, N,, CO,
CO; and COCIly(1). After decades of continuous improvements, mass spectrometry
became feasible in the discovery of isotopes and determination of accurate atomic
weights and their relative abundances. By the 1960s, mass spectrometry became a
valuable analytical tool in the analysis of organic compounds. However, the limitation in
the analysis of macromolecules (>1 kDa) initially restricted the growth of mass

spectrometry.

Several ionization methods have been developed in an effort to analyze
macromolecules such as secondary ion mass spectrometry (SIMS)(2), plasma desorption
(PD)(3), laser desorption (LD)(4) and fast atom bombardment (FAB)(5). SIMS utilizes a
focused primary ion beam (e.g. Ar*, Ga*, In") to desorb the molecules adsorbed onto the
substrate. The primary ion induces a collision cascade with atoms and molecules on the
surface producing secondary ions, which are then released into the gas phase when their
Kkinetic energy exceeds the binding energy to the substrate. The mass range of ~ 1000
(mass-to-charge, m/z) can only be analyzed using SIMS due to extensive surface

fragmentation(6). Similar to SIMS, the energy carriers in PD are either ions or neutral



atoms that impinge the sample adsorbed onto the surface resulting in desorption of
neutrals and ions. This technique has allowed the analysis of ions >10,000 Da(7). Unlike
SIMS and PD, laser desorption uses a pulsed laser to produce gaseous ions. Laser pulses
with intensity ranging from 10° to 10'® W cm™ are focused onto the substrate surface
(~10° to 10™* cm?) resulting in the vaporization and ionization of the desired analyte. The
probability of ionization depends on the physical properties of the analyte such as
photoabsorption, and volatility. A nanosecond (ns) laser results in rapid heating (108 to
1013 K/s) of the metallic substrate, which leads to thermal desorption and fragmentation
of the analytes(4). Although mass analysis of large molecules became possible with the
introduction of these techniques, yet high energy ions, atoms, and photons resulted in

extensive fragmentation, thus hindering the analysis of intact molecular ion.

The fragmentation of a molecular ion could be limited by using a suitable matrix
in conjunction with the analyte to be investigated. Fast atom bombardment, also known
as liquid secondary ion mass spectrometry (LSIMS)(8), uses a beam of high energy
neutral atoms/molecules or ions to create ions from the desired sample. In this case, the
addition of a matrix to the analyte results in softer ionization. The matrix minimizes
sample degradation as it absorbs the high energy from impinging atoms/ions and transfers
the suitable energy to the analyte enabling detection of intact molecular ion. Despite the
formation of molecular ion, this method suffers from high chemical background and low

sensitivity.



The major obstacle for the application of mass spectrometry to biological fields
was the inability to transform large biomolecules intact from bulk solution phase into the
gas phase with adequate signal intensity. In 1985, Hillenkamp and Karas discovered that
the addition of tryptophan (amino acid that absorbs 266 nm laser light) into alanine
solution (amino acid that does not absorb 266 nm laser light) resulted in an increase in
detection of alanine at a significantly lower irradiance in comparison with alanine without
the addition of tryptophan. In this case, tryptophan is an absorbing matrix that transfers
energy to the amino acid (alanine) facilitating desorption and ionization(9). The matrix
therefore plays an important role in the absorption of laser energy allowing the analyte to
be vaporized. The matrix can serve both as proton donor and receptor allowing the
ionization of the given analyte in both positive and negative ion modes. This technique
was coined as matrix assisted laser desorption ionization (MALDI). In 1987, Tanaka et al
were the first to report the successful detection of intact protein and polymers >100,000
m/z ratio using a matrix that consisted of cobalt powder and glycerol(10). The detection
of intact biomolecular ions using MALDI resulted in a Nobel Prize for Tanaka in 2002,
and opened the door for numerous opportunities in the field of biological science. The
development of MALDI enabled researchers to analyze compounds of interest directly

from tissue sample without homogenization and/or extraction.

In recent years, MALDI has been extensively used as an analytical tool for mass
spectrometry imaging (MSI)(11-15). The combination of mapping spatial coordinates to
obtain molecular information from the given tissue sample makes MSI a valuable asset in

bio-medical research. The detection of potential biomarkers, change in chemical
3



composition as function of disease types, and the ability to measure drug distributions in
tissue sample have made MSI a promising tool in bridging biology and chemistry for
applications such as clinical biomarker discovery, disease diagnosis, and drug
development. The selection of a suitable matrix that resonantly absorbs the laser pulse is
an essential step in performing MALDI experiments. Since, MALDI measurements are
performed under vacuum conditions, exposing biological samples to non-native
conditions often results in the loss of chemical information that could be preserved only

under natural environments.

In 1988, John Fenn developed another soft ionization technique known as
electrospray ionization mass spectrometry (ESI-MS) that can be operated at atmospheric
pressure. Protein analysis using ESI was presented by John Fenn at the ASMS conference
in San Francisco (1888) followed by the publication in a later date(16). The electrospray
analysis involves dissolving the given analyte in a suitable solvent (usually a mixture of
water and methanol or acetonitrile) often with the addition of acid to facilitate ion
formation followed by pumping that solution through a hypodermic needle at a flow rate
ranging from 1- 10 pLmin™ (both higher and lower flow rates are common). A potential
difference of typically 3-6 kV is applied to initiate the electrospray process. The applied
electric field between the electrospray emitter and the counter-electrode (MS inlet)
usually separated by 0.3 to 1.5 cm induces a charge accumulation at the tip of the
electrospray needle resulting in a formation of a Taylor cone. When the forces from
applied electric field exceeds the surface tension of the liquid, the Taylor cone breaks

apart emitting a fine mist of charged droplets. These microdroplets are then desolvated
4



using a counter flow of drying gas (often nitrogen, 180-200 °C). As the solvent
evaporates, the charge density on the electrospray droplet surface increases to a point
where the Coulomb repulsion is greater than the surface tension of the liquid resulting in

droplet fissioning events of larger droplets to produce smaller daughter droplets(17).

Electrospray ionization has been widely used in the analysis of protein and
protein-complexes because of its ability to generate multiply charged [M + zH]*" gas
phase ions, where M represents the intact molecule, zH represents the number of protons
attached to the molecule, and z+ represents the overall charge on the molecule. ESI-MS
measurements of proteins reveal multiply charged gas phase ions with a characteristic
charge state distribution (CSD) correlating to the extent of denaturation(18-21). Protein in
the native configuration is typically folded (e.g. protein present in ammonium acetate
solution). This allows for the protection of basic amino acids in the interior from charging
and hence a narrow distribution at lower charge states is observed. Once the protein
unfolds (e.g. protein present in acidic solution), additional basic amino acids are exposed
to the solvent environment and can acquire more charge. Denatured protein exhibits a
much broader charge state distribution at higher charge states. Several reagents have been
reported to increase protein charge states such as m-nitrobenzyl alcohol (m-NBA)(22,
23), sulfolane(24, 25), and ethylene carbonate(26). These reagents are effective in
enhancing protein charge states when used in conjunction with an acidic (acetic/formic
acid) solution. Enhanced charging of large biomolecules has shown to be valuable for
performing high mass accuracy (sub-ppm) measurements(27, 28). In addition, enhanced

charging of protein and protein-complexes also improves the efficiency of electron-based
5



tandem mass spectrometry (MS/MS) techniques for molecular sequencing

experiments(29, 30).

Although ESI-MS has been extensively used in mass analysis of a wide range of
molecules, the mechanism by which gas phase ions are formed is still an active area of
research. The current consensus is that the small analytes in electrospray ionization are
charged via the ion evaporation model (IEM)(31, 32). This model suggests that
electrospray droplets shrink to a size of about 20 nm in diameter upon solvent
evaporation resulting in the increase in electric field strength at the surface of the ES
droplet which causes solvent ions to be expelled from the droplet(33). Conversely, large
macromolecules (usually globular species) such as folded proteins are believed to be
ionized via charge residue model (CRM)(34). This model suggests that a Taylor cone is
formed during solvent evaporation at the highest surface curvature of the droplet from
which smaller droplets are released. These processes occur until a droplet contains only
one analyte molecule. Finally, the residual charge on the droplet surface is transferred to
the analyte when solvent evaporates to dryness. It has been proposed that the unfolded
proteins and disordered polymers, which are charged above the Rayleigh limit in ESI-
MS, are ionized via a chain ejection model (CEM)(35). This model suggests that as the
protein unfolds, it exposes non-polar residues to the solvent molecules and therefore
partitions to the droplet surface (repelled by water molecules present in the droplet
interior). These chains are then expelled in a sequential fashion and the protein will be
separated from the droplet. During the chain ejection process, it is believed that the

charge migration and charge equilibration between the droplet and the departing droplet
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is responsible for the ionization of the protein molecule, which has been supported by

molecular dynamics simulation studies(31, 36, 37).

ESI-MS is a useful technique in the analysis of wide range of analytes, however,
sample preparation (homogenization and extraction) and lack of spatial information of
the samples analyzed makes it challenging for research application involving tissue
imaging. The development of techniques that operate at atmospheric pressure with
minimal sample preparation and can provide spatial information of a sample is deemed
necessary. Atmospheric pressure ionization techniques closely related to laser

electrospray mass spectrometry are discussed in this dissertation.

1.2 Atmospheric Pressure Matrix-assisted Laser Desorption/lonization Mass
Spectrometry (AP-MALDI)

Nearly 10 years after the development of ESI and MALDI, atmospheric pressure
matrix assisted laser desorption/ionization mass spectrometry was introduced by
Burlingame et al.(38, 39). AP-MALDI combines the features of atmospheric pressure
(AP) ionization and matrix-assisted laser desorption/ionization (MALDI). The common
features of AP-MALDI with that of vacuum MALDI includes the nature of the matrix,
procedure for sample preparation such as matrix to analyte ratio, energy of the laser beam
etc. It has been proposed that the initial processes of laser absorption and desorption of
gaseous plume containing analyte for AP-MALDI is similar to that of the vacuum

MALDI, however in the case of AP-MALDI, atmospheric pressure processes such as



thermal equilibrium of the excited ions, and ion-ion/molecule reactions could exist for a

longer timescales(38).

The transfer of ions generated at atmospheric pressure to the high vacuum region
is pneumatically assisted (PA) by using a stream of nitrogen gas, and hence the acronym
PA-AP MALDI is used. The ability of PA-AP MALDI to produce molecular ions with
minimal fragmentation is of importance for the biological sample analysis. The analysis
of peptides such as angiotensin and bombesin mixed with a-cyano-4-hydroxycinnamic
(matrix) at a 1:1 ratio resulted in intact molecular ions in contrast to vacuum MALDI.
This is attributed to rapid thermalization of ions upon collision with the ambient gas
(collisional cooling) before fragmentation can occur, whereas excited ions in vacuum
MALDI can dissociate in much lower pressure as the energy is conserved within the

rapidly expanding ‘plume’ resulting in fragment ions(38).

The AP-MALDI measurements that utilize an infrared (IR) laser (AP-IR-MALDI)
can analyze water-rich samples without matrix application as the laser couples to the O-H
stretch of water(40, 41). The major limitation of AP-MALDI in the past was the
sensitivity of the technique due to ion losses during transfer from atmospheric pressure to

the vacuum interface.

1.3 Desorption Electrospray lonization (DESI)

A new atmospheric pressure ionization technique was developed by Z. Takats et
al. in 2004(42) to overcome some of the limitations of ESI-MS and MALDI. Briefly, ESI

lacks spatial information and requires homogenization and dissolution in appropriate
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solvents while MALDI requires the addition of a suitable matrix and placement of the
sample under vacuum. The development of DESI enabled direct analysis of a sample
(tissue) under atmospheric pressure without sample preparation. In DESI, an ionized
stream of solvent (produced by ESI source) is directed towards the sample surface rather
than centered and parallel with respect to the mass spectrometer inlet. The pneumatically
assisted electrospray droplets splash onto the sample surface producing a thin layer of
solvent film that dissolves the analyte. The splash of subsequent electrospray droplets
releases the analyte dissolved in film into the gas phase by a ‘droplet pick-up’ mechanism
for mass analysis. DESI has been used to analyze a wide range of analytes such as
proteins(42, 43), peptides(42, 43), pharmaceuticals(42, 44), explosives(44, 45),
plants(46), and tissues(47). The unique ability to analyze sample at atmospheric pressure
while obtaining spatial information has made DESI a promising tool in mass spectral
imaging research(48-51). The diameter of the electrospray plume that interacts with
sample determines the spatial resolution of the technique. The use of nano-ESI has also
been investigated to improve the spatial resolution of the technique. In this case, the
decrease in electrospray plume diameter improves the spatial resolution. However,
spectral imaging in DESI is limited to the sample’s surface and therefore, topological

information is limited (lack of depth profiling).

DESI has also been used to perform time resolved measurements of the given
reaction systems. Reactive DESI was used to detect short-lived intermediates formed in
the secondary microdroplets on the millisecond timescale by adding reactant in the spray

solution that interacts with a compound adsorbed on a surface(52). Reaction times in
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DESI measurements were later calculated by the reaction between oxidized 2, 6-

dichloroindophenol (DCIP) and L-ascorbic acid (L-AA)(53).

1.4 Time Resolved Mass Spectrometry (TRMS)

Absorption and fluorescence spectroscopy are commonly used to monitor reaction
kinetics on timescales as short as femtoseconds,(54-56) however these methods require
endogenous chromophores or labelling of the reactant species. The ability to detect short-
lived reaction intermediates with high chemical specificity has made mass spectrometry a
suitable tool for studies of chemical and/or biochemical reactions such as formation of
organometallic  compounds, protein  folding/unfolding and enzyme-catalyzed
processes(57-60). However, the characterization of chemical/biochemical processes with
‘high temporal resolution’ is still a challenge. The time resolved information of the given
reaction system in mass spectrometry is often limited by the mixing time. For instance, in
conventional ESI-MS, reagents are mixed in the bulk solution phase prior to
electrospraying and thus the analysis time is usually greater than a minute. In early
studies, a flow-through photoreaction cell interfaced with ESI was used to detect
intermediates of photochemical reactions of transition-metal complexes with a lifetime of
a few minutes(61). Previous investigations have utilized a small-size reactor to minimize
the time required for diffusion-dependent mixing(62-64). Further improvements on time
resolved measurements were achieved with careful modification of the electrospray
experimental set up and the development of new ionization techniques such as desorption

electrospray ionization (DESI)(65), extractive electrospray ionization (EESI)(52),
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microdroplet fusion mass spectrometry(66), and theta spray ionization mass
spectrometry(67). In the section below, an early experimental setup used to perform time
resolved mass spectral analysis and a newly developed ionization technique that uses a

reaction system similar to the reaction system used in our experiment are discussed.

1.4.1 Stopped and Continuous-flow Electrospray lonization Mass Spectrometry

Time resolved mass spectrometry was first introduced in late 90°s where stopped-
flow and continuous flow mixing devices were coupled with mass spectrometry to
monitor the reaction kinetics of a reaction system with a time resolution from seconds to
milliseconds(68, 69). In stopped-flow method(68), a two-step approach is used where
reactant species are first flushed at relatively higher flow rates (~ 4.0 mL/s) through a
mixer and a reaction tube via two syringe pumps clearing the contents from previous
experiment. A third syringe pump is utilized to pump the reaction mixture along the
reaction tube at a lower flow rate (~ 1.7 pL/s) prior to detection using a mass
spectrometer. The length of the ‘reaction capillary’ determines the timescale of the
kinetic measurements and the time resolution of 2.5 to 36 s could be achieved using this

experimental set-up.

A continuous flow method has higher temporal resolution in comparison with the
stopped-flow methods(69). The method consists of two syringe pumps that
simultaneously pump solutions containing desired analytes such that the mixing of
solutions occurs in a mixing tee. The mixing tee is connected to the third ‘reaction

capillary’ that is connected to an electrospray emitter. The length of the ‘reaction
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capillary’ controls the reaction time of the given reaction system. Time resolution of 81 +
6 ms was previously achieved using continuous flow method with a dead volume of 3 nL

corresponding to ~5 ms(69).

1.4.2 Theta-glass Capillaries for Rapid Mixing and Short Droplet Lifetimes

The development of a ‘theta-shaped’ borosilicate capillary, which consists of a
nano-electrospray emitter with two separate channels, allows extremely small ‘mixing
volume’ on the order of femtoliters(70). The interaction of reactants in this technique
occurs partially in the ES tip and the Taylor cone while majority of reactions occur in the
droplets during the desolvation process. Hence, this technique is suitable for short time-
scale interactions. Protein folding and unfolding processes within the lifetime of the

electrospray droplets have been investigated using this method(59, 67, 71).

The droplet lifetime in theta spray ionization was calculated by the reaction
between oxidized DCIP (pH 3) and reduced L-AA (pH 3) loaded into the two opposite
barrels of the theta-glass capillaries(67). On the basis of the forward rate constant of the
reaction between DCIP and L-AA in the bulk solution phase, an average reaction time of
274160 ps was calculated(67) which corresponds to the lifetime of electrospray droplets
generated using theta-spray ionization. However, the surface to volume ratio,
concentration of reagents, and the pH are expected to increase during solvent
evaporation(72, 73). These factors can therefore escalate the rate of product formation by
~1-3 orders of magnitude in a rapidly desolvating ES droplet in comparison with the bulk

solution phase(74-76). Considering the increased rates of product formation in droplets
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over the bulk solution phase, the lifetime of ES droplet in the case of theta-spray
ionization was estimated to be 10 and 1000 times less than the average reaction times i.e.

between 27 pus and 270 ns(67).
1.5 Laser-electrospray Hybrid Techniques for Ambient Mass Analysis

The benefits of direct sample analysis under ambient conditions with minimal to
no sample preparation has led to the invention of a wide range of novel ionization
methods with application in numerous fields such as forensics, material science, and
biomedical research etc. The common goal of the numerous laser vaporization/desorption
techniques is to increase sensitivity while maintaining minimal sample preparation for
mass analysis. It has been reported that the post-ionization of laser desorbed neutral
molecules improves the sensitivity of the system by several orders of magnitude(77, 78).
There are several methods that combine desorption and ionization steps together for

ambient mass analysis; three of them will be discussed in this dissertation.
1.5.1 Electrospray-assisted Laser Desorption (ELDI)

The development of ELDI in 2005 by Shiea et al. considerably expanded the
analysis of solid materials under ambient conditions, particularly the study of proteins
without the addition of matrix and sample preparation(79). ELDI uses a nitrogen laser
with wavelength of 337 nm and pulse duration of 4 ns. The laser (operating at 10 Hz)
interacts with the sample at an incidence angle of 45° resulting in desorption of the
analyte from the surface followed by capture and ionization in the electrospray plume.

ELDI is the first laser based technique that enabled the detection of intact protein without
13



matrix application. However, the requirement for this analysis was that the protein
needed to be dried before analysis, which could perturb protein’s three dimensional
structures. Protein analysis from solution requires the addition of carbon powder(80) or a
MALDI matrix(81) for the observation of ion signal. A matrix that resonantly absorbs the
laser radiation transfers energy to the solvent molecules surrounding the analytes
resulting in desorption of the analyte, which is then captured and ionized by the

electrospray plume. Resonant transition occurs when the energy spacing between two

energy levels (ground and excited) is equal to the energy of n number of photons, niw,

where 7 is Planck’s constant divided by 27, and w is the angular frequency of the photon.

Analysis of an aqueous myoglobin sample using ELDI requires the addition of an
appropriate inert particles/matrix. The particles/matrix should absorb laser radiation to
facilitate protein desorption into the electrospray plume for ionization and at same time,
and should not denature protein upon interaction. For instance, the addition of gold
nanoparticles (Au NPs) into the myoglobin solution resulted in entirely denatured protein,
which is possibly due to the presence of citric acid in the Au NP solution that was used
for synthesis(80). In the case of matrix application, UV-absorbing organic matrixes such
as sinnapinic acid (SA) and a-cyano-4-hydroxycinnamic acid (a-CHC) absorbed the UV
laser radiation’ however, the energy transfer to desorb the protein molecules from the
solution was not efficient as indicated by the decrease in signal intensity of the protein
ions. In addition, these matrices are acidic in nature, thus obstructing the native analysis

of protein molecules. Mass spectra representing the native myoglobin ions were reported
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for the carbon powder at concentrations ranging from 0.2 to 0.8 mg/ml. However, the
presence of carbon powder in a small volume of protein sample could result in direct
energy transfer to protein molecules adsorbed onto the surface of these carbon powders

resulting in protein denaturation and fragmentation during desorption.

1.5.2 Matrix-assisted Laser Desorption Electrospray lonization (MALDESI)

In the case where information obtained from MALDI measurement is not
sufficient for unambiguous protein identification, nano-electrospray and/or electrospray
ionization tandem mass spectrometry (ESI-MS/MS) analysis is usually performed.
However, the analysis of samples in the presence of contaminants, such as salt and
detergents, is problematic when using ESI MS because of the increased salt adduction
and ion suppression effects(82). Matrix assisted laser desorption electrospray ionization,
developed by Muddiman et al. in 2006, uses a 337 nm pulsed nitrogen laser to ablate
anlaytes mixed with matrix into the electrospray plume for capture and ionization(83).
Protein and peptide analysis using MALDESI involves dissolving the analyte in a
sinnapinic acid matrix and laser vaporizing from a stainless steel substrate using 4
nanosecond (ns), 120 pJ laser pulses centered at 337 nm into the electrospray plume for
capture and ionization. The multiple charging of B-type natriuretic peptide (BNP-32) and
ubiquitin protein molecules observed in MALDESI experiments suggests that the gaseous
ions in MALDESI experiments are formed in a manner similar to ESI (multiply charged)

rather than MALDI where singly charged ions are often observed(84).
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Similar to ELDI, MALDESI has also been used to analyze liquid samples of
proteins and peptides dissolved in an organic matrix (this technique was coined as lig-
MALDESI)(85). Typically, lig-MALDESI measurements are performed by depositing
liquid sample (melittin) mixed with an organic matrix (2,5-dihydroxybenzoic acid, DHB)
onto a sample target followed by laser ablation into the electrospray plume for ionization.
However, when the sample target was biased to a higher voltage (3.0 kV in comparison
with 500 V, normally used for solid state MALDESI analysis) ion signal was observed
for melittin without the use of electrospray for post-ionization. In this case, the desorbed
droplet acted as the electrospray droplet generating multiply charged ions. IR-MALDESI
has also been used for mass analysis of bovine milk and egg yolk, which showed more
mass spectral features in comparison with UV-MALDESI. This is due to water molecules
acting as a matrix for the 2.94 um laser light similar to laser assisted electrospray
ionization (LAESI) mass spectrometry, which will be discussed next. Since, MALDESI
combines the benefits of both AP-MALDI and ESI, this technique has serval advantages
than either alone such as, enhanced quantitative analysis, spatially resolved analysis and

shot-to-shot reproducibility.

1.5.3 Laser Ablation Electrospray lonization (LAESI)

Laser ablation electrospray ionization developed by Vertes et al. in 2007 uses a
mid-infrared laser to generate gas phase particles from the given sample which are then
post-ionized using an electrospray ionization source(86). The analysis of tissue samples

and biological fluids using IR lasers is possible because the laser energy is coupled into
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the sample through absorption due to O-H vibrations (OH stretch at ~2.9 um). The use of
water as a matrix for desorption of the desired analytes reduces sample preparation
enabling rapid analysis of biological samples at atmospheric pressure without perturbing
the structural conformations of biomolecules. Analysis of vitamin By, and peptides using
LAESI revealed intact molecular ions similar to ESI whereas fragments were observed in
the case of UV-MALDI measurements suggesting that LAESI is a soft ionization

technique(87).

The laser desorbed plume in AP-IR-MALDI has shown to contain a sufficient
portion of ionic components that enabled mass analysis. However, the detected ion signal
decreased rapidly when the sampling distance was increased to ~4 mm from the ablated
surface. This effect is attributed to the ion recombination with decreasing plume
expansion in the presence of background gas. Conversely, in LAESI experiments, the
laser vaporized plume captured by charged electrospray droplets enabled the maximum
ion signal at a distance of ~15 mm between the spray axis to the ablated surface
indicating a completely different ion formation mechanism compared to AP IR-
MALDI(88).

