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Abstract

Proteins in Aqueous Nanodrops: Folding, Unfolding, and Gas-Phase Conformations Measured
by Mass Spectrometry

by
Daniel Mortensen
Doctor of Philosophy in Chemistry
University of California, Berkeley
Professor Evan R. Williams, Chair

Methods for measuring ultrafast (1 ps) protein folding reactions, for forming highly
charged protein ions, and for measuring the sizes and shapes of gas-phase protein ions are
presented in this dissertation. Ultrafast protein folding is measured using rapid mixing from
theta-glass emitters (double-barrel electrospray ionization emitters), in which reagent solutions
are loaded into the different barrels of the emitters and rapid mixing occurs during electrospray
ionization (ESI). Acidified aqueous solutions containing unfolded proteins are mixed with
buffered aqueous solutions using the theta-glass emitters in order to increase the solution pH and
induce protein folding during ESI. Reaction times in these experiments are obtained from the
extent of folding that occurs and from folding time constants of model proteins. A 1.0 us
reaction time is achieved in these experiments, whereas only reactions occurring in 8 s or
greater could be monitored using rapid mixing techniques previously. A 2.2 ps folding time
constant for the formation of a B-hairpin in a 14 residue peptide and the 1.5 and <0.4 s folding
time constants for the formation of polyproline 11 helix structures in 21 and 16 residue peptides,
respectively, are obtained. To the best of our knowledge, these are the fastest folding events that
have been directly measured using a rapid mixing device. In the second method presented here,
highly charged protein ions are formed by ESI simply by using emitters with submicron outer
diameter tips rather than the micron or larger outer diameter tips typical used for ESI. Increased
charging is obtained with the submicron outer diameter tips for proteins that are positively
charged in solution as a result of Coulombic attraction between the positively charged protein
molecules in solution and the negatively charged glass surfaces in the tips of the emitters, which
results in protein unfolding occurring prior to ESI. Using submicron outer diameter tips is a
simple way to obtain highly charged protein ions with ESI that does not require exposing the
proteins to additional chemicals. The final method presented here is for relating the drift times of
ions in travelling wave ion mobility spectrometry (TWIMS) with collisional cross sections using
computational simulations. Collisional cross sections obtained using this method with gentle
instrument conditions are very similar to those obtained using static drift ion mobility
spectrometry (average difference = 0.3%), demonstrating for the first time that collisional cross
sections can be obtained from single TWIMS drift time measurements.
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Chapter 1

Introduction

Part 1: Protein Folding
1.1 Rapid Mixing and Protein Folding

Protein folding is a process in which proteins transition from elongated conformations to
more compact globular conformations. The biological function of a protein depends on the
conformation adopted by that protein after folding occurs. Protein folding pathways can include
multiple folding steps,'? and the formation of secondary structures, such as a-helices, p-turns,
and loops, often occur within the first tens of microseconds or less of folding.>* However, the
folding pathway and final folded conformation cannot yet be predicted from the amino acid
sequence for all proteins, especially those containing more than ~100 amino acids.*® Fast protein
folding events can be investigated using numerous methods and techniques, including using
mechanical force,! pressure jumps,®® laser induced temperature jumps,®*? flash photolysis,**
electron transfer,™ and rapid mixing of two or more solutions.®?2 Both laser induced
temperature jump and flash photolysis techniques have been used to access extremely fast
reaction times within the nanosecond time range,®* and these techniques have had a dramatic
impact on the current understanding of fast protein folding events.® However, few photolyzable
triggers are available for use in investigating protein folding with flash photolysis,? and
measuring folding events with laser induced temperature jumps sometimes results in protein
folding time constants that are more than an order of magnitude faster than those obtained using
rapid mixing techniques.?% This is because the folding events induced by temperature jumps are
in some cases different than those induced upon rapid mixing of a protein in a denaturing
solution with a buffered aqueous solution.??® Therefore, rapid mixing of two or more solutions
remains one of the most common techniques for investigating fast protein folding.??

Rapid mixing devices commonly used to investigate protein folding reactions and other
fast chemical reactions include laminar,?®?! turbulent,*”® and chaotic'®822 flow mixers. In these
devices, reagent solutions are flowed into each other within micro-machined channels with
diameters ranging in size from about 0.1 to 500 pum, though the geometries of the mixing regions
within these devices varies among the different types of mixers.? The reaction times obtained
with these devices decreases with increasing solution flow rate,?*?* and an 8 ps reaction time
was reported for a laminar flow mixer with a ~100 nL/s flow rate.? Protein folding events that
occur too quickly to be directly measured with rapid mixing devices can be slowed by adding
denaturants, such as guanidinium or urea, to the protein solution.?6-28 The folding time constant
for a protein in a solution that does not contain denaturants is then obtained by plotting the
protein folding time constants obtained at different denaturant concentrations and extrapolating
to zero.?52 However, adding denaturants to protein solutions can alter the protein folding
pathway, which can result in the protein folding time constants obtained using this method being



inaccurate.??® Therefore, in order to accurately measure protein folding from highly unfolded
states to compact globular states, rapid mixing devices capable of achieving faster reaction times
are needed.

1.2 Protein Folding and Mass Spectrometry Detection

1.2.1 Proteins in Electrospray lonization Mass Spectrometry. Electrospray ionization
(ESI) mass spectrometry (MS) is a powerful tool for obtaining information about protein
structure, including protein identification and analysis of posttranslational and other chemically
induced modifications.?®? ESI can be used to form multiply charged gas-phase protein ions
from solution, often without causing significant changes to the protein conformation. ESI MS is
performed by applying a potential of between about 0.4 and 5 kV between the analyte solution
and the inlet to the mass spectrometer, resulting in the formation of charged droplets from the
analyte solution. ESI droplets are typically formed in atmosphere and undergo rapid desolvation,
resulting in the charge density of the droplets increasing as solvent evaporation occurs. When the
surface tension of a droplet can no longer support the amount of charge in the droplet, the droplet
fissions, resulting in the loss of ~15% of the charge and ~2% of the mass of the droplet.>3*
Protein ions are likely formed from ESI droplets by desolvation and droplet fission occurring
until the droplet is the size of the protein and all of the charge remaining in the droplet is
transferred to the protein,2¢ though other possible mechanisms have been reported.3"-%°

Several factors are known to affect the charging of protein ions in ESI, including the pH*°
and surface tension®**! of the solvent, the solvent and protein basicities,*>** the protein
isoelectric point (pl),*>“® the size of the tips of the ESI emitters,*”? and instrument
parameters.>52 One of the most important factors that affects protein charging, however, is the
solution-phase conformation of the proteins prior to gaseous ion formation, with folded globular
conformers typically resulting in lower charge states than unfolded conformers.>*" The relative
abundance of different conformers in a solution can be obtained by modelling the charge state
distributions in ESI mass spectra,>*>*57 which has been done to measure protein conformation as
a function of both temperature®*°” and solution pH.>*

1.2.2 Rapid Mixing and Mass Spectrometry. The use of ESI MS to monitor rapid
mixing experiments provides several advantages, including high chemical specificity, high
sensitivity, and rapid speed of analysis.>® Several types of rapid mixers have been coupled with
ESI MS, including laminar flow,?>° stopped flow,®® and continuous flow®2¢2 mixers in order to
measure the kinetics of protein folding®>°%% and unfolding,? as well as to measure the
reincorporation rates of non-covalent cofactors, such as heme groups, into the protein structure.®*
The fastest reaction time obtained with a conventional mixer coupled with MS is 200 us, which
was achieved using a laminar flow mixer with a flow rate of 10 pL/s.>® This setup was used to
investigate sub-ms folding steps of apo-myoglobin that occur after the 7 ps initial collapse or
“burst phase” of the protein.5®

Solutions have also been mixed during ESI prior to MS detection using a number of
devices and techniques, including fused-droplet electrospray,54°> multiple channel
electrospray,®®® extractive electrospray,®-"° and dual-sprayer microchips.”*"® Acids’*" and
bases,’® as well as other chemical reagents,” have been added to electrospray droplets by
exposing the droplets to either acidic’® or basic’® vapors in an ESI interface or by flowing
continuous streams of solution from hypodermic needles through ESI plumes.” Solution phase-



reactions monitored with MS have been carried out in charged microdroplets using ambient ion
soft landing,’’ desorption electrospray ionization,’®"® and microdroplet fusion.2° Microdroplet
fusion is accomplished by orthogonally colliding droplets, which are formed by the atomization
of reagent solutions using a nebulizing gas, and has been used to measure protein unfolding,
hydrogen deuterium exchange, and bimolecular reduction-oxidation in droplets at reaction times
of >13 ps.8% Reaction times in microdroplet fusion are estimated from the velocity of the fused
droplets and the distance between the droplet collision point and the inlet to the mass
spectrometer.®

Solutions can also be mixed in ESI droplets using theta-glass emitters, which are double-
barrel ESI emitters that resemble the Greek letter 6 “theta” when turned on end. Different reagent
solutions are loaded into the different barrels of these emitters and are separated by a divider that
extends to the tip of the emitter. When ESI is initiated, the solutions exit the emitter and mix in
the ESI droplets. These devices were first used to form non-covalent complexes between the
short peptide KAA and the glycopeptide vancomycin and to exchange hydrogen and deuterium
with vancomycin during ESI.8! Theta-glass emitters have also been used to unfold proteins in
ESI droplets by mixing proteins in aqueous solutions with acidified aqueous solutions.®2

In Chapter 2, rapid mixing from theta-glass emitters is used to carry out the bimolecular
oxidation-reduction reaction between L-ascorbic acid and 2,6-dichloroindophenol during ESI.
An apparent reaction time of ~274 ps is obtained from the extent of product formation that
occurs in the ESI droplets and from the rate constant of this reaction in bulk solution. However,
the rates of bimolecular reactions in microdroplets can be up to three orders of magnitude greater
than those in bulk solution.”®8 This is because the rapid evaporation of a droplet increases both
the concentrations of the reagents and the surface area to volume ratio within the droplet and can
result in up to a 4 unit change in the droplet pH occurring.848® Therefore, the true reaction time in
these experiments is likely one to three orders of magnitude less than the 274 ps apparent
reaction time (i.e. less than 27 ps). Results from this study demonstrate that bimolecular
reactions are readily monitored with rapid mixing from theta-glass emitters and that ESI droplet
lifetimes can be very short.

1.2.3 Protein Folding in ESI Droplets. Although many studies of protein unfolding
during ESI have been reported, there are relatively few on protein folding during ESI. Acid-
denatured proteins in ESI droplets have been exposed to basic vapors in an ESI interface,
resulting in bimodal charge state distributions for some proteins that are consistent with protein
folding occurring during ESI.86 However, it is often difficult to find solution conditions that
result in charge state distributions similar to those obtained when acidified droplets are exposed
to gaseous bases,® possibly suggesting that the folded protein conformations resulting from
these experiments are different than those adopted by the proteins in bulk solution. In a separate
study by Sterling and Williams, it was reported that ESI of thermally denatured myoglobin
resulted in low charge state ions consistent with a folded protein structure, suggesting that
protein folding may have occurred in the ESI droplets as a result of evaporative cooling.>®

In Chapter 3, protein folding is induced during ESI by rapidly mixing acid-denatured
proteins with either water or buffered aqueous solutions using theta-glass emitters. Reaction
times are obtained from the extent of folding that occurs in these experiments for proteins
(cytochrome ¢ and myoglobin) with known folding time constants (57 and 7 ps, respectively).
Similar reactions times of ~7 and ~9 ps are obtained for these respective proteins in droplets
comprised of buffered aqueous solutions even though the folding time constants of these proteins



differ by about an order of magnitude. These results indicate that protein folding events that
occur on the ~10 s timescale can be readily investigated using rapid mixing from theta-glass
emitters coupled with MS.

The extent to which solution-phase reactions can occur in ESI droplets formed from
theta-glass emitters depends on the droplet lifetime, which depends on several factors, including
the composition and initial diameter of the droplets.®” Several models have been reported®®-! for
predicting the initial size of ESI droplets on the basis of the solution flow rate and other solution
and instrument conditions. Diilcks and coworkers compared some of these models®? and reported
that they result in initial droplet sizes that vary by about three orders of magnitude from ~10* to
~10" m for the same water, methanol, acetic acid solution under identical conditions. Therefore,
the exact relationship between the initial droplet diameter and the instrument and solution
conditions is not fully known. However, the experimental results used to derive these models all
clearly indicate that the initial droplet diameter depends on the solution flow rate,38-99 which
also depends on several factors, including the size of the tip of the ESI emitter and the backing
pressure applied to the solutions during ESI.4"%

In order to probe different reaction times with the theta-glass emitters, the solution flow
rate was varied (Chapter 4). This was done by changing the backing pressure applied to the
solutions and by using emitters with different tip sizes, resulting in flow rates between about 48
and 2880 pL/s. The reaction times obtained in these experiments increase with increasing flow
rate from 1.0 us at 48 pL/s to 22 ps at 2880 pL/s. Nominally the same reaction times are
obtained at the different flow rates for three different proteins (Trp-cage, myoglobin, and
cytochrome c) that have folding time constants that differ by more than an order of magnitude
(4.1, 7, and 57 ps, respectively), indicating that the reaction times obtained in these experiments
are highly reproducible. The ultrafast 1.0 ps reaction time reported in Chapter 4 is about an order
of magnitude less than the fastest 8 s reaction time obtained with a conventional mixer, and the
flow rate used to obtain this 1.0 s reaction time (48 pLs) is about 2000 times less than the flow
rate (~100 nL/s) used to obtain the 8 ps reaction time with a conventional mixer.? These results
show that faster reaction times are accessed with rapid mixing from theta-glass emitters coupled
with MS than with any other rapid mixing technique currently available and that substantially
less sample is used than in conventional mixing devices.

1.2.4 Applications of Rapid Mixing from Theta-Glass Emitters. In Chapter 4, rapid
mixing from theta-glass emitters is used to measure the 2.2 ps folding time constant for the
formation of a B-hairpin in a 14 residue peptide, and in Chapter 7, to measure the 1.5 and <0.4 ps
folding time constants for the formation of polyproline 11 helix structures in 21 and 16 residue
peptides, respectively. To the best of our knowledge, these are the fastest folding events that
have been directly measured using a rapid mixing technique. The formation of the polyproline Il
helix structures reported in Chapter 7 occurs in droplets composed of buffered aqueous solutions.
Formation Kinetics for polyproline 11 helix structures in native-like buffered aqueous solutions
have not been measured previously, despite the common occurrence of these structures in
natively folded proteins.®*” Therefore, the folding time constants reported in Chapter 7 are the
first of their kind and should prove useful in developing computational models of protein
folding. Rapid mixing from theta-glass emitters should also prove useful in measuring the
folding times and elucidating the mechanisms of numerous other fast folding events, as well as
for studying bimolecular and more complex reactions.