Biological tissue imaging using a mid-IR laser is feasible due to the presence of
water, which acts as a matrix to absorb the laser light facilitating the desorption of
analytes for electrospray post-ionization. Initial LAESI experiments were carried out with
a lateral resolution of 350 um(88). However with the use of an etched tip GeO,-based
glass fiber, Mid-IR laser pulses were focused down to the spot sizes of 30-40 pm

enabling the analysis of individual eggs of L. pictus that are 90 to 100 pm in
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diameter(89). Due to the higher penetration depth for IR in comparison with UV laser,
LAESI has also been used to obtain chemical information from tissue samples with a

depth resolution of ~30-40 um(90).

1.5.4 Laser Electrospray Mass Spectrometry (LEMS)

In 2009, Brady et al. used an ultrafast femtosecond (fs) laser pulse centered at 800 nm
wavelength to desorb analyte from condensed phase into the gas phase followed by
capture and ionization using an electrospray ion source and was mass analyzed using a
homebuilt mass spectrometer(91). This technique was named laser electrospray mass
spectrometry (LEMS), the experimental setup of which is shown in Figure 1.1. LEMS
couples nonresonant femtosecond (fs) laser vaporization with an electrospray ionization
source to perform universal mass analysis at atmospheric pressure. The main advantage
of using a femtosecond laser pulse over picosecond and nanosecond laser pulses used for
desorption/ionization processes is the timescale at which the energy is being deposited
into the target analyte. A femtosecond laser pulse (~50-fs) deposits energy to the target
analyte on a timescale much shorter than the molecular rearrangement time(92), which
results in the parent molecular ion dominating the mass spectra. The increase in ion
abundance of a parent molecular ion for fs laser is attributed to a ‘ladder climbing’
mechanism. Conversely, nanosecond pulses deposit energy into the molecular system for
a longer period of time resulting in fragmentation of a parent molecular ion (due to

thermal heating), which is attributed to the ‘ladder-switching’ mechanism(93-95).
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Figure 1.1. Schematic of the instrumental setup for laser electrospray mass spectrometry

(LEMS) experiments.
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The fs laser pulses couple directly into the target analyte through multiphoton,
nonresonant absorption(93-95). Nonresonant absorption occurs when the energy of an
incident photon is not equal to the energy required to excite a molecule from its ground

0 W cm™ are required to drive

state to some excited states. Laser intensities of ~1
nonresonant multiphoton absorption processes and therefore short (~70 fs) laser pulses
are usually required. At similar laser intensities (~10"*** W c¢cm™), nanosecond laser

pulses induce increased fragmentation.

Since the invention of LEMS in 2009, a wide variety of samples have been
successfully analyzed without the need of matrix application at atmospheric pressure.
These include small analytes(96), pharmaceuticals(97), lipids(98), proteins(22, 91, 99,
100), explosives(101-103), thermometer ions(104, 105), manganese cubane cluster,(106)
and plant and animal tissue(107, 108). Recently, LEMS has also been used to perform
high resolution mass spectral imagining using a commercial Bruker Micro-QTOF mass
spectrometer with a lateral resolution of ~60 um(109). The intensity of the fs laser used
in our experiments is ~1 x 10** W cm, where one anticipates considerable fragmentation
of the excited molecule. However, investigations of lysozyme and cytochrome c revealed
that the condensed phase structure was preserved during the transfer to ES droplets when
an intense fs laser was employed for vaporization(110). The folded protein conformation
was observed when native protein was laser vaporized into the ES solvent containing
neutral pH. This suggests that the timescale of fs laser vaporization is much shorter than
the protein unfolding timescale and hence the native structure and function of protein and

protein-complexes can be investigated using this technique.
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The interaction time of laser vaporized droplets with that of electrospray
generated charged droplets dictates the diffusion of laser vaporized analytes into the
electrospray droplet. Considering a simple diffusion process, the mixing time, t, of two
analytes depends upon their diffusion coefficient (D) and the distance separating the
diffusing solutes (d), where t=d®/6D. A short interaction time should therefore result in
nonequilibrium partitioning of laser vaporized analytes into the ES droplet surface where
excess charge resides as the available time is not enough for complete diffusion into the
electrospray droplet. This effect has been shown to facilitate the quantitative analysis of
small molecule mixtures(96), multi-component protein mixtures(100), enhanced charging
of protein and protein complexes(22), and detection of protein molecules from high salt

concentration(111).

The internal energy distribution of laser vaporized molecules was calculated for
para-substituted benzylpyridinium ions (p-Cl, p-Me, p-MeO, p-CN and p-NO,),
commonly called thermometer ions, using a survival yield (ratio of the parent molecular
ion to the sum of the parent molecular ion and its fragments) method for comparison with
electrospray ionization. The measurement revealed that LEMS deposits more energy into
the analytes using a dried droplet method in comparison with conventional ESI-MS.
However, the energy deposition into the liquid sample is comparable to conventional
ESI-MS suggesting that nonresonant laser vaporization does not impart additional energy
to the desorbed analytes and hence is suitable for investigation of protein, protein-

complexes, and tissue analysis.
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1.6 Scope of this Dissertation

The role of supercharging reagents on gas phase protein structure along with the
possibility of using LEMS for Top-down protein sequencing experiments has been
discussed in Chapter 2. The use of LEMS enables the decoupling of bulk solution phase
processes from processes occurring in the electrospray droplet to investigate
supercharging mechanisms. In addition, the effect of adding supercharging reagent into a
denaturing electrospray solvent containing trifluoroacetic acid, acetic acid, and formic
acid for increasing ion abundance of higher charge states is discussed in Chapter 2. The
comparisons between LEMS and ESI-MS for optimal charging of protein and protein

complexes have been presented.

Chapter 3 includes the investigation of the hypothesis that laser vaporized acid-
denatured protein could fold during the electrospray droplet lifetime upon interacting
with the electrospray solvent containing suitable solution additives. The mechanism of
protein folding and unfolding during the electrospray process is presented in Chapter 3 by
separating the processes that occur in the electrospray droplet from those that occur in the
capillary and Taylor cone. This is achieved by laser vaporizing either folded or unfolded
protein directly into the electrospray droplets. Solution additives with varying gas phase
basicities were investigated to study the correlation between gas phase basicity of the

charge reducing additives and protein structure/charge state reduction.

The analysis of salt-rich biological samples usually requires separation steps prior

to mass spectral analysis. The possibility of using LEMS for the direct analysis of protein
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and protein mixtures from solutions containing high salt concentrations is presented in
Chapter 4. It is reported that LEMS displays approximately two orders of magnitude
higher salt tolerance in comparison with conventional ESI-MS with a higher protonated
feature and lower sodium adduction. The mechanism based on non-equilibrium
partitioning of laser vaporized analytes into the electrospray droplets for high salt

tolerance in LEMS measurement has been discussed in Chapter 4.

Time resolved mass spectrometry is important in the study of short-lived reaction
intermediates, protein folding, and unfolding kinetics etc. The measurements performed
using conventional electrospray lacks the temporal information of the reaction systems as
the reagents are mixed in the bulk solution phase prior to analysis. Measurements of the
lifetime for laser vaporized liquid droplets coupled with electrospray and nano-spray
post-ionization mass spectrometry as the possibility of studying reaction intermediates is
presented in Chapter 5. The effect of distance between the spray (electrospray and
nanospray) emitter and the capillary inlet, and the distance between the spray emitter and
the laser vaporized spot on the droplet lifetime has been investigated for both LEMS and
nano-LEMS measurements. In addition, the effect of droplet lifetimes on the fraction of
folded protein for acid-denatured cytochrome ¢ and myoglobin has been discussed in

Chapter 5 using LEMS and nano-LEMS measurements.
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CHAPTER 2

INCREASING PROTEIN CHARGE STATE WHEN USING LASER

ELETCROPSRAY MASS SPECTROMETRY

2.1 Overview

This chapter details the possibility of using laser electrospray mass spectrometry
(LEMS) for top-down protein sequencing experiments. The supercharging mechanism for
protein and protein complexes is discussed based upon the mass spectral measurements
that revealed similar charge state distributions (CSDs) for LEMS when compared to
conventional electrospray ionization mass spectrometry (ESI-MS). A marked increase in
ion abundance of higher charge states was observed for LEMS in comparison with
conventional electrospray for cytochrome ¢ (ranging from 19+ to 21+ vs. 13+ to 16+) and
myoglobin (ranging from 19+ to 26+ vs. 18+ to 21+) using an ES solution containing m-
nitro benzyl alcohol (m-NBA) and trifluoroacetic acid (TFA). The likely reason for an
increase in both the average charge states and charge state with maximum intensity for
acid-sensitive proteins (cytochrome c, and myoglobin) when using LEMS measurements
in comparison with ESI-MS under equivalent solvent conditions has been discussed. The
measure of protein CSD as a function of electrospray flow rate for cytochrome c¢ and

myoglobin is presented.

2.2 Introduction

Electrospray ionization of proteins generates multiply charged gas phase ions with

35



a charge state distribution (CSD) characteristic of the extent of denaturation(1). One of
the factors that affects the CSD is the configuration of the protein in the solution phase
prior to transfer to the gas phase(1, 2). A protein in its native configuration displays a
narrow range of lower charge states because the amino acid side chains in the folded
protein are protected from the solvent environment and lack the ability to pick up
additional charge. A higher range of charge states typically results from an extended
(unfolded) protein conformation where the amino acid side chains are exposed to the
solvent and thus can accommodate more charge. In addition to protein conformation,
other factors affect the CSD including: gas phase basicity of the analyte and solvent(3-5),
presence of supercharging reagents(6-9), instrument settings and desolvation

processes(10).

Increasing the number of charges on a given protein can be achieved either by
adding protein to an acidic solution prior to electrospraying(2) or by exposing
electrospray (ES) droplets containing protein molecules to acid vapors in the region
between the spray tip and the MS inlet(11, 12). During the desolvation process, the ES
droplets are enriched with acid content due to the faster evaporation rate of electrospray
solvents such as water and methanol in comparison with an acid (e.g. acetic acid). An
increase in the acid concentration lowers the droplet pH and provides a favorable
condition for denaturation and increase in protein charging. In addition to increasing ion
charge, interaction of protein molecules with acid vapors also helps to improve the ES
signal response and to prevent the dissociation of noncovalent complexes resulting from a

denaturing ES solvent prior to mass analysis(12). A reduction in the average charge state,
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Zayg, Can be accomplished using basic vapors and has been reported using extractive
electrospray ionization (EESI)(13) and electrosonic spray ionization (ESSI)(14). For
example, in EESI, the basic reagent nebulized by the nitrogen gas interacts with the ES
stream containing multiply charged protein ions, allowing ion/molecule reactions to

reduce Zayg.

Supercharging reagents, such as m-nitro benzyl alcohol (m-NBA), can also be
employed to enhance charging of proteins. The low vapor pressure of m-NBA compared
to conventional electrospray solvents results in an increased concentration of
supercharging reagent in the droplet at the end of the desolvation process. This will
change the properties of the droplet, which may result in chemical and/or thermal
denaturation, although this has been the subject of debate (15-18). The change in protein
conformation during the supercharging event is likely to be protein dependent(19). An

investigation of the o™

activator protein complex revealed a decrease in relative
abundance of high-order complexes (heptamer, tetramer, trimer, and dimer) with a
simultaneous increase in monomer abundance with increasing m-NBA concentration,
suggesting a change in the structure due to partial dissociation of the complex(18).
Conversely, using a supercharging reagent resulted in an increase in the average charge

of phosphorylase b dimer (195 kDa) without the disruption of dimer complex suggesting

that supercharging occurs without significant structural modification(16).

There are several merits associated with obtaining higher charge states. Enhanced

charging of large biomolecules has been shown to be of value for performing high mass
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accuracy (sub-ppm) measurements(20, 21) and for improving the efficiency of electron-
based tandem mass spectrometry (MS/MS) techniques for molecular sequencing
experiments(22-25). Increasing the protein ion charge state is important for performing
top-down proteomics because the greater the charge state, the more rapid the dissociation
during the MS/MS experiments giving rise to more useful information on the molecular

sequence and structure of macromolecules(26).

The interaction of laser-desorbed proteins with the ES droplets containing a
supercharging reagent can increase protein charge states, as shown by electrospray-
assisted laser desorption/ionization (ELDI) measurements(27). The ELDI process,
employing a UV laser for desorption of dried proteins into ES droplets containing m-
NBA, was utilized for the online supercharging of human insulin and bovine carbonic
anhydrase, resulting in an increase in the average charge state from 4.0 to 4.8 and from
27.7 to 30.0, respectively. Besides ELDI, several other laser based ionization techniques,
such as laser ablation electrospray ionization (LAESI)(28), infrared laser-assisted
desorption electrospray ionization (IR LADESI)(29), infrared laser desorption
electrospray ionization (IR-LDESI)(30), matrix assisted laser desorption spray post-
ionization mass spectrometry (LDSPI-MS)(31), and matrix-assisted laser desorption
electrospray ionization (MALDESI)(32) have been developed. All these ambient
ionization methods utilize a laser to desorb or ablate either liquid or solid samples
followed by electrospray post-ionization. A detailed review of ambient laser mass

spectrometry techniques has recently been published(33).
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A recently developed atmospheric pressure ionization technique, (LEMS)(34)
has enabled rapid analysis of large biomolecules and complex mixtures without pre-
processing steps such as deposition of matrix, extraction from a homogenized sample, or
placement into vacuum. LEMS couples nonresonant femtosecond (fs) laser vaporization
with ES ionization to perform ambient pressure mass analysis on a wide variety of
samples including pharmaceuticals(35), lipids(36), narcotics(37), dipeptides(34),
explosives(38-40), and plant tissues(41, 42) for phenotype classification(41). Most
importantly, investigations of lysozyme and cytochrome c revealed that the solution
phase conformation was preserved during transfer to ES droplets when an intense,
nonresonant ultrafast laser was employed for vaporization(43). Previous LEMS
investigations suggested that the reduced interaction time of the laser vaporized analytes
with the ES droplets limits partitioning into the interior of the droplet(43-45). This would
allow vaporized analytes to preferentially interact with the surface of the ES droplet
where charges reside. This nonequilibrium partitioning of laser vaporized proteins could
facilitate a larger yield of higher charge states when subjected to highly acidic solvent
conditions combined with a supercharging reagent, creating optimal conditions for
performing electron-based tandem mass spectrometry (MS/MS) for top-down

sequencing.

Here, we investigate nonresonant fs laser vaporization of proteins into ES solvents
containing either a supercharging reagent (m-NBA) or the mixture of m-NBA and
denaturing ES solvents, which consisted of either trifluoroacetic acid (TFA), acetic acid

(AA), or formic acid (FA). We report the mass spectral charge state distributions for
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cytochrome ¢, myoglobin, lysozyme and ubiquitin as a function of acid concentration in
ES solution. The CSDs are compared for laser vaporization ES post-ionization and
conventional ESI analyses. Charge state distributions were also measured as a function of

electrospray solvent flow rate.

2.3 Experimental Section

2.3.1 Sample Preparation

Solid samples of ammonium acetate, cytochrome ¢ and myoglobin from horse
heart, ubiquitin from bovine erythrocytes and liquid samples of m-nitro benzyl alcohol
(m-NBA) and trifluoroacetic acid were purchased from Sigma Aldrich (St. Louis, MO).
Propylene carbonate, ethylene carbonate, and diethyl carbonate were also purchased from
Sigma Aldrich (St. Louis, MO). Solid hen egg lysozyme was purchased from USB
Corporation (Cleveland, OH). Liquid samples of acetic acid and formic acid were
purchased from J.T. Baker (Phillipsburg, NJ). All analytes and reagents were used
without further purification. A 1 x 10 M stock solution of cytochrome ¢, myoglobin,
lysozyme and ubiquitin was prepared in HPLC grade water (Fisher Scientific, Pittsburgh,
PA). For conventional ESI-MS, an aliquot of the stock solution was then diluted into 5
mM ammonium acetate prepared in 1:1 (v:v) water:methanol to yield a final protein
concentration of 1 x 10 M. For native state analysis of cytochrome ¢ using ESI, an
aliquot of the stock solution was diluted into 5 mM aqueous ammonium acetate to yield
the final protein concentration of 1 x 10 M. Five 1:1 (v:v) water:methanol ESI solutions

containing 5 mM ammonium acetate were utilized in this study. These ESI solutions
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included 0.4% m-NBA, 1% acetic acid, 0.4% m-NBA with either 0.1% trifluoroacetic
acid, 0.1% acetic acid, or 0.1% formic acid. For LEMS analysis, 10 puL of the stock
protein solution spotted on a stainless steel plate was vaporized from solution into the

same ES solvents used for conventional ESI-MS but without any protein.
2.3.2 Laser Vaporization and lonization Apparatus

A Ti:sapphire laser oscillator (KM Laboratories, Inc., Boulder, CO) seeded a
regenerative amplifier (Coherent, Inc., Santa Clara, CA) for the creation of 75 fs, 2.0 mJ
laser pulses centered at 800 nm. The laser, operated at 10 Hz to couple with the ES ion
source, was focused to a spot size of ~350 pm in diameter with an incident angle of 45°
respect to the sample using a 16.9 cm focal length lens, with an approximate intensity of
2 x 10" W/cm?. The steel sample plate was biased to -2.0 kV to compensate for the
distortion of electric field between the capillary and the needle caused by the sample
stage. The area sampled was 6.4 mm below and approximately 1 mm in front of the ES
needle. Aqueous protein sample (10 pL) deposited on the steel substrate was vaporized
by the intense pulses allowing for capture and ionization by an ES plume travelling
perpendicular to the vaporized material. The flow rate for ES solvent was typically set at
3 uL/min by a syringe pump (Harvard Apparatus, Holliston, MA), except for the flow
rate study. The charged droplets containing captured analytes were dried by counter

propagating nitrogen gas at 180 °C during transit to the MS inlet.

2.3.3 Mass Spectrometry and Data Analysis
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The mass spectrometer used in this experiment has been previously described(34).
The system combines an intense nonresonant femtosecond laser pulse that enables
transference of the analytes into the gas phase for capture and ionization in an ES plume
at atmospheric pressure. The ES ionization source (Analytica of Branford, Inc.,
Brandford, CT) operated in a configuration to generate positive ions consists of an ES
needle, dielectric capillary, skimmer and hexapole. The ES needle was maintained at
ground while the inlet capillary was biased to -4.5 kV to operate in positive ion mode.
The ESI needle was 6.4 mm above and parallel to, the sample stage and was
approximately 6.4 mm in front of the capillary entrance. The hexapole was operated in
the trapping mode, where the positive ions were collected at 10 Hz. After exiting the ESI
source, the ions were transferred to the extraction region by a second hexapole where
they were injected orthogonally into the linear time-of-flight analyzer and extracted via
two high voltage pulsers (Directed Energy Inc., Fort Collins, CO, and Quantum
Technology Inc., Lake Mary, FL) that were triggered 210 ps after the ions exit the first
hexapole. The positive ions were then detected, and the resulting mass spectra were

averaged for 5 seconds for ESI and (50 laser shots) LEMS analysis.

The raw mass spectral data files were imported into the Cutter program (46) for
integration of the protein features. Baseline subtraction and spectral realignment were
performed before integration to ensure consistent integration. The average charge state

(Zavg) Was calculated using equation 1,
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YN giwj
Zavg = zl:.N‘l,vil (1)

where g; is the net charge, W; is the sum of signal intensity of the i charge state, and N is
the number of charge states present in the mass spectra. The charge state with maximum

intensity (Zmode) Was determined from the average of seven mass spectra.
2.3.4 Safety Considerations

Appropriate laser eye protection was worn by all lab personnel.

2.4 Results and Discussion

2.4.1 Analysis of Acid Sensitive Proteins

2.4.1.1 Cytochrome c

Cytochrome c is a small globular protein that contains a covalently bound heme
group. The ESI-MS charge state distribution (CSD) of cytochrome ¢ has been shown to
correlate with solution phase conformation(2). The native configuration of the protein
results in a narrow range of charge states (mostly 8+ and 7+) at high m/z ratio as shown
by nano-ESI-MS experiments(47), while the broad range of charge states centered around

12+ is indicative of the unfolded configuration(47, 48).

To investigate whether supercharging occurs during the desolvation process in the

ES droplet, nonresonant laser vaporization was employed to transfer aqueous proteins
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directly into the electrospray plume. Previous investigations suggest that condensed
phase native structure is preserved to a large degree upon femtosecond laser vaporization
into the gas phase(43, 49). The ESI solution consisted of water:methanol solvent with
additives including ammonium acetate, and m-NBA. The LEMS mass spectra obtained
from vaporizing cytochrome c into the electrospray solvent consisting of ammonium
acetate displayed a narrow range of charge states centered at 7+ with average charge state
(Zavg) Of 7.4 (Figure 2.1 a). Upon laser vaporization of cytochrome c into the solvent
containing a supercharging reagent (0.4% m-NBA in ammonium acetate solution), the
CSD shifts towards the higher charge state, peaked at 11+ (Za = 11.9), as seen in Figure
2.1 b. Conventional electrospray of cytochrome c using the same electrospray solvents
(Figure 2.2 a and b) revealed that the Z,,4 of native and supercharged cytochrome ¢ was
8.6 and 9.9, respectively. The mass spectral features obtained from conventional ESI-MS
for supercharged cytochrome c are similar to those obtained with the LEMS
measurements, suggesting that supercharging occurs after the transfer from the Taylor
cone into the droplet during the desolvation process. This is in agreement with previous
ELDI measurements(27).

The much greater shift in the CSD measured for LEMS (~60%) vs. that for ESI

7.4 of cytochrome c in buffered

(~15%) is attributed in part to the fact that the Zy

solution is lower for LEMS than for ESI-MS Z,,4 = 8.6, presumably because of the

decreased interaction time of laser vaporized cytochrome c in the denaturing electrospray

electrospray solution inducing some unfolding of the cytochrome c¢ in conventional
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ESI- MS analyses. Evidence for the unfolding is seen in the bimodal charge distribution
in Figure 2.2 a. In addition, supercharging with LEMS results in a highest charge state
(Zmax = 20) and average charge states (Zag = 11.9) that are greater than conventional ESI-
MS (Zmax = 18, Zayg = 9.9). The reduced interaction time of cytochrome c with
electrospray droplets could allow interaction only with the surface where the charge
resides, rather than partitioning into the interior of the droplet. Such nonequilibrium
surface interaction would promote enhanced charging of cytochrome c¢ for LEMS
measurements as compared to the conventional electrospray process where equilibrium

partitioning occurs(45).