Part 2: Charging and Conformation of Protein lons Formed with ESI
1.3 Highly Charged Protein lons

High charge state ions are advantageous in MS because they can increase both resolution
and sensitivity for charge detection instruments, such as orbitrap and ion cyclotron mass
spectrometers.% High charge state ions also fragment more readily, often resulting in increased
structural information in tandem MS.1%%-192 High charge state ions typically have fewer cation
adducts than low charge state ions,*%1% and unresolved adducts broaden ion peaks in mass
spectra, resulting in lower resolution and mass measuring accuracy.'% It is often desirable to
increase the extent to which protein ions charge in ESI without disrupting the solution-phase
conformation of protein molecules prior to ESI. Increased charging can be obtained from both
denaturing’31%-111 and buffered aqueous!''1'8 solutions by adding supercharging reagents, such
as m-nitrobenzyl alcohol or propylene carbonate, to the solutions.!'%!*” Supercharging reagents
do not disrupt the conformation of protein molecules in bulk solution, 113117119 [yt in ESI
droplets, solvent evaporation causes the concentration of the supercharging reagents to increase,
resulting in protein denaturation occurring in the droplets and highly charged gas-phase ions
being produced.*+°6113117 Exposing folded proteins in ESI droplets to acidic’ or basic’® vapors
in the interface of mass spectrometers also results in unfolding and high charging. Increased
charging can also be obtained by adding trivalent metal ions to protein solutions at
concentrations that do not disrupt protein conformations. During ESI, these trivalent ions can
adduct to a proteins and provide more charge than is provided by a proton or other monovalent
cations, such as sodium or potassium, that are commonly found in aqueous solutions.?

Highly charged protein ions can also be formed from solutions in which proteins have
native-like conformations and activities by using electrothermal supercharging. In electrothermal
supercharging, ions are formed from buffered aqueous solutions using high spray potentials,
which result in collisional heating of the ESI droplets and unfolding of the proteins.*?12® Thus,
electrothermal supercharging can be used to generate high charge state ions from buffered
aqueous solutions without adding additional chemicals to the solutions. Electrothermal
supercharging results in charge states that are as high or higher than those obtained from
denaturing solutions.?? Electron capture dissociation of the 16+ charge state of cytochrome ¢
formed from both denaturing solutions and from electrothermal supercharging results in the same
extent of sequence coverage but with some differences in the cleavage sites.'?? Thus, a greater
extent of sequence coverage is obtained by tandem MS of the high charge state ions formed from
both electrothermal supercharging and from denaturing solutions than is obtained by tandem MS
of the ions generated using only one of these methods.*?? The relative effectiveness of
ammonium and sodium salts at inducing electrothermal supercharging is correlated with an
increased propensity to induce protein aggregation in solution.*?® The effect of protein pl on the
extent of charging resulting from electrothermal supercharging has also been investigated, 1?2123
and electrothermal supercharging is generally slightly more effective for proteins that are
positively charged in solution than for proteins that are negatively charged in solution.!??

1.4 Protein Charging and ESI Emitter Tip Size

Increased charging for protein and peptide ions formed from denaturing solutions can
also be obtained by using ESI emitters with smaller tip sizes. For example, the average charge of



angiotensin | ions formed from a denaturing solution increased from ~1.7 to ~2.8 when the tip
outer diameter was decreased from ~5 to ~1 pm.*’ Increased charging was also reported for
cytochrome c and ubiquitin ions formed from denaturing solutions with <100 nm outer diameter
tips compared to that obtained with 1 um outer diameter tips.>° The increased charging with the
smaller tip sizes reported in these studies was attributed to the formation of smaller droplets with
higher charge densities.*”* Increased charging with decreasing tip size was also reported for
protein and peptide ions formed from denaturing solutions with ESI emitters with adjustable
orifice sizes.*®*° In these devices, the orifice size is varied between 1 and >10 um by adjusting
the position of silicon chips.

Increased charging with decreasing ESI emitter tip size has only been reported for
proteins that are positively charged in solution,*? suggesting that the increased charging
obtained with deceasing tip size may depend on the charge of the protein molecules in solution.
ESI emitters are typically prepared from borosilicate*’*° or other forms of silicon*®® that contain
silanol groups,*?* and in aqueous solutions, a fraction of the silanol groups is deprotonated,
resulting in a net negative charge on glass surfaces.'?* Thus, the increased charging obtained with
decreasing tip size for proteins that are positively charged in solution may result from Coulombic
attraction to the negatively charged glass surfaces in the tips of the ESI emitters resulting in
protein unfolding occurring prior to ESI. Interactions between positively charged protein
molecules and negatively charged glass surfaces are known to occur in solution,?>128 and
interactions between proteins and surfaces often result in substantial changes in the
conformations of proteins.!?®

In Chapters 5 and 6, the origins of the increased charging with decreasing tip size is
investigated by comparing the extent of charging obtained for protein ions formed from aqueous
solutions using ESI emitters with micron and submicron outer diameter tips. Increased charging
is obtained with decreasing tip size for proteins that are positively charged in solution but not for
proteins that are negatively charged in solution. The increased charging obtained for the proteins
that are positively charged in solution is consistent with protein unfolding occurring with the
submicron outer diameter tips. This increased charging only occurring for proteins that are
positively charged in solution is also consistent with the unfolding occurring as a result of
Coulombic attraction between the positively charged protein molecules in solution and the
negatively charged glass surfaces in the tips of the ESI emitters. The results in Chapters 5 and 6
demonstrate a method for producing high charge states that does not require the addition of extra
reagents either to the analyte solution or in the gas phase. In Chapter 6, it is demonstrated that the
extent of charging obtained with the smaller tips for positively charged proteins in solution can
be increased even further by using high spray potentials, which result in electrothermal
supercharging of the proteins in the ESI droplets.

1.5 lon Mobility Spectrometry

Information about the conformations of gas-phase ions can be obtained using ion
mobility spectrometry (IMS), which separates ions based on collisional cross section. In IMS,
ions are accelerated by an electric field through a drift region filled with a buffer gas. As ions
traverse the drift region, collisions with the buffer gas occur, resulting in the velocity of the ions
being damped. lons with large cross sections undergo more collisions with the buffer gas than
ions with small cross sections, resulting in the velocity of large ions being damped more than the
velocity of small ions. IMS has been utilized in numerous applications, including the separation



of atomic ions, %131 small clusters,3113 and complex mixtures, such as those resulting from
tryptic digests, 3413 and the study of gas-phase conformations of proteins,®*’-**° protein
complexes, 149142 and even viruses.*® Various types of IMS devices have been coupled with MS
detection, including static drift tube,'4414 aspiration,4"1*® field-asymmetric,'4>*%! and travelling-
wavel®2153 IMS devices, which have different electric field geometries and operate in different
pressure regimes, 1541

The first commercially available IMS device fully integrated with MS detection was the
travelling wave ion mobility spectrometer (TWIMS), which was released in 2006. The drift
region in a TWIMS device consists of a series of ring electrodes, in which ions are radially
confined by applying RF potentials of opposite polarity to adjacent electrodes.*>® A potential
wave is generated in the TWIMS device by applying a DC potential to a set of adjacent ring
electrodes, and this wave is moved through the device with time. Some ions traverse the device
at the velocity of the wave, and others are overtaken by the wave, resulting in ion
separation.'®8157 Determining collisional cross sections of ions using TWIMS is typically done
by calibrating the time required for ions to traverse the device with collisional cross sections of
ions measured using static drift IMS,1°5158-160 and this calibration process can be time
consuming.

A method for directly measuring the mobility of ions using a TWIMS device has been
reported by others.'®* SIMION modelling was used to derive an equation relating the collisional
cross section of an ion and the velocity of the potential wave with the minimum wave amplitude
required for the ion to traverse the cell at the wave velocity. This minimum amplitude is obtained
by incrementally increasing the wave amplitude until the ions traverses the device at the velocity
of the wave. Cross sections obtained using this method are the same as those obtained using
static drift IMS to within 5%.%! However, no method is currently available for determining the
collisional cross sections of ions from single TWIMS drift time measurements,140:15.157.162

In Chapter 8, a method for obtaining collisional cross sections from single TWIMS drift
time measurements using commercially available TWIMS devices is presented. This method
relies on computational simulations that are developed on the basis of SIMION modelling of the
TWIMS potential wave and equations that describe the motion of ions in gases induced by
electric fields. Collisional cross sections obtained using this method with gentle instrument
settings are very similar to those obtained using static drift IMS devices (average difference =
0.3%), indicating for the first time that collisional cross sections can be obtained from single
TWIMS drift time measurements. Therefore, the method presented in Chapter 8 eliminates the
need to calibrate TWIMS devices with previously measured collisional cross sections and, thus,
expedites the process of obtaining collisional cross sections with TWIMS.
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Chapter 2

Theta-Glass Capillaries in Electrospray lonization:
Rapid Mixing and Short Droplet Lifetimes
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Rapid Mixing and Short Droplet Lifetimes”
Analytical Chemistry 2014, 86, 9315-9321
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2.1 Introduction

Rapid mixing of two or more solutions is often required to investigate the kinetics of fast
chemical and biochemical reactions.! 2 Mixers that are commonly used for this purpose include
laminar,*® turbulent,®” and chaotic®° flow mixers, where the dead time decreases with
increasing flow rate.*!* The performance of these types of mixers has been extensively
reviewed.'>*® A dead time of 8 ps has been achieved with a flow rate of ~100 nL/s using laminar
flow mixers.!* The use of mass spectrometry (MS) to monitor reactions in mixing experiments
has the advantage of high chemical specificity. Several in-line mixers have been coupled to MS,
including continuous,*>® stopped,*”*® and laminar® flow mixers. The shortest dead time reported
for mixers coupled to MS is 200 ps.>

Numerous techniques have also been used to mix solutions during the electrospray
process, including fused-droplet electrospray,®?° multiple channel electrospray,?.-?? extractive
electrospray,?2° and dual-sprayer microchips.?°2¢ Both desorption electrospray ionization?29-31
and ambient ion soft landing® techniques have been used to carry out solution-phase reactions in
charged microdroplets. Similarly, mixing from theta-glass emitters (double-barrel wire-in-a-
capillary emitters made from theta glass) has been used to form noncovalent complexes,*
conduct hydrogen/deuterium exchange reactions,* unfold proteins,3 and introduce
supercharging reagents to protein solutions,® all during the electrospray process. Mixing in
microdroplets has the potential advantage of minimizing sample volume,®~3" but reported
mixing times in microdroplets are greater than those in laminar flow mixers. For example,
complete mixing of two 80 um diameter ballistic droplets takes ~10 ms to occur,®® and complete
mixing within a 25 um diameter droplet generated by flowing multiple streams of aqueous
reagent solutions into an inert stream of water immiscible oil occurs in ~2 ms.%’

Microdroplets formed in atmosphere can undergo desolvation, and the droplet lifetime
depends on the evaporation rate. Evaporation rates of heptane, octane, and xylene electrospray
droplets ranging in initial size from 3 to 60 um have been measured using phase Doppler
anemometry,® and the evaporation rate depends on both the solvent and the square of the initial
droplet diameter. The initial diameter of electrospray droplets generated using capillaries with
outer diameters as small as 12.5 um“° to as large as a centimeter*:“> have been measured using
various techniques, including optical microscopy,*>*? flash shadowgraph techniques,** ¢ phase
Doppler techniques,®*44750 scanning mobility particle sizers,>5? and white light particle
counters.** Electrospray droplets have been observed from an electrospray capillary with an
outer diameter (0.d.) as small as 12.5 um using a stereomicroscope,*’ but droplets from a
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capillary with an 0.d. of <1 um were too small to be visualized.*® The initial size of an
electrospray droplet can depend on the tip diameter for a given solution, but heptane droplets
generated from an electrospray capillary with an outer diameter of 0.45 mm can have initial
diameters of ~200 um,*® whereas ethylene glycol droplets generated from a 10 mm o.d.
electrospray capillary can have initial diameters as small as ~1.5 um.*’ Therefore, the exact
relationship between the size of the electrospray capillary and the initial size of the droplet
depends on many factors. There are several models*>3>° that have been reported for
determining the size of droplets generated using electrospray based on the flow rate and various
other solution and instrumental conditions. Schmidt et al.*® compared several of these models
and reported that they predicted droplet diameters differing by 4 orders of magnitude (7.7 x 1078
to 1.4 x 10* m) for the same water/methanol/acetic acid solution under otherwise identical
conditions.

As droplets evaporate, the surface area to volume ratio and the concentration of reagents
increase and up to a 4 unit change in the pH can occur.%>” These factors can increase the rate of
product formation in droplets by 1-3 orders of magnitude over bulk solution rates.31°87¢ The
relative contribution of each of these factors to the increased rate of product formation is
unknown.

In this study, theta-glass emitters were used to mix solutions during nanoelectrospray
ionization (nano-ESI). The extent of mixing between solutions loaded into opposite barrels was
measured by carrying out a fast complexation equilibrium reaction, and an apparent droplet
lifetime was obtained by monitoring a fast redox reaction with a known forward rate constant.
On the basis of increased rates of product formation in droplets compared to rates in bulk
solution measured by others, the droplet lifetime is estimated to be less than ~27 ps.

2.2 Experimental

Mass spectra were acquired using a 9.4 T Fourier-transform ion cyclotron resonance
mass spectrometer that is described in detail elsewhere.8! Nanoelectrospray ionization was
performed using premium theta glass (Warner Instruments, LLC, Hamden, CT) pulled into tips
using a model p-87 Flaming/ Brown micropipette puller equipped with an FB330B square box
filament (Sutter Instruments Co., Novato, CA). Theta glass is a borosilicate glass capillary
divided into two separate barrels by a borosilicate glass wall. Platinum wires connected to the
ground of the instrument were brought into contact with the solution in each barrel, and
electrospray was initiated by applying a potential of ~—700 V to the heated capillary of the
nanoelectrospray interface. A backing pressure of ~10 psi (CO2) was applied to the solutions
during electrospray using a pressure regulator. A schematic of this experimental setup is shown
in Scheme A.1 in Appendix A. A Hitachi tabletop microscope TM-1000 scanning electron
microscope (Hitachi High-Technologies Co., Tokyo, Japan) was used to image the tips. All
reported uncertainties are one standard deviation from three replicate measurements. Diffusion
coefficients used to model the diffusion of K*, Na*, and 18C6 in water are 0.00196,52 0.00163,%
and 0.00060 um?/us,% respectively.

Leu-enkephalin acetate salt hydrate, met-enkephalin acetate salt hydrate, L-ascorbic acid,
and 18-crown-6 were obtained from Sigma-Aldrich (St. Louis, MO), KCI was from Mallinckrodt
Baker, Inc. (Phillipsburg, NJ), HCI 0.1 N was from EMD Millipore Chemicals (Darmstadt,
Germany), and 2,6-dichloroindophenol Na salt and NaCl were from Fisher Scientific (Fair Lawn,
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NJ). All chemicals were used without further purification, and all solutions were prepared in 18.2
MQ water from a Milli-Q integral water purification system (Millipore, Billerica, MA).

2.3 Results and Discussion

2.3.1 Characterization of Theta-Glass ESI Emitters. Theta-glass capillaries are
divided into two separate barrels by a central divider, which after the pulling process extends to
the end of the tip (Figure 2.1a; tip oriented so that the divider is perpendicular to the sample
stand). Thus, solutions loaded into opposite barrels do not mix until flow is initiated by applying
a potential to the capillary of the nanoelectrospray interface and a backing pressure is applied to
the solutions. The tip o.d. is 1.71 £ 0.04 pm perpendicular to the divider (Figure 2.1a) and 1.36 +
0.02 pum along the axis of the divider (Figure 2.1b). The thickness of the outer wall is uniform in
both orientations (0.16 = 0.02 pm) and is the same as the inner divider thickness (0.16 &+ 0.01
pum). The length of the emitters is 5.47 + 0.05 cm.

2.3.2 Measuring Relative Flow Rates of Individual Barrels. The overall flow rate from
both barrels was obtained by measuring the change in volume and mass of an aqueous solution
of 500 uM NaCl and 500 uM 18-crown-6 after spraying for ~10 min (density of 1.0 mg/mL for
water containing less than 1% NaCl).® The flow rate is 1.4 + 0.4 nL/ s, which is 2 orders of
magnitude lower than the flow rates of common mixers in which high mixing efficiency is
achieved on the order of tens of microseconds.®® The flow rate remains relatively constant when
the backing pressure is doubled and when the ionic strength of the solution differs by more than
an order of magnitude (data not shown).

In order to obtain quantitative information from mixing experiments preformed using
theta-glass emitters, the flow rate of each barrel must be measured individually. To determine the
relative flow rate of each barrel, 10 uM solutions (pH = 2) of Leu-enkephalin (L-Enk) and Met-
enkephalin (M-Enk) (polypeptides YGGFX, X = L and M, respectively) were prepared and
loaded into the separate barrels. The protonated forms of the peptides were observed in the mass
spectra at a ratio of 1.8 £ 0.1 to 1, L-Enk to M-Enk (Figure 2.2a). To determine the relative
ionization efficiencies of these peptides, an equimolar mixture of L-Enk and M-Enk was
prepared (5 uM, pH = 2) and loaded into both barrels of the theta-glass emitters. On the basis of
the relative abundances of the protonated forms of the peptides, the relative ionization efficiency
of L-Enk to M-Enk is 1.7 + 0.1 (Figure 2.2b). Although these peptides differ by only a single
amino acid, even minor differences in structure can lead to significant differences in ionization
efficiencies.®® The relative flow rates of the individual barrels were established using the relative
abundances and ionization efficiencies of the internal standards, and in this experiment, the
relative flow rate of the LEnk solution to the M-Enk solution was 1.1 + 0.1 to 1, suggesting that
relative flow rates are nearly even and are highly reproducible between tips.

2.3.3 Mixing Efficiency. In order to determine the extent of mixing that occurs in these
experiments, a fast complexation equilibrium reaction was performed using the theta-glass
emitters. If incomplete mixing occurs in these experiments, only a portion of the reagents loaded
into the opposite barrels will interact during the electrospray process and the ratio of products to
reactants in the mass spectra will be lower than that at equilibrium. Complexation of 18-crown-6
(18C6) with K* in water has a forward rate constant of 2.45 x 10° mol s* and an equilibrium
constant of 116.4 (values are averages of values measured by others).5” Protonated 18C6 is not
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observed in the mass spectra, so the product to reactant ratio cannot be measured directly. For
this reason, 18C6 is mixed with Na* to form the complex [18C6 + Na]*, which has an
equilibrium constant of 7.0 (average of values measured by others).’

A solution (A) containing 100 uM 18C6 and 500 uM NaCl (pH = 2) was mixed with
solutions (B) containing between 50 and 1000 uM KCIl (pH = 2). A calibration curve for the ratio
[18C6 + K]*/[18C6 + Na]* was generated as a function of the initial concentration of K* over the
initial concentration of Na" in solution ([K]o/[Na]o) (Figure 2.3a). A representative mass
spectrum of a premixed solution of A and B, where the initial concentrations of Na* and K* are
equal, is inset into Figure 2.3a. To determine how the relative abundances of the two complex
ions reflect the corresponding abundances in solution, an equilibrium ratio is derived from the
equilibrium constants of the two complexes. The equilibrium constants of these complexes are

[18C6+M],,

" scely ML,

(1)

where M = Na* or K*, Kw is the equilibrium constant of the reaction involving M, [18C6 + M]eq
and [18C6]eq are the equilibrium concentrations of the complexed and uncomplexed forms of
18C6, respectively, and [M]eq is the equilibrium concentration of M. In all experiments, <1% of
M is complexed with 18C6, so [M]eq is approximated as the initial concentration of M, [M]o.
Solving eq 1 for both Na™ and K*, rearranging, and dividing [18C6 + K]eq by [18C6 + Na]eq
gives eq 2:

[18C6 + K]eq Ky KL

[18C6+Nal,, Ky, [Na], @

The ratio [18C6 + K]eq/[18C6 + Na]eq as a function of the ratio [K]o/[Na]o is linear with a slope
of 16.8 (Figure 2.3a), which is nearly the same as the expected value of Kk/Kna = 16.6. This
result indicates that the ratios of abundances of the two complex ions are approximately equal to
their relative abundances in solution.

The extent of mixing between two solutions loaded into opposite barrels of the theta-
glass emitters was determined by loading solution A into one barrel and solutions of B into the
other barrel. L-Enk and M-Enk were used as internal standards in these respective solutions to
determine the relative flow rates of the two barrels. The initial concentrations of Na* and K* in
the droplets were determined from the initial concentrations of the ions in the respective
solutions and from the respective flow rates. The ratio [18C6 + K]*/[18C6 + Na]" in the mass
spectra of the solutions mixed from the theta-glass emitters as a function of the same ratio
determined from the linear fit to the calibration curve data results in a line with a slope of 0.99
and a correlation coefficient of 0.97 (Figure 2.3b). These results indicate that the complexation
of 18C6 with K" reaches equilibrium during nano-ESI and that complete mixing occurs between
solutions sprayed from opposite barrels of the theta-glass emitters.

2.3.4 Estimates of the Mixing Time. An estimate of the maximum time required for

mixing to occur in the electrospray droplets was made by assuming that the mixing time is
diffusion-limited. Concentration profiles in the droplet are modeled as a function of both the
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distance from the center of the droplet, d, and time, t, using the classical solution to Fick’s
second law of diffusion for finite boundary conditions:

o(d,t)= (%0] _ (%)erf(%ﬁJ @A)

where c(d,t) is the concentration as a function of d and t, ¢, is the concentration at t = 0, Co/2 is
the equilibrium concentration (assuming even flow from both barrels), erf is the error function,
and D is the diffusion coefficient. Only diffusion in the direction perpendicular to the solution
interface is considered, and the outer boundaries correspond to the droplet radius. Because there
is significant uncertainty in the initial droplet size in these experiments, mixing times are
calculated for droplets with initial diameters of one-half and one-tenth the outer diameter of the
tip of the electrospray capillary (0.d.). Because mixing should occur across the interface between
the solutions in the absence of turbulent flow, the tip diameter of 1.71 um, measured
perpendicular to the inner divider, is used as the o.d.

The concentration of K*, Na*, and 18C6 as a function of the distance from the center of a
0.86 um droplet (one-half the 0.d.) at 0, 23, and 732 ps are shown in Figure 2.4a—c, respectively.
The relative concentrations of [18C6 + K]* and [18C6 + Na]* were calculated as a function of
the distance from the center of the droplet using the concentration profiles in Figure 2.4a—c and
the equilibrium constants (eq 1). Relative concentrations of the complexes as a function of the
distance from the center of a 0.86 um droplet at 0, 29, and 732 s are shown in Figure 2.4d—f,
respectively. From these data, the ratio [18C6 + K]*/[18C6 + Na]* as a function of time can be
determined. At 23 and 732 us for all initial concentrations of K* in solution B, this ratio is ~42%
and ~90% of the equilibrium ratio, respectively. On the basis of the standard deviations of the
calibration curve data (~10% of the average values, Figure 2.3a), the ratio of the complexes at
732 ps would be nominally the same within the uncertainty of the measurement as that from a
premixed solution and mixing would appear complete. Similar extents of diffusion-limited
mixing in a 0.17 pm droplet (one-tenth the o0.d.) would take 0.9 and 29 ps to occur, respectively.
These mixing times are upper limits because droplet evaporation reduces the droplet radius®®
and, therefore, the distance material must diffuse. Turbulence in the droplet will also
significantly increase the rate of mixing over that of a diffusion-limited system.

The effect that turbulence might have on the mixing times in these experiments is
estimated by comparing the calculated diffusion-limited mixing times to the measured mixing
times of coalescing ballistic microdroplets, studied by Graceffa et al.*® In that study, 80 um
diameter ballistic droplets were generated using two synchronized drop-on-demand inkjet
systems, and droplets containing aqueous cytochrome c were collided with droplets containing
aqueous sodium acetate buffer. Stroboscopic synchrotron radiation microbeam small-angle X-ray
scattering was used to image the redistribution of cytochrome ¢ within the newly formed 100 um
droplets, and cytochrome ¢ was uniformly distributed after ~10 ms. Diffusion of 18C6, K*, and
Na* in a 100 um droplet would take ~10 s to form the complexes [18C6 + K] and [18C6 + Na]*
at 90% of the equilibrium ratio, indicating that turbulence increased the mixing rate in the
ballistic microdroplets by 3 orders of magnitude over the rate of diffusion-limited mixing. If
turbulence contributes equally to mixing from the theta-glass emitters, complete mixing could
occur in well under a microsecond.

To estimate the extent of mixing that occurs in the Taylor cone prior to droplet formation,
the volume of solution in the Taylor cone is estimated as the volume of a cone with a height 4
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times the 0.d.%8 and with a radius equal to the 0.d. At the measured flow rate of 1.4 + 0.4 nL/s, a
reagent molecule spends less than 11 ps in the Taylor cone prior to droplet formation. This
suggests that a significant extent of mixing will occur prior to droplet formation if contributions
from turbulent mixing are significant, but mixing will primarily occur in the droplet if mixing is
diffusion-limited.

2.3.5 Droplet Lifetimes. An upper limit to the lifetime of a droplet can be obtained by
measuring the extent to which a reaction with a known rate constant occurs during nano-ESI.
The reduction of 2,6-dichloroindophenol (DCIP) by L-ascorbic acid (L-AA) (Scheme 2.1) has a
forward rate constant of 5.6 x 10* L mol™* s* at pH = 3.%° A solution (C) containing 10 pM
DCIP (pH = 3) was loaded into one barrel of the theta-glass emitters, and solutions (D)
containing between 10 and 50 mM L-AA (pH = 3) were loaded into the other barrel. Figure 2.5a
shows a representative mass spectrum resulting from mixing solutions C and D (50 mM L-AA)
from the theta-glass emitters. Due to the large excess of L-AA in solution, L-AA carries away a
substantial fraction of the available charge in the form of protonated L-AA (m/z 177.039, data
not shown), resulting in a low signal-to-noise ratio for DCIP. The protonated oxidized and
reduced forms of DCIP have overlapping isotope distributions, but these ions can be readily
resolved (inset to Figure 2.5a, the third isotope peak of oxidized DCIP and the first isotope peak
of reduced DCIP are shown). The fraction of DCIP that is reduced increases as a function of
the concentration of L-AA in solution D (Figure 2.5b).

Because the initial concentration of L-AA is in large excess of the initial concentration of
DCIP, this reaction can be modeled using pseudo-first-order reaction kinetics. The pseudo-first-
order integrated rate law for this reaction is

_ _ o[ loDCIPL
[L AA]o kft = |n( [ODCIP]t (4)

where [L-AA]o is the initial concentration of L-AA, ks is the forward reaction rate constant, t is
the reaction time, and [oDCIP], and [oDCIP]: are the concentrations of oxidized DCIP at times O
and t, respectively. The initial concentration of oxidized DCIP in the droplet was determined
using the initial concentration of oxidized DCIP in solution C and the relative abundances of the
internal standards (L-Enk in solution C and M-Enk in solution D). [oDCIP]: was calculated from
the abundances of the oxidized and reduced forms of DCIP using the equation

Aopcip
DCIP}, = |oDCIP|, - 5
[0 ]t [o ] Aobcip +Ipcie - Arpcip ©)

where Aopcie and Arpcip are the abundances of the oxidized and reduced forms of DCIP,
respectively, and ipcip is the relative ionization efficiency of the oxidized form of DCIP relative
to the reduced form. ipcip was measured separately (Figure A.1, Appendix A) and is 1.0 £ 0.2,
which is in good agreement with a previously published value? of 1.09 + 0.08. Combining eq 4
with eq 5 gives eq 6:
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[L-AAJoket = |n[AODCIP +ipcip - Apcip ] (6)
Aopcip

which was used to determine the apparent reaction time. On the basis of the rate constant from
bulk solution, the average apparent reaction time is 274 + 60 ps. This value does not appear to
change as a function of the concentration of L-AA in solution D (Figure 2.5c).

The average apparent reaction time is an upper limit to the droplet lifetime because the
rates of chemical reactions in rapidly desolvating droplets are greater than in bulk solution.>® The
rapid desolvation of a droplet leads to increased reagent concentrations, a larger surface area to
volume ratio, and a decrease in pH. Cumulatively, these factors can increase the rate of product
formation within a rapidly desolvating droplet by between 1 and 3 orders of magnitude,® but the
relative contributions of each of these factors are poorly characterized. The forward rate constant
for the reduction of DCIP by L-AA increases by less than 3% from pH = 3 to pH = 1,%° so pH
changes likely have little impact on the rate of product formation in these experiments. However,
increases in reagent concentrations and the surface area to volume ratio within the droplet occur,
so the true average lifetime of a nano-ESI droplet may be between 10 and 1000 times less than
the average apparent reaction time based on the bulk solution rate. Thus, mixing and reactions in
these experiments likely occur between about 27 ps and 270 ns. Some product formation will
occur in the Taylor cone, which will contribute to a greater apparent droplet lifetime, so the
actual droplet lifetime is likely less than 27 ps. This same reaction was previously used to
characterize a continuous flow mixing system combined with desorption electrospray (DESI)
mass spectrometry of the subsequent liquid jet stream. A mixing time of 2.5 ms was reported,
with an instrumental time resolution of 300 s at longer times obtained by increasing the distance
between the mixer and the DESI source. The mixing time we report for this reaction is at least 2
orders of magnitude lower.

The mixing time in conventional mixers is typically controlled by varying either the
solution flow rate or the geometry of the mixing region.'® In nano-ESI, the droplet lifetime
depends on the initial droplet diameter,® and thus on the diameter of the tip of the electrospray
capillary® as well as the solution flow rate.*>537° It should be possible to acquire kinetic data at
multiple time points using theta-glass emitters by varying either the diameter of the tip of the
emitters or the backing pressure to control the solution flow rate.