The conventional ESI mass spectra of cytochrome ¢ measured in solvent
containing a mixture of m-NBA with either TFA, AA, or FA are shown in Figure 2.3 a, b
and c, respectively. The measurements reveal monomodal CSDs with most abundant
charge states (Zmoge) Of 14+, 18+, and 19+ for TFA, AA, and FA, respectively. An
increase in protein charge was achieved using a solvent containing either an acid or m-
NBA in comparison with buffered water:methanol (Figure 2.1), but the solvents
combining both an acid and m-NBA (Figure 2.3 and Figure 2.4) resulted in larger
increase in ion intensities of the higher charge states than either alone. The Zn.x observed
in the mass spectra was 23+ for all three electrospray solvents, while the lowest charge
state (Zmin) Observed was 8+ for TFA and AA with m-NBA, and 10+ for FA with m-

NBA. The broad range and increased abundance of higher charge states indicate that the
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Protein Acid  pH Average charge state Average Charge state with

(Zavg) maximum intensity (Zmodge)
ESI LEMS ESI LEMS

Cytochrome TFA 2.2 145+0.1 16.3+£0.3 142+04 20.0£0.6
AA 2.9 16.2+0.1 16.5+£0.5 179+£04 18.8£0.9

FA 2.5 17.8+0.1 16.8£0.3 18.2+£0.5 19.8+£04

Myoglobin TFA 2.2 18.6£0.1 20.0x04 174+£19 20034
AA 2.9 205+0.1 21.5+£0.5 225+0.5 23.8+0.5

FA 25 21.3+0.1 22.1+04 234+05 24.7+£0.5

Lysozyme TFA 2.2 11.3+0.1 11.9+0.3 11.2+0.9 126+0.5
AA 2.9 11.5+0.0 11.4+0.3 114+ 0.5 11.3+0.9

FA 25 12.2+0.0 11.9+0.1 13.0+£0.0 11.7+0.6

Ubquitin TFA 2.2 105+0.1 10.8+£0.3 12.0+0.0 120+04
AA 2.9 11.5+0.0 10.3+£0.3 12.0+£0.0 11.8+04

FA 2.5 11.2+0.1 104+0.2 12.0+0.0 11.7+£05

Table 2.1. Summary of the mean of charge state distribution (Zayg) and the charge state
with maximum intensity (Zmoge) for cytochrome c, myoglobin, lysozyme and

ubiquitin obtained from both ESI and LEMS measurements.
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Table 2.2. Physiochemical properties® of different electrospray solvents

Solvent Vapor pressure Boiling point Surface tension
at 20°C (°C) (dyn/cm) at 20°C
Water 17.5 100 72
Methanol 97.66 64.6 22.50
Trifluoroacetic acid 97.5 73 13.63 (at 24°C)"
Acetic acid 11.7 117.9 27
Formic acid 44.8 101 37.67
m-NBA 1.9 (at 80°C)° 405" 50

a
b

Data are taken from Ref.(50) , except as noted
Data taken from Ref.(51)
¢ Data taken from Ref.(11)
9 Data taken from Ref.(52)
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cytochrome c unfolds as the result of the denaturing solvent containing acid and m-NBA.
The mean of the CSD (Zag) and the charge states with maximum intensity (Zmode)
resulting from the analysis of the four proteins with different electrospray solvents are
shown in Table 2.1. The variation in protein charge states (Zayg and Zmoge) presumably
arise from the pK,, boiling point and/or the surface tension of the acids (Table 2.2). A
correlation between the CSD shift of cytochrome ¢ with the strength of the acid was
previously reported by studying the effect of acid vapors leaked into the ESI
interface(12). However, neither Z,q nNor Zmege correlated to acid strength in this study.
Trifluoroacetic acid is the strongest acid, followed by formic acid and acetic acid (pKa
values of 0.52, 3.75, and 4.76, respectively). FA, followed by AA, provided the highest
Zayg and a larger increase in ion intensity of higher charge states when compared to TFA.
The discrepancy in the Z,,q as a function of pK, might be due to the difference in other
physiochemical properties of the acids, such as boiling point, ion pairing ability and the
surface tension. Trifluoroacetic acid has a lower boiling point than water and will
evaporate during desolvation resulting in an increase in droplet pH compared to that of
the starting solution, lowering the proton concentration at the droplet surface. Acetic acid
has a higher boiling point than water, and during solvent evaporation, the ES droplets
likely become enriched with acetic acid, increasing the proton concentration. In addition
to the proton density, the nature of the anionic species present in the solution may also
affect the distribution of protein charge states. Anions can pair with positively charged
basic amino acids of the protein in the solution phase and reduce the total number of
charges on a protein molecule(53). The stability of the adduct (R-NH,"H"A") formed
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depends on the gas-phase basicity of the amino group and the attaching anion(54). The
limited resolution of the mass spectrometer does not enable the identification of adducts in
this experiment. The CFsCOQ"anion (TFA) has a greater propensity to form an ion pair in
comparison with CH3;COO" anion (AA), which results in greater ion suppression effects.
The increase in Za,4 for cytochrome ¢ for m-NBA and FA in comparison with m-NBA

and AA is most likely due to the pKa and/or the surface tension values of these acids.

Laser vaporization of aqueous cytochrome c into electrospray solutions consisting
of 1:1 (v:v) water:methanol with m-NBA and TFA, AA, or FA was performed to
investigate the nonequilibrium partitioning effect on Z,4 or the relative abundance of the
higher charge states. The LEMS measurements for cytochrome ¢ with m-NBA and TFA
(Figure 2.4 a), AA (Figure 2.4 b), and FA (Figure 2.4 c) displayed monomodal CSDs
With Zmoge Values of 20+. The Znmax and Zmin observed in the mass spectra were 24+ and
8+, respectively, for all three electrospray solvent conditions. Investigations of
cytochrome c, laser vaporized into a buffered water:methanol ESI solution, showed a
Zmode OF 7+ (Figure 2.1 a). The high charge states observed from the interaction of laser
vaporized folded cytochrome ¢ with the denaturing electrospray solvents in this study
suggests a conformational change in the protein. The Z,,4 for the LEMS measurements in
comparison with the ESI-MS measurements were: 16.3 + 0.3 vs. 14.5 £ 0.1 for TFA, 16.5
+ 0.5 vs. 16.2 £ 0.1 for AA, and 16.8 £ 0.3 vs. 17.8 £ 0.1 for FA, as seen in Table 2.1.
The fact that the Z,,4 values for LEMS measurements were approximately the same
suggests that the solution phase processes within the droplet are not important for laser

vaporized protein. A droplet mixing experiment performed by colliding a 370 nL droplet
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of a basic solution containing phenophthalein into an acoustically levitated 4 uL droplet
of an acid showed that the basic solution remained on the surface for more than 2
seconds(55). This time scale is larger than the ~100 ms(43) time scale that the protein
spends with the ES droplet during the transit to the capillary inlet in LEMS
measurements. The Z,,q for cytochrome c laser vaporized into TFA and m-NBA is ~13%
higher than for ESI. The increase in Z,q is presumably due to the laser vaporization
process allowing cytochrome c to interact exclusively with the ES droplet surface where
the charge is located, eliminating interactions with the TFA anion, CF;COQO". The
increase in Z,,4 for LEMS measurement may also be due to the reduced protein concentration
in electrospray plume. The capture efficiency of proteins is ~1% for LEMS
measurements(35) which results in a higher charge availability for the given concentration of
protein, resulting in a higher Z,,4 compared to ESI. Previous CSD measurements for
electrospray reveal a decrease in average charge state with increasing analyte concentration
due to the decrease in excess charge with increasing protein concentration(56). Conversely,
LEMS measurements of cytochrome ¢ and myoglobin did not show the same trend as a
function of increasing protein concentration suggesting minimal ion suppression
compared to conventional electrospray(45). The adducts observed in the mass spectra are
likely due to a reduction in desolvation of protein molecules during LEMS analysis. In the
LEMS experiment, proteins are laser vaporized from pure water which presumably
encapsulates the analyte thereby increasing the water concentration in the droplets. In ESI,
proteins are dissolved in 1:1 (v:v) water:methanol for electrospray measurements. The

increase in Zayg for ESI measurements using FA with m-NBA is probably due to the
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enhanced denaturation (cytochrome c is present in the denaturing ES for a longer time in
ESI-MS) that is not present in the nonequilibrium mixing of the laser vaporized protein
droplets. However, the role of m-NBA in the supercharging process and its effect on

protein’s structure has been debated(16, 18).

Alternative solution additives were also investigated as the means to increase
protein CSD using a high resolution micrOTOF-Q Il mass spectrometer. These reagents
include diethyl carbonate (DEC), propylene carbonate (PC), and ethylene carbonate (EC).
The effectiveness of these reagents in increasing protein charge states were tested for
both native (ammonium acetate) and denaturing (acidic solution) electrospray solvent
conditions. The ESI mass spectra of cytochrome ¢ prepared in 5 mM aqueous ammonium
acetate with DEC, PC, and EC are shown in Figure 2.5 b, ¢, and d, respectively. The
measurements reveal CSDs with Zmnoge Of 7+, 10+, and 11+ for DEC, PC, and EC,
respectively. The use of PC, and EC resulted in CSDs ranging from 5+ to 14+, and
peaked at 10+ and 11+, respectively. However, a remarkable shift in protein CSD was
observed when using PC in the denaturing ES (solution containing 1% FA) solvent
conditions. In this case, the CSD ranged from 14+ to 23+ with a Zmee Of 21+. The
effectiveness of these reagents in denaturing ES solvent conditions is currently under
investigations using LEMS and nano-laser electrospray mass spectrometry (nano-LEMS)

measurements.

2.4.1.2 Myoglobin

56



100+ +19
90+ I

o

(b) +'22

]| |

_
© O
o O

—~~
O o

Relative Abundance (%)
: & 3 ¢

100+ | +23

H ©
o o

20+

0l : : . . .
500 750 1000 1250 1500 1750
m/z

Figure 2.6. ESI mass spectra of myoglobin prepared in ammonium acetate with 0.4% m-

NBA and 0.1% (a) TFA, (b) AA, and (c) FA.



(a)
100, | +19
90::

20

10

(b)

100+ |+23

»©
o o

o
~~ L
2]
~

Relative Abundance (%)
N

100+
90-

[
a] | |

20

0 . : : : .
500 750 1000 1250 1500 1750
m/z

Figure 2.7. LEMS mass spectra of myoglobin in ES solvent conatining ammonium

acetate with 0.4% m-NBA and 0.1% a) TFA, b) AA, and ¢) FA.

58



1002) o+

50

o
g1

a13+

-
o
o

heme

[6)]
o

o

RelativeAbundance (%)

100_0) a

50+

0 A T T T T 1
500 1000 1500 2000 2500 3000
m/z

Figure 2.8. LEMS mass spectra of myoglobin in ES of a) ammonium acetate, and b)
0.4% m-NBA in ammonium acetate. Panel ¢ represents LEMS mass spectra
of myoglobin with 1% AA in ES of ammonium acetate (‘a’ represents apo-

myoglobin and ‘h’ represents holomyoglobin).

59



Myoglobin is a globular protein that binds heme in its hydrophobic pocket by van
der Waals forces. The folded conformation with the heme group located in the interior of
the protein is called holomyoglobin. The heme is released in conditions of extreme pH
and/or high temperatures, and in the presence of organic solvents to produce apo-
myoglobin(57). Myoglobin prepared in 1:1 (v:v) water:methanol with TFA, AA, or FA in
combination with m-NBA was analyzed using ESI and the mass spectra are shown in
Figure 2.6 (a, b and c, respectively). The ESI CSD measurements are monomodal with
Zmode Values of 19+, 22+, and 23+ for TFA, AA, and FA, respectively. The Zn.x observed
in the mass spectra was 28+ for all three electrospray solvents. The calculated Zmqge and
Zayg Values for myoglobin in the solution of m-NBA with TFA, AA, and FA also do not
correlate with the strength of the acid, as shown in Table 2.1. The presence of
apomyoglobin features observed for all three electrospray solvents indicate a
conformational change in the protein. The release of the heme cofactor is possibly due to
the weakening of heme-protein interactions in the low pH (< 3.5) solution(2) and the
increasing concentration of m-NBA during the solvent evaporation which could further
destabilizes the protein structure.

Myoglobin was laser vaporized into an electrospray solvent consisting of 1:1 (v:v)
water:methanol with m-NBA and the various acids. The LEMS mass spectra resulting
from the interaction of laser vaporized native myoglobin (holomyoglobin) with different
electrospray solvents are shown in Figure 2.7 (a, b and c). A bimodal distribution was
observed with charge states centered at 19+ and 26+ for the solution of m-NBA with
TFA, whereas monomodal distributions centered at 23+ and 24+ were observed for the
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solutions of m-NBA with AA and FA, respectively. The Zy.x and Zni, observed in the
mass spectra were 28+ and 10+, respectively, for all three electrospray solvents. The ion
intensity of higher charge states increases significantly for myoglobin with LEMS in
comparison to ESI. The relative abundance of charge states from 19+ to 26+ for the
solution of TFA and 24+ to 26+ for the solution of FA was higher for LEMS
measurements compared to conventional electrospray measurements. The charge states in
the mass spectra represent apo-myoglobin features that resulted from the interaction of
holomyoglobin with the denaturing electrospray solvent. Laser vaporization of
myoglobin into ES droplets containing buffered water:methanol solution displayed only
holomyoglobin features (Figure 2.8 a). The release of the heme cofactor indicates a
conformational change of myoglobin after the laser vaporized protein droplets interact
with the denaturing ES droplets. Z,y is higher for LEMS measurements than for ESI-MS,
20.0 £ 0.4 vs. 18.6 £ 0.1 for TFA, 21.5 + 0.5 vs. 20.5 £ 0.1 for AA, and 22.1 = 0.4 vs.
21.3 £ 0.1 for FA. The increased Za,y of myoglobin in LEMS measurements is similar to
the observations made for cytochrome c, again suggesting that the laser vaporized protein

acquires additional charge from the droplet surface where the excess charge resides.

2.4.2 Analysis of Acid Stable Proteins

2.4.2.1 Lysozyme

Lysozyme contains four disulfide bonds that stabilize the protein structure resulting
in less denaturation when compared to myoglobin and cytochrome c. The native form of

this protein is indicated by a narrow range of charge states (mostly centered at 9+ and 8+)

61



(a) +11
100+ '

754

50

100+ '

o

—_
O
~
S
-
N

~
(6]

.
4;
r

Relative Abundance (%)
3

—
(2]
~
+
-
w

100- '
75

50

= W

1000 1500 2000 2500
m/z
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whereas unfolded conformation displays a much broader bell-shaped distribution at
higher charge states(58). The ESI mass spectra obtained for lysozyme using the
combinations of m-NBA and different acids are shown in Figure 2.9 (a, b and c).
Monomodal CSDs with Zy0q4 at 11+, 12+, and 13+ were observed for m-NBA solutions
with TFA, AA, and FA, respectively. The Zni, observed in the mass spectra was 8+ for
all three solvent conditions, while the Zn.x was 16+ for AA and FA, and 15+ for TFA
solutions. The broad range of charge states ranging from 8+ to 16+ indicate an unfolded
configuration of lysozyme that results from the solvents employed. The ESI mass spectra
of native lysozyme prepared in buffered water:methanol solutions showed a narrow range
of lower charge states with a Zmee Of 8+ (Figure 2.10). The Z,, values (Table 2.1)
measured for TFA is lower compared to AA and FA, similar to the ESI measurements of
cytochrome ¢ and myoglobin. Aqueous lysozyme was laser vaporized into various
electrospray solutions consisting of an acidic solvent and m-NBA to determine whether
disulfide linkages stabilize the protein structure in the presence of denaturing electrospray
solvents. The LEMS mass spectra of lyoszyme with m-NBA and TFA (Figure 2.11 a),
AA (Figure 2.11 b), and FA (Figure 2.11 c) displayed monomodal CSDs. The Znge in
these measurements was 13+ for the solution of TFA, and 12+ for the solutions of AA
and FA (combined with m-NBA). The Zni, observed in the mass spectra was 8+ for all
solvent conditions, while Z.x was 16+ for AA and FA, and 15+ for TFA solutions. The
broad range of CSDs in lysozyme for all three solvent conditions indicates at least a
partial change in protein structure, which occurs after the laser vaporized protein,
interacts with the denaturing ES solvents containing different acids and m-NBA. Laser
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vaporization into a buffered electrospray solution containing water:methanol showed a
Znmode OF 8+ corresponding to the folded lysozyme, similar to the corresponding ESI
measurement. Unlike cytochrome ¢ and myoglobin, the calculated Z,4 for LEMS
measurements was slightly lower in comparison to ESI-MS measurements for FA (11.9 =
0.1 vs. 12.2) and within the standard deviation for AA (11.4 + 0.3 vs. 11.5), as seen in
Table 2.1. LEMS measurements using TFA and m-NBA resulted in an increase Za,q and
Zmode IN cOMparison to ESI measurements. The slight decrease in Z,q for laser vaporized
lysozyme into m-NBA and either FA or AA indicates a non-equilibrium interaction of the
protein with the denaturing electrospray solvent. As the result of such a short interaction
time with the denaturing solvent, acid-stable proteins may not denature to the same extent as
the protein subjected to conventional electrospray where the protein spends a longer time in

the denaturing solvent.

Lysozyme with reduced disulfide bonds was laser vaporized into the denaturing
ES containing m-NBA to investigate the effect of protein structure prior to mixing with
the ES droplets. The LEMS mass spectra of disulfide-reduced lysozyme using the ESI
solution of FA and m-NBA resulted in a monomodal CSD centered around 18+ (Figure
2.12 b). The Zyax and Zm;, observed in the disulfide-reduced mass spectrum were 25+ and
9+, respectively. The increase in overall ion charge of the protein upon disulfide bond
reduction is due to unfolding of the protein, which increases the solvent accessible
surface area, improving the protein ionization efficiency(59). The increase in ion charge
above the number of basic amino acids (18) is presumably due to the protonation of

amino acids such as proline (Pro), tryptophan (Trp), and glutamine (GIn)(12, 60).
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2.4.2.2 Ubiquitin

Ubiquitin is a small globular protein with 76 amino-acid residues(61). ESI
measurements of the native configuration of this protein result in lower charge states
(with  Zmnoge Of 6+) while higher charge states (~11+) indicate an unfolded
conformation(62). The ESI mass spectra of ubiquitin obtained from the mixtures of m-
NBA with the acids investigated displayed monomodal CSDs with Znyoq4 Values of 12+,
as observed in Figure 2.13 (a, b and c). The higher charge states resulting from the
interaction of ubiquitin with the denaturing electrospray solutions are indicative of the
unfolded conformation while the lower charge states (6+ and 7+) probably represent a
folded or partially folded conformation. Although there is no fluctuation in Znyoge (12+)
for any of the solvents, the calculated Z.,4 values vary for the different electrospray
solvents and do not follow the expected trend of acid strength (10.5 £ 0.1 (TFA), 11.5 +
0.03 (AA), and 11.2 + 0.1 (FA)). This again suggests that the nature of the protein also
plays an important role in determining the Z,4 in addition to the acid added to the
electrospray solution. The conformational flexibility and the number of ionizable groups
(basic residues for positive ion mode) in a protein molecule are some of the important
parameters for the observed CSD. The Z,,4 values (Table 2.1) measured for myoglobin (21.3)
and cytochrome ¢ (17.8) were higher than lysozyme (12.2) and ubiquitin (11.2) for similar
solvent conditions suggesting that the increased number of basic residues in cytochrome c

and myoglobin favors the shift in CSD to higher charge states.
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Laser vaporization of ubiquitin resulted in monomodal CSDs with Zpqe at 12+
for all the solvent conditions, Figure 2.14 (a, b and c). The mass spectra revealed a broad
range of high charge states indicating a possible denaturation of ubiquitin after the
interaction of native protein with the denaturing ES solvents. The calculated Z,, for
LEMS was lower than ESI-MS for m-NBA with AA (10.3 £ 0.3 vs. 11.5 + 0.03) and FA
(10.4 £ 0.2 vs. 11.2 £ 0.1), but not for TFA (10.8 £ 0.3 vs. 10.5 = 0.1), as seen in Table
2.1. The decrease in Z,y is possibly due to the reduced interaction time between protein
and the electrospray solvent in the laser vaporization experiment in comparison with
conventional electrospray where the protein spends several minutes in the solvent. Acid-
stable proteins like ubiquitin may not undergo significant denaturation during the short

time (100 ms) that the protein is present in the ESI droplet after laser vaporization.

2.4.3 Effect of Flow Rates on Average Charge State Distribution of Cytochrome c

and Myoglobin

We investigated the influence of flow rate on the charge state distributions of
cytochrome ¢ and myoglobin given that the charge density on the droplet surface
increases for lower flow rates(63). The protein solutions were prepared in water:methanol
with m-NBA and either TFA or FA. The flow rate of the ES solvent was varied from 3
pL/min to 600 nL/min and the CSD was measured. The electrospray measurements of
cytochrome ¢ and myoglobin revealed that Z,, increases as the electrospray flow rate
decreases, as shown in Figure 2.15. The Z,,4 values for cytochrome ¢ and myoglobin
increased linearly in the solutions of m-NBA and TFA as the flow rate was reduced from

3 uL/min to 1 pL/min but decreased as the flow rate was further reduced to 600 nL/min.
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Conversely, the Z,q of these proteins in the solutions of m-NBA and FA remained almost
constant until the flow rate of 1.5 pL/min and started increasing as the flow rate
decreased to 600 nL/min. The increase in Z,,4 of the protein with decreasing flow rate is
presumably due to the production of smaller electrospray droplets(64), that undergo rapid
solvent evaporation, requiring fewer Coulombic fission events to generate gas phase
ions(10). This was proposed to result in an increase in surface charge density per volume
of the daughter droplets compared to larger droplets generated at higher flow rates, thus
improving the ionization efficiency(63). In addition to the increase in ionization
efficiency, the rate of solvent evaporation also affects the time that the protein remains in
the regime of high/low surface charge density(65). For smaller droplets, rapid solvent
evaporation in the early stages of the electrospray process increases the time that protein
spends in the regime of high surface charge density, contributing to the increase in high

charge states in comparison with the low charge states.

To investigate whether the charge density on the droplet surface affected the Zayg
for the LEMS measurements, cytochrome ¢ and myoglobin were laser vaporized into the
electrospray plume and the flow rate of the electrospray solvent was varied. The plot of
Zayg VS. the flow rate of the electrospray solvent is shown in Figure 2.15. The Z,yq of both
proteins showed little deviation as the flow rate was reduced from 3 pL/min to 1.5
pL/min and started increasing at 1 pL/min for cytochrome ¢, and at 1.5 pL/min for
myoglobin for the LEMS measurements using an ES solution of m-NBA with FA.
However, when using the solution of m-NBA with TFA, the Z,,, remained approximately

constant for myoglobin and slightly decreased for cytochrome c as the flow rate
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decreased. The decrease in Z,,4 upon lowering the flow rate could be due to the decrease
in the proton concentration on the droplet surface due to the lower boiling point of TFA
in comparison with water. In this scenario, rapid evaporation of TFA for smaller droplets

reduces the charge density on the droplet surface, thus decreasing the Zayg.

2.5 Conclusions

The extent of the shift to higher charge states for proteins in the presence of
denaturing solutions containing an acid and a supercharging reagent depended upon the
nature of the protein, the acid, and the mass spectral technique (LEMS or ESI). The Zayq
values for cytochrome c¢ and myoglobin were greater for LEMS measurements in
comparison with ESI-MS. This is attributed to the nonequilibrium interaction of proteins
with the surface of the ES droplets where the excess charge is located. The decrease in
Zayg With the similar solvent conditions for proteins like lysozyme and ubiquitin for
LEMS measurements was attributed to their structural rigidity preventing extensive
denaturation in the acidic solution on the 100 ms timescale. The reduced interaction time
of the vaporized protein with the ES plume can either enhance or limit the protein
unfolding, depending on the nature of the protein and electrospray solvent. The general
increase in Z,,4 of cytochrome ¢ and myoglobin with decreasing flow rate (3 pL/min to
600 nL/min) was attributed to the production of smaller droplets compared to higher flow
rates experiments. The more rapid solvent evaporation for smaller droplets in the early

stages of the electrospray process increases the time protein spends in the regime of high

74



surface charge density, contributing to the increase in ion abundance of high charge

states.

The combination of m-NBA and formic acid resulted in the highest average
charge states for proteins in both ESI-MS and LEMS measurements. This is presumably
due to the increase in proton density on the droplet surface, which improves the
ionization efficiency of the proteins. Further, increase in both the Za.,4 and the Zmoge
values for LEMS measurements compared to conventional electrospray for acid-sensitive
proteins like cytochrome ¢ and myoglobin suggest that LEMS could be utilized to create
higher charge states for performing top-down, tandem mass spectrometry on proteins.
The ability to vaporize and ionize multiple components irrespective of chemical
functionality from complex mixtures without the addition of matrix illustrates the
potential of LEMS for various applications such as imaging mass spectrometry,
quantitative measurements of biological samples, forensic analysis, etc. With the
advances in laser technology, the measurements can now be performed using a

commercial fiber laser, which is turnkey and affordable.

75



2.6 References

1.

10.

11.

Konermann, L.; Douglas, D. Acid-induced unfolding of cytochrome c at different
methanol concentrations: electrospray ionization mass spectrometry specifically
monitors changes in the tertiary structure. Biochemistry. 1997, (36), 12296-
12302.

Chowdhury, S. K.; Katta, V.; Chait, B. T. Probing conformational changes in
proteins by mass spectrometry. J. Am. Chem. Soc. 1990, (112), 9012-9013.

lavarone, A. T.; Jurchen, J. C.; Williams, E. R. Effects of solvent on the maximum
charge state and charge state distribution of protein ions produced by
electrospray ionization. J. Am. Soc. Mass Spectrom. 2000, (11), 976-985.

Loo, R. R. O.; Smith, R. D. Proton transfer reactions of multiply charged peptide
and protein cations and anions. J. Mass Spectrom. 1995, (30), 339-347.

Williams, E. R. Proton transfer reactivity of large multiply charged ions. JMS.
1996, (31), 831.

Flick, T. G.; Williams, E. R. Supercharging with trivalent metal ions in native
mass spectrometry. J. Am. Soc. Mass Spectrom. 2012, (23), 1885-1895.

lavarone, A. T.; Jurchen, J. C.; Williams, E. R. Supercharged protein and peptide
ions formed by electrospray ionization. Anal. Chem. 2001, (73), 1455-1460.

Lomeli, S. H.; Peng, I. X.; Yin, S.; Ogorzalek Loo, R. R.; Loo, J. A. New reagents
for increasing ESI multiple charging of proteins and protein complexes. J. Am.
Soc. Mass Spectrom. 2010, (21), 127-131.

Sterling, H. J.; Prell, J. S.; Cassou, C. A.; Williams, E. R. Protein conformation
and supercharging with DMSO from aqueous solution. J. Am. Soc. Mass
Spectrom. 2011, (22), 1178-1186.

Page, J. S.; Kelly, R. T.; Tang, K.; Smith, R. D. lonization and transmission
efficiency in an electrospray ionization—mass spectrometry interface. J. Am. Soc.
Mass Spectrom. 2007, (18), 1582-1590.

Banerjee, S. Induction of protein conformational change inside the charged
electrospray droplet. J. Mass Spectrom. 2013, (48), 193-204.

76



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Kharlamova, A.; Prentice, B. M.; Huang, T.-Y.; McLuckey, S. A. Electrospray
droplet exposure to gaseous acids for the manipulation of protein charge state
distributions. Anal. Chem. 2010, (82), 7422-7429.

Chen, H.; Touboul, D.; Jecklin, M. C.; Zheng, J.; Luo, M.; Zenobi, R.
Manipulation of charge states of biopolymer ions by atmospheric pressure
ion/molecule reactions implemented in an extractive electrospray ionization
source. Eur. J. Mass. 2007, (13), 273.

Touboul, D.; Jecklin, M. C.; Zenobi, R. Investigation of deprotonation reactions
on globular and denatured proteins at atmospheric pressure by ESSI-MS. J. Am.
Soc. Mass Spectrom. 2008, (19), 455-466.

Hogan Jr, C. J.; Loo, R. R. O.; Loo, J. A.; de la Mora, J. F. lon mobility—mass
spectrometry of phosphorylase B ions generated with supercharging reagents but
in charge-reducing buffer. Phys. Chem. Chem. Phys. 2010, (12), 13476-13483.

Lomeli, S. H.; Yin, S.; Ogorzalek Loo, R. R.; Loo, J. A. Increasing charge while
preserving noncovalent protein complexes for ESI-MS. J. Am. Soc. Mass
Spectrom. 2009, (20), 593-596.

Sterling, H. J.; Cassou, C. A.; Trnka, M. J.; Burlingame, A.; Krantz, B. A,
Williams, E. R. The role of conformational flexibility on protein supercharging
in native electrospray ionization. Phys. Chem. Chem. Phys. 2011, (13), 18288-
18296.

Sterling, H. J.; Williams, E. R. Origin of supercharging in electrospray ionization
of noncovalent complexes from aqueous solution. J. Am. Soc. Mass. Spectrom.
2009, (20), 1933-1943.

Hall, Z.; Robinson, C. V. Do charge state signatures guarantee protein
conformations? J. Am. Soc. Mass Spectrom. 2012, (23), 1161-1168.

Marshall, A. G. Fourier transform ion cyclotron resonance mass spectrometry. Acc.
Chem. Res. 1985, (18), 316-322.

Perry, R. H.; Cooks, R. G.; Noll, R. J. Orbitrap mass spectrometry:
instrumentation, ion motion and applications. Mass Spectrom. Rev. 2008, (27),
661-699.

Good, D. M.; Wirtala, M.; McAlister, G. C.; Coon, J. J. Performance
characteristics of electron transfer dissociation mass spectrometry. Mol. Cell.
Proteomics. 2007, (6), 1942-1951.

77



23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Horn, D. M.; Breuker, K.; Frank, A. J.; McLafferty, F. W. Kinetic intermediates in
the folding of gaseous protein ions characterized by electron capture dissociation
mass spectrometry. J. Am. Chem. Soc. 2001, (123), 9792-9799.

Tsybin, Y. O.; Fornelli, L.; Stoermer, C.; Luebeck, M.; Parra, J.; Nallet, S.; Wurm,
F. M.; Hartmer, R. Structural analysis of intact monoclonal antibodies by
electron transfer dissociation mass spectrometry. Anal. Chem. 2011, (83), 8919-
8927.

Zubarev, R. A.; Kelleher, N. L.; McLafferty, F. W. Electron capture dissociation
of multiply charged protein cations. A nonergodic process. J. Am. Chem. Soc.
1998, (120), 3265-3266.

Zubarev, R. A.; Horn, D. M.; Fridriksson, E. K.; Kelleher, N. L.; Kruger, N. A,;
Lewis, M. A.; Carpenter, B. K.; McLafferty, F. W. Electron capture dissociation
for structural characterization of multiply charged protein cations. Anal. Chem.
2000, (72), 563-573.

Peng, I. X.; Ogorzalek Loo, R. R.; Shiea, J.; Loo, J. A. Reactive-electrospray-
assisted laser desorption/ionization for characterization of peptides and proteins.
Anal. Chem. 2008, (80), 6995-7003.

Nemes, P.; Vertes, A. Laser ablation electrospray ionization f or atmospheric
pressure, in vivo, and imaging mass spectrometry. Anal. Chem. 2007, (79), 8098-
8106.

Rezenom, Y. H.; Dong, J.; Murray, K. K. Infrared laser-assisted desorption
electrospray ionization mass spectrometry. Analyst. 2008, (133), 226-232.

Sampson, J. S.; Muddiman, D. C. Atmospheric pressure infrared (10.6 um) laser

desorption electrospray ionization (IR-LDESI) coupled to a LTQ Fourier
transform ion cyclotron resonance mass spectrometer. Rapid Commun. Mass
Spectrom. 2009, (23), 1989-1992.

Liu, J.; Qiu, B.; Luo, H. Fingerprinting of yogurt products by laser desorption
spray post-ionization mass spectrometry. Rapid Commun. Mass Spectrom. 2010,
(24), 1365-1370.

Sampson, J. S.; Hawkridge, A. M.; Muddiman, D. C. Construction of a versatile

high precision ambient ionization source for direct analysis and imaging. J. Am.
Soc. Mass Spectrom. 2008, (19), 1527-1534.

78



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Flanigan, P.; Levis, R. Ambient Femtosecond LaserVVaporization and Nanosecond
Laser Desorption Electrospray lonization Mass Spectrometry. Ann. Rev. Anal.
Chem. 2014, (7), 229-256.

Brady, J. J.; Judge, E. J.; Levis, R. J. Mass spectrometry of intact neutral
macromolecules using intense non-resonant femtosecond laser vaporization with
electrospray post-ionization. Rapid Commun. Mass Spectrom. 2009, (23), 3151-
3157.

Judge, E. J.; Brady, J. J.; Dalton, D.; Levis, R. J. Analysis of pharmaceutical
compounds from glass, fabric, steel, and wood surfaces at atmospheric pressure
using spatially resolved, nonresonant femtosecond laser vaporization
electrospray mass spectrometry. Anal. Chem. 2010, (82), 3231-3238.

Brady, J. J.; Judge, E. J.; Levis, R. J. Analysis of amphiphilic lipids and
hydrophobic proteins using nonresonant femtosecond laser vaporization with
electrospray post-ionization. J. Am. Soc. Mass Spectrom. 2011, (22), 762-772.

Brady J. J.; Judge, E. J.; Levis, R. J. Presented in part at Proc. SPIE 7568,
Imaging, Manipulation, and Analysis of Biomolecules, Cells, and Tissues VIII
2010.

Brady, J. J.; Judge, E. J.; Levis, R. J. Identification of explosives and explosive
formulations using laser electrospray mass spectrometry. Rapid Commun. Mass
Spectrom. 2010, (24), 1659-1664.

Flanigan IV, P. M.; Brady, J. J.; Judge, E. J.; Levis, R. J. Determination of
Inorganic Improvised Explosive Device Signatures Using Laser Electrospray
Mass Spectrometry Detection with Offline Classification. Anal. Chem. 2011,
(83), 7115-7122.

Perez, J. J.; Flanigan IV, P. M.; Brady, J. J.; Levis, R. J. Classification of
smokeless powders using laser electrospray mass spectrometry and offline
multivariate statistical analysis. Anal. Chem. 2012, (85), 296-302.

Flanigan IV, P. M.; Radell, L. L.; Brady, J. J.; Levis, R. J. Differentiation of Eight
Phenotypes and Discovery of Potential Biomarkers for a Single Plant Organ
Class Using Laser Electrospray Mass Spectrometry and Multivariate Statistical
Analysis. Anal. Chem. 2012, (84), 6225-6232.

Judge, E. J.; Brady, J. J.; Barbano, P. E.; Levis, R. J. Nonresonant femtosecond
laser vaporization with electrospray postionization for ex vivo plant tissue typing
using compressive linear classification. Anal. Chem. 2011, (83), 2145-2151.

79



43.

44,

45,

46.

471.

48.

49,

50.

51.

52.

53.

Brady, J. J.; Judge, E. J.; Levis, R. J. Nonresonant femtosecond laser vaporization
of aqueous protein preserves folded structure. Pro. Natl. Acad. Sci.. 2011, (108),
12217-12222.

Flanigan 1V, P. M.; Perez, J. J.; Karki, S.; Levis, R. J. Quantitative Measurements
of Small Molecule Mixtures Using Laser Electrospray Mass Spectrometry. Anal.
Chem. 2013, (85), 3629-3637.

Perez, J. J.; Flanigan, P. M.; Karki, S.; Levis, R. J. Laser Electrospray Mass
Spectrometry Minimizes lon Suppression Facilitating Quantitative Mass Spectral
Response for Multi-Component Mixtures of Proteins. Anal. Chem. 2013,

Shackman, J. G.; Watson, C. J.; Kennedy, R. T. High-throughput automated post-
processing of separation data. J. Chromatogr. A. 2004, (1040), 273-282.

Fligge, T. A,; Kast, J.; Bruns, K.; Przybylski, M. Direct monitoring of protein—
chemical reactions utilising nanoelectrospray mass spectrometry. J. Am. Soc.
Mass Spectrom. 1999, (10), 112-118.

Valentine, S. J.; Clemmer, D. E. H/D exchange levels of shape-resolved
cytochrome c¢ conformers in the gas phase. J. Am. Chem. Soc. 1997, (119), 3558-
3566.

Judge, E. J.; Brady, J. J.; Levis, R. J. Mass analysis of biological macromolecules
at atmospheric pressure using nonresonant femtosecond laser vaporization and
electrospray ionization. Anal. Chem. 2010, (82), 10203-10207.

Frederikse, H.; Lide, D. CRC handbook of chemistry and physics. CRC, Boca
Raton. 1996.

Jasper, J. J.; Wedlick, H. L. Effect of Temperature on the Surface Tension and
Density of Trifluoroacetic Acid. J. Chem. Eng. Data. 1964, (9), 446-447.

Goodman, J. M.; Kirby, P. D.; Haustedt, L. O. Some calculations for organic
chemists: boiling point variation, Boltzmann factors and the Eyring equation.
Tetrahedron Lett. 2000, (41), 9879-9882.

Mirza, U. A.; Chait, B. T. Effects of anions on the positive ion electrospray

ionization mass spectra of peptides and proteins. Anal. Chem. 1994, (66), 2898-
2904.

80



54.

55.

56.

S7.

58.

59.

60.

61.

62.

63.

64.

65.

Liu, X.; Cole, R. B. A new model for multiply charged adduct formation between
peptides and anions in electrospray mass spectrometry. J. Am. Soc. Mass
Spectrom. 2011, (22), 2125-2136.

Chainani, E. T.; Choi, W.-H.; Ngo, K. T.; Scheeline, A. Mixing in Colliding,
Ultrasonically Levitated Drops. Anal. Chem. 2014, (86), 2229-2237.

Wang, G.; Cole, R. B. Mechanistic interpretation of the dependence of charge
state distributions on analyte concentrations in electrospray ionization mass
spectrometry. Anal. Chem. 1995, (67), 2892-2900.

Creighton, T. E., Proteins: structures and molecular properties, Macmillan,
(1993).

Gross, D. S.; Schnier, P. D.; Rodriguez-Cruz, S. E.; Fagerquist, C. K.; Williams,
E. R. Conformations and folding of lysozyme ions in vacuo. Pro. Natl. Acad. Sci.
1996, (93), 3143-3148.

Testa, L.; Brocca, S.; Grandori, R. Charge-surface correlation in electrospray
ionization of folded and unfolded proteins. Anal. Chem. 2011, (83), 6459-6463.

Schnier, P. D.; Gross, D. S.; Williams, E. R. On the maximum charge state and
proton transfer reactivity of peptide and protein ions formed by electrospray
ionization. J. Am. Soc. Mass Spectrom. 1995, (6), 1086-1097.

Vijay-Kumar, S.; Bugg, C. E.; Cook, W. J. Structure of ubiquitin refined at 1.8
Aresolution. J. Mol. Biol. 1987, (194), 531-544.

Konermann, L.; Douglas, D. Unfolding of proteins monitored by electrospray
ionization mass spectrometry: a comparison of positive and negative ion modes.
J. Am. Soc. Mass Spectrom. 1998, (9), 1248-1254.

Schmidt, A.; Karas, M.; Dilcks, T. Effect of different solution flow rates on
analyte ion signals in nano-ESI MS, or: when does ESI turn into nano-ESI? J.
Am. Soc. Mass Spectrom. 2003, (14), 492-500.

Ganan-Calvo, A.; Davila, J.; Barrero, A. Current and droplet size in the
electrospraying of liquids. Scaling laws. J. Aerosol Sci. 1997, (28), 249-275.

Fenn, J. B. lon formation from charged droplets: roles of geometry, energy, and
time. J. Am. Soc. Mass Spectrom. 1993, (4), 524-535.

81



CHAPTER 3

ISOLATING PROTEIN CHARGE STATE REDUCTION IN ELECTROSPRAY

DROPLETS USING FEMTOSECOND LASER VAPORIZATION

3.1 Overview

This chapter details protein folding, unfolding, and charge state reduction in
electrospray (ES) droplets when using solution additives with varying gas phase
basicities. Charge state distributions measured using mass spectrometry for both native
and acid-denatured cytochrome c¢ and myoglobin after laser vaporization from the
solution phase into an ES plume consisting of a series of solution additives differing in
gas phase basicity are reported. It was observed that the charge distribution depends on
both the pH of the protein in bulk solution prior to laser vaporization, as well as the gas
phase basicity of the solution additive employed in the ES solvent. The trend in average
charge state distribution (Zay) and the fraction of folded protein obtained from the
mreasurement of cytochrome ¢ and myoglobin (prepared in solutions with pH of 7.0, 2.6,
and 2.3) in different ES solvents are discussed. The possibility of protein folding during
the ES droplet lifetime after laser vaporized, acid-denatured protein interacts with the ES
solvent containing ammonium formate, ammonium acetate, triethyl ammonium formate,

and triethyl ammonium acetate has been discussed.

3.2 Introduction

Electrospray ionization mass spectrometry (ESI-MS) has been widely used to

study the conformation of proteins in various solvent conditions(1). Electrospray
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ionization of proteins reveal a characteristic charge state distribution (CSD) correlating to
the extent of denaturation(2). Protein in the native configuration is typically folded,
which protects the basic amino acids in the interior from charging and hence produces a
narrow distribution at lower charge states in comparison to denatured protein. Denatured
protein exhibits a much broader CSD at higher charge states because additional basic
amino acids are exposed to the solvent environment and therefore can acquire more
charge. Investigations of solvent-induced conformational change(l), acid and thermal
denaturation(2, 3), and refolding of initially denatured proteins(4) suggest a strong
correlation between the observed CSD and protein conformation. The role of protein
structure in determining the CSD has also been investigated using ion mobility mass
spectrometry (IM-MS) measurements. The collision cross section (CCS) of cytochrome
¢(5) and ubiquitin(6) measured as a function of charge state showed higher CCSs for
unfolded protein ions. The consensus from these studies is that lower charge states
correlate to more folded, native-like structure and higher charge states correlate to a more

unfolded structure.

Protein conformational change may occur during the electrospray process.
Exposing ES droplets containing protein molecules to either acidic or basic vapors in the
region between the spray tip and the MS inlet can either induce unfolding(7, 8) or
refolding(4) of proteins. For instance, exposing ES droplets containing native proteins to
acidic vapors results in a lower droplet pH, a favorable condition for protein
denaturation(8). Exposing acid-denatured proteins to basic vapor results in a bimodal

CSD, indicating charge state reduction in at least a fraction of protein population,
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presumably folding as a result of an increase pH of the ES droplet(4). Without some
degree of folding, a simple monotonic shift of the CSD to lower charge is expected, not

the formation of a second, narrowly peaked distribution.

In the electrospray process, the gas phase basicity of a solvent is related to the
ability to promote proton transfer from an analyte, thus reducing the overall charge. Gas
phase basicity is defined as the change in free energy when a proton attaches to an anion
or neutral molecule. A solution additive with high gas phase basicity has been found to
charge reduce and stabilize non-covalent protein complexes(9). In that study, the native
state of myoglobin (holomyoglobin) was preserved during ESI and subsequent collision-
induced dissociation (CID) measurements revealed higher energy thresholds for
dissociation of heme/myoglobin complex using triethyl ammonium bicarbonate
(dissociation threshold = 144V) in comparison with ammonium bicarbonate (dissociation
threshold = 84V)(9). The higher gas phase basicity results in enhanced charge reduction
for the protein, decreasing Columbic repulsion among the charged residues and making
protein denaturation more difficult. Charge reducing buffers have also been used to
stabilize membrane protein complexes after release from detergent micelles in the gas
phase(10). The CCS value obtained from IM-MS measurement for charge reduced states
of trimeric outer membrane protein (OmpF) is lower than the value generated from X-ray
crystal structure of the protein, and is in close agreement with the CCS value generated
from molecular dynamics simulations for native-like compact structure. This suggests
that the lower charge states of OmpF resemble more compact, folded-like states of

proteins. The development of laser electrospray mass spectrometry (LEMS) has enabled
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the rapid analysis of complex mixtures at atmospheric pressure without sample pre-
processing. LEMS analysis has been performed on variety of samples including
proteins(11, 12), pharmaceuticals(13), explosives(14, 15), plant tissue(16), thermometer
ions(17), and small analytes(18). Femtosecond laser vaporization can be employed to
deliver either native or denatured protein into the electrospray plume with various solvent
conditions(11, 19). This enables the delivery of native or denatured protein directly into
the charged electrospray droplets, avoiding any structural changes and/or
oxidation/reduction processes that might occur in the Taylor cone of the electrospray
source. The gas phase protein ions are presumably formed after the laser vaporized liquid
aerosols containing protein molecule interacts with the charged ES droplets containing

solution additives of interest.

In the present study, we investigate the role of solution additives with varying gas
phase basicities on the CSD of folded and unfolded cytochrome ¢ and myoglobin. We
separate the droplet processes from processes occurring in the solution flowing through
the capillary and the Taylor cone on the capillary emitting the charged droplets, by laser
vaporizing protein directly into the spray containing the solution additive of interest.
Considering the solution, intermediate, and gas phase regimes of electrospray ionization
process(20), our measurements emulates the intermediate regime, from which gas phase
ions are released. We also determine whether interaction of the laser vaporized acid-
denatured protein with the electrospray droplets containing additives with high gas phase
basicity induces charge reduction and protein folding within the approximately 100

ms(11) timescale of the LEMS process. The shift in average charge states (Zag) and the
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respective contribution of folded and unfolded protein to the charge state distribution are
calculated to determine the charge reduction and protein folding processes in LEMS

measurements as a function of solution additives.

3.3 Experimental Section

3.3.1 Sample Preparation

Solid samples of cytochrome c¢, myoglobin, ammonium acetate, ammonium
formate, and ammonium bicarbonate and aqueous samples of triethyl ammonium acetate,
triethyl ammonium formate, and triethyl ammonium bicarbonate were purchased from
Sigma Aldrich (St. Louis, MO). Aqueous formic acid was purchased from J.T. Baker
(Phillipsburg, NJ). from For LEMS measurements, a 10 M stock solution of cytochrome
¢ and myoglobin was prepared in HPLC grade water (Fisher Scientific, Pittsburgh, PA).
An aliquot of the stock solution was diluted into water to yield a final protein
concentration of 2 x 10 M for native proteins. For denatured proteins, an aliquot of stock
solution was diluted into water with addition of formic acid to yield a protein
concentration of 2 x 10 M with a pH of either 2.6 or 2.3. Seven ESI aqueous solutions
with or without the addition of charge reducing additives were utilized in this study. The
electrospray solvent consisted of 5 x 10° M concentration of ammonium acetate,
ammonium formate, ammonium bicarbonate, triethyl ammonium acetate, triethyl
ammonium formate or triethyl ammonium bicarbonate solution. A 10 uL aliquot of the
diluted protein either native or denatured was spotted on a stainless steel plate and then

subjected to laser vaporization into the ES solvents.
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3.3.2 Laser Vaporization and lonization Apparatus

A Ti:sapphire laser oscillator (KM Laboratories, Inc., Boulder, CO) seeded a
regenerative amplifier (Coherent, Inc., Santa Clara, CA) for the creation of 75 fs, 0.6 mJ
laser pulses centered at 800 nm. The laser, operated at 10 Hz to couple with the ES ion
source, was focused to a spot size of ~250 pm in diameter with an incident angle of 45°
respect to the sample using a 16.9 cm focal length lens, with an approximate intensity of
1.6 x 10" W/cm?. The steel sample plate was biased to -2.0 kV to compensate for the
distortion of electric field between the capillary and the needle caused by the sample
stage. The area sampled was 6.4 mm below and approximately 1 mm in front of the ES
needle. Aqueous protein sample (10 puL) deposited on the steel substrate was vaporized
by the intense pulses allowing for capture and ionization by an ES plume travelling
perpendicular to the vaporized material. The flow rate for ES solvent was set at 2 uL/min

by a syringe pump (Harvard Apparatus, Holliston, MA).
3.3.3 Mass Spectrometry and Data Analysis

The mass spectrometer used in this experiment has been previously described(21).
The ES needle was maintained at ground while the inlet capillary was biased to -4.5 kV
to operate in positive ion mode. The postionized analytes were dried before entering the
inlet capillary by countercurrent nitrogen gas at 180°C flowed at 3 L/min and were mass
analyzed using microTOF-Q Il mass spectrometer (Bruker Daltonics, Billerica, MA). The

average charge state (Zavg) Was calculated using equation 1,
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N .
7 _ Zi qiWj (1)

s = Tiw,

where g; is the net charge, W; is the sum of signal intensity of the i charge state, and N is

the number of charge states present in the mass spectra.
3.3.4 Safety Considerations
Appropriate eye protection were worn by all lab professional.

3.4 Results and Discussion

3.4.1 Analysis of Cytochrome c in Conventional Versus Charge Reducing Solution
Additives

3.4.1.1 Conventional Electrospray Solvents

To determine the charge state distribution as a function of acid concentration,
solutions of cytochrome ¢ with pH of 7.0, 2.6 and 2.3, were laser vaporized into aqueous
ES droplets and the resulting CSDs were measured. The LEMS measurement of
cytochrome ¢ prepared in solution with pH 7.0 in aqueous ES reveals a CSD ranging
from 5+ to 12+ and is peaked at 9+ (Figure 3.1 a), with an average charge state
distribution (Zayg) of 8.5+0.2, as listed in Table 3.1. As the pH of solution containing
cytochrome c is decreased, a bimodal CSD is observed, peaked at 9+ and 17+ for pH 2.6
and 2.3, (Figure 3.1 b and c). The Z,,4 values obtained for cytochrome c at pH 2.6, and
2.3 are 12.7+0.1, and 14.1+0.1, respectively (Table 3.1). The lower charge states ranging

from 7+ to 10+ contains 45+4% and 24+2% of the cytochrome c ion intensity for solution
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Figure 3.1. Representative LEMS mass spectra resulting from laser induced vaporization

of cytochrome c at solution pH of a) 7, b) 2.6, and ¢) 2.3 into aqueous ES

solvent.
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Protein pH

Average charge state (Fraction folded protein)

Water  AF AA AB TEAF  TEAA  TEAB

70 85:02  7.0:01  6.9+0.1 7.7404  4.9:00 52:¢01 4702

Cvtochromec 26 12701 9702 9602 12702 74302  67:02  7.0:0.3
y 0 (45:4%)  (5623%)  (54+4%) (15+2%)  (41+3%) (46+4%)  (37+4%)
o3 141301 11603 115:03 131301 7.9:03 65101  7.10.1
S (24£2%)  (2821%)  (27#2%) (10£1%)  (28+2%) (47+5%)  (29+6%)

70 11.8:03 82:01 8001 82403 5700 59+00  55:0.1

Mvodlobin 5 200801 145:0.3 142:04 16601 9.6:03 9.0:01 9802
yog O (3:2%)  (2024%)  (19x6%) (8+2%6)  (22+4%) (271%)  (12+2%)
3 205801 164401 162:01 186:01 9.8:02  8.8:03 100402

° #1%)  (6+4%)  (9£3%)  (5:1%)  (19+3%) (2622%)  (9+3%)

Table 3.1. Summary of average charge state distribution (Z,) of cytochrome c, and

myoglobin in electrospray solvent consisting of either water, ammonium

formate (AF), ammonium acetate (AA), ammonium bicarbonate (AB),

triethyl ammonium formate (TEAF), triethyl ammonium acetate (TEAA) or

triethyl ammonium bicarbonate (TEAB). The values reported in the

parenthesis are the folded protein fractions.
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with pH 2.6, and 2.3, respectively (Table 3.1). The decrease of the low charge state ion
intensity and the increase in Zayg With decreasing pH suggests that the protein unfolds at

lower solution pH.