2.4 Conclusions

Theta-glass emitters were used to mix two different solutions during the electrospray
process at a flow rate of 1.4 £ 0.4 nL/s. This flow rate is 2 orders of magnitude less than typical
flow rates for common mixers in which mixing is achieved in tens of microseconds.'® On the
basis of probable sizes of electrospray droplets, rates of diffusion, and mixing times of
coalescing ballistic microdroplets, complete mixing from theta-glass emitters likely occurs
within a few microseconds. Thus, mixing from theta-glass emitters is competitive with the fastest
mixers reported in the literature!* and 2 orders of magnitude faster than any mixer previously
coupled to MS.3

The reduction of DCIP by L-AA performed using the theta-glass emitters was monitored
with the mass spectrometer to obtain a lifetime of nano-ESI droplets. The resulting value of 274
+ 60 ps is an upper limit to the droplet lifetime because both the reagent concentrations and the
surface area to volume ratio increase as the droplet evaporates and because some product
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formation likely occurs in the Taylor cone prior to droplet formation. On the basis of previously
reported results that show that reaction rates in droplets can be 10—1000-fold higher than rates in
bulk solution, we estimate that the true droplet lifetime is between 27 us and 270 ns. The rapid
mixing and short droplet lifetime achieved using these theta-glass emitters should make it
possible to monitor fast reactions using MS. Because the initial droplet diameter, and therefore
the droplet lifetime, depends on both the size of the tip of the electrospray capillary and the
solution flow rate, the acquisition of reaction data at multiple time points should be possible by
either using theta-glass emitters with variously sized tips or by changing solution flow rates.
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1 pm : j I pm
Figure 2.1. Electron micrographs of the tips of theta-glass emitters with the inner divider
(a) perpendicular to and (b) parallel to the sample stand.
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Figure 2.2. Representative ESI mass spectra of L-Enk and M-Enk solutions (a) loaded
into separate barrels of a theta-glass emitter and (b) premixed and loaded into both barrels.
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Figure 2.3. (a) The ratio, [18C6 + K]*/[18C6 + Na]", in the mass spectra of premixed
solutions (circles) and predicted by Eq. 2 (dashed green line), both as functions of the ratio,
[K]o/[Na]o. The inset is a representative mass spectrum of a solution containing Na™:K*:18C6 at a
ratio of 1:1:0.05. (b) The ratio, [18C6 + K]*/[18C6 + Na]*, in the mass spectra from the theta-
glass emitters as a function of the same ratio predicted by a linear fit to the calibration curve data
(open circles). The dashed green line is a 1:1 correspondence between the axes. Black lines in
both (a) and (b) are linear fits to the data.
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Figure 2.4. Concentrations of K* (blue line), Na* (red dots), and 18C6 (green dashes) as
a function of the distance from the center of a 0.86 um droplet at (a) 0, (b) 23, and (c) 732 ps.
Relative abundances of [18C6 + K]* (blue dots and dashes) and [18C6 + Na]* (red double-

dashes) as a function of the distance from the center of the droplet at (d) 0, (e) 23, and (f) 732 ps.
Initial concentrations used to calculate relative abundances are 500 pM Na* and 100 uM 18C6 in
solution A and 250 uM K™ in solution B. Horizontal dashed, grey lines represent equilibrium
concentrations (a-c) and abundances (d-f).
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Figure 2.5. (a) A representative mass spectrum of a 10 uM DCIP solution mixed with a
50 mM L-AA solution (both pH = 3) from a theta-glass emitter. The inset shows the third isotope
peak of oxidized DCIP and the first isotope peak of reduced DCIP. (b) The fraction of DCIP
reduced as a function of the concentration of L-AA in the opposite barrel. (¢) Reaction times

calculated from the relative abundances of oxidized and reduced DCIP using eg. 6 as a function
of the initial concentration of L-AA in solution.
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Scheme 2.1. The reduction of 2,6-dichloroindophenol by L-ascorbic acid.
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Chapter 3

Investigating Protein Folding and Unfolding in Electrospray
Nanodrops Upon Rapid Mixing Using Theta-Glass Emitters

This Chapter is reproduced with permission from
Mortensen, D.M.; Williams, E.R.
“Investigating Protein Folding and Unfolding in Electrospray
Nanodrops Upon Rapid Mixing Using Theta-Glass Emitters”
Analytical Chemistry 2015, 87, 1281-1287
© 2014 American Chemical Society

3.1 Introduction

Electrospray ionization (ESI) mass spectrometry (MS) is widely used to obtain
information about protein structure, including protein identification and analysis of
posttranslational modifications.' Information about protein conformation can also be obtained
from charge state distributions in ESI mass spectra.*® Gaseous ions formed from solutions in
which a protein has a native or globular conformation are less highly charged than the
corresponding ions formed from solutions in which the protein is unfolded. The relative
abundances of different conformations of a protein in solution have been obtained by modeling
the resulting charge-state distributions observed in ESI mass spectra.® Charge-state distributions
have been used to monitor protein unfolding both as a function of temperature by heating the
sample solution during ESI*’8 and as a function of solution pH by inducing a pH change in the
sample solution using the electrolytic oxidation of water that occurs at the metal-liquid interface
in an ESI emitter.®

Protein conformational changes can also take place during the ESI process. McLuckey
and co-workers demonstrated that exposing aqueous ESI droplets containing folded proteins to
either gaseous acids® or bases®® in an ESI interface can result in a bimodal charge-state
distribution of ions, indicating that a fraction of the protein population unfolds in the ESI droplet.
ESI droplets generated from “native” protein solutions have also been exposed to acids and
supercharging reagents in solution by flowing a continuous stream of solution from a
hypodermic needle into the ESI plume.!! The stream-droplet interactions in these experiments
result in bimodal charge-state distributions of the resulting protein ions, indicative of protein
unfolding. Protein unfolding in ESI droplets can also be induced thermally, which is the likely
mechanism of electrothermal supercharging,2® wherein high charge states are obtained from
buffered aqueous protein solutions by raising the electrospray potential to collisionally activate
and heat the ESI droplets.

In contrast to the many studies of protein unfolding during ESI, there are fewer reports of
protein folding during ESI. Acid-denatured proteins in ESI droplets have been exposed to
gaseous bases in an ESI interface, resulting in a bimodal distribution of charge states for some
proteins.* Although gas-phase proton transfer reactions may contribute to lower charging in
these experiments, the bimodal charge-state distributions indicate that a fraction of the protein
population folds as a result of an increase in the droplet pH. However, comparisons of the results
obtained from these experiments to those from bulk-solution experiments are complicated
because of the dynamic nature of ESI. A low charge-state distribution of myoglobin that was
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thermally denatured was observed in nanoESI, which suggests that protein folding occurred in
the droplets upon rapid evaporative cooling.®

Quantitative information about protein folding kinetics can be obtained in mixing
experiments, and ESI MS has been combined with a variety of rapid mixers, including
continuous,™*® stopped,t’ and laminar flow!31°® mixers, to measure the kinetics of protein
folding”*® and unfolding® and the reincorporation rates of noncovalent cofactors into the
protein structure.'® In conventional mixers, faster kinetic processes can be measured by
increasing the flow rates of the solutions. A dead time of 200 ps has been reported for a laminar
flow mixer coupled with MS operating at a flow rate of 10 pL/s.*® This setup was used to study
the subms folding steps that occur after the initial collapse, or “burst-phase,” of apo-myoglobin
that takes place on an even shorter time scale (~7 ps time constant).?® Rapid mixing of two
solutions during ESI has also been used to unfold proteins during ESI. Microfabricated dual
sprayers have been used to mix solutions containing peptides or proteins with solutions
containing supercharging reagents,?! resulting in increased charging indicative of protein
unfolding.

Double-barrel wire-in-a-capillary emitters made from theta glass (theta-glass emitters)
have also been used to mix solutions during ESI. Rapid mixing from theta-glass emitters was
first used to form a noncovalent complex between a short peptide (KAA) and a glycopeptide
(vancomycin) and to exchange hydrogen and deuterium with undeuterated and partially
deuterated vancomycin during ESI.?? Substantial mixing was reported to occur in the Taylor
cone prior to droplet formation.?? Solutions containing folded proteins were mixed with acidic
solutions using theta-glass emitters, which produced bimodal charge-state distributions and loss
of the heme group for myoglobin.? These results indicate that protein unfolding occurred during
ESI.2% Supercharging reagents were mixed into solutions containing folded proteins during ESI
using theta-glass emitters which resulted in higher charging and loss of heme for myoglobin,
consistent with unfolding of the proteins in the ESI droplets induced by the supercharging
reagents.?® A fast complexation reaction was used to show that complete mixing can occur
between two different solutions in the theta-glass emitters during nanoESI.?* An estimate of the
droplet lifetime of <27 ps was determined?* from the reaction kinetics between L-ascorbic acid
and 2,6-dichloroindophenol using theta-glass emitters with ~1.5 um o.d. tips and from the faster
reaction rates observed in droplets over those in bulk solution.?>2® The very short time scale for
mixing and droplet lifetimes indicates that fast protein folding could be observed by rapidly
mixing solutions in theta-glass emitters coupled with MS.2* Investigation of protein folding by
mixing solutions using theta-glass emitters has the advantage of very low flow rates, e.g., as low
as 1.4 nL/s, resulting in low sample consumption.?

Here, theta-glass emitters are used to investigate protein folding and unfolding during
nanoESI by inducing a pH change in the electrospray solution by rapidly mixing two solutions at
the emitter tip. The relative flow rates of these solutions are measured using peptides as
standards. From the measured extents of myoglobin and cytochrome c folding and known
protein-folding time constants, a time of between 7 and 25 ps, depending on solution
composition, is obtained as an upper limit for the lifetime of nanoESI droplets. Significantly
fewer sodium ions are adducted to the ions generated from the native-like conformer when native
myoglobin is mixed with acid using the theta-glass emitters than to these ions generated from a
native solution. This is likely the result of a higher concentration of protons and the short time
available for protein unfolding to occur. These results suggest that rapid mixing from theta-glass
emitters may be useful in reducing sodium adduction in native MS.
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3.2 Experimental Section

Experiments were performed using a 9.4 T Fourier-transform ion cyclotron resonance
mass spectrometer that is described elsewhere.?” Theta glass capillaries (Warner Instruments,
LLC, Hamden, CT) were pulled using a model p-87 Flaming/Brown micropipette puller (Sutter
Instruments Co., Novato, CA) into tips with an o.d. of 1.36 + 0.02 um parallel to and 1.71 + 0.04
um perpendicular to the central divider.?* A grounded platinum wire is brought into contact with
the solution that is loaded into each barrel, and a backing pressure of ~10 psi is applied to the
back end of the capillary. lon formation is initiated by applying a potential of ~-700 V to the
heated capillary of the mass spectrometer interface. All data were acquired using a Predator data
station (National High Magnetic Field Laboratory, Tallahassee, FL) and mass spectra were
background subtracted. Average charge states are computed as the abundance weighted sum of
individual charge states in a distribution. All reported uncertainties are standard deviations
determined from three replicate measurements.

Leu-enkephalin acetate salt hydrate, Met-enkephalin acetate salt hydrate, ammonium
acetate, formic acid, equine apo- and holo-myoglobin, equine cytochrome c, and
polypropylenimine hexadecaamine dendrimer, generation 3.0 were obtained from Sigma-Aldrich
(St. Louis, MO). Glacial acetic acid was obtained from Fisher Scientific (Fair Lawn, NJ).
Solutions were prepared with an analyte concentration of 10 uM in 18.2 MQ water from a Milli-
Q water purification system (Millipore, Billerica, MA).

The initial pH of droplets formed when two solutions are mixed using the theta-glass
emitters is determined from the pKj value of ammonia (4.8), the pKa values of acetic and formic
acid (4.8 and 3.8, respectively; all values at 25 °C),? and the initial concentrations of these
species in the droplets. Initial concentrations are determined from the initial concentrations of the
analytes in the solutions in both barrels of the theta-glass emitters and from the relative flow
rates of these solutions during nanoESI. Relative flow rates are measured using Leu-enkephalin
and Met-enkephalin as internal standards (1.0 uM) as described elsewhere.?*

3.3 Results and Discussion

3.3.1 Unfolding Holo-Myoglobin During NanoESI. In low-ionic-strength aqueous
solutions (salt concentrations of less than ~0.02 M), holo-myoglobin (holo-Mb) has a native
conformation between pH =5 and 7,% a less-compact globular structure around pH = 3,2° and an
unfolded structure with no heme group attached at lower pH.3® A representative nanoESI mass
spectrum of holo-Mb in a 1.0 mM agueous ammonium acetate solution (pH = 6.4) is shown in
Figure 3.1a. The charge states (7 — 9+) are indicative of forming these ions from an aqueous
solution in which the protein has a native structure.® A nanoESI mass spectrum obtained by
mixing this solution with a 1.0 M aqueous acetic acid solution at a 1:1 ratio (pH = 2.6) is shown
in Figure 3.1b. The 10 — 26+ charge states of apo-myoglobin (apo-Mb) are formed and no holo-
Mb is observed, indicating that extensive unfolding of the protein and concomitant loss of the
heme group has occurred in solution.

A nanoESI mass spectrum resulting from mixing these two solutions using the theta-glass
emitters is shown in Figure 3.1c. The charge-state distribution of holo-Mb is bimodal, with a
high abundance distribution between 8+ and 12+ (comprising 86 + 3% of myoglobin) and a low
abundance distribution between 13+ and 19+ (comprising 11 + 1% of myoglobin). The
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distribution between 13+ and 19+ corresponds to more open structures resulting from protein
unfolding during nanoESI. The 13 — 17+ charge states of apo-Mb are also observed (comprising
3 £ 2% of myoglobin), indicating that some heme loss accompanies unfolding of the protein in
the nanoESI droplet.

The average charge state of the distribution between 8+ and 12+ in the rapid mixing
experiments (9.8 £ 0.2) is higher than the average charge state of holo-Mb in the mass spectra
obtained from the pH = 6.4 solution (8.0 + 0.1). The higher charging obtained for the folded
form of the protein in the rapid mixing experiments may be a result of a small change in the
conformation, or it could be due to effects of solution composition on charging. To determine the
role of solution composition on charging in these experiments, nanoESI mass spectra of
polypropylenimine hexadecaamine dendrimer, generation 3.0 (DAB-16), were obtained under
similar conditions. NanoESI of DAB-16 in a 1.0 mM aqueous ammonium acetate solution
adjusted to pH = 6.4 with acetic acid results in an average charge state of 3.6 + 0.1 (Figure 3.2a).
This solution was mixed with a 1.0 M aqueous acetic acid solution at a 1:1 ratio (pH = 2.6), and
in the nanoESI mass spectra of the resulting solution, the average charge state is 4.0 £ 0.1
(Figure 3.2b). Results from small-angle neutron scattering, viscosimetry, and molecular
dynamics studies indicate that the conformation of DAB-16 does not strongly depend on solution
composition.3 Thus, the slightly higher charging obtained from this solution is likely a result of
the different solution composition, although it may also reflect small changes to the shape of
DAB-16. These results suggest that the shift in charging of the folded form of myoglobin in the
rapid mixing experiments may be due, at least in part, to the different solution composition as
well as any potential change to the native protein structure.

Fisher et al.?® also reported that myoglobin unfolds when aqueous holo-Mb is mixed with
an aqueous solution of 1% acetic acid (~174 mM) using theta-glass emitters, resulting in the
formation of 7% apo-Mb. In our experiment, a 5-fold higher concentration of acetic acid is used,
yet only 3% apo-Mb is produced (Figure 3.1c). The different extents of unfolding and heme loss
in these two experiments are likely a result of different reaction times. The reaction time is
limited by the droplet lifetime, which depends on the initial droplet diameter®? and thus, on the
diameter of the electrospray capillary.® Fisher et al. used theta-glass emitters with ~10 pum o.d.
tips, whereas ~1.5 um o.d. tips were used here, which results in smaller initial droplets and less
time for protein unfolding to occur.

It is also interesting that there is less sodium ion adduction on the folded holo-Mb ions
formed after mixing the two solutions using the theta-glass emitters (Figure 3.1c) than on those
formed directly from the ammonium acetate solution (Figure 3.1a). For example, the average
number of sodium ions adducted to the 8+ charge state is 3.1 + 0.8 in the nanoESI mass spectra
of the ammonium acetate solution and only 0.7 £ 0.2 in those resulting from the solutions mixed
using the theta-glass emitters. The lower average number of sodium adducts upon mixing likely
results from the >1000 fold increase in the initial concentration of protons in the droplet, which
can displace sodium ions near the surface of the protein during droplet evaporation.