Ammonium formate and ammonium acetate are volatile additives that are
routinely used in ESI-MS to maintain the native structure of protein and protein
complexes. The effect of ammonium acetate solution on CSD of cytochrome ¢ was
measured by adjusting the pH of the protein solution vaporized. The LEMS measurement
of cytochrome c prepared in a solution with pH 7.0 vaporized into ES droplets containing
ammonium formate (solution pH of 6.2) reveals mainly 7+ charge state (Figure 3.2 a),
indicating charge reduction of the folded state of the protein in comparison with aqueous
ES solvent. As the pH of the cytochrome ¢ solution is decreased, laser vaporization into
the ammonium formate ES solution reveals a bimodal CSD, peaked at 7+ and 14+ for pH
2.6 (Figure 3.2 b), and 7+ and 15+ for pH 2.3 (Figure 3.2 c¢). The bimodal distributions
indicate the presence of at least two conformations of the protein. The lower charge states
ranging from 6+ to 9+ contain 56+3% at pH 2.6, and 28+1% at pH 2.3, of the cytochrome
c ion intensity (Table 3.1), indicating folded states of the protein while the higher charge
states ranging from 10+ to 20+ indicate unfolded protein. The ~20% enhancement in the
folded distribution between the aqueous (~45%) and ammonium formate (~56%) ES
solutions suggest that some of the protein population folds in the electrospray droplets

containing ammonium formate. The contribution of unfolded protein to the charge state

91



6200+

3100+

7+

4500+

Intensity (a.u.)

14+
Ll LAL

13000-(0)
15+

6500 -

0

7+

L

500 1000 1500 2000 2500 3000

m/z

Figure 3.2. Representative LEMS mass spectra resulting from laser induced vaporization

of cytochrome c at solution pH of a) 7, b) 2.6, and c¢) 2.3 into the ES solvent

consisting of agueous ammonium formate.
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distribution increased when the protein was laser vaporized from solution pH of 2.3 in
comparison with 2.6. In this case, the Zayq increased to 11.6+0.3 for cytochrome c as the
pH was decreased, see Table 3.1. This indicates that the extent of protein unfolding prior

to laser vaporization affects the observed protein CSD in a buffered ES solvent.

ESI-MS measurements were also performed as a control experiment in which
acid-denatured cytochrome ¢ was pre-mixed with similar solution additive (e.g.
ammonium formate, ammonium bicarbonate, and triethyl ammonium formate) utilized in
the LEMS measurement at 1:1 ratio. The mass spectra, average charge state, and the
fractions of folded protein obtained from these measurements are reported in Figure 3.3,
Figure 3.4, Figure 3.5, and Table 3.2. The ESI mass spectra obtained from mixing
cytochrome ¢ (solution pH of 2.6) with 5 mM aqueous ammonium formate at 1:1 ratio
reveals a bimodal CSD, peaked at 7+ and 14+ (Figure 3.3 b). Note that the pH of this
solution was 3.5, so direct comparison to LEMS is problematic. Similar to the LEMS
measurement, the contribution of unfolded protein to the CSD increased when the pH of
the cytochrome ¢ solution was decreased to 2.3 (prior to mixing with the ammonium
formate solution). Note that the final pH of this solution was 2.5, making comparison to
LEMS measurement at pH 2.6 more reasonable. LEMS had approximately twice the
folded state distribution in comparison with ESI suggesting that the change in pH of the
laser vaporized acidic solution after the interaction with ES droplets (containing
ammonium formate) provides favorable condition for protein folding. Zayq increased from

8.8+£0.04 to 12.5+0.1 and the ion intensity of lower charge states ranging from 5+ to 9+
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Figure 3.3. Representative ESI mass spectra of native cytochrome ¢ prepared in a)

aqueous AF. Panel b and c represent acid-denatured cytchorme ¢ (panel b,

pH 2.6 and panel ¢, pH 2.3) mixed with aqueous AF at 1:1 ratio. The pH of

the final solution after mixing cytochrome c at pH 2.6 (pH 2.3) with 5 mM

AF at 1:1 ratio is 3.5 (2.5).
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Figure 3.4. Representative ESI mass spectra of native cytochrome ¢ prepared in a)
aqueous AB. Panel b and c represent acid-denatured cytchorme ¢ (panel b,
pH 2.6 and panel ¢, pH 2.3) mixed with aqueous AB at 1:1 ratio. The pH of
the final solution after mixing cytochrome c at pH 2.6 (pH 2.3) with 5 mM

AB at 1:1 ratio is 3.7 (2.7).
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Figure 3.5. Representative ESI mass spectra of native cytochrome c prepared in a)
aqueous TEAF. Panel b and c represent acid-denatured cytchorme ¢ (panel
b, pH 2.6 and panel ¢, pH 2.3) mixed with aqueous TEAF at 1:1 ratio. The
pH of the final solution after mixing cytochrome c at pH 2.6 (pH 2.3) with 5

mM TEAF at 1:1 ratio is 3.3 (2.6).
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Average charge state (Fraction folded protein)

Protein pPH  Water AF AB TEAF
7.0 8.9+0.1 7.240.02 7.540.1 5.0£0.0

cvtochromec R 13.8+0.02 8.80.04 13601  6.0£0.03

y : (24+3%) (72+2%) (15£1%)  (64%1%)
53 14.70.1 12.520.1 132402  6.5:0.2

: (11£3%) (23£3%) (15£3%)  (59+1%)

7.0 11.240.1 8.3+0.1 - 5.9+0.01

Myoglobin 18.9+0.2 15.1£0.2 - 11.9+0.05

2.6 (7£29%) (13229%) (8+1%)

53 19.820.1 17.420.03 - 12.420.1
: (4+1%) (3+1%) (5+2%)

Table 3.2. Summary of average charge state distribution (Z,g) of cytochrome c, and
myoglobin measured using ESI with electrospray solvent consisting of either
water, AF, AB or TEAF. The values reported in the parenthesis are the

folded protein fractions of cytochrome ¢ and myoglobin.
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decreased from 72+2% to 23+ 3% for cytochrome c as the pH was decreased in the

control ESI measurements (Table 3.2).

The LEMS measurement of cytochrome ¢ prepared in a solution with pH 7.0 in
ammonium acetate (solution pH of 6.5) reveals mainly the 7+ charge state (Figure 3.6 a),
with a Z,q value of 6.9£0.1, indicating charge reduction of the folded state of the protein.
As the pH of the cytochrome c solution is decreased, bimodal CSDs are observed, peaked
at 7+ and 13+ for pH 2.6 (Figure 3.6 b), and 7+ and 15+ for pH 2.3 (Figure 3.6 c¢), with a
Zayg value of 9.620.2, and 11.5+0.3, respectively. The lower charge states ranging from
6+ to 9+ contain 54+4% at pH 2.6, and 27£2% at pH 2.3, of the cytochrome c ion
intensity. Again, the bimodal CSDs indicate the presence of at least two conformations of
the protein. These measurements suggest that the addition of solution additive like
ammonium acetate to an electrospray solvent can promote protein folding in the

electrospray droplet and promote some degree of charge reduction.

Assessment of protein conformation was made by assuming that the CSD is a
reliable indicator of either folded or unfolded structure. This assumption is in agreement
with measurements revealing a folded protein distribution for acid denatured protein
upon interaction with basic vapors(4), and aqueous buffer system(22, 23). The underlying
assumption that there is a correlation between CSD and structure has been tested in many
previous investigations(1-3, 24). The use of CSD to assess solution phase structure in the
LEMS experiment further assumes that the structure in solution is preserved during laser
vaporization. This has been tested through direct comparison of ESI and LEMS

measurements for cytochrome c as a function of both sample pH before vaporization and
98



ESI pH into which the sample is transferred(11). Both the CSD and collision induced
dissociation (CID) measurements support this assumption. The major limitation of using
CSD as a probe of protein structure is the insensitivity of the method with regard to
differentiating native and near native structures. Multiple structures may contribute to a

particular charge state as has been demonstrated by ion mobility measurements(25, 26).

Ammonium bicarbonate is often used to maintain the near-neutral pH of the bulk
solution to preserve the native structure of the protein. LEMS measurement of
cytochrome ¢ prepared in a solution with pH 7 vaporized into ES droplets containing
ammonium bicarbonate (solution pH of 8.2) reveals mainly 7+ and 8+ charge states
(Figure 3.7 a) and a small distribution ranging from 10+ to 14+ containing 13+4% of the
cytochrome c ion intensity, corresponding to unfolded states of the protein, as seen in the
inset of Figure 3.7 a. The Z,,4 calculated for cytochrome ¢ in ES consisting of ammonium
bicarbonate (Zayg of 7.7£0.4) was slightly higher in comparison with ammonium formate
(Zavg Of 7.0£0.1), and ammonium acetate (Zaq Of 6.9+0.1). As the pH of solution
containing cytochrome c is lowered, a trimodal CSD peaked at 7+, 9+, and 15+ for pH
2.6 (Figure 3.7 b), and a much broader CSD is observed, peaked at 15+ for pH 2.3
(Figure 3.7 c). The ammonium bicarbonate spray did not show a large fraction of folded
cytochrome c at solution pH of 2.6 despite the expected higher pH (solution pH of 8.2).
The calculated Zay for pH 2.6 (Zayg of 12.7+0.2), and pH 2.3 (Zayy of 13.1+0.1) were
higher with the ammonium bicarbonate solution in comparison with the ammonium
formate and ammonium acetate solutions. The increase in Z,gy for ammonium

bicarbonate is possibly due to foaming of the electrospray solvent (ammonium
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Figure 3.6. Representative LEMS mass spectra resulting from laser induced vaporization

of cytochrome c at solution pH of a) 7, b) 2.6, and c¢) 2.3 into the ES solvent

consisting of agueous ammonium acetate.
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Figure 3.7. Representative LEMS mass spectra resulting from laser induced vaporization
of cytochrome c at solution pH of a) 7, b) 2.6, and c¢) 2.3 into the ES solvent

consisting of agueous ammonium bicarbonate.
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bicarbonate) caused by COy(g outgassing during the desolvation process via the reaction
HCOOH + NH;"HCO3 — NH,"HCOO™ + H,O + CO; ((27). In this reaction, the
counter ion (HCOj3) decomposes to CO, and H,O in the presence of acid, creating
bubbles which facilitate protein unfolding. We note that in the case of electrothermal
supercharging experiment, bubble formation due to buffer decomposition was found not
to be the primary reason for protein unfolding(28). We note, however, that no acid was
present in that study to induce the decomposition to H,O and CO,. The presence of both
an acid and CO, (g outgassing in our measurements contribute to the formation of
relatively higher charge states in ES consisting of ammonium bicarbonate in comparison

with ammonium formate, and ammonium acetate solution.
3.4.1.2 Solution Additives with High Gas Phase Basicity

Previous studies have shown that the use of charge reducing solution additives
results in a shift in protein CSD to lower charge states(9, 29). The electrospray
measurements of globular and denatured lysozyme showed a decrease in net charging of
the protein with increasing gas phase basicity with the appearance of monomodal
CSD(29, 30). In conventional electrospray containing a solution additive with high gas
phase basicity there is the question of whether the additive assists in folding the
denatured protein in solution to provide lower charge states or whether charge reduction
simply occurs in the gas phase upon ionization at the end of the desolvation process(29,
31). The charge reduction observed in a conventional ESI measurement using an additive
with high gas phase basicity is consistent with either hypothesis. The ionization of

globular macromolecules in ESI-MS is believed to occur via charge residue model
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(CRM), where residual charge on the droplet surface is transferred to the macromolecules
upon solvent evaporation(32-34). LEMS is used here to decouple the solution phase

effects from processes occurring in the ES droplet during desolvation.

To investigate whether charge reduction occurs in the electrospray droplet, laser
vaporization is used to transfer either folded or denatured proteins into the electrospray
plume containing solution additives with high gas phase basicities. Cytochrome c is
prepared in three solutions having a pH of 7.0, 2.6 and 2.3 and was laser vaporized into
the ES droplets containing either triethyl ammonium formate (TEAF), triethyl
ammonium acetate (TEAA) or triethyl ammonium bicarbonate (TEAB). The LEMS
measurement of cytochrome c prepared in a solution with pH 7 vaporized into ES
droplets containing TEAF (solution pH of 6.1) reveals mainly 5+ charge state (Figure 3.8
a) with a Z,,4 value of 4.9, indicating enhanced charge reduction of the folded states of
the protein in comparison with ammonium formate (Za4 of 7.0+0.1), acetate (Zayy Of
6.9+0.1), and bicarbonate (Zayq of 7.7£0.4), as well as the aqueous (Zaygy Of 8.5+0.2) ES
solvent. As the pH of laser vaporized cytochrome c solution is decreased to 2.6 and 2.3,
bimodal CSDs are observed, peaked at 5+ and 8+ (Figure 3.8 b and c). The fact that there
are two distributions and not just a shifted distribution for TEAF suggests that there are
both folded and unfolded states in the electrospray droplets. The lower charge states
peaked at 5+ indicate significant charge reduction of the folded states, in comparison
with both aqueous (peaked at 9+) and ammonium formate ES solvent (peaked at 7+). The

distribution peaked at 8+ likely corresponds to the charge reduction of unfolded states of
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Figure 3.8. Representative LEMS mass spectra resulting from laser induced vaporization
of cytochrome c at solution pH of a) 7, b) 2.6, and c¢) 2.3 into the ES solvent

consisting of agueous triethyl ammonium formate.
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Figure 3.9. Representative LEMS mass spectra resulting from laser induced vaporization
of cytochrome c at solution pH of a) 7, b) 2.6, and c¢) 2.3 into the ES solvent

consisting of aqueous triethyl ammonium acetate.
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Figure 3.10. Representative LEMS mass spectra resulting from laser induced
vaporization of cytochrome c at solution pH of a) 7, b) 2.6, and c) 2.3 into

the ES solvent consisting of aqueous triethyl ammonium bicarbonate.
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the protein. The low charge states ranging from 4+ to 6+ contain 41+3% at pH 2.6, and
28+2% at pH 2.3 of the cytochrome c ion intensity (Table 3.1). The fraction of folded
state of cytochrome c¢ (solution pH of 2.6) for TEAF (41+3%) is within the standard
deviation in comparison with aqueous ES (45+4%), and ~20% lower in comparison with

ammonium formate (56+3%), and ammonium acetate (54+4%) ES solutions. This
suggests that the use of solution additive with high gas phase basicity does not enhance
protein folding in the ES droplets like the commonly used solvent systems. However, a
significant reduction in Z,,4 was observed for cytochrome ¢ (pH of 2.3) in the presence of
TEAF (Zayg of 7.920.3) in comparison with aqueous (Zag of 14.1+0.1), ammonium

acetate (Zayg of 11.5+0.3), and ammonium formate (Zayq of 11.6+0.3) ES solution.

The LEMS measurement of cytochrome c prepared in solutions with pH of 7.0,
2.6 and 2.3 vaporized into ES droplets containing TEAA (Figure 3.9 a, b and c) are very
similar to the measurements made using TEAF (Figure 3.8 a, b and c). TEAA displays,
however, enhanced charge reduction for the unfolded distribution in comparison with

TEAF in the case of cytochrome c.

Cytochrome c solutions with pH of 7.0, 2.6, and 2.3 were laser vaporized into ES
droplets containing TEAB to measure the subsequent charge reduction and protein
folding as a function of pH. LEMS measurement of cytochrome c prepared in a solution
with pH of 7 in ES consisting of TEAB revealed mainly 5+ and 4+ charge states (Figure
3.10 a), with a Zayq value of 4.7+0.2, indicating enhanced charge reduction in comparison
with ammonium formate (Za,g of 7.0+0.1), ammonium acetate (Zsgy Of 6.9%0.1),

ammonium bicarbonate (Zayg of 7.7+0.4), and aqueous (Zayg of 8.5+0.2) ES solvent. As
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the pH of solution containing cytochrome c is decreased to 2.6, a bimodal CSD is
observed, peaked at 5+ and 7+ (Figure 3.10 b), indicating the presence of at least two
conformation of the protein. The low charge states ranging from 4+ to 6+ contain 37+ 4%
of the cytochrome c ion intensity. The LEMS measurement of cytochrome c prepared in a
solution with pH of 2.3 revealed a monomodal CSD distribution peaked at 7+ (Figure
3.10 c) indicating substantial unfolding of the protein. The reduction in Z,,, observed for
cytochrome ¢ (pH of 2.3) in the presence of triethyl ammonium bicarbonate (Zag of
7.1+0.1) in comparison with ammonium bicarbonate (Za,4 of 13.1+0.1) and aqueous ES
solution (Zag of 14.1+0.1) is consistent with the notion that the charge reduction scales
with the gas phase basicity of their neutral conjugates, i.e. the gas phase basicity of

triethyl amine is 221 Kcal mol™, ammonia is 193 Kcal mol™, and water is 167 Kcal mol™.

3.4.2 Analysis of Myoglobin in Conventional Versus Charge Reducing Solution
Additives

3.4.2.1 Conventional Electrospray Solvents

Holomyoglobin in the native state contains a heme group in the interior of the
protein. The heme is released in conditions of extreme pH, high temperatures, and in the
presence of organic solvents to produce apomyoglobin(35). Here we seek to investigate
whether the solution phase conformation (holomyoglobin) is preserved upon the transfer
into the gas phase, and whether the acid-denatured myoglobin can refold in the charged
electrospray droplets with heme reincorporation into its hydrophobic pocket. Laser

vaporization is used to transfer both the native (holomyoglobin) and acid-denatured
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myoglobin (apo-myoglobin) and heme into electrospray droplets containing various

solution additives.

To determine the charge state distribution as a function of acid concentration,
solutions of myoglobin with pH of 7.0, 2.6, and 2.3, were laser vaporized into aqueous
ES droplets and the resulting CSDs were measured. The LEMS measurement of
myoglobin prepared in solution with pH 7.0 in aqueous ES reveals a broad CSD ranging
from 7+ to 15+ and is peaked at 12+ with both holo (~86%) and apo (~14%) myoglobin
features (Figure 3.11 a). The Z,,4 values calculated for these measurements are 11.8+0.3
and 11.2+0.2 for holomyoglobin and apomyoglobin, respectively, as listed in Table 3.1.
Acid-denatured myoglobin was laser vaporized and the LEMS measurements reveal
exclusively apomyoglobin features with broad, monomodal CSDs peaked at 22+ and 23+
for solution pH of 2.6 and 2.3, respectively (Figure 3.11 b and c). The apomyoglobin
features observed at higher charge states indicate the presence of unfolded states of the
protein. The lower charge states ranging from 10+ to 13+ contains 3+2% and 2+1% of
the apomyoglobin ion intensity for solution with pH 2.6, and 2.3, respectively (Table
3.1).

The effect of ES solution containing ammonium formate on the CSD of
myoglobin in the folded or unfolded state was measured by adjusting the pH of the
solution vaporized. The LEMS measurement of myoglobin prepared in a solution with
pH 7.0 vaporized into ES droplets containing ammonium formate (pH 6.2) reveals mainly
8+ and 9+ charge states corresponding to predominately holomyoglobin features, (Figure

3.12 a) with a Zayq value of 8.2+0.1, indicating both charge reduction of the folded state

109



7200‘3) 1%:

3600 h
ala & h
0_
— 16000 P) 22+
=
<
e
2 8000,
o p—
W
a a
)
~—
c I
—_— 0

11000‘0) 23+

5500

0 i —— - - :
500 1000 1500 2000 2500 3000
m/z

Figure 3.11. Representative LEMS mass spectra resulting from laser induced
vaporization of myoglobin at solution pH of a) 7, b) 2.6, and c) 2.3 into

aqueous ES solvent.
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Figure 3.12. Representative LEMS mass spectra resulting from laser induced
vaporization of myoglobin at solution pH of a) 7, b) 2.6, and c) 2.3 into

aqueous ammonium formate solution.
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of the protein in comparison with aqueous (Zagy 0of 11.8+0.3) ES solvent and that the
ammonium formate maintains the heme co-factor in the hydrophobic pocket in
comparison with aqueous ES solvent where ~15% of the protein is found in
apomyoglobin form. This measurement suggests that the formation of apomyoglobin in
the case of vaporization of myoglobin (solution pH of 7.0) into the aqueous ES solution
occurs after the laser vaporized protein interacts with the aqueous ES droplets. An
alternative explanation is that apomyoglobin is vaporized but incorporates heme in the

spray containing ammonium formate.

Myoglobin in a solution with pH 2.6 was vaporized into ES droplets containing
ammonium formate to determine whether apomyoglobin can convert to holomyoglobin
within the electrospray process. The mass spectrum revealed ~100% apomyoglobin
features with bimodal CSDs, peaked at 9+ and 15+, ranging from 7+ to 24+ (Figure 3.12
b). This indicates that the time required for heme reincorporation into the hydrophobic
pocket, upon the interaction with ammonium formate ES solvent, is longer than the
LEMS measurement time transiting from the vaporization region into the vacuum of the
mass spectrometer. A previous study suggested that the refolding of apomyoglobin to the
globular holomyoglobin (with heme reincorporation into the hydrophobic pocket) takes
hundreds of milliseconds to seconds(36). The time available during the LEMS analysis is
estimated to be 100 ms(11), suggesting that there is insufficient time for heme
reincorporation. The bimodal CSDs peaked at 9+ and 15+ suggest at least a fraction of

apomyoglobin (charge states ranging from 7+ to 10+ containing 20+4% of the
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Figure 3.13. Representative ESI mass spectra of native myoglobin prepared in a) aqueous
AF. Panel b and c represent acid-denatured myoglobin (panel b, pH 2.6 and
panel ¢, pH 2.3) mixed with aqueous AF at 1:1 ratio. The pH of the final
solution after mixing cytochrome c at pH 2.6 (pH 2.3) with 5 mM AF at 1:1

ratio is 3.5 (2.5).
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Figure 3.14. Representative ESI mass spectra of native myoglobin prepared in a) aqueous
AF. Panel b and c represent acid-denatured myoglobin (panel b, pH 2.6 and
panel ¢, pH 2.3) mixed with aqueous AF at 1:1 ratio. The pH of the final

solution after mixing cytochrome c at pH 2.6 (pH 2.3) with 5 mM TEAF at
1:1 ratio is 3.3 (2.6).
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Figure 3.15. Representative LEMS mass spectra resulting from laser induced
vaporization of myoglobin at solution pH of a) 7, b) 2.6, and c) 2.3 into

aqueous ammonium acetate solution.
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Figure 3.16. Representative LEMS mass spectra resulting from laser induced
vaporization of myoglobin at solution pH of a) 7, b) 2.6, and ¢) 2.3 into

aqueous ammonium bicarbonate solution.
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apo-myoglobin ion intensity) folds into a globular apo-myoglobin conformer in the
presence of the ammonium formate ES solvent. This is supported by the fact that
vaporization of pH 2.6 protein solution into water only contained 3+2% folded
distribution. The time scale for refolding of apo-myoglobin into globular apo-myoglobin
conformation is reported to be in the order of few microseconds(37), which is short
compared to the 100 ms that the complex spends in the ES droplet. This experiment
confirms that the formation of apo-myoglobin occurs in the aqueous droplet for the pH
7.0 measurement and not during the vaporization process. The LEMS measurement of
myoglobin prepared in a solution with pH 2.3 vaporized into ES droplets containing
ammonium formate revealed a monomodal CSD ranging from 7+ to 24+, peaked at 18+
(Figure 3.12 c). The charge states ranging from 7+ to 10+ contain 6x4% of the apo-
myoglobin ion intensity while the majority of apo-myoglobin features are observed at
higher charge states ranging from 11+ to 24+, indicating unfolded states of the protein.
The monomodal distribution suggests that the extent of charge reduction and the
appearance of folded states depend either on the extent of protein unfolding prior to laser
vaporization or on the pH of the ES droplet after mixing with the vaporized acidic protein
solution. Similar to cytochrome c, ESI-MS measurements were performed as a control
experiment for complete mixing of acid-denatured myoglobin with similar solution
additives (e.g. ammonium formate, and triethyl ammonium formate) utilized in the
LEMS measurement at 1:1 ratio. The mass spectra, average charge state, and the fraction
folded protein obtained from these measurements are reported in Figure 3.13 and Figure

3.14 and Table 3.2.
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The LEMS measurement of myoglobin prepared in solutions with pH of 7.0, 2.6
and 2.3 vaporized into ES droplets containing ammonium acetate (Figure 3.15 a, b and c)
are very similar to the measurements made using ammonium formate (Figure 3.12 a, b
and c). Similar to the measurements for cytochrome c, the LEMS measurements of
myoglobin at lower solution pH (pH of 2.6, and 2.3) in ES solution containing
ammonium bicarbonate did not result in charge reduction when compared to ammonium
formate, and ammonium acetate despite the higher solution pH (Figure 3.16 b and c),
which is probably due to the decomposition of HCO3 (counter ions) to CO, and H,O in

the presence of acid, creating bubbles which facilitate protein unfolding.