3.3.2 Folding Apo-Myoglobin During NanoESI. There are at least three conformers of
apo-myoglobin (apo-Mb) that exist in aqueous solution. Between pH =5 and 7, apo-Mb adopts a
conformation similar to that of native holo-Mb; at pH = 4, it has a less compact globular
structure, and below pH = 3, it is unfolded.3* NanoESI of acid-denatured apo-Mb (pH = 2.9;
Figure 3.3a) results in a charge-state distribution between 11+ and 28+. This high charging is
consistent with an unfolded form of apo-Mb in solution. Results from raising the pH of this
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solution using a 100 mM aqueous ammonium acetate solution are shown in Figure 3.3b-d. The
addition of ammonium acetate results in the elimination of the highest charge states, and a
second charge-state distribution between 7+ and 9+ becomes more abundant with increasing pH.
This charge-state distribution is consistent with a globular conformer in solution and comprises
13 + 4%, 25 + 5%, and 35 + 7% of myoglobin at pH = 3.9, 4.4, and 4.7, respectively (Figure
3.3b-d). The 11+ charge state is slightly more abundant than the 10+ and 12+ charge states,
suggesting that a partially folded intermediate structure may also be present.

Mixing the initial acidified solution (Figure 3.3a) with the 100 mM aqueous ammonium
acetate solution using the theta-glass emitters produces droplets with an initial pH of ~4.7. In the
nanoESI mass spectra resulting from this experiment (Figure 3.3e), there are at least two charge-
state distributions for apo-Mb: one between 10+ and 21+ corresponding to an unfolded
conformer and another between 7+ and 9+ corresponding to the fraction of apo-Mb that is folded
into a globular conformer during nanoESI (25 + 2% of apo-Mb). The 11+ charge state is again
more abundant than the 10+ and 12+, possibly suggesting the presence of a partially folded
intermediate structure. At pH = 4.7, the equilibrium distribution of folded protein (7—-9+)
constitutes 35 x 7% of apo-Mb (Figure 3.3d). However, the abundance of this distribution in the
rapid mixing experiments (estimated initial droplet pH = 4.7) more closely resembles that in the
nanoESI mass spectra of a pH = 4.4 solution at equilibrium, wherein it compromises 25 + 5% of
apo-Mb (Figure 3.3c). This result indicates that the droplet lifetime is sufficiently short so that
equilibrium is not reached during nanoESI and that protein folding is incomplete.

The initial collapse of apo-Mb from an unfolded to a globular structure occurs with a
time constant of ~7 ps,?° and the subsequent formation of a structure similar to that of native
holo-Mb takes more than a ms to occur.®® In previous mixing experiments using these same
theta-glass emitters, a <27 ps droplet lifetime was deduced from the extent of product formation
of a fast reaction with a known rate constant in bulk solution.?* The short droplet lifetime
established in those experiments indicates that only the initial collapse of apo-Mb is likely to
occur to a significant extent in the droplets.

An estimate of the time scale for protein folding in this study is obtained by modeling the
initial collapse of apo-Mb as an independent, two-state folding reaction.®®3" The integrated rate
law for a two-state folding reaction is given in eq 1:

A — A
t=1tIh| =——= 1
”(Ae j @

where t is the reaction time, t is the protein folding time constant, Ae is the abundance of the
folded protein conformer at equilibrium, and A, and At are the abundances of the folded protein
conformer at times 0 and t, respectively. From the relative abundances of the globular apo-Mb
conformer in the unmixed, equilibrium, and rapid mixing experiments (Figure 3.3 a, d, and e,
respectively) and the 7 ps time constant of the initial collapse of apo-Mb,?° a reaction time of 9 +
2 Us is obtained. This reaction time is consistent with the <27 us droplet lifetime reported
previously that was deduced on the basis of the extent of product formation for a bimolecular
reaction and a known solution reaction rate constant.?* Because the concentrations of the
reagents increase to an unknown extent as droplets evaporate and bimolecular reaction rates
depend on concentration, there is a significant uncertainty in the true droplet lifetime obtained
from previous measurements. In contrast, folding of apo-Mb is a unimolecular process that does
not depend on protein concentration at the concentrations used. Surface effects as a result of the
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high surface-to-volume ratios of small droplets compared to that of bulk solution may influence
protein folding rates in droplets.?® However, similarity between the droplet lifetimes obtained by
both methods indicate that surface effects may be small in these protein folding experiments.

3.3.3 Folding and Reincorporation of the Heme. Although folding of apo-Mb occurs
quickly,?>% reincorporation of the heme group into the protein structure requires considerably
more time (hundreds of milliseconds to seconds).’® In order to determine if heme reincorporation
can occur during nanoESI, solutions that result in heme reincorporation at equilibrium when
mixed at a 1:1 ratio were mixed using the theta-glass emitters. A mass spectrum resulting from
mixing a solution of acid-denatured holo-Mb (pH = 2.9; Figure 3.4a) and a solution of 100 mM
aqueous ammonium acetate at a 1:1 ratio is shown in Figure 3.4b. There is a bimodal charge-
state distribution of apo-Mb centered at 15+ and at 9+ as well as a distribution of holo-Mb in the
9+ and 8+ charge states. The relative abundances of unfolded and folded apo-Mb and folded
holo-Mb are 50 + 3%, 13 + 3%, and 37 + 4%, respectively.

A nanoESI mass spectrum resulting from mixing the acidified solution (Figure 3.4a) with
the 100 mM aqueous ammonium acetate solution using a theta-glass emitter is shown in Figure
3.4c. There is a bimodal charge-state distribution of apo-Mb centered at 16+ and ~8+,
corresponding to unfolded and folded forms of the protein, respectively. The initial pH of the
mixed droplets is ~4.9, and the folded form of the protein comprises 25 + 9% of myoglobin,
consistent with the results from solutions without heme present (25 + 2%, Figure 3.3e). No holo-
Mb is observed despite the presence of both a globular apo-Mb conformer and the heme group in
solution. This result indicates that heme reincorporation does not occur to an appreciable extent
within the nanoESI droplet, which is consistent with the droplet lifetime of ~9 ps measured using
the refolding of apo-Mb and the heme reincorporation time constant on the order of hundreds of
milliseconds to seconds.’®

3.3.4 Temperature of NanoESI Droplets. Fragments of ions formed by ESI can be
observed in some ESI mass spectra, and this has led some to conclude that the ESI process itself
activates ions.>®*2 For example, Vékey and co-workers concluded from the extent of
fragmentation of benzylpyridinium salts during ESI compared to that predicted by RRKM
calculations at various temperatures that electrospray ionization produces ions with internal
temperatures greater than 200 °C.%8° The potential used to produce ions in ESI can result in
droplet heating, such as in electrothermal supercharging, wherein high charge states of protein
ions are formed from buffered aqueous solutions.'>*3 However, extensively hydrated ions can
also be directly produced using ESI, and evaporative cooling significantly reduces the
temperatures of these clusters.*3*6 Results for trivalent atomic ions show that these ions require
approximately 18 water molecules to be stable, indicating that these clusters are formed by
evaporative cooling of even larger clusters and not by condensation of water onto minimally
solvated or bare ions.*® Because preservation of weakly bound water molecules can only occur in
ESI droplets that are not significantly heated, these results show that the ESI process itself is not
activating, although activation can occur either in the ESI droplet or after ion formation as a
result of instrumental conditions.

Apo-Mb thermally denatures between about 60 and 70 °C in unbuffered aqueous
solutions.? The folding of this protein during nanoESI shown here (Figures 2e and 3c) indicates
that the droplet temperature in these experiments must be less than 70 °C. This result shows that
the droplet temperature in ESI can be lower than the melting point of some proteins. In sum,
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these results indicate that ESI droplets can have low temperatures and that ion formation by ESI
is intrinsically soft under appropriate experimental conditions.

3.3.5 Folding Cytochrome ¢ During NanoESI. In low ionic strength aqueous solutions,
cytochrome c (cyt c) is unfolded with little secondary structure at pH = 2 but has a native folded
structure between pH = 3 and 7.4"* A globular form, known as the A state, can form at high salt
concentrations (0.2 M),*%°% and a partially folded intermediate structure may also form during
folding in salt-free solutions.>>*2 A mass spectrum of cyt ¢ in an aqueous solution with 2.5%
formic acid (pH = 2.0) is shown in Figure 3.5a. The charge-state distribution is bimodal, with a
low-abundance distribution between 7+ and 9+ corresponding to a folded structure (11 + 4% of
cyt ¢) and a high-abundance distribution between 10+ and 18+ corresponding to unfolded
structures in solution. This solution was mixed with a solution of 500 mM aqueous ammonium
acetate at a 1:1 ratio (pH = 4.2), and a mass spectrum of the resulting solution is shown in Figure
3.5b. The 6 — 8+ charge states are formed and comprise 98 + 0% of cyt ¢ in the mass spectra. The
14+ charge state is also present at low abundance. These results indicate that cyt ¢ has
predominantly adopted a folded structure in this solution at equilibrium.

A mass spectrum resulting from mixing these two solutions using a theta-glass emitter is
shown in Figure 3.5¢c. The charge state distribution is bimodal, with one distribution between 6+
and 8+ corresponding to a folded structure (21 + 1% of cyt ¢) and another between 9+ and 17+
corresponding to an unfolded structure. The initial folding step of cyt ¢ occurs with a time
constant of ~57 ps*’ and other steps may also occur with time constants at or above 600 ps.>2>4
The droplet lifetime of <27 ps reported previously?* and the 9 ps lifetime obtained here for the
folding of apo-Mb indicate that only the 57 ps folding step of cyt c is likely to occur to a
significant extent in these experiments. The abundances of the folded cyt ¢ conformer in the
unmixed, equilibrium, and rapid mixing experiments (Figure 3.5a-c, respectively) and the 57 us
time constant are used to obtain a reaction time of 7 £ 3 ps from eq 1. This result is remarkably
similar to the reaction time of 9 + 2 ps obtained for the folding of apo-Mb during the nanoESI
process.

Slightly different solution conditions were used in these experiments than those in which
the protein folding time constants were obtained, which may affect the droplet lifetimes reported
here. The time constant for the initial collapse of apo-Mb was measured in a pH = 5.9 solution
containing 10 mM sodium acetate?® and the folding time constant of cyt ¢ in a pH = 4.5 solution
containing 25 mM sodium phosphate and 25 mM sodium acetate.*” In this study, apo-Mb and cyt
c were folded in droplets containing higher salt concentrations (~50 and ~250 mM ammonium
acetate, respectively) and slightly lower initial pHs (pH = 4.7 and 4.2, respectively). The
different solution compositions likely result in slightly different protein-folding time constants in
the nanoESI droplets than were measured in those bulk solution experiments. However, the
remarkable agreement in reaction times obtained for apo-Mb and cyt ¢ in the rapid mixing
experiments indicates a relatively small uncertainty in the measured reaction times despite the
different solution conditions used to obtain the folding time constants.

Between pH = 2 and 3, the unfolded and globular forms of cyt ¢ co-exist in equilibrium.*
The equilibrium distribution of partially acid-denatured cyt c can be shifted towards the folded
conformer by diluting the solution with water. In the nanoESI mass spectrum of cyt c at pH = 2.8
(1.0% acetic acid in water, Figure 3.5d), the charge-state distribution is bimodal, with one
distribution centered at 8+ corresponding to a folded structure (34 £ 7% of cyt c) and another
distribution centered at 16+ corresponding to an unfolded structure. Results from mixing this
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solution with water at a 1:1 ratio (pH = 2.9) are shown in Figure 3.5e. The same charge-state
distributions are observed, but the relative abundances of these distributions indicate that 76 +
5% of cyt c is in the folded form. This result shows that the equilibrium distribution between the
two forms of cyt c shifts toward the globular structure in this solution.

A nanoESI mass spectrum resulting from mixing these two solutions using a theta-glass
emitter is shown in Figure 3.5f. The same charge-state distributions are observed, and the
relative abundances of these distributions indicate that the folded form comprises 49 + 7% of cyt
c. From the abundances of the globular cyt ¢ conformer in the unmixed, equilibrium, and rapid
mixing experiments (Figure 3.5d-f, respectively) and a folding time constant of 57 s for cyt ¢,*
a reaction time of 25 £ 7 ps is obtained from eq 1. This reaction time is about 3-fold higher than
the reaction times for the folding of myoglobin (9 £ 2 ps) and of cyt ¢ from the acidified solution
mixed with 500 mM aqueous ammonium acetate (7 + 3 us).

The shorter droplet lifetime deduced from the experiments in which ammonium acetate is
used to increase the initial pH of the droplets may be due to uncertainties associated with the
folding time constants measured under slightly different conditions. It may also be a result of
faster water evaporation or of differences in the temperatures of the nanodrops. Emission of
water-solvated ammonium ions from the droplet>>® could result in an increased rate of droplet
evaporation and, hence, a shorter droplet lifetime. The presence of ammonium acetate may also
affect the droplet temperature,® which would affect the protein-folding time constants.3"8

3.4 Conclusions

Theta-glass emitters were used to rapidly mix two solutions in order to induce either
protein folding or unfolding during nanoESI. Acid-denatured myoglobin was mixed with a
solution of ammonium acetate to increase pH and induce folding both with and without heme
present in solution. The extents of folding in these experiments compared to those obtained at
equilibrium indicates a reaction time of 9 + 2 ps, which is an upper limit to the droplet lifetime
because some folding will occur in the Taylor cone prior to droplet formation. Reincorporation
of the heme into the folded protein structure does not occur, consistent with the much longer
time constant of hundreds of milliseconds to seconds for this process.® Similarly, droplet
lifetimes of 7 + 3 and 25 + 7 us, depending on solution compositions, were obtained from
folding experiments with cyt c. These results indicate that the nanoESI droplet lifetime can be
very short and that the droplets are not heated past the melting points of many proteins’2° under
appropriate experimental conditions.

The extent of unfolding of holo-Mb obtained in the rapid mixing experiments in this
study is less than that reported earlier,?® a result that is consistent with the much smaller tips used
in the current experiments. These results indicate that the time frame for reactions to occur
during the nanoESI process can be readily controlled by changing the emitter tip diameter or
other properties that affect the initial size of the nanoESI droplets. Thus, it should be possible to
acquire “snapshots” of protein folding or unfolding at various time points by varying the
diameter of the tips of the theta-glass emitters.