3.4.2.2 Solution Additives with High Gas Phase Basicity

Myoglobin prepared in solutions with pH of 7.0, 2.6, and 2.3 were laser vaporized
into solution additives with gas phase basicity to measure the subsequent charge
reduction and protein folding in ES droplets. The LEMS measurement of myoglobin
prepared in a solution with pH of 7.0 vaporized into ES droplets containing TEAF
(solution pH of 6.1) reveals mainly 6+ and 5+ charge states (holomyoglobin features,
Figure 3.17 a) with a Z,,4 value of 5.7+0.0, indicating enhanced charge reduction of the
folded state of the protein in comparison with ammonium formate (Z,4 of 8.2+0.1),
ammonium acetate (Zay of 8.0+0.1), ammonium bicarbonate (Za4 of 8.2+0.3), and
aqueous (Zayg of 11.8+0.3) ES solvent. Laser vaporization of myoglobin prepared in
solutions with pH of 2.6 and 2.3 into the same ES solvent revealed bimodal CSDs with

most probable charge states at 6+ and 10+ with exclusively apo-myoglobin features, as
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Figure 3.17. Representative LEMS mass spectra resulting from laser induced
vaporization of myoglobin at solution pH of a) 7, b) 2.6, and ¢) 2.3 into

the ES solvent consisting of aqueous triethyl ammonium formate.
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Figure 3.18. Representative LEMS mass spectra resulting from laser induced
vaporization of myoglobin at solution pH of a) 7, b) 2.6, and c) 2.3 into

the ES solvent consisting of aqueous triethyl ammonium acetate.
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Figure 3.19. Representative LEMS mass spectra resulting from laser induced
vaporization of myoglobin at solution pH of a) 7, b) 2.6, and c) 2.3 into

the ES solvent consisting of aqueous triethyl ammonium bicarbonate.
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Figure 3.20. Representative LEMS mass spectra resulting from laser induced
vaporization of myoglobin at pH 7 (panel a, and d), myoglobin at pH 2.6
(panel b, and e), and myoglobin at pH 2.3 (panel c, and f) into the
electrospray solvent consisting of aqueous triethyl ammonium bicarbonate
(5mM) at two different CID potentials. The measurements shown in figure

a-c, and d-f are taken at 10 and 35 eV respectively.
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Figure 3.21. High resolution LEMS mass spectra resulting from laser induced
vaporization of myoglobin at pH 7 into the electrospray solvent consisting
of 5 mM triethyl ammonium bicarbonate at the collision potential of a) 10
eV and b) 35 eV. Deconvoluted mass difference of 23 between peak 1 and
2 in panel a suggests that peak 2 is the sodiated protein feature while
deconvoluted mass difference of 61 between peak 1 and 3 suggests that
peak 3 is the protein feature with counter ion (HCOj3) from triethyl
ammonium bicarbonate. Peak 4 represents [M+5H*+Na"+HCO3]>*, peak
5 represents [M+7H*+2HCO3 1>, peak 6, 7, 8, 9, 10, 11, 12, 13 are the
repeating unit of either HCOs3; or Na'HCOs;. Deconvoluted mass
difference of 23 between peak 1 and 2 in panel b suggests that peak 1
represents the sodiated protein feature. Peak 2, 3, 4 represent the repeating

unit of sodiated protein features.
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shown in Figure 3.17 b and c. The charge states ranging from 5+ to 7+ contain 22+4%
and 19+3% of the apo-myoglobin ion intensity for solutions with pH of 2.6, and 2.3,
respectively. The lower charge states peaked at 6+ indicate charge reduction, presumably
of the globular conformer of apo-myoglobin. The distribution peaked at 10+ likely
corresponds to the charge reduction of unfolded states of the protein. The fraction of
globular apo-myoglobin, calculated for myoglobin prepared in a solution with pH of 2.6,
using TEAF (22+4%) is greater in comparison with aqueous ES (3+1%), and is within
the standard deviation in comparison with ammonium acetate (19+6%), and ammonium
formate (20£4%) ES solutions.This again suggests that the use of solution additive with
high gas phase basicity promotes charge reduction, and presumably results in some
degree of protein folding within the ES droplets. The reduction in Z,,4 observed for
myoglobin (pH of 2.3) in the presence of TEAF (Zagy of 9.8+0.2) in comparison with
ammonium formate solution (Z,g of 16.4+0.1) is consistent with the hypothesis that the
solution additives with high gas phase basicity can significantly reduce the protein CSD
in the gas phase. The lack of heme inclusion to the protein again suggests that a refolding
of apo-myoglobin to holomyoglobin is limited by the time available for protein folding in

LEMS measurement.

The LEMS measurement of myoglobin prepared in solutions with pH 7.0, 2.6 and
2.3 vaporized into ES droplets containing TEAA (Figure 3.18 a, b and c) are similar to
the measurements made using TEAF (Figure 3.17 a, b and c¢). TEAA displays enhanced
charge reduction for the myoglobin prepared in solution pH of 2.6 and 2.3 in comparison

with TEAF.
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Laser vaporization of myoglobin prepared in a solution with pH 7.0 into the ES
droplets containing TEAB revealed mainly 6+ and 5+ charge states corresponding to
holomyoglobin features, (Figure 3.19 a) as compared to 8+ and 9+ for ammonium
bicarbonate solution, indicating enhanced charge reduction of the folded states of the
protein. The LEMS measurement of myoglobin prepared in solutions with pH of 2.6 and
2.3 vaporized into the ES droplets containing TEAB revealed monomodal CSDs peaked
at 10+ (apo-myoglobin features, Figure 3.19 b and c) with Z,,4 values of 9.8+0.2 and
10.2+0.2, respectively. The monomodal CSD suggests substantial unfolding of the
protein. A reduction in Z,,4 was observed for myoglobin prepared in solution with pH of
2.3 in the presence of TEAB (Zag of 10.0£0.2) when compared to ammonium
bicarbonate (Zayy 0f 18.6+0.1) and aqueous ES (Zayq of 20.5+0.1). This is again consistent

with the ordering of the gas phase basicities.

In addition to the shift in protein CSD, adduction of Na* and HCO3" ions to the
protein ion was also observed for lower charge states (mainly 6+ and 5+), as seen in the
inset of Figure 3.19 a-c. The enhanced adduction is due to the lower collision energy with
background gas at lower charge state in comparison with higher charge states. The peak
broadening due to adduct formation was significantly reduced upon increasing the
collision energy to 35 eV as compared to 10 eV, suggesting the loss of an anion (HCO3)

and neutral (NaHCO3) molecule from protein ion (Figure 3.20 d-f, and Figure 3.21 b).

3.5 Conclusions
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The charge state distributions for both native and acid-denatured proteins were
measured as a function of solution additives with varying gas phase basicities using laser
electrospray mass spectrometry. The observation of charge-reduced ion states for acid-
denatured protein upon the interaction with the charge reducing solution additives
suggests at least a part of the protein population folds to some degree within the
electrospray droplets. We determined that the myoglobin (holo-myoglobin, solution pH
of 7.0) was laser vaporized without the loss of heme into the electrospray droplets, and
that acid-denatured protein refolds in the electrospray droplets to some degree without
heme reincorporation into its hydrophobic pocket. Evidence was provided for the
formation of apo-myoglobin in aqueous electrospray droplets. Comparison to
conventional electrospray measurements for both proteins reveals a greater fraction of
low charge state distribution, suggesting that ESI enhances the unfolding of protein either

in solution or in the Taylor cone of the emitter.

The use of solution additives with high gas phase basicities resulted in greater
shift in the protein CSD to the lower charge states for native and acid-denatured proteins
in comparison with both agueous and conventional solvent system. This suggests that the
charge reduction, which is expected to occur in the gas phase, is dominated by proton
transfer processes from multiply charged protein ions to neutral amines. We note that in
addition to the charge state distribution, coupling LEMS with hydrogen/deuterium
exchange, ion mobility measurement, and/or electron capture dissociation would provide
alternative means of investigating the gas phase protein conformation. We have

investigated the reduction of 2,6-dichloroindophenol by L-ascorbic acid in a manner

126



similar to previous studies(22, 38), to determine the droplet lifetime in LEMS
measurement. We find that the droplet lifetime is ~5 milliseconds(39) suggesting that
LEMS could be used to decouple proteins and various solvent systems, prior to mixing in

the electrospray droplets, to study protein folding on the millisecond timescale.
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CHAPTER 4

DIRECT ANALYSIS OF PROTEINS FROM SOLUTIONS WITH HIGH SALT
CONCENTRATION USING LASER ELECTROSPRAY MASS

SPECTROMETRY

4.1 Overview

In this chapter, the detection of lysozyme, or a mixture of lysozyme, cytochrome
¢, and myoglobin, from solutions with varying salt concentration (0.1 mM to 250 mM
NaCl) using laser electrospray mass spectrometry (LEMS) and electrospray ionization-
mass spectrometry (ESI-MS) is presented. Protonated protein peaks were observed up to
a concentration of 250 mM NaCl in the case of LEMS. In the case of ESI-MS, a protein
solution with salt concentration >0.5 mM resulted in predominantly salt-adducted
features, with suppression of the protonated protein ions. The average sodium adducts
(<n>) bound to the 7+ charge state of lysozyme for LEMS measurements from salt
concentrations of 2.5, 25, 50, and 100 mM NaCl were 1.71, 5.23, 5.26, and 5.11,
respectively. The conventional electrospray measurements for lysozyme solution
containing salt concentrations of 0.1, 1, 2, and 5 mM NaCl resulted in < n> of 2.65, 6.44,
7.57, and 8.48, respectively. LEMS displayed an approximately two order of magnitude
higher salt tolerance in comparison with conventional ESI-MS. A mechanism for high

salt tolerance observed for LEMS measurements in comparison with ESI is presented.

4.2 Introduction
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The analysis of biomolecules using electrospray ionization-mass spectrometry
(ESI-MS) is often hindered by matrix effects due to the presence of phosphate buffers,
urea, or inorganic salts(1, 2). ESI-MS measurements of proteins in the presence of
sodium chloride (NaCl) reveal extensive sodium ion adduction even for a low millimolar
concentration(3). The presence of NaCl also results in a decrease in both the stability of
the electrospray and the yield of protonated ions(4). The adduction of sodium ions to
protein molecules distributes the signal over multiple mass-to-charge (m/z) peaks,
reducing the signal-to-noise ratio of each protein feature and broadening the mass

spectral peaks, resulting in a decrease in accuracy for mass measurement.

Since salt is ubiquitous in many biological samples, several strategies have been
developed to desalt biomolecules prior to ESI-MS analysis including nanoparticle-based
micro-extraction(5), microdialysis(6), liquid chromatography(7), and ion exchange
chromatography(8, 9). However, removal of salts can affect the structure of protein
complexes. For example, a sigma activator protein (NtrC4) from Aquifex aeolicus
requires millimolar concentrations of Mg?*, BeF*, and adenosine 5°-diphosphate sodium
salt (ADP) to form an active hexamer(10, 11). Desalting processes that require multiple
buffer exchange steps will denature the hexamer and may also produce spurious signal in

the ESI analysis due to inefficient removal of detergents(12).

Decoupling the sampling and electrospray ionization processes has enabled
analysis of analytes from samples containing high salt concentrations. Fused-droplet
electrospray ionization mass spectrometry (FD-ESI-MS) involves ultrasonic nebulization

of the sample solution to produce a fine aerosol which is then combined with electrospray
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generated charged droplets(3). Although this method showed a significantly higher salt
tolerance in comparison with conventional electrospray (1.70 M versus 0.17 M NaCl),
interaction of protein molecules with electrosprayed methanol droplets containing 1%
acetic acid denatures protein and shifts the charge state distribution (CSD) to higher
charge in comparison with native state measurements. Probe electrospray ionization
(PESI) uses a wire as both the sampling probe and electrospray emitter, and has been
used to detect biomolecules from solutions with high-salt concentration.(1) The analysis
of myoglobin using PESI displayed a salt tolerance, or ability to detect protein without
ion suppression, of up to 250 mM in comparison with nano-electrospray ionization
(nano-ESI) which has a salt tolerance of 50 mM. The high salt tolerance for PESI and
nano-ESI is likely due to the formation of higher charge states given the fact that sodium
ion adduction occurs mostly for low charge states(4, 13, 14). Selective sampling of
analytes rather than salt from a solution has been proposed to enhance detection in the
PESI experiment in comparison with nano-ESI where the entire solution within the
capillary is subjected to the nanospray process resulting in analyte signal suppression
given the higher salt concentration(1). The investigation of drug mixtures (cocaine and
diacetylmorphine) using desorption electrospray ionization (DESI) showed higher salt
tolerance in comparison with ESI(15). The salt tolerance in DESI was investigated by
changing the sample substrate such as paper, polytetrafluoroethylene (PTFE), and a
variety of coated glasses. The salt tolerance was dependent upon the surface being used
and PTFE was the optimal substrate for reducing ion suppression effects at higher salt

concentration. A raw urine sample spiked with atrazine and 1,3,5-trinitroperhydro-1,3,5-
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triazine (RDX) was successfully examined using extractive electrospray ionization
(EESI), eliminating clean-up steps used to remove the matrix effects(16). The stable
signal intensity in EESI during salt-rich biological sample analysis was attributed to the
difference in surface partitioning of polar and non-polar analytes. The non-polar analytes
tend to compete for the surface while the polar analytes and salts are stabilized by

increased solvation in the droplet interior.

The use of laser electrospray mass spectrometry (LEMS) has enabled the
quantitative analysis of complex mixtures without sample pre-processing at atmospheric
pressure(17). LEMS couples nonresonant femtosecond (fs) laser vaporization (10%
W/cm?) with an electrospray ionization source for postionization. LEMS analyses have
been performed on a variety of samples including proteins(18-20), pharmaceuticals(21),
explosives(22, 23), plant and animal tissues(24-26). The successful detection of 1,2-
dihexanoyl-sn-glycero-3-phosphocoline (DHPC) spiked into whole blood sample and the
detection of lipids and proteins from reduced-fat milk sample demonstrate that LEMS is
capable of detecting anlaytes from complex mixtures with no pre-processing(18). In
addition, LEMS measurements on small molecule mixtures(27) and multicomponent
proteins mixtures(20) have shown that LEMS enables quantitative measurements up to ~
2.5 orders of magnitude and over 4 orders of magnitude higher in concentration,
respectively, in comparison with conventional electrospray where quantitative
measurement of mixtures is not possible. The nonequilibrium partitioning of analyte on
the surface of the charged droplet is likely responsible for the quantitative capability(20,

27). This suggests that LEMS may be utilized to significantly reduce ion suppression
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effects in comparison with conventional ESI analysis, in particular for biomolecules from
solution containing high salt concentration because the salt will partition into the droplet

interior while the protein resides on the surface where excess charge resides.

In this study, the mass spectral features of either a single protein (lysozyme) or a
mixture of the proteins lysozyme, cytochrome c, and myoglobin as a function of salt
concentration are compared using LEMS and ESI-MS. The amount of protonated protein
is measured as a function of salt concentration for both LEMS and ESI and the average
number of sodium adducts (< n>) bound to the 7+ charge state of lysozyme is calculated.
The ability to identify protein components in a mixture using LEMS and ESI is compared
as a function of salt concentration. Finally a mechanism is presented for reduced salt

adduction in the LEMS measurement in comparison with ESI.

4.3 Experimental Section

4.3.1 Sample Preparation

Lysozyme, cytochrome ¢, myoglobin, and ammonium acetate (Sigma Aldrich, St.
Louis, MO) were prepared in HPLC grade water (Fisher Scientific, Pittsburgh, PA) to
yield the final concentration of 1.0 x 10° M. A 1.0 M stock solution of sodium chloride
was prepared in HPLC grade water (Fisher Scientific, Pittsburgh, PA). For ESI
measurements, an aliquot of the stock solution (single protein or protein mixtures) was
diluted into 10 mM aqueous ammonium acetate to yield a final protein concentration of
1.0 x 10 M with the salt concentration ranging from 0.1 mM to 5.0 mM. For LEMS

measurements, an aliquot of the stock solution (either individual or the protein mixtures)
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was diluted into water to yield a final protein concentration of 2.0 x 10 M with the salt
concentration ranging from 2.5 mM to 250 mM. A 10 pL aliquot of the diluted protein
solution was spotted onto a stainless steel plate and then subjected to laser vaporization
into the electrospray (ES) charged droplet stream consisting of aqueous ammonium

acetate.
4.3.2 Laser Vaporization and lonization Apparatus

A Ti:sapphire laser oscillator (KM Laboratories, Inc., Boulder, CO) seeded a
regenerative amplifier (Coherent, Inc., Santa Clara, CA) that delivered 75 fs, 0.6 mJ laser
pulses centered at 800 nm. The laser, operated at 10 Hz to couple with the ES ion source,
was focused to a spot size of ~250 um in diameter with an incident angle of 45° with
respect to the sample using a 16.9 cm focal length lens, with an approximate intensity of
1 x 10" W/cm?. The steel sample plate was biased to -2.0 kV to compensate for the
distortion of electric field between the capillary inlet and the needle caused by the sample
stage. Aqueous protein sample (10 puL) deposited onto a steel substrate was vaporized by
the laser pulse allowing for capture and ionization by an ES plume travelling

perpendicular to the vaporized material.
4.3.3 Mass Spectrometry and data analysis

The laser electrospray mass spectrometer used in this experiment has been
described previously(28). The nonresonant femtosecond laser pulse transfers the analyte
into the gas phase for capture and ionization in an ES plume at atmospheric pressure. The
flow rate for ES solvent was set at 2 ul/min by a syringe pump (Harvard Apparatus,
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Holliston, MA). The ESI needle was 6.4 mm above and parallel to the sample stage, and
was approximately 6.4 mm in front of the capillary entrance. The ES needle was
maintained at ground while the inlet capillary was biased to -4.5 kV to operate in positive
ion mode. The postionized analytes were dried before entering the inlet capillary by
countercurrent nitrogen gas at 200 °C flowing at 4 L/min. The charged sample was mass

analyzed using a microTOF-Q 11 mass spectrometer (Bruker Daltonics, Billerica, MA).

4.3.4 Safety Considerations

Appropriate laser eye protection was worn by all lab personnel.

4.4 Results and Discussion
4.4.1. Detection of protein/protein mixtures from solutions with varying salt
concentration
The LEMS and ESI measurements for lysozyme are shown in Figure 4.1 and
Figure 4.2 for salt concentrations ranging from 0 to 100 mM and 0 to 5 mM, respectively.
The LEMS measurement for lysozyme vaporized without NaCl, shown in Figure 4.1 a,
reveals a narrow range of low charge states ranging from 6+ to 9+. The predominance of
the 8+ charge state in Figure 4.1 b-e indicates that the native state of lysozyme was
preserved when vaporized from a solution with salt concentration up to 100 mM. Salt
adduction to the protein ions for LEMS increases with decreasing charge. The 9+ feature
reveals no adduction in any of the spectra, minimal adduction in 8+ and adduction in the

7+ through 4+ species, Figure 4.1 b-e (also shown in Figure 4.3 c-e, measurements taken
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at collision potential of 70 eV). It has been proposed that the salt adduction to lower
charge (folded) states is due to the increased salt concentration within the ES droplet
during desolvation process in the charge residue mechanism(4). The increasing salt
concentration facilitates non-specific pairing of Na* and CI” with the protein ions. Sodium
adducts are evident at higher collision potential (~70 V) while a lower potential of ~5 V
results in a series of n(Na - H) and m(CIl + H) peaks in the mass spectrum. In the case of
higher charge states, Konermann has proposed that the unfolded protein resides at the
surface of the droplet, enabling charge ejection during the desolvation process when the
salt concentration is lower(4). The increase in local kinetic energy for the 8+ charge state
in comparison with the 7+ and 6+ charge states (for a given collision potential) can
remove salt from protein molecules resulting in the lower Na* adduction for 8+ charge

state of lysozyme in comparison with 7+ and 6+ charge state.

The ESI-MS measurements for lysozyme in aqueous ammonium acetate solution
with NaCl concentrations ranging from 0 to 5 mM are shown in Figure 4.2 a-e. The ESI
mass spectrum of lysozyme in ammonium acetate, without NaCl, reveals a narrow range
of low charge states ranging from 6+ to 9+ in Figure 4.2 a. The spectra corresponding to
ESI measurements in the presence of salt, Figure 4.2 b-e, again shows that increasing salt
adduction occurs for the 8+, 7+, and 6+ charge states with decreasing charge. In the ESI
measurement, the adduction is significantly enhanced in comparison with LEMS for
similar concentrations of salt, e.g. Figure 4.1 b and Figure 4.2 d. Peak broadening due to
sodium ion adduction to the 6+ and 7+ charge states for salt concentration of >1 mM

makes the detection of protonated lysozyme ([L+7H]"* and [L+6H]®*) challenging. In
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particular, peak broadening limited the detection of 6+ charge state of lysozyme for salt

concentration of >1 mM.

The LEMS and ESI measurements for an equimolar mixture of lysozyme,
cytochrome ¢, and myoglobin in salt concentration ranging from 0 to 250 mM are shown
in Figure 4.5 and Figure 4.6. The LEMS measurement of protein mixtures without NaCl
vaporized into an ES solvent consisting of aqueous ammonium acetate, shown in Figure
4.5 a, reveals a narrow range of low charge states ranging from 7+ to 10+ for lysozyme,
6+ and 8+ for cytochrome c, and 7+ to 9+ for myoglobin, respectively. The CSDs of
lysozyme, cytochrome c, and myoglobin vaporized from concentrations of NaCl ranging
from 75 to 250 mM (Figure 4.5 b-d) are similar to the 0 mM salt solution and correspond
to the folded protein charge state distribution. This suggests that the native states of the
proteins were preserved when vaporized from solutions with high salt concentration. The
majority of salt adduction to the protein mixture occurred for the 6+, 7+ and 8+ charge
states of lysozyme, for the 6+, 7+ and 8+ charge states of cytochrome c, and for the 7+,
8+, and 9+ charge states of myoglobin, see Figure 4.5 b-d (also shown in Figure 4.7 b-d).
The majority of salt adduction occurred at 6+ and 7+ charge states in the case of

lysozyme during single protein analysis, see Figure 4.1 b-e (also shown in Figure 4.3 b-

e).