The extent of sodium ion adduction to the folded forms of protein ions resulting from
rapidly mixing proteins in buffered aqueous solutions with acidified solutions using the theta-
glass emitters is less than in protein ions generated from native solutions. This is likely the result
of the much higher concentration of protons that can displace sodium ions at the protein surface
during nanoESI. This may be an effective way to reduce sodium adduction in native MS without
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significantly affecting the resulting protein ion structure if the unfolding time of the protein is
significantly greater than the time frame for ion formation in nanoESI.
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Figure 3.1. NanoESI mass spectra of (a) holo-Mb in a 1.0 mM aqueous ammonium
acetate solution (pH = 6.4), (b) this ammonium acetate solution mixed with a 1.0 M aqueous
acetic acid solution at a 1:1 ratio (pH = 2.6), and (c) this ammonium acetate solution mixed with
the acetic acid solution using a theta-glass emitter (estimated pH = 2.7). Insets in (a) and (c)
show the extent of Na* adduction to the 8+ charge states and, in (c), the distributions of apo- and
holo-Mb between m/z 900 and 1400.
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Figure 3.2. NanoESI mass spectra of (a) DAB-16 in a 1.0 mM aqueous ammonium
acetate solution adjusted to pH = 6.4 with acetic acid and (b) this solution adjusted to pH = 2.6
by mixing with a 1.0 M aqueous acetic acid solution at a 1:1 ratio. qave denotes the average
charge state.
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Figure 3.3. NanoESI mass spectra of (a) acid-denatured apo-Mb (pH = 2.9), acid-
denatured apo-Mb mixed with a 100 mM aqueous ammonium acetate solution at ratios of (b)
10:1 (pH =3.9), (c) 2:1 (pH =4.4), and (d) 1:1 (pH =4.7), and (e) acid-denatured apo-Mb mixed
with this ammonium acetate solution using a theta-glass emitter (estimated pH = 4.7).
Percentages are the relative abundances of the folded fractions (7 — 9+ charge states) of apo-Mb.
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Figure 3.4. Mass spectra of (a) acid-denatured holo-Mb (pH = 2.9), (b) acid-denatured
holo-Mb mixed with a 100 mM aqueous ammonium acetate solution at a 1:1 ratio (pH = 4.7),
and (c) acid-denatured holo-Mb mixed with the ammonium acetate solution using a theta-glass
emitter (estimated pH = 4.9). The percentage in (c) is the relative abundance of the folded
fraction (7 — 9+ charge states) of apo-Mb.
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Figure 3.5. Mass spectra of (a) cyt ¢ in an aqueous solution of 2.5% formic acid (pH =
2.0), (b) this formic acid solution mixed with a 500 mM aqueous ammonium acetate solution at a
1:1 ratio (pH = 4.2), and (c) this formic acid solution mixed with the ammonium acetate solution
using a theta-glass emitter (estimated pH = 4.2). Mass spectra of (d) cyt ¢ in an aqueous solution
of 1.0% acetic acid (pH = 2.8), (e) this acetic acid solution mixed with water at a 1:1 ratio (pH =
2.9), and (f) this acetic acid solution mixed with water using a theta-glass emitter (estimated pH
= 2.9). Percentages are the relative abundances of the fraction of cyt ¢ in charge states
corresponding to folded conformers (denoted with *).
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Chapter 4

Ultrafast (1 pus) Mixing and Fast Protein Folding in
Nanodrops Monitored by Mass Spectrometry

This Chapter is reproduced with permission from
Mortensen, D.M.; Williams, E.R.
“Ultrafast (1 ps) Mixing and Fast Protein Folding in
Nanodrops Monitored by Mass Spectrometry”
Journal of the American Chemical Society 2016, 138, 3453-3460
© 2016 American Chemical Society

4.1 Introduction

Information about reaction kinetics, including protein folding!-® and unfolding,* is often
obtained by rapidly mixing two or more solutions. Conventional mixing devices include chaotic,’
turbulent,® and laminar?®3 flow mixers. Shorter reaction times are often obtained by increasing the
solution flow rate. The shortest reaction time achieved with a conventional mixer is 8 s using a
laminar flow mixer with a ~100 nL/s flow rate.? This mixing time is insufficient to observe some
fast protein folding events, such as the folding of the 20-residue “mini-protein” Trp-cage, which
has a folding time constant of 4.1 ps.” Mass spectrometry (MS) is an excellent detector for
measuring reaction products resulting from rapid mixing experiments owing to its high
sensitivity, high chemical specificity, and rapid speed of analysis.® Several different in-line
mixers have been coupled with MS, including stopped,* continuous,*® and laminar?2 flow
devices. The shortest reaction time achieved using a conventional mixer coupled with MS is 200
us with a laminar flow mixer and a 10 pL/s flow rate.’

Solutions can be mixed prior to MS during electrospray ionization (ESI), which has been
done using multiple channel electrospray,'®!! fused-droplet electrospray,? extractive
electrospray,*>* and dual-sprayer microchips.*>! Solution-phase reactions have also been
carried out in charged microdroplets and monitored with MS using desorption electrospray
ionization,*"'® ambient ion soft landing,'® and microdroplet fusion, which is accomplished by
orthogonally colliding ESI droplets.?’ Microdroplet fusion MS has been used to measure
bimolecular reduction-oxidation, protein unfolding, and hydrogen/deuterium exchange at
reaction times of >13 ps.?° This reaction time was obtained from the droplet velocity and the
distance between the droplet collision point and the entrance to the mass spectrometer. Mixing
times in these experiments were estimated to be less than a few microseconds.

Recently, theta-glass emitters (double-barrel wire-in-a-capillary emitters that resemble
the Greek letter 6 “theta” when turned on end) have been used to mix solutions during the ESI
process. Mixing with theta-glass emitters likely occurs in a few microseconds or less?! and has
been used to measure noncovalent complexation,?+?2 hydrogen/deuterium exchange,??
bimolecular reduction-oxidation,? protein folding®? and unfolding®*?* and to introduce
supercharging reagents to protein solutions during ESI.?*

The lifetime of the droplets formed using the theta-glass emitters controls the extent to
which solution-phase reactions can occur in these droplets.?>? The ESI droplet lifetime depends
on several factors including the solution composition??® and the initial droplet diameter.?® The
initial droplet diameter can be varied by changing the solution flow rate,?52° which depends on
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both the inner diameters of the electrospray emitter tips and the backing pressure applied to the
solutions inside the emitters.?°>*° Reaction times between 7 and 25 s, depending on solution
composition, have been obtained for droplets formed from theta-glass emitters operating at a
flow rate of ~1 nL/s.23 These reaction times were obtained from the extent of protein folding that
occurs during nanoESI and known protein folding time constants obtained in bulk solution.
Information about the conformation of proteins in solution is obtained from the charge-state
distributions of the protein ions formed by ESI. Folded globular conformers are less highly
charged than unfolded conformers,3!-34 and the relative abundances of different protein
conformers can be obtained by modeling the bimodal or multimodal charge-state
distributions.3**® The short reaction times obtained using rapid mixing from theta-glass emitters
indicate that this technique can be used to access fast reaction times while consuming
substantially less sample than is used in conventional mixing apparatus. However, methods for
varying the reaction time at short time scales using rapid mixing from theta-glass emitters have
not previously been demonstrated.

Here, theta-glass emitters are used to mix acidified aqueous solutions containing a protein
with agueous ammonium acetate to increase the solution pH and induce protein folding during
nanoESI. The extent of protein folding that occurs in these experiments is controlled by varying
the solution flow rate, and reaction times between 1.0 s at 48 pL/s and 22 ps at 2880 pL/s are
obtained from the extent of folding that occurs in these experiments and known folding time
constants of different proteins. The 1.0 us reaction time is significantly less than the 8 us
reaction time reported for a conventional mixer.2 The 1.0 s reaction time is obtained using a
flow rate (48 pL/s) that is 2000-fold less than that required to obtained the 8 us reaction time
using a conventional mixer (~100 nL/s). Results from this study demonstrate that ultrafast (1 ps)
protein folding reactions can be readily investigated using rapid mixing from theta-glass emitters
coupled with MS and that substantially less sample is required compared to conventional mixing
apparatus. This method should enable a wide range of fast reactions to be measured including
complex reactions with multiple reaction products.

4.2 Experimental Section

Mass spectra are acquired using a 9.4 T Fourier-transform ion cyclotron resonance mass
spectrometer that is described elsewhere.3® Rapid mixing is performed using theta-glass
capillaries (Warner Instruments, LLC; Hamden, CT) that have tips that are pulled using a model
p-87 Flaming/Brown micropipette puller (Sutter Instruments Co.; Novato, CA). The tips of the
capillaries are imaged on carbon tape at 10 000-times magnification using a TM-1000 scanning
electron microscope (Hitachi High-Technologies Co.; Tokyo, Japan). Grounded platinum wires
are inserted into the capillaries so as to contact the solutions in each barrel, and a backing
pressure is applied to the back end of the capillaries. NanoESI is initiated by applying a potential
of about -700 V to the heated capillary of the ESI interface. Data are acquired using a Predator
data station,” and mass spectra are background subtracted. To determine flow rates, the theta-
glass emitters are weighed before and after electrospraying for a fixed time using an A-200DS
analytical balance (Denver Instrument Company, Bohemia, NY) with a lower mass range of 0.01
mg and a reproducibility (standard deviation) of 0.02 mg. Temperature dependent studies are
conducted using single-barrel wire-in-a-capillary electrospray emitters prepared by pulling
borosilicate capillaries (Warner Instruments) into 1.83 + 0.04 pum o.d. tips. A NiCr wire is
wrapped around a cylindrical aluminum jacket that holds the capillaries and is used to resistively
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heat the capillaries during nanoESI. The temperature of the aluminum jacket is measured using a
thermocouple (Omega, Stanford, CT). This device is described elsewhere.®* Traveling wave ion
mobility spectrometry drift times in nitrogen gas are measured using a Synapt G2-Si High
Definition Mass Spectrometer (Waters, Milford, MA, U. S. A.) with a wave velocity of 500 m/s,
a wave height of 40 V, and helium and nitrogen flow rates of 180 and 90 mL/s, respectively.

Average charge states are computed as abundance weighted sums of the individual
charge states. All uncertainties reported are standard deviations determined from triplicate
measurements. The initial pH values of droplets formed upon rapid mixing of two solutions from
the theta-glass emitters are estimated to be within £0.2 of the pH of those solutions mixed at a
1:1 ratio. This estimate is determined using the initial concentrations of acetic acid (pKa = 4.8)
and ammonia (pKp = 4.8, both at 25 °C)® in the droplets. Initial droplet concentrations are
determined from the initial concentrations of the solutions in each barrel and the relative flow
rates of these solutions during nanoESI. Relative flow rates are monitored using Leu- and Met-
enkephalin as internal standards as described previously.?

Ammonium acetate, 18-crown-6, Leu- and Met-enkephalin acetate salt hydrates, equine
apo-myoglobin and cytochrome c, and renin substrate tetradecapeptide are obtained from Sigma-
Aldrich (St. Louis, MO), glacial acetic acid and NaCl from Fisher Scientific (Fair Lawn, NJ),
KCI from Mallinckrodt Baker, Inc. (Phillipsburg, NJ), and Trp-cage from AnaSpec Inc.
(Fremont, CA).

4.3 Results and Discussion

4.3.1 Controlling Solution Flow Rates. The solution flow rates in the theta-glass
emitters can be varied by changing the backing pressure applied to the solutions in the emitters
and by making emitters with tips that have different outer diameters (0.d.).2%3° Smaller initial
droplet sizes are formed with lower solution flow rates® and with smaller tip sizes.*® The effect
of the backing pressure on the flow rate was investigated by varying the pressure between 5 and
40 psi using theta-glass emitters with ~1465 nm o.d. tips. Flow rates are obtained by spraying an
aqueous solution of 500 um 18C6 and 500 um NaCl until the mass of the solution in the tip
decreases by at least 0.5 mg and by measuring the change of mass with time (between ~10 min
and ~2 h, depending on the flow rate). These measurements show that the flow rate increases
linearly with increasing backing pressure from 383 pL/s at 5 psi to 2880 pL/s at 40 psi (Figure
4.1a).

The effect of the size of the o0.d. of the tips of the theta-glass emitters on the flow rate was
investigated by varying the o.d. of the tips between 244 + 61 and 1465 £ 134 nm and using a 10
psi backing pressure. Electron micrographs of the various size tips are provided in Appendix B
(Figure B.1). The flow rate increases linearly with increasing tip o.d., from 48 pL/s at ~244 nm
to 913 pL/s at ~1465 nm (Figure 4.1b), even though the cross-sectional area of the tips increases
quadratically with the tip diameter. The linear relationship between tip size and flow rate is
consistent with results reported for single-barrel emitters with tip 0.d.s of between 1 and 5 pm.*
The relationship between flow rate and cross-sectional area of the tip indicates that the velocity
of the solution exiting an emitter changes with tip size. The velocity of a solution as it exits the
emitter was obtained by dividing the solution flow rate by the emitter tip orifice area. The latter
value was estimated as an ellipse with diameters equal to the i.d. of the tips perpendicular to and
parallel to the inner divider less the area occupied by the inner divider. Solution velocities were
not estimated for the smallest (~244 nm o0.d.) tips because the i.d. and central divider were not
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resolvable. The velocity of the solution at the tip of the theta-glass emitters as a function of the
tip 0.d. is shown in Figure 4.1, panel c. The solution velocity increases significantly with
decreasing tip size. The electric field at the tip of the emitter also increases with decreasing tip
size, and this may play a role in the increasing velocity with decreasing tip size.

To determine whether complete mixing between the solutions in the two channels of the
theta-glass emitters occurs during nanoESI, a solution containing 18-crown-6 (18C6) was mixed
with a solution containing KCI, and the rapid equilibration complexation reaction between 18C6
and K" was measured. The extent of complexation reaction that occurs in these experiments is
obtained from the abundance of the complex [18C6 + K]* relative to that of the complex [18C6 +
Na]* as described previously?! (Appendix B, Figure B.2). This reaction reaches equilibrium
during nanoESI at each flow rate, indicating that the solutions loaded into the different barrels of
the theta-glass emitters mix completely in these experiments.

4.3.2 Reaction Times and Backing Pressure. To determine the reaction times that are
accessible with these theta-glass emitters, the folding of proteins with known folding rate
constants was investigated. In aqueous solution, apo-myoglobin (aMb) is unfolded below pH =
3, has a partially unfolded globular structure at pH = 4, and has a compact globular structure
similar to that of native holo-myoglobin between pH =5 and 7.4° NanoESI of an acidified
aqueous aMb solution (pH = 2.9) results in the production of the 11-26+ charge states (Figure
4.2a), consistent with this protein adopting unfolded conformations in this solution. Results from
mixing this acidified aMb solution with a 100 mM aqueous ammonium acetate solution at a 1:1
ratio prior to nanoESI (equilibrium; pH = 4.7) are shown in Figure 4.2, panel b. The charge-state
distribution is bimodal, and the high charge state distribution corresponding to unfolded
structures is shifted to slightly lower charge. The 7-10+ charge states correspond to folded
conformers and constitute 36 + 5% of aMb. The 11+ charge state is more abundant than the 10+
and 12+ charge states, suggesting that a partially folded, perhaps intermediate conformer, may
also be present.

The effects of the solution flow rate on the extent of folding that occurs during nanoESI
were determined by mixing the acidified aMb solution with the ammonium acetate solution
using the theta-glass emitters with backing pressures of between 5 and 40 psi (Figure 4.2c—f, in
order of increasing backing pressure). The same charge states are observed as those measured
when these solutions are at equilibrium (Figure 4.2b), but the relative abundance of the folded
fraction of aMb (7-10+) increases with backing pressure from 17 £ 6% at 5 psi to 34 + 2% at 40
psi. These results indicate that the extent of folding that occurs during the nanoESI process
increases with increasing backing pressure. Interestingly, the relative abundance of the 11+
charge state also increases with increasing backing pressure, consistent with this charge state
corresponding to a short-lived folding intermediate. The reaction time upon rapid mixing using
the theta-glass emitters can be obtained from the extent of protein folding that occurs by
modeling this as a two-state folding reaction.** The integrated rate law for a two-state folding
reaction is

(- m(uj o
A A

where t is time, T is the protein folding time constant, and Ae, Ao, and A; are the relative
abundances of the folded protein conformer at equilibrium and at times 0 and t, respectively. The
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initial collapse of unfolded aMb to a globular conformer occurs with a 7 ps time constant,*? and
the formation of a conformer similar to that of native holo-myoglobin occurs in greater than 1
ms.*® Previous results using theta-glass emitters with ~1 nL/s flow rates indicated a 9 ps reaction
time.2 Thus, only the initial collapse of aMb is likely to occur to a significant extent in the
droplets formed here.