ESI measurements were performed for equimolar mixtures of lysozyme,
cytochrome ¢, and myoglobin (10 uM of each) from aqueous ammonium acetate solution

containing NaCl concentrations ranging from 0 to 5 mM, as shown in Figure 4.6 a-d. The
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The measurements were performed at collision potential of 70 eV.
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ESI mass spectra of protein mixtures with no added NaCl revealed charge states ranging
from 7+ to 10+ for lysozyme, 7+ and 8+ for cytochrome c, and 8+ and 9+ for myoglobin,
as shown in Figure 4.6 a. The ESI measurements for salt concentrations of 0.5 and 2 mM
NaCl, Figure 4.6 b and 4.6 c, show significant salt adduction for the 7+ and 8+ charge
states of lysozyme, the 7+ and 8+ charge states of cytochrome c, and the 8+ and 9+
charge states for myoglobin. The ESI measurement of protein mixtures at salt
concentration of 5 mM resulted in charge states ranging from 7+ to 14+ for cytochrome c
and suppressed the detection of the lower charge states of myoglobin (8+ and 9+ charge
states) and lysozyme (7+ and 8+ charge states) by significant salt adduction, as shown in
Figure 4.6 d. The observation of unfolded charge state distribution for cytochrome c is
likely due to the increase in electrospray droplet temperature at higher salt concentration
due to the non-volatile nature of the salt. The formation of higher charge states were also
observed in a previous experiment when the electrospray solvent contained higher salt
concentration(1). In that study, the addition of 50 mM NaCl into the 10 uM myoglobin
solution resulted in a CSD ranging from 10+ to 22+ (peaked at 12+ and 20+), while the
lower salt concentration (5 mM NaCl) resulted in a CSD ranging from 7+ to 18+ (peaked
at 11+). Identification of individual proteins from multi-component mixtures is difficult
using ESI when salt is present in the sample solution at concentration > 5mM due to ion
suppression effects (29) and spectral congestion (30) arising from overlapping features.
Direct analysis of protein mixtures using ESI in the presence of inorganic salts is
complicated because of the peak broadening effect due to adduction. This is not the case

for LEMS where salt concentrations up to 250 mM do not result in protein structural
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change or significant adduction and thus, the identification of individual protein from the

multi-component mixture is possible.
4.4.2 Salt adduction to proteins: LEMS versus ESI-MS

The adduction of sodium ion to protein was compared for LEMS and ESI-MS
measurements to provide insight into the ionization mechanisms of each experiment.

Sodium adduction to the protein molecule can be expressed using equation 1(4),

[M+zH" + n(Na" - H") + m(CI" + H")]*" + 70 eV CID — [M +(z-n)H" + nNa']** + mHCI

1)

where M is the protein molecule, z is the number of protons (H"), n and m are the number
of Na" and CI adducts, respectively, z is the charge state of the protein, and z+ is the
overall charge on the protein molecule. At lower collision potential, 15 eV in this
measurement resulted in a series of n(Na* - H") and m(CI" + H") features that complicate
the mass spectra(4). Increasing the collision potential to 70 eV resulted in the complete
loss of HCI and Na-adducted protein ions are predominately formed as shown in Figure
4.9 — 4.14. The removal of HCI is mainly attributed to an in-source reaction(31, 32)
where protein ions are subjected to collision-induced dissociation (CID). The increase in
collision potential also resulted in the loss of H,O from lysozyme as shown in Figure

4.15.

To compare the Na* ion adduction as a function of salt concentration for both LEMS
and ESI-MS measurements, we focus on the 7+ charge state of lysozyme as shown in

Figure 4.9. LEMS analysis of lysozyme with salt concentration of 25 mM NaCl revealed
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salt adducts ranging from 1 to 13, Figure 4.9 c. The dominant feature in the mass spectra
collected with a CID potential of 70 eV is the protonated peak of lysozyme [L+7H]".
Conversely, ESI analysis of lysozyme with 1 mM NaCl resulted in the Na=3 adduct
dominating with sodium-adducted protein peaks ranging from 1 to 16, Figure 4.10 c. The
sodium adducts resulted in peak broadening for ESI-MS measurements, Figure 4.2 c-e.

The average number of sodium ions adducts < n > can be calculated(4) as follows:

<n>=M (2)

Yn=oIn

where I, is the peak intensity of the Na" adducts, and N is the maximum number of Na*
observed for each charge state. The average number of sodium ions bound to the 7+
charge state of lysozyme (< n >) for the LEMS measurement are 1.71, 5.23, 5.26, and
5.11 for the salt concentration of 2.5 mM, 25 mM, 50 mM, and 100 mM NacCl,
respectively. The Na" adduction did not increase between 25 mM and 100 mM NacCl
concentration in the LEMS analysis. The average number of sodium ions bound to the 7+
charge state of lysozyme for the ESI measurement for salt concentrations of 0.1 mM, 1
mM, 2 mM, and 5 mM NaCl are 2.65, 6.44, 7.57, and 8.48, respectively. Conventional
electrospray measurements showed increasing salt adduction with increasing salt
concentration with a corresponding decrease in intensity for the protonated peak of the
protein. The measurements revealed significantly reduced sodium adduction for LEMS

measurements in comparison with ESI-MS for all charge states.

For the mass spectral analysis of multicomponent protein mixtures, the collision

potential was increased to 70 eV to eliminate HCI to form predominately Na-adducted
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Figure 4.11. High resolution LEMS mass spectra of 200 puM protein mixtures
(cytochrome ¢ [C+7H]™, and lysozyme [L+8H]®") with (a), no salt; (b), 75
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Figure 4.12. High resolution electrospray mass spectra of 10 pM protein mixtures
(cytochrome ¢ [C+7H]™*, and lysozyme [L+8H]®*) prepared in 10 mM
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NaCl; (d), 5 mM NaCl. The measurements were performed at collision
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protein ions(4). To compare the sodium adduction to the protein molecule for LEMS and
ESI-MS measurements, 7+ charge state of cytochrome ¢ (m/z 1766.5), 8+ charge state of
lysozyme (m/z 1789.1), and 8+ charge state of myoglobin (m/z 2122.4) were chosen. Salt
adduction to the 7+ charge state of cytochrome ¢ overlaps with the protonated ((L+8H)%*)
lysozyme peak. LEMS measurements revealed well-resolved, protonated features for
cytochrome ¢ ((C+7H)™) and lysozyme ((L+8H)®*) for salt concentration of 250 mM
NaCl, as shown in Figure 4.11 d. This suggests minimal adduction/overlap and limited
ion suppression of the protonated protein ions even in the presence of high salt
concentration using laser vaporization to transfer sample into the ES droplets.
Conversely, in ESI-MS measurements, the mass spectra revealed congested features and
suppression of protonated ions ((C+7H)"* and (L+8H)®*) for NaCl concentrations ranging
from 0.5 to 5 mM, as shown in Figure 4.12 b, ¢, and d. The ESI measurements for
cytochrome ¢ and lysozyme with 0.5 mM NaCl revealed that the Na=2 and Na=1 adducts
were the dominant features with sodium adducts ranging from 1 to 6 and 1 to 11,
respectively, Figure 4.12 b. At a salt concentration of 5 mM, unresolvable spectral
features for both cytochrome ¢ and lysozyme are observed due to excessive salt
adduction. Adducted protein features were observed for 0 mM NacCl in both LEMS and
ESI measurements of cytochrome ¢ and lysozyme, presumably due to impurities in the

solvents, Figure 4.11 a and Figure 4.12 a.

The LEMS measurement for the 8+ charge state of myoglobin revealed salt adducts
ranging from 1 to 14 for salt concentration of 75 mM NaCl, Figure 4.13 b. The dominant

feature in the mass spectra is the protonated peak of apo-myoglobin [M+8H]®".
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The formation of apo-myoglobin is due to collision-induced unfolding of myoglobin
upon increasing the collision energy to 70 eV. The ESI analysis of myoglobin with 0.5
mM NaCl resulted in the Na=3 adduct being the largest feature with sodium adduct
features ranging from 1 to 15, Figure 4.14 b. Again, the LEMS experiment enabled
measurements of protein molecules for samples with higher salt concentration because of

reduced adduct formation.

These measurements suggest that in the LEMS experiments, the Na* ions are
somehow excluded from interacting with the protein molecules. The reduced Na* ion
adduction in LEMS measurements in comparison with ESI may be due to the non-
equilibrium nature of laser vaporized proteins interacting with the ES droplets. We have
previously proposed (20, 27, 33) that the partitioning of analytes into the ES droplets is
limited by the time that laser vaporized analytes spend on the droplet surface prior to
entering into the MS inlet capillary. The time for interaction between the vaporized
protein and the charged droplet is estimated to be <100 ms(33) and this time will
therefore dictate the partitioning of anlaytes based on their respective sizes and solution
enthalpy. Considering a simple diffusion process, the mixing time, t, of two analytes
depends upon their diffusion coefficient (D) and the distance separating the diffusing
solutes (d), where t=d*/6D. Given the fact that the diffusion coefficient of analytes
depend on their size and shape, we anticipate that Na* and CI" will diffuse into the
interior of the droplet much more quickly than the protein in the LEMS process, thus
limiting the opportunity for the chemistry described by reaction 2 if the droplet lifetime is

short compared to the protein diffusion time. The diffusion constant for Na* is 1.3 x 10”
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m?/s and assuming d = 1 micron the diffusion time is (1 x 10°m)®/ 6 x 1.6 10° m?s =
104.2 ps. This time is short compared to the lifetime of the droplet ~10 ms, and thus the
salt ions can partition into the interior of the droplet. The diffusion constant for
hemoglobin is 6.9 x 10™ m?%s suggesting a 23X longer diffusion time. The proteins are
also much more hydrophobic than salt ions and thus will tend to remain on the surface of
the charged droplet(34, 35). This results in a lower salt concentration on the surface of
the newly formed electrospray droplet from which a gaseous protein ion is released. This
also results in a higher concentration of protein on the surface of the electrospray droplet
where the charge resides. Thus the nonequilibrium nature of the partitioning of salt and
protein between droplet surface and interior will reduce adduction in the LEMS
measurement. A previous study investigating the ionization mechanism of proteins in
ESI-MS revealed a completely different salt adduction pattern for folded and unfolded
proteins(4). The folded protein revealed higher salt adduction, which is in agreement with
charge residue model (CRM) where the non-specific interaction between salt and protein
increases as the solvent evaporates. The unfolded protein however revealed minimal to
no salt adduction which is attributed to the difference in ionization mechanism for folded
and unfolded proteins in ESI. Unfolded proteins are likely expelled from the ES droplet
via chain ejection model (CEM)(36) prior to the increase in salt concentration within the
ES droplets resulting in minimal to no salt adduction for higher charge states. The
reduced salt adduction for proteins in LEMS measurement suggests that protein
ionization in LEMS likely occurs in a manner similar to the chain ejection model. In the

case of LEMS, it is likely that the laser vaporized proteins are ionized and released into
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the gas phase upon interaction with the surface of highly charged ES droplets prior to the
increased concentration of non-volatile salt within the ES droplets. However, the salt
adduction in LEMS is significantly lower than for ESI suggesting that the proteins do not
equilibrate into the interior of the droplet. The polar analytes (e.g. salt) equilibrating into
the droplet interior due to increased solvation will thus be isolated from proteins resulting

in minimal salt adduction in LEMS measurements.

The preferential interaction of laser vaporized protein with the highly charged
electrospray droplets in LEMS measurements has been proposed to enhance the detection
of protonated protein ions in comparison with conventional ESI measurements.(19)
Protein residing in the droplet interior in the ESI-MS measurement has to partition onto
the droplet exterior for ionization. This enhances interaction of protein with salt in the

case of ESI resulting in an increased salt adduction.

4.5 Conclusions

The analysis of lysozyme, and a mixture of lysozyme, cytochrome c, and
myoglobin, in solution with varying salt concentration revealed a significantly higher salt
tolerance for LEMS measurements in comparison with conventional electrospray with
respect to suppression of the protonated ion signal and the ability to distinguish mixture
components. The average sodium adducts bound to the 7+ charge state of lysozyme for
LEMS measurements from salt concentrations of 2.5, 25, 50, and 100 mM NaCl are 1.71,
5.23, 5.26, and 5.11, respectively, whereas conventional electrospray measurements for

lysozyme from solutions containing salt concentrations of 0.1, 1, 2, and 5 mM NacCl
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resulted in <n> of 2.65, 6.44, 7.57, and 8.48, respectively. The reduced salt adduction in
the LEMS experiment is likely due to the non-equilibrium nature of partitioning of laser
vaporized proteins between the surface and interior of the charged electrospray droplets.
The reduced interaction time of the laser vaporized analytes with the ES droplets
presumably allows small ions like Na™ and CI" to partition into the droplet interior on the
time scale of transit to the capillary leaving the much larger protein on the droplet surface
where excess charge resides. This results in a lower salt concentration on the surface of
the ES droplets, which leads to the formation of a higher fraction of protonated protein
ions in comparison with conventional ESI measurements. Conversely, proteins in
electrospray measurements have to partition from the droplet interior to the droplet’s
surface for ionization which results in an increased interaction of protein with salt in the

ES droplet from which an ionized protein is released.
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CHAPTER 5

MEASUREMENT OF THE LIFETIME FOR LASER VAPORIZED LIQUID
DROPLETS COUPLED WITH ELECTROSPRAY AND NANOSPRAY POST-

IONIZATION MASS SPECTROMETRY

5.1 Overview

In this chapter, measurement of the lifetime for laser vaporized liquid droplets
coupled with electrospray and nano-spray post-ionization is presented. Electrospray and
nano-spray droplet lifetimes were measured to be 4.5+0.5 ms and 1.4+0.3 ms using laser
electrospray mass spectrometry (LEMS) and nano-laser electrospray mass spectrometry
(nano-LEMS), respectively. The droplet lifetimes were calculated on the basis of forward
rate constant of the reaction between 2, 6-dichloroindophenol (oDCIP) and L-ascorbic
acid (L-AA) in the bulk solution phase. The measurement of droplet lifetimes by varying
both the distance from the spray emitter to laser vaporized spot and the drying gas
temperature is also presented. Fractions of folded protein are reported as a function of
droplet lifetime for acid-denatured cytochrome ¢ and myoglobin in ammonium acetate

solution using LEMS and nano-LEMS measurements.

5.2 Introduction

Absorption and fluorescence spectroscopy are commonly used to monitor reaction
kinetics on timescales as short as femtoseconds(1, 2), however these methods require
endogenous chromophores or labelling of the reacting species. Quench-flow is another

method for obtaining time-resolved information from a reaction system(3), however the
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guenched reaction products are required to be stable during off-line analysis. The ability
to detect short-lived reaction intermediates with high chemical specificity has made mass
spectrometry a suitable tool for studies of chemical and/or biochemical reactions such as
formation of organometallic compounds, protein folding/unfolding and enzyme-catalyzed

processes(4-8).

Time-resolved mass spectrometry (TRMS) was first introduced in late 90’s where
stopped-flow and continuous flow mixing devices were coupled with electrospray
ionization mass spectrometry (ESI-MS) to monitor the kinetics of the given reaction
system with time resolution ranging from seconds to milliseconds(9, 10). The length of
the ‘reaction’ capillaries in these experiments determines the timescale of the kinetic
measurements. The diffusion-limited mixing time of the two reactant species in bulk
solution phase is a major obstacle for improving temporal resolution of any kinetic
system. The mixing time of reactant species can be improved by colliding liquid droplets
through inertial mixing(11). The development of new ionization techniques such as
desorption electrospray ionization (DESI)(12), extractive electrospray ionization
(EESI)(13), microdroplet fusion mass spectrometry(14), and theta spray ionization mass
spectrometry(15) has enabled the reaction to be monitored in droplets (few microns in
diameter) rather than in the bulk solution phase. Hence, measurements with high
temporal resolution can be achieved. Reactive DESI was used to detect short-lived
intermediates formed in the secondary microdroplets on millisecond timescale by adding
reactant in the spray solution that interacts with a compound adsorbed onto a surface(12).

The formation of a radical cation intermediate (expected lifetime to be shorter than 4 ms)
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in the dimerization reaction of trans-anethole was successfully detected using EESI
experimental setup where the reaction occurs within the ES droplets(13). Sub-
microsecond time resolution was later achieved using fused droplet and theta spray

ionization mass spectrometry(14, 15).

The development of a ‘theta-shaped’ borosilicate capillary, consisting of a nano-
electrospray emitter with two separate channels, allows extremely small ‘mixing volume’
on the order of femtoliters(16). The interaction of reactants in this technique occurs
partially in the ES tip and the Taylor cone while majority of reactions occur in the
droplets during the desolvation process and hence the technique is suitable of short
timescale measurements. An average reaction time (droplet lifetimes) of 274+60 us was
calculated using theta spray on the basis of forward rate constant of the reaction between
DCIP and L-AA in the bulk solution phase(15). The lifetime of the ES droplet depends
on the initial droplet size (diameter), which can be varied by changing the solution flow
rate and the inner diameters of the spray emitter(17-19). Recently, shorter reaction times
(1 to 22 ps) in theta spray measurements were achieved by changing the solution flow
rates from 48 pL/s to 2880 pL/s(6). However, the surface to volume ratio, concentration
of reagents, and the pH are expected to increase during solvent evaporation(20, 21).
These factors can therefore escalate the rate of product formation by ~1-3 orders of
magnitude in a rapidly desolvating ES droplet in comparison with the bulk solution
phase(22-25). The extent of product formation monitored using nano-ESI for the reaction
between piperidine and acrylamide revealed that ~99% of piperidine was converted into

product (within 10 minutes) when the drop-casting (thin films deposited on ambient
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surfaces) approach was used for synthesis(23). However, only about 5% of piperidine
was converted into product when the reagents were mixed in bulk solution phase (for

reaction time of 1 hour).

LEMS couples nonresonant femtosecond (fs) laser vaporization with an
electrospray ionization source to perform mass analysis without the need for sample pre-
processing. LEMS analysis has been performed on a variety of samples including
proteins(26-29), pharmaceuticals(30), plant and animal tissue(31, 32). However, the
lifetime of laser vaporized liquid droplets that interact with ES generated charged

droplets in the LEMS process has not been measured before.

In this study, we investigated a reacting system to calculate the reaction time
based on the extent of product (reduced DCIP) formed when the laser vaporized oDCIP
interacts with electrospray droplets containing reduced L-AA. The use of nanospray
emitters with a smaller inner diameter and a lower flow rates in comparison with the
electrospray emitter has been investigated to determine the temporal resolution of our
experiment. In addition, we also investigated the temporal resolution for both LEMS and
nano-LEMS measurements by systematically varying the experimental parameters such
as distance between the spray (electrospray or nanospray) emitter to MS inlet, spray
emitter to laser vaporized spot, and temperature of drying gas (nitrogen). Protein charge
state distributions were also measured a function of droplet lifetime for acid-denatured
cytochrome ¢ and myoglobin in ammonium acetate solution to investigate the time

dependence protein folding within the ES droplets.
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5.3 Experimental Section

5.3.1 Sample Preparation

Cytochrome ¢, myoglobin, ammonium acetate, 2, 6- dichloroindophenol sodium
salt (DCIP), L-ascorbic acid (L-AA), (Sigma Aldrich, St. Louis, MO) were prepared in
HPLC grade water (Fisher Scientific, Pittsburgh, PA) to yield the protein concentration of
1.0 x 10”* M, ammonium acetate concentration of 2.0 x 10 M, DCIP concentration of 2.0
x 10* M, and L-AA concentration of 1.0 x 10 M. For the droplet lifetime measurements
using LEMS and nano-LEMS, a 10 pL aliquot of 2.0 x 10 M DCIP (pH 3) was spotted
onto a stainless steel plate and was laser vaporized into electrospray and/or nano-spray
droplets containing 1.0 x 10° M and 5 x 10° M L-AA (pH 3), respectively. For the
protein folding experiments using LEMS and nano-LEMS measurements, a 10 uL aliquot
of 2.0 x 10 M protein was spotted onto a stainless steel plate and then subjected to laser
vaporization into the electrospray (ES) charged droplet stream consisting of 10 mM

agueous ammonium acetate.
5.3.2 Laser Vaporization and lonization Apparatus

A Ti:sapphire laser oscillator (KM Laboratories, Inc., Boulder, CO) seeded a
regenerative amplifier (Coherent, Inc., Santa Clara, CA) that delivered 75 fs, 1 mJ laser
pulses centered at 800 nm. The laser, operated at 10 Hz to couple with the ESI ion source,
was focused to a spot size of ~250 um in diameter with an incident angle of 45° with
respect to the sample using a 16.9 cm focal length lens, with an approximate intensity of

4 x 10" Wicm?. The steel sample plate was biased to -2.0 kV to compensate for the
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distortion of electric field between the capillary inlet and the needle caused by the sample
stage. Aqueous protein sample (6 L) and oxidized DCIP (6 uL) deposited onto a steel
substrate was vaporized by the laser pulse allowing for capture and ionization by an ES

plume travelling perpendicular to the vaporized material.

5.3.3 Mass Spectrometry and Data Analysis

The spectrometer used in this experiment has been described previously(33). The
flow rate for ES solvent was set at 2 ulL/min by a syringe pump (Harvard Apparatus,
Holliston, MA). The ESI and nano-ESI needle was 6.4 mm above and parallel to the
sample stage, and was adjusted to be 3.4 mm to 12.8 mm from the front of the capillary
entrance for this study. The ES needle was maintained at ground while the inlet capillary
was biased and adjusted from -3.5 to -6 kV to achieve a stable electrospray signal. For the
nano-LEMS measurements, flow rate of the ES solvent was set at 400 nL/min, the needle
was maintained at ground and the MS inlet was biased and adjusted from -2.0 to 3.5 kV.
The postionized analytes were desolvated before entering the inlet capillary by
countercurrent nitrogen gas ranging from 140 °C to 350 °C flowing at 4 L/min. The
charged sample was mass analyzed using a microTOF-Q Il mass spectrometer (Bruker
Daltonics, Billerica, Germany). The average charge state (Za,) was calculated using

equation 1,

2 aiw;
Zavg = SN w: 1)

where g is the net charge, W; is the sum of signal intensity of the i charge state, and N is

the number of charge states present in the mass spectra.
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5.3.4 Safety Considerations

Appropriate laser eye protection was worn by all lab personnel

5.4 Results and Discussion
5.4.1 Measurement of Droplet Lifetimes in LEMS and nano-LEMS Experiments
LEMS can be used to decouple two reactants in separate bulk solution phase until
they interact in the ES droplets. This allows the reaction to be monitored to determine the
lifetime of the ES droplet. To calculate the lifetime of laser vaporized liquid droplets
coupled with electrospray and nano-spray postionization, oxidized DCIP (pH 3) was laser
vaporized into electrospray and/or nanospray droplets containing reduced L-AA (pH 3)
and the rate of product (reduced DCIP) formation was monitored using mass
spectrometry. The calculated reaction time obtained from the measurement can be
correlated to the lifetime of the laser vaporized liquid droplet assuming that the reaction
between oDCIP and reduced L-AA stops when the laser vaporized liquid droplet
undergoes complete desolvation (losing the liquid media where reaction takes place). The
LEMS measurement of oxidized DCIP in ES solvent containing reduced L-AA revealed
both oxidized and reduced forms of DCIP as shown in Figure 5.1. Similar to the previous
DESI measurement(34), the peak at mass-to-charge (m/z) ratio of 268 corresponds to the
oxidized form (reactant) of DCIP while peaks at m/z of 270, and 272 correspond to the
combination of both the reduced (product) form of DCIP as well as an isotope of the
oxidized (reactant) form of DCIP (isotopic distribution of two chlorines present on
oxidized DCIP results in the peak at m/z of 270 and 272). Since, the resolution of the

mass spectrometer used in this study is not sufficient to resolve the oxidized and
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Figure 5.1. Representative mass spectra resulting from laser induced vaporization of 200
1M DCIP into a) electrospray and b) nanospray droplets containing 1 and 5
mM L-ascorbic acid, respectively. The peak at m/z of 268 represented as ‘0’
indicates the relative abundance of oxidized DCIP whereas peaks at m/z of

270 and 272 represented as “o/r’ indicates both the oxidized and reduced

form of DCIP.
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Figure 5.3. Representative mass spectra resulting from laser induced vaporization of a)
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reduced forms of DCIP, the relative contributions of oxidized and reduced forms of DCIP
in the mass spectra were obtained based on the isotopic (theoretical) abundance of

oxidized form of DCIP using n-mass software (Figure 5.2).