To determine the extent to which the folded structures from the equilibrium and rapid
mixing experiments are similar, drift times of the corresponding charge states (8—10+) are
obtained using traveling wave ion mobility spectrometry (TWIMS). Drift times obtained for the
8-10+ charge states of aMb resulting from the rapid mixing experiments are between 1 and 3%
longer than those obtained for the same charge states resulting from the equilibrium experiments
(Appendix B, Figure B.3a-c). These results suggest that the 8-10+ charge states resulting from
the rapid mixing experiments correspond to slightly less compact structures than those resulting
from the equilibrium experiments, consistent with the initial collapse expected on this fast time
scale.

The reaction times in these rapid mixing experiments are obtained from the relative
abundances of the folded fraction of aMb obtained in the unmixed, equilibrium, and rapid mixing
experiments and the 7 ps time constant of the initial collapse of aMb using eq 1. These reaction
times are indicated on the corresponding mass spectra (Figure 4.2c—f). The reaction time
increases with increasing backing pressure from 5 + 2 ys at 5 psi to 20 + 3 ps at 40 psi.

To determine the accuracy of these reaction times, another protein with a significantly
different folding time constant was investigated. In aqueous solution, cytochrome ¢ (cyt c)
adopts a native folded conformer between pH = 3 and 7 and is unfolded at pH = 2.44%° Cyt ¢ also
adopts a globular “A” state at salt concentrations of >0.2 M, and a partially folded intermediate
may form in solutions with lower salt concentrations.*”¢ NanoESI of an aqueous cyt ¢ solution
at pH = 2.8 results in a bimodal charge-state distribution (Figure 4.29), indicating that both
folded (6-10+) and unfolded (11-19+) conformers exist in solution at this pH and that the folded
form comprises 34 + 5% of the population. Results from mixing this acidified cyt ¢ solution with
a 100 mM aqueous ammonium acetate solution at a 1:1 ratio prior to nanoESI (equilibrium; pH =
4.4) are shown in Figure 4.2, panel h. Only the 7+ and 8+ charge states are observed, indicating
that cyt c is predominantly folded in this solution. The slightly lower charging of the folded form
resulting from this solution (Figure 4.2h) compared to that from the unmixed cyt ¢ solution
(Figure 4.2g) may be a result of the different solution composition or of changes to the structure
of the folded conformer. The mixed solution has a higher ionic strength and thus may result in
more compact conformers. Results from mixing the acidified cyt ¢ solution with the ammonium
acetate solution using the theta-glass emitters with backing pressures of between 5 and 40 psi are
shown in Figure 4.2, panels i-1 in order of increasing backing pressure. There are charge states
corresponding to both folded (6-8+) and unfolded (9-16+) structures in each spectrum, and the
relative abundance of the folded form increases with backing pressure from 40 £ 2% at 5 psi to
55 + 3% at 40 psi.

The initial folding of cyt ¢ occurs with a 57 ps time constant,* and other folding steps
may occur with time constants of >600 ps.*3%° The TWIMS ion mobility drift times for the 6-8+
charge states of cyt ¢ formed in the rapid mixing and equilibrium experiments are
indistinguishable (Appendix B, Figure B.3d-f). This result indicates that any differences in
structure are indistinguishable based on the collisional cross section alone. On the basis of the 5-
20 ps reaction times obtained here for aMb, only the initial folding step of cyt c is likely to occur
to a significant extent in these experiments. Thus, only the 57 us time constant for the initial
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folding step of cyt ¢ is considered in obtaining the reaction times for these experiments, which
are indicated on the respective mass spectra (Figure 4.2i-1). The reaction time increases with
backing pressure from 5.5 + 0.9 us at 5 psi to 22 + 4 ps at 40 psi. All of these reaction times are
the same as those obtained for aMb at the same backing pressures. These results indicate that the
reaction times obtained using rapid mixing from theta-glass emitters are independent of the
different folding time constants for these two proteins and any uncertainties in the protein folding
time constants do not contribute substantially to uncertainties in the reaction times measured
here. A reaction time of 7 + 3 ps was reported?® from cyt ¢ folding using the same tip size and
backing pressure as that used to obtain the 9 £+ 2 s reaction time reported here. A significantly
more concentrated aqueous ammonium acetate solution (500 mM) was used in the earlier study
compared to the 100 mM aqueous ammonium acetate solution used here. The similar reaction
times indicate that the initial concentration of ammonium acetate in the droplets has no
measurable effect on the measured reaction times within this range of concentrations.

4.3.3 Reaction Times and Tip Size. Reducing the o.d. of the tips of the theta-glass
emitters results in lower flow rates, smaller initial droplet sizes,* and shorter droplet lifetimes.
The data in Figure 4.2 were acquired using ~1465 nm o.d. tips. A nanoESI mass spectrum of the
acidified aqueous aMb solution (pH = 2.9) acquired using a theta-glass emitter with a
significantly smaller ~305 nm o.d. tip is shown in Figure 4.3, panel a. The charge-state
distribution is bimodal, with one distribution between the 12-21+ charge states and the other
between the 22—-27+ charge states, which comprise 18 + 3% of the population. The distribution
between the 12-21+ charge states is significantly narrower than the distribution corresponding to
unfolded conformers (11-26+) obtained with the larger ~1465 nm o.d. tips (Figure 4.2a). This is
possibly a result of a narrower distribution of droplet sizes being formed from the smaller tips.
Narrower charge-state distributions have also been reported for cyt ¢ and ubiquitin ions
generated from <100 nm o.d. tips compared to those generated from ~1 um o.d. tips.>! The 22—
27+ charge states observed here may correspond to an even more highly unfolded conformer.
Smaller tips have a higher surface area relative to the solution volume, and the surface may cause
some changes to the protein conformation prior to droplet formation. Similar results are obtained
when either a single barrel or both barrels of the theta-glass emitters are used, indicating that this
distribution is not a result of different droplet size distributions being formed from the different
barrels of the theta-glass emitters. The relative abundance of this distribution remains nominally
constant when the spray potential is varied between -450 and -1050 V, indicating that this
distribution does not result from the increased electric field resulting from the smaller tip size.
Charging of protein and peptide ions formed by nanoESI from methanol/water/acid solutions in
which proteins are denatured also increases with decreasing tip size.2>%* This was attributed to
the smaller droplets having high charge densities. However, formation of high charge density
droplets would not likely result in the bimodal charge state distributions observed here.

Results obtained for the acidified aMb solution mixed with the 100 mM aqueous
ammonium acetate solution at a 1:1 ratio prior to nanoESI acquired using a ~305 nm o.d. tip are
shown in Figure 4.3, panel b. Charge states corresponding to folded (8-10+) and unfolded (11—
19+) conformers are present, and the folded conformer comprises 36 £ 3% of aMb. There is not
a charge-state distribution corresponding to a highly unfolded structure, suggesting that if this
structure exists, it is not stable at pH = 4.7. The 8-10+ and 11-19+ charge state distributions are
narrower than those corresponding to the folded (7—10+) and unfolded (11-23+) conformers
formed with the ~1465 nm o.d. tips (Figure 4.2b), consistent with the charge-state distribution
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narrowing observed for the acidified aMb solution in Figure 4.3, panel a. The acidified aMb
solution and the agueous ammonium acetate solution were mixed using theta-glass emitters with
~305 nm o.d. tips (Figure 4.3c), but no charge states corresponding to folded structures were
apparent given the low signal-to-noise ratio. On the basis of the noise level, an upper limit to the
reaction time of 2.8 = 0.6 ps is established.

To more effectively measure reaction times when using the small tip sizes, a protein that
has a shorter folding time constant than that of the initial collapse of aMb (7 ps) was used. Trp-
cage folds from an open structure to a globular loop structure with a 4.1 ps folding time constant
at 22.7 °C.” Mass spectra of an acidified aqueous Trp-cage solution (pH = 3.4) obtained using
theta-glass emitters with ~244 and ~1465 nm o.d. tips are shown in Figure 4.4, panels a and b,
respectively. Both the 2+ and 3+ charge states are formed, and the 3+ is the most abundant in
both spectra, though the average charge state is higher from the ~244 nm tips (2.98 + 0.01,
Figure 4.4a) than from the ~1465 nm tips (2.83 + 0.06, Figure 4.4b). This result is consistent
with the narrower charge-state distributions observed for aMb conformers when using the
smaller tips. Results acquired for the acidified Trp-cage solution mixed with a 100 mM aqueous
ammonium acetate solution at a 1:1 ratio prior to nanoESI (equilibrium; pH = 5.7) using ~244
and ~1465 nm o.d. tips are shown in Figure 4.4, panels ¢ and d, respectively. The 2+ charge state
is most abundant, consistent with a change from an unfolded to a folded structure in solution, and
the average charge state of Trp-cage is the same to within error for each tip size (2.22 £ 0.07 and
2.23 £ 0.02 in Figure 4.4c,d, respectively).

The acidified Trp-cage solution was mixed with the ammonium acetate solution using the
theta-glass emitters at flow rates of 48-913 pL/s. These flow rates were obtained using various
tip sizes and backing pressures. Results from these experiments are shown in Figure 4.4, panels
e-h in order of increasing flow rate. The average charge state decreases with increasing flow rate
from 2.81 £ 0.05 at 48 pL/s to 2.25 £ 0.00 at 913 pL/s. These results indicate that the extent of
folding occurring in these experiments increases with increasing flow rate. Because the charge
state distribution is not bimodal, reaction times for these experiments are obtained from the
average charge states (instead of the folded fractions of the protein) using eq 2:

t= rln(—qe _%J )
Ge — Gt

which is derived from eq 1 by substituting the average charge states at equilibrium and times 0
and t (ge, go, and q, respectively) for the relative abundances of the folded protein conformer at
these times. Reaction times obtained using eq 2 and the 4.1 us folding time constant of Trp-cage
are indicated on the corresponding mass spectra (Figure 4.4e—h). The reaction time increases
with increasing flow rate from 1.01 + 0.04 ps at 48 pL/sto 5.3 + 0.2 s at 383 pL/s. The 1.0 ps
reaction time is significantly less than the shortest reaction time (8 ps) reported for a
conventional mixer.? This 1.0 s reaction time is obtained using a 48 pL/s flow rate, which is
~2000 times less than the ~100 nL/s flow rate used to obtain the 8 us reaction time using a
conventional mixer. This reaction time is also more than an order of magnitude less than the
shortest reaction time (>13 us) reported for a time resolvable mixing experiment coupled with
MS?% and more than two orders of magnitude less than that for a conventional mixer (200 ps)
coupled with MS.2 At a flow rate of 383 pL/s, a reaction time of 5.3 ps is obtained, which is
essentially the same as the 5 £ 2 and 5.5 + 0.9 ps reaction times obtained for aMb and cyt c,
respectively, using this same flow rate. This result indicates that the average charge state can be
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used to monitor protein folding in cases where bimodal charge-state distributions are not
produced. At 913 pL/s, the folding of Trp-cage reaches equilibrium during nanoESI. Results
from laser-induced temperature-jump experiments indicate that Trp-cage folding reaches
equilibrium in about 9-10 ps at 25 °C.” This result suggests a lower limit of about 9-10 ps for the
reaction time at 913 pL/s, consistent with the 9 = 2 ps reaction time obtained for both aMb and
cyt ¢ using this same flow rate. The 9-10 us equilibration time for Trp-cage folding indicates that
this reaction would be near equilibrium within the 8 ps reaction time reported for a conventional
mixer, but results reported here illustrate that this fast folding reaction can be readily investigated
with mass spectrometry using rapid mixing from theta-glass emitters.

4.3.4 Kinetics of a B-hairpin Formation. p-hairpin formation can occur quickly. The
formation of the B-hairpin structure of a 16 residue peptide (protein G B1, fragment 41-56) at
room temperature, measured using nanosecond laser temperature-jump experiments, occurs with
a time constant of 6 ps.%? Folding time constants between 0.8 and 20 ps have been estimated for
the formation of similar structures for three different 15-17 residue peptides based on computer
simulations.® To determine if the formation of a B-hairpin structure can be monitored using
rapid mixing from theta-glass emitters, the folding of renin substrate tetradecapeptide (RST) was
investigated. RST is a 14 residue peptide that adopts a f-hairpin structure in aqueous solutions
between pH = 4.0 and 6.0 and is unfolded between pH = 2.5 and 3.6.>* The rate at which RST
folds from an unfolded structure to the B-hairpin structure has not been previously measured. To
measure this rate, acid denatured RST is mixed with agueous ammonium acetate to induce
folding using the theta-glass emitters at various reaction times. Mass spectra of an acidified
aqueous RST solution (pH = 2.9) obtained using theta-glass emitters with ~244 and ~1465 nm
0.d. tips are shown in Figure 4.5, panels a and b, respectively. Only the 3+ charge state is formed
when the smaller ~244 nm tips are used (Figure 4.5a), but the 2+ charge state is also present at
low abundance with the larger ~1465 nm tips (Figure 4.5b, average charge state = 2.89 £+ 0.03).
These results are consistent with the narrower charge state distributions observed for aMb and
Trp-cage conformers when the smaller tips are used. Results from mixing the acidified RST
solution with a 100 mM aqueous ammonium acetate solution at a 1:1 ratio prior to nanoESI
(equilibrium; pH = 4.7) obtained using ~244 and ~1465 nm o.d. tips are shown in Figure 4.5,
panels ¢ and d, respectively. The 2+ charge state is predominantly formed (>93% of RST),
resulting in an average charge state of 2.06 + 0.00 and 2.04 + 0.01 for the ~244 and ~1465 nm
o0.d. tips, respectively. The change in charge state from predominantly a 3+ (Figure 4.5a,b) to
predominantly a 2+ (Figure 4.5c,d) is consistent with a change from an unfolded to a folded
structure in solution.

Results from mixing the acidified RST solution with the ammonium acetate solution
using the theta-glass emitters with flow rates that result in reaction times of between 1.0 and 9.1
Ks (average of values obtained for aMb, cyt ¢, and Trp-cage) are shown in Figure 4.5, panels e-h
in order of increasing reaction time. The average charge state decreases with increasing reaction
time from 2.62 + 0.04 at 1.0 ps to 2.04 £ 0.01 at 9.1 ps. For reaction times of 1.0-5.3 ps (Figures
4.5e-q), the average charge state of RST is higher than that resulting from the premixed solution
at equilibrium (Figure 4.5c,d), but at 9.1 ps (Figure 4.5h), the average charge state is the same as
that resulting from the premixed solution at equilibrium. These results indicate that the folding of
RST does not reach equilibrium within <5.3 ps but does reach equilibrium within 9.1 ps. The
folding time constant for the formation of the B-hairpin structure is obtained from the rapid
mixing data at short times (Figure 4.5e-g) using eq 2. Folding time constants of 2.0 £ 0.3, 2.3 =
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0.2, and 2.2 £ 0.2 s are obtained at reaction times of 1.0, 3.0, and 5.3 ps, respectively. These
values are the same to within error, and the average value is 2.2 + 0.3 ps. These results indicate
that RST folds from an unfolded structure to a B-hairpin structure within a few ps. To the best of
our knowledge, this is the fastest folding event that has been directly monitored using a rapid
mixing technique. These results indicate that fast folding events that occur on the low ps time
scale can be readily investigated using rapid mixing from theta-glass emitters with mass
spectrometry detection.