The initial concentration of L-AA in electrospray (1 mM) and nano-spray (5 mM)
solvents is large compared to laser vaporized DCIP (~3.5% of laser vaporized oxidized
DCIP, 200 uM, is captured by the ES plume), the reaction can be modeled using pseudo-
first-order reaction Kkinetics(15). The droplet lifetimes in LEMS and nano-LEMS
experiments were calculated on the basis of the rate constant of the reaction in the bulk

solution phase as follows:

n ((AODCIP + iDCIPArDCIP)>
Aopcrp

Ke[ L — AA],

()

t =

where t is the reaction time, Aopcip and Arpcip are the oxidized and reduced form of
DCIP, ipcip is the relative ionization efficiency of the oxidized to the reduced form of
DCIP, K is the forward rate constant and [L-AA], is the initial concentration of ascorbic
acid. The forward rate constant of the reaction between oxidized DCIP and L-AA (shown
in Scheme 5.1) in the bulk solution phase is 5.6 X 10* L mol™ s at pH of 3(35). To
calculate the ionization efficiency of oxidized form of DCIP relative to the reduced form,
200 uM oxidized DCIP and 200 puM reduced DCIP were prepared in solutions containing
10 pM of methylene blue. Two LEMS measurements were performed, first a 6 pL
solution of oxidized DCIP (mixed with methylene blue) was laser vaporized into aqueous
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ES solvent (pH 3). Second, the same volume of solution containing reduced DCIP (mixed
with methylene blue) was laser vaporized into aqueous ES solvent (pH 3). The dominant
peak in the LEMS mass spectra for both solutions is methylene blue as shown in Figure
5.3, which was used as an internal standard. The relative abundances of [,(DCIP + H]" and
[[DCIP + H]" were 73.3%6.9 and 70.7+5.4, respectively. The ionization efficiency of
oxidized form of DCIP relative to the reduced form of DCIP was calculated to be
1.03+0.07. The calculated droplet lifetimes for LEMS and nano-LEMS measurements
using equation 2 for the (usual) distance of 6.4 mm between the spray emitter to MS inlet

were 4.54+0.55 ms and 1.392£0.34 ms, respectively.

The rate of reaction within a rapidly desolvating droplet is reported to increase
between 1 to 3 orders of magnitude in comparison with bulk solution phase(22-25),
which suggests that the lifetime of laser vaporized liquid droplets coupled with
electrospray and nanospray post-ionization is between 10 to 1000 times less than the
calculated values obtained on the basis of the rate constant of bulk solution phase.
Therefore, the lifetime of laser vaporized liquid droplets coupled with electrospray and
nano-spray postionization may be as short as 4.5 ps, and 1.3 ps, respectively for the spray

emitter to MS inlet distance of 6.4 mm and the drying gas temperature of 220 °C.
5.4.2 Effect of Distance between Spray Emitter and MS Inlet on Droplet Lifetime

Parameters such as distance from spray emitter to inlet capillary and drying gas
temperature should influence the droplet lifetime. An increase in ambient temperature

around the ES droplets results in an increase in solvent evaporation which could result in
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Distance between the spray emitter ~ Droplet lifetime Droplet lifetime for

and MS inlet (mm) for LEMS (ms) nano-LEMS (ms)
3.4 3.5+0.7 1.240.23
6.4 4.5+0.5 1.4+0.3
7.7 5.1+0.6 1.5+0.3
10.5 5.6+0.7 1.7+0.3
12.8 6.2+0.9 1.9+£0.3

Distance between the spray emitter
to laser vaporized spot (mm)

1 6.4+0.6 1.9+0.2
2.5 5.8+0.6 1.74£0.2

4 3.4+0.6 1.2+0.2
55 2.2+0.5 0.9+0.2

7 1.8+0.4 --

Drying gas temperature (°C)

140 8.3+0.9 2.9+0.4
180 7.6+0.8 2.4+0.4
220 4.8+0.6 1.31£0.2
260 3.5+0.6 0.8+0.2
300 2.4+0.5 0.4+0.1
350 1.3+0.3 0.2+0.04

Table 5.1 Summary of droplet lifetime for LEMS, and nano-LEMS measurements for

different experimental parameters
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decrease in the droplet lifetime. The temperature of the drying gas is expected to decrease
with increasing distance between the spray emitter and the MS inlet resulting in delayed
desolvation at a lower temperature. The distance between the spray emitter and MS inlet
was varied from 3.4 to 12.8 mm. To monitor the effect of distance between spray emitter
and MS inlet on droplet lifetime for LEMS and nano-LEMS measurements, the DCIP
solution was laser vaporized ~1 mm away from the spray emitter tip for all
measurements. The mass spectra obtained by laser vaporizing oxidized DCIP into ES
droplets containing 1 mM L-AA resulted in peaks at m/z 268, 270, and 272. As the
distance between the ES emitter and MS inlet increases, the relative abundance of
reduced DCIP (peaks at m/z of 270, and 272) increases suggesting a longer droplet
lifetime for increased distance. Similar to the calculation for droplet lifetime in LEMS
and nano-LEMS measurement for the distance of 6.4 mm between the spray emitter to
the MS inlet, the contribution of reduced DCIP in these measurements was also obtained
using the isotopic abundance of the oxidized and reduced forms of DCIP. The plot of
droplet lifetime versus the distance between the spray emitter to MS inlet is shown in
Figure 5.4 and the calculated values for all the experimental parameters investigated in
this study are reported in Table 5.1. The droplet lifetime approximately doubles when the
distance is increased from 3.4 to 12.8 mm. The increase in droplet lifetime is likely due to
the decrease in effective temperature of the drying gas for longer distances which

decreases the desolvation of the droplets.

Similar experiments were performed using nano-LEMS, where oxidized DCIP

was laser vaporized into the nanospray droplets containing 5 mM L-AA and the distance
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between the spray emitter and the MS inlet was varied. An increase in distance between
the ES emitter and the MS inlet resulted in an increase in the relative abundance of
oxidized/reduced peaks at m/z ratios of 270, and 272 corresponding to a longer droplet
lifetime. The plot of droplet lifetime versus the distance between the nano-spray emitter
to the MS inlet is shown in Figure 5.4 b. The lifetime again increases with distance. The
reason for increase in droplet lifetime for longer distance in nano-LEMS measurements is
again likely to due to lower drying gas temperature with longer distance between the

nano-spray emitter and capillary inlet.

5.4.3 Effect of Distance between the Spray Emitter and Laser Vaporized Spot on

Droplet Lifetime

During the electrospray process, solvent evaporation and droplet fissioning events
result in a decrease in the size of ES droplets during transit from the spray emitter
towards the MS inlet. The size of the electrospray and nano-spray droplets should
therefore be smaller further away from the spray emitter and finally releasing gaseous
ions for mass analysis. The distance between the spray emitter and the laser vaporized
spot was varied to test whether the decrease in initial size of electrospray/nanospray
generated charged droplets interacting with laser vaporized liquid droplets affects the
droplet lifetime. The distance between the spray emitter and the MS inlet was kept
constant at 12.8 mm while the vaporization position was varied from 1 to 7 mm. In
principle, the laser vaporized analytes should interact with ES droplets with decreasing

size for increasing distance. The plot of droplet lifetime versus the distance from the
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spray emitter to laser vaporized spot is shown in Figure 5.5. The droplet lifetime
decreased from 6.41 ms to 1.81 ms when the distance from electrospray emitter to the
laser vaporized spot was increased from 1 to 7 mm. As the distance between the
electrospray emitter and the laser vaporized spot increased, the relative abundance of
reduced DCIP (peaks at m/z of 270, and 272) decreased, corresponding to a shorter
droplet lifetime. Similar observations were made when using nano-LEMS measurements
suggesting that the interaction of laser vaporized droplets with smaller electrospray
droplets results in a shorter droplet lifetime. The droplet lifetime in this case decreased
from 1.86 ms to 0.96 ms when the distance between the nano-spray emitter to the laser
vaporized spot was increased from 1 to 5.5 mm. In addition to decreasing droplet size, the
temperature of the drying gas increases as the vaporization region approaches the

capillary inlet. Thus increasing droplet temperature can also play a role.

5.4.4 Effect of Drying Gas Temperature on Droplet Lifetime

The rate of solvent evaporation should dependent upon the temperature of air
surrounding the droplet. An increase in temperature should therefore result in the
decrease in droplet lifetime because of the efficient solvent evaporation at higher
temperatures. To investigate the effect of drying gas (nitrogen) temperature on droplet
lifetime, the relative abundance of oxidized and reduced form of DCIP was monitored by
changing the temperature of the drying gas from 140 to 350 °C for both LEMS and nano-
LEMS measurement. The distance between the spray emitter and MS inlet in this

experiment was kept at 6.4 mm. The plot of the droplet lifetime as a function of drying
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gas temperature is shown in Figure 5.6 for both LEMS and nano-LEMS experiment. The
contribution of reduced form of DCIP (peak at m/z of 270 and 272) decreased as the
function of drying gas temperature. The droplet lifetime decreases with increasing drying
gas temperature and this is likely due to the efficient desolvation of the electrospray
solvent (liquid medium where reaction between oxidized DCIP and reduced L-AA
occurs) from the ES droplets. Assuming that the reaction in rapidly desolvating
electrospray droplets increases by approximately 1 to 3 orders of magnitude in
comparison with the bulk solution phase, the shortest droplet lifetime obtained in these
measurements is for nano-LEMS experiment with a drying gas temperature of 350 °C at
the spray emitter and capillary inlet distance of 6.4 mm. In this case, the droplet lifetime

is likely in between 19 ps and 190 ns.

5.4.5 Protein Folding as a Function of Droplet Lifetime

5.4.5.1 Analysis of Cytochrome c

The ability of LEMS to decouple the processes that occur within ES droplet from
processes that occur in the bulk solution phase allows time-dependent protein folding
measurements on the microsecond to millisecond time scale, and perhaps, the possibility
of detecting short lived intermediate states. To investigate protein folding as a function of
droplet lifetime, acid-denatured cytochrome ¢ and myoglobin were laser vaporized into
electrospray and nano-spray droplets containing ammonium acetate solution. Ammonium
acetate is an additive known to promote protein folding. The droplet lifetime was varied
by changing the distance between the spray emitter and the MS inlet, and also by

controlling the temperature of the drying gas temperature. The LEMS measurement of
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Figure 5.7. Representative LEMS mass spectra resulting from laser induced vaporization
of cytochrome c at pH 2.2 into the ES solvent consisting of 10 mM
ammonium acetate. Protein was laser vaporized a) 2.4, b) 5.4, ¢) 6.7, d) 9.5,
and e) 11.8 mm away from the MS inlet. The distance between the ES

emitter and MS inlet (d1 to d5) was varied from 3.4 to 12.8 mm.
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Protein

Average charge state (Fraction folded protein)

dl d2 d3 d4 d5
Cytochrome c LEMs 12201 10.6:0.1  10.8:0.2 9.8+0.2 9.6+0.3
pH 2.2 (1243%)  (33%2%)  (31+4%) (4243%)  (46+4%)
nano- 14.6+0.3 13.4+0.1  13.2+0.2 12.940.1  12.4%0.2
LEMS - (8+2%) (9+4%) (9+2%) (173%)
Myoglobin LEMs 159202 1481013  14.4303 14.1+0.2  13.9+0.3
pH 2.2 (5+2%)  (9+4%) (12+2%) (12+4%)  (16x3%)
nano- 21.8+0.4 16.9+0.2  16.6+0.1 15.740.1  15.840.2
LEMS - (2+1%) (3£2%) (3+1%) (5+£2%)

Table 5.2. Summary of average

myoglobin obtained from LEMS and nano-LEMS measurements for the

charge state distribution (Za,g) of cytochrome c, and

spray to MS inlet distance of 3.4 mm (d1), 6.4 mm (d2), 7.7 mm (d3), 10.5

mm (d4), and 12.8 mm (d5).

Values reported in the parenthesis are the

folded protein fractions. The electrospray solvent consisted of 10 mM

aqueous ammonium acetate.
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Figure 5.8. Representative nano-LEMS mass spectra resulting from laser induced
vaporization of cytochrome c at pH 2.2 into the ES solvent consisting of 10
mM ammonium acetate. Protein was laser vaporized a) 2.4, b) 5.4, ¢) 6.7,
d) 9.5, and e) 11.8 mm away from the MS inlet. The distance between the

ES emitter and MS inlet (d1 to d5) was varied from 3.4 to 12.8 mm.
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cytochrome ¢ prepared in solution with pH 2.2 in aqueous ammonium acetate solution
revealed a bimodal charge state distribution (CSD) centered at 7+ and 14+ (Fig 5.7 a),
with an average charge state distribution (Zayg) of 12.2+0.1 (reported in Table 5.2) for ES
emitter to MS inlet distance of 3.4 mm. The presence of bimodal CSD indicates the
presence of at least two conformations of the protein. The lower charge states ranging
from 6+ to 8+ contain 12+3% of the cytochrome c ion intensity (Table 5.2), and indicate
the folded states of cytochrome c. The charge states ranging from 9+ to 18+ indicate
unfolded conformations. As distance between the ES to the MS inlet increases, the Zayq of
cytochrome c decreases, indicating to an increase in the fraction folded protein. This
suggests that as the distance (between the ES to MS inlet) increases, laser vaporized
protein is allowed to interact with ES droplets containing ammonium acetate for a longer
time resulting in higher degree of protein folding. The fraction of folded protein increased
from 12+5% when the ES emitter to MS inlet distance increased from 3.4 mm,
corresponding to a droplet lifetime of 3.51+0.67 ms to 46+4% for a distance of 12.8 mm,

corresponding to a droplet lifetime of 6.21+0.89 ms.

To further test the hypothesis that shorter droplet lifetime results in lower degree
of protein folding, acid-denatured cytochrome c¢ was laser vaporized into nanospray
droplets containing ammonium acetate. The nano-LEMS measurement of cytochrome c
prepared in solution with pH of 2.2 resulted in a monomodal distribution centered at 17+
(Figure 5.8 a), with an average charge state distribution (Za,) of 14.6+0.3 for spray

emitter to MS inlet distance of 3.4 mm. The monomodal distribution indicates primarily
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Figure 5.9. Representative LEMS mass spectra resulting from laser induced vaporization
of cytochrome c at pH 2.2 into the electrospray solvent consisting of 10 mM
ammonium acetate. The temperature of the drying gas (nitrogen) was
maintained at a) 140, b) 180, c) 220, d) 260, ) 300 and f) 350 °C. The

distance between the ES emitter and MS inlet was kept at 6.4 mm.
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unfolded states of the protein, and is anticipated due to the short droplet lifetime
(1.19+0.23 ms) measured at a distance of 3.4 mm for nano-LEMS experiment. As the
distance between the nanospray emitter to the MS inlet increase the charge state
distribution shifts to lower m/z ratio with the appearance of bimodal charge distribution
centered at 7+ and 15+. The decrease in Z,,4 With a corresponding increase in the fraction
of folded protein for increased distance between the spray emitter and MS inlet (longer
droplet lifetime, 1.86+0.32 ms) suggests that ~15% protein folds within the nanospray
droplets. This provides a measure of protein folding time within the nano-spray droplets

for the given solvent condition.

The effect of droplet lifetime on fraction of folded cytochrome ¢ was further
tested by increasing the temperature of the drying gas (nitrogen). It was observed that the
droplet lifetime decreases with increasing drying gas temperature. The LEMS mass
spectra of cytochrome c revealed a trimodal CSD centered at 7+, 9+, and 13+ (Figure 5.9
a and b), for drying gas temperature of 140 °C and 180 °C. The presence of trimodal
CSD indicates the presence of at least three conformations of the protein. The lower
charge states ranging from 6+ to 8+ containing ~30% of the cytochrome c ion intensity
for the drying gas temperature of 140 and 180 °C indicates folded protein, while the
higher charge states peaked around 12+ indicate the unfolded protein. The ion intensity of
9+ charge state is slightly higher than 8+ and 10+ for the drying gas temperature of 140
°C and 180 °C, suggesting the presence of an intermediate state of the protein. The
detection of intermediate states in this experiment is consistent with the theta spray

measurements(6). The increase in temperature to 220 °C results in a bimodal CSD
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centered at 7+ and 13+ (Figure 5.9 c), while the further increase in temperature results in
a monomodal CSD peaked at 14+. Both the increase in Z,,4 and decrease in the fraction
of folded protein suggest the presence of higher protein population in unfolded states for
higher drying gas temperatures. This is in agreement with the hypothesis that a shorter
droplet lifetime for higher drying gas temperature results in a decrease in fraction folded
protein. The Za,q values of cytochrome c for the drying gas temperature of 140, 180, 220,
260, 300, 350 °C are 10.1+0.1, 10.7+0.2, 11.1+0.2, 11.8+0.2, 12.7+0.3, and 12.8+0.1,
respectively. The fraction folded protein (6 - 8+, charge states) for the drying gas
temperature of 140, 180, 220, 260, 300, 350 °C are 31+1%, 30+2%, 25+3%, 17+1%,

9+2%, and 8+1%, respectively.

5.4.5.2 Analysis of Myoglobin

Myoglobin contains a heme group attached to the interior of the protein (holo-
myoglobin), which is released to form apo-myoglobin at solution pH < 3(36, 37). The
structure of apo-myoglobin is similar to that of holo-myoglobin for the solution pH of 5
and 7(38). The pH required to maintain the native structure of myoglobin is slightly
higher in comparison with cytochrome ¢ where the protein adopts native conformation
between the pH of 3 and 7(39, 40). Here we seek to investigate whether variation in
droplet lifetimes affects fraction of folded myoglobin under similar solvent condition
used in cytochrome c study. The amount of folding of denatured apo-myoglobin was
measured as a function of droplet lifetime by varying the distance from emitter to the MS
inlet. The fraction folded protein and the Z,,4 of apo-myoglobin were calculated by

varying the distances between spray emitter to MS inlet. The LEMS measurement of apo-
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Figure 5.10. Representative LEMS mass spectra resulting from laser induced vaporization
of myoglobin at pH 2.2 into the electrospray solvent consisting of 10 mM
ammonium acetate. Protein was laser vaporized a) 2.4, b) 5.4, ¢) 6.7, d) 9.5,
and e) 11.8 mm away from the MS inlet. The distance between the ES

emitter and MS inlet (d1 to d5) was varied from 3.4 to 12.8 mm.
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Figure 5.11. Representative nano-LEMS mass spectra resulting from laser induced
vaporization of myoglobin at pH 2.2 into the electrospray solvent
consisting of 10 mM ammonium acetate. Protein was laser vaporized a)
2.4, b) 5.4, c) 6.7, d) 9.5, and e) 11.8 mm away from the MS inlet. The
distance between the ES emitter and MS inlet (d1 to d5) was varied from

3.41t012.8 mm.
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myoglobin prepared in solution with pH 2.2 in agueous ammonium acetate solution
revealed a bimodal charge state distribution (CSD) centered at 8+ and 18+ (Figure 5.10
a), with an Z,,4 of 15.940.2 for ES emitter to MS inlet distance of 3.4 mm. The bimodal
CSD indicates the presence of at least two conformations of the protein. The lower
charge states ranging from 7+ to 9+ contain 4+1% of the ion intensity (Table 5.2),
indicating the folded states of myoglobin whereas the charge states ranging from 10+ to
22+, peaked at 18+ indicate the unfolded states. As the distance between the ES emitter
to the MS inlet increases a trimodal CSD is observed peaked at 8+, 11+, and ~16+. The
CSD centered around 11+ likely represents intermediate sates while the lower charge
states ranging from 7+ to 9+, and higher charge states peaked around 16+ likely
represents folded and unfolded protein, respectively. Both the decrease in Za,4 and
fraction folded protein for the increased distance from electrospray emitter to the MS
inlet suggests that increasing the droplet lifetime enables additional protein folding in

LEMS measurements.

Similar measurements were performed using nano-LEMS measurements where
the acid-denatured myoglobin was laser vaporized into nano-spray droplets containing
ammonium acetate solution and the CSD was monitored as the function of distance
between the nano-spray emitter and the MS inlet. The nano-LEMS measurement of apo-
myoglobin in ammonium acetate for the emitter to MS inlet distance of 3.4 mm revealed
a monomodal CSD peaked at 22+ (shown in Figure 5.11 a), with a Z,4 value of 21.8+0.4.
As the distance between nano-spray emitter to MS inlet increases, the lower charge state

8+, and 9+ begin to appear however the fraction of folded protein is only about 2%
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suggesting significantly unfolded protein. This is likely due to similar reasons as
discussed for nano-LEMS measurement of cytochrome c. These measurements indicate
that protein folding is governed by the time that the protein spends in the ammonium
acetate solution and the effective pH of the ES solution after acid denatured protein
interacts with the ES droplets containing ammonium acetate. In the case of myoglobin
even though the time for protein folding is similar, the lower fraction of folded protein
suggests that a slightly higher pH is required for apo-myoglobin to maintain its native

conformation in comparison cytochrome c.

5.5 Conclusions

The lifetime of laser vaporized liquid droplets in LEMS and nano-LEMS
measurements are found to depend on the initial size of the electrospray droplets. The
decrease in initial diameter of the ES droplets when using a nanospray emitter with
smaller inner diameter (30 pM) in comparison with the electrospray emitter (124 pM)
resulted in shorter droplet lifetime. The increase in distance between spray emitter to
laser vaporized spot also resulted in the decrease in droplet lifetime for both LEMS and
nano-LEMS measurements. This suggests that the laser vaporized liquid droplet is
interacting with smaller droplets as the distance between the spray emitter to laser
vaporized spot increases. The increase in temperature of the drying gas also resulted in a
shorter lifetime for laser vaporized liquid droplets for both LEMS and nano-LEMS
measurements, which is likely due to efficient desolvation of the laser vaporized droplets
upon interaction with electrospray droplets. If we assume that the reaction in rapidly

desolvation electrospray droplets increase by ~ 1 to 3 orders of magnitude the shortest
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lifetime for nano-LEMS measurement is between 19 us and 190 ns for the drying gas

temperature of 350°C at the spray emitter to MS inlet distance of 6.4 mm.

Protein charge state distribution measured as a function of droplet lifetime showed
higher folded protein fraction for acid-denatured cytochrome c¢ and myoglobin in
ammonium acetate solution for longer droplet lifetime. This suggests the possibility of
detecting intermediate states during protein folding processes when schematically
varying the experimental parameters for LEMS and nano-LEMS measurements coupled
with ion-mobility measurements. Finally, these results indicate that LEMS and nano-
LEMS setup can be used to obtain time resolved information from the given reaction
system, and early events of protein folding/unfolding processes during electrospray

ionization.
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CHAPTER 6

SUMMARY AND OUTLOOK

The development of ambient mass spectrometric techniques capable of delivering
non-volatile biological macromolecules intact into the gas phase is of growing interest for
native mass spectrometry measurements. Previous studies using laser electrospray mass
spectrometry (LEMS) have demonstrated the ability of femtosecond laser pulses to
transfer intact protein into the electrospray droplets maintaining the solution phase
structure. In this dissertation, electrospray solvents were doped with charge altering
agents (supercharging regent and/or charge reducing additive) in order to manipulate
protein charge state distribution after laser vaporized protein interacts with the
electrospray droplets containing desired solution additive. Laser vaporization of
condensed phase protein into electrospray droplets containing denaturing electrospray
solution and supercharging reagent resulted in the increase in ion abundance of higher
charge states making LEMS a suitable technique for Top-down protein sequencing
experiments. Conversely, electrospray solution doped with additives varying in gas phase
basicity resulted in charge state reduction for both native and acid denatured proteins.
The ability of LEMS to decouple droplet processes from processes occurring in the bulk

solution phase allows monitoring protein folding within the electrospray droplet.

The ability of LEMS to detect proteins from solution with high matrix effects was
thoroughly examined by adding sodium chloride into protein solutions. LEMS was

shown to be a better technique to detect protein molecules from solution with high salt
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concentration in comparison with conventional electrospray. The detection of protonated
protein feature as the dominating peak in the mass spectra for the salt concentration up to
250 mM NaCl was explained based on the difference in partitioning of laser vaporized
protein and salt into the charged electrospray droplets. Using the forward rate constant for
the reduction of 2, 6 —Dichloroindophenol by L-ascorbic acid in the bulk solution phase,
electrospray and nano-spray droplet lifetimes were calculated for LEMS and nano-LEMS
measurements, respectively.

These experiments contributed to a greater understanding of protein folding and
unfolding processes within the electrospray droplet in a millisecond to microsecond
timescale. The ability of LEMS to analyze molecules from solution with matrix
interferences suggests that biomolecules that require higher salt concentrations to mimic
the intracellular environment can be successfully analyzed without perturbing their
structure. These measurements also have laid ground work for Top-down protein
sequencing experiments, Kinetics of protein folding and unfolding processes coupled with
ion mobility mass spectrometer, direct analysis of marine samples and membrane

proteins without the need of sample preprocessing.
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