4.3.5 Reaction Temperature. Protein conformation and folding time constants depend
on temperature.”*! Temperature regulated ESI capillaries have been used to measure the thermal
stabilities of folded forms of proteins at equilibrium3*°°8 as well as to investigate protein
complexation® and aggregation®’ as a function of temperature. Thermal unfolding midpoint
temperatures and association constants have been obtained using temperature regulated ESI
capillaries that are the same as those obtained using traditional solution-phase techniques, such
as fluorescence spectroscopy,>® isothermal titration calorimetry,® and differential scanning
calorimetry.>” These results suggest that the temperature of the ESI droplets reflects that of the
original solution. To obtain information about the droplet temperature in our rapid mixing
experiments, the fraction of Trp-cage that is unfolded as a function of temperature was measured
using temperature regulated ESI capillaries.®* Mass spectra of the acidified Trp-cage solution
mixed with the ammonium acetate solution at a 1:1 ratio prior to nanoESI (equilibrium; pH =
5.7) acquired at capillary temperatures of 25, 45, and 65 °C are shown in Figure 4.6, panel a. The
relative abundance of the 3+ charge state increases with increasing solution temperature,
consistent with thermal denaturation of Trp-cage in solution prior to nanoESI.

The relative ion abundances in a bimodal charge-state distribution directly reflect the
populations of folded and unfolded structures. In cases where a bimodal charge-state distribution
is not formed, information about folding is deduced from changes in the average charge state, but
the abundances of the folded and unfolded populations are not obtained. The charge-state
distribution of Trp-cage is not bimodal. Thus, it is not possible to obtain the abundances of the
folded and unfolded forms of Trp-cage from these temperature-dependent experiments alone.
This information can be obtained from the average charge state by comparing our results to those
measured in solution using more conventional structural methods. The fraction of Trp-cage that
is unfolded at 25 °C is 28% in aqueous buffer solutions.” If the solution temperature and the
droplet temperature are similar, our results measured at 25 °C (Figure 4.6a) indicates that a 28%
unfolded population corresponds to an average charge state of 2.21 + 0.06. If Trp-cage is fully
unfolded at pH = 3.4, then the fully unfolded form has an average charge state of 2.83 £ 0.06
(Figure 4.4b). Assuming that the average charge state is a linear superposition of the charge
states corresponding to the folded and unfolded conformers, the temperature dependent charge-
state distributions in Figure 4.6, panel a can be used to obtain the relative abundances of these
two conformers in these experiments. The average charge state (left axis) and the resulting
fraction unfolded (right axis) of Trp-cage as a function of temperature are shown in Figure 4.6,
panel b. The fraction of Trp-cage that is unfolded increases from 34% at 30 °C to 77% at 65 °C.
The fraction of Trp-cage that is unfolded at 30 and 65 °C measured in solution previously is 35%
and 80%, respectively.” All of the data measured in solution’ and the data obtained using the
average charge states reported here are the same to within 4% over this temperature range. The
Trp-cage data were obtained using a flow rate that results in a 9.1 ps reaction time. Thus, Trp-
cage could fold or unfold if the droplet temperature was significantly lower or higher,
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respectively, than the initial solution temperature. The close agreement between the extent of
unfolding observed in our temperature-dependent theta-glass emitter experiments and those
measured in solution using conventional structural methods indicates that the droplet temperature
is similar to the temperature of the initial solution, and that any changes in the droplet
temperature that may occur do not significantly affect folding time constants measured using our
rapid mixing technique at room temperature.

4.4 Conclusions

Rapid mixing of two solutions to measure reaction times as short as 1.0 us is
demonstrated using theta-glass emitters combined with MS detection. Reaction times were
measured by monitoring the pH induced folding of three proteins with folding time constants
ranging from 4.1 to 57 ps. The extent of folding that occurs in these experiments depends on the
initial droplet size, which was controlled by varying the solution flow rate from 48-2880 pL/s,
resulting in reaction times of between 1.0 and 22 ps. The reaction times obtained for all three
proteins at the same flow rates are nearly identical, indicating that reaction times can be
accurately obtained from these protein folding measurements. These reaction times are upper
limits to the lifetimes of the ESI droplets because some product formation likely occurs in the
Taylor cone prior to droplet formation.?!:?2 The shortest reaction time (1 ps) achieved in these
experiments is significantly shorter than that achieved using conventional mixers (8 us).2 This
1.0 ps reaction time is obtained using a 48 pL/s flow rate, which is 2000-fold less than the flow
rate used to obtain the 8 s reaction time using a conventional mixer (~100 nL/s), demonstrating
that substantially less sample is required to perform these fast mixing experiments.

A folding time constant of 2.2 ps for the formation of the B-hairpin structure of RST was
measured using rapid mixing with theta-glass emitters. This is the fastest folding event that has
been directly monitored using a rapid mixing technique. Results from this experiment
demonstrate that fast folding events that occur in as fast as a few microseconds can be readily
investigated using rapid mixing from theta-glass emitters. Rapid mixing from theta-glass emitters
also has the advantage of high chemical specificity and sensitivity provided by the MS detection,
which should make it possible to measure complex reactions with multiple reaction products.
This capability should make these devices generally applicable to measuring kinetic parameters
for a diverse range of fast reactions. By using unimolecular reaction processes, such as protein
folding, to establish reaction times at different flow rates, quantitative information about
enhanced reaction rates for bimolecular or more complex reactions as a result of droplet
evaporation® and droplet surface effects could be obtained.
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Figure 4.1. Solution flow rates as a function of (a) the backing pressure applied to the
solutions during nanoESI using theta-glass emitters with ~1465 nm o.d. tips and (b) the o.d. of
the tips of the theta-glass emitters using a 10 psi backing pressure. Dashed lines are linear fits to
the data. (c) Solution velocities at the tips of the theta-glass emitters as a function of the tip o.d.
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Figure 4.2. Mass spectra of (a) an acidified aqueous aMb solution (pH = 2.9), (b) the

acidified aMb solution mixed with a 100 mM aqueous ammonium acetate solution at a 1:1 ratio
prior to nanoESI (equilibrium; pH = 4.7), the acidified aMb solution mixed with the ammonium
acetate solution using the theta-glass emitters and backing pressures of (c) 5, (d) 10, (e) 25, and
(F) 40 psi, (g) an acidified aqueous cyt ¢ solution (pH = 2.8), (h) the acidified cyt ¢ solution
mixed with the ammonium acetate solution at a 1:1 ratio prior to nanoESI (equilibrium; pH =
4.4), and the acidified cyt ¢ solution mixed with the ammonium acetate solution using the theta-
glass emitters and backing pressures of (i) 5, (j) 10, (k) 25, and (I) 40 psi. Inset percentages are
the relative abundances of the charge states corresponding to folded protein conformers (denoted
with *).
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noise. All data were acquired using ~305 nm o.d. tips.
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Figure 4.4. Mass spectra of (a,b) an acidified aqueous Trp-cage solution (pH = 3.4) and
(c,d) the acidified Trp-cage solution mixed with a 100 mM aqueous ammonium acetate solution
at a 1:1 ratio prior to nanoESI (equilibrium; pH = 5.7) acquired using (a,c) ~244 and (b,d) ~1465
nm o.d. tips. Mass spectra of the acidified Trp-cage solution mixed with the ammonium acetate
solution using the theta-glass emitters at flow rates of (e) 48, (f) 120, (g) 383, and (h) 913 pL/s.
(*) denotes average charge state.
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Figure 4.5. Mass spectra of (a,b) an acidified aqueous RST solution (pH = 2.9) and (c,d)
the acidified RST solution mixed with a 100 mM aqueous ammonium acetate solution ata 1:1
ratio prior to nanoESI (equilibrium; pH = 4.7) acquired using (a,c) ~244 and (b,d) ~1465 nm o.d.
tips. Mass spectra of the acidified RST solution mixed with the ammonium acetate solution using
the theta-glass emitters with flow rates that result in reaction times of (e) 1.0, (f) 3.0, (g) 5.3, and
(h) 9.1 ps. (*) denotes average charge state.
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Chapter 5

Surface-Induced Protein Unfolding in Submicron
Electrospray Emitters
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5.1 Introduction

Electrospray ionization (ESI) mass spectrometry (MS) is widely used for protein
identification and structural analysis, including identifying sites of posttranslational
modifications.t Information about protein conformation can be obtained from the charge-state
distributions produced by ESI. lons formed from solutions in which proteins have folded
globular structures are less highly charged than those formed from solutions in which proteins
are unfolded.*® The relative abundances of different protein conformers in solution can be
obtained by modelling the different charge-state distributions resulting from these conformers.*®
Other factors that affect the extent of charging in ESI include the solution pH and protein
isoelectric point (pl),” the solution surface tension,° the solvent and analyte basicities,*'? and
instrumental parameters.t314

High charge state ions produced by ESI are advantageous because they can be detected
more readily on charge detection mass spectrometers, such as FTMS instruments,*>!¢ and they
fragment more readily, often resulting in increased structural information in tandem MS. 1719
High charge state protein ions can be obtained by adding supercharging reagents to solutions in
which proteins have either denatured®2°-26 or native®?5-32 structures. In native MS, high charge
states can also be obtained by adding trivalent metal ions to the analyte solution,*® by exposing
the ESI droplets to either acidic®* or basic® vapors, or by electrothermal supercharging.®¢ In
electrothermal supercharging, ions are formed from buffered aqueous solutions using high spray
potentials which result in collisional heating of the ESI droplets and protein unfolding inside the
ESI droplet.®6:3

Increased charging has also been reported for protein and peptide ions when the outer
diameter (0.d.) of the tips of the ESI emitters is reduced. For example, the average charge state of
angiotensin | ions formed from a denaturing solution increased from ~1.7 to ~2.8 when the tip
0.d. was decreased from ~5 pm to ~1 um.*® Increased charging and narrower charge-state
distributions were also reported for cytochrome ¢ and ubiquitin ions formed from acidified
denaturing solutions with <100 nm o.d. tips compared to those generated with ~1 um o.d. tips.*°
The increased charging obtained with decreasing tip 0.d. was attributed to smaller droplets with
higher charge densities being formed from the smaller tips.3*4° Electrospray emitters with
adjustable orifice sizes have also been reported.**? The horizontal gap width was varied
between 1 and >10 um by adjusting the positions of two triangular-shaped silicon chips.
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Improved signal-to-noise ratios and higher charging with decreasing orifice size were reported
for angiotensin 1*2 and insulin chain B* ions formed from acidified denaturing solutions.

Recently, increased charging and narrower charge-state distributions with decreased tip
o0.d. were reported for apo-myoglobin and Trp-cage ions formed from acidified aqueous solutions
using double-barrel wire-in-a-capillary emitters (theta-glass emitters) with ~1.5 pm to ~250 nm
0.d. tips.*® Bimodal charging was also reported for apo-myoglobin ions with the smaller tips,
consistent with a fraction of the protein population adopting a highly unfolded structure.*® The
formation of this highly unfolded conformer was attributed to protein molecules in solution
interacting with the surface of the tips of the emitters prior to nanoESI.*® The relative abundance
of this highly unfolded conformer was constant with spray potential between 450 and 1050 V,
indicating that this conformer was not formed as a result of the higher electric field obtained with
the smaller tip size.*®

Nano-ESI emitters are generally prepared from borosilicate glass capillaries®*4%* or
other forms of silicon***2 that contain silanol groups at the surface.** In aqueous solutions, a
fraction of the silanol groups is deprotonated, resulting in a net negative charge on the glass
surface that depends on the solution pH.** Interactions between positively charged proteins in
solution and negatively charged glass surfaces result in longer transport times for protein and
DNA molecules than for solvent molecules through 5 to 96 nm diameter nanochannels in silica
membranes.**-8 In these experiments, the solutions are electrokinetically transported, and the
transport time of molecules through the pores depends on the charge of the molecules and on the
charge density on the surface of the nanochannels.*® This technique has been used to detect
single protein and DNA molecules.*>8

Here, theta-glass emitters with micron and submicron o.d. tips prepared from borosilicate
glass capillaries are used to form protein ions from aqueous solutions using nanoESI. With the
submicron o.d. tips, distributions of highly charged ions are formed for proteins that are
positively charged in solution but not for proteins that are negatively charged in solution. These
results indicate that Coulombic attraction between the positively charged proteins and the
negatively charged glass surfaces in the small tips of these emitters results in unfolding of a
fraction of the protein population prior to nanoESI. These results show another way to produce
highly charged ions that does not require the addition of other chemicals either to the analyte
solution or in the gas phase.

5.2 Experimental Section

Experiments were performed using a 9.4 T Fourier-transform ion cyclotron resonance
mass spectrometer that is described elsewhere.* lons are formed by nanoelectrospray ionization
using theta glass capillaries (Warner Instruments, LLC, Hamden, CT) with tips pulled to a small
0.d. using a model p-87 Flaming/Brown micropipette puller (Sutter Instruments Co., Novato,
CA). Electron micrographs of the tips of the emitters mounted on carbon tape (Figure 5.1) are
obtained at 10,000-times magnification with a TM-1000 scanning electron microscope (Hitachi
High-Technologies Co., Tokyo, Japan). Grounded platinum wires are brought into contact with
the solutions in the emitters, and nanoESI is initiated by applying about a -700 V potential to the
heated capillary of the ESI interface. Data are acquired using a Predator data station,*® and mass
spectra are background subtracted. Average charge states are computed as abundance weighted
sums of the individual charge states. All reported uncertainties are standard deviations
determined from triplicate measurements.
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Ammonium acetate, equine apo- and holo-myoglobin, equine cytochrome c, and bovine
B-lactoglobulin A are obtained from Sigma-Aldrich (St. Louis, MO), and glacial acetic acid is
from Fisher Scientific (Fair Lawn, NJ). Solutions are prepared with a 10 uM analyte
concentration in 18.2 MQ water from a Milli-Q water purification system (Millipore, Billerica,
MA).

5.3 Results and Discussion

5.3.1 Charging of apo-Myoglobin and Tip Size. Mass spectra of an acidified aqueous
aMb solution (pH = 2.9) obtained using theta-glass emitters with 1465 + 134, 305 + 32, and 244
+ 61 nm o.d. tips are shown in Figure 5.2a-c, respectively. In agueous solutions, apo-myoglobin
(aMb) adopts a globular structure similar to that of native holo-myoglobin between pH =5 and 7,
a less compact globular structure at pH = 4, and a partially unfolded structure below pH = 3.5 A
single charge-state distribution center at 17+ is formed with the ~1465 nm o.d. tips (Figure 5.2a).
The breadth and position of this distribution is consistent with aMb adopting a range of unfolded
structures in this solution. With the smaller ~305 nm o.d. tips (Figure 5.2b), the charge-state
distribution is bimodal, with one distribution centered at 17+, corresponding to partially unfolded
conformers and comprising 82 + 2% of aMb, and another distribution centered at 25+,
comprising 18 £+ 2%. The distribution centered at 25+ is consistent with the formation of a
distribution of more highly unfolded conformers. With the even smaller ~244 nm o.d. tips
(Figure 5.2c), the relative abundance and maximum charge state of the highly unfolded
conformers increase to 37 + 2% and to the 29+ charge state, respectively. The surface area
relative to the solution volume in the tips of the nanoESI emitters increases with decreasing tip
size, and the surfaces in these tips likely cause changes to the protein structure for a fraction of
the population prior to nanoESI.

To compare the charging obtained with single-barrel emitters and theta-glass emitters,
single-barrel borosilicate emitters with 1448 + 135 and 269 + 29 nm o.d. tips were prepared
(Figure 5.3a and 5.3b, respectively). In the mass spectra of aMb in acidified solution (pH = 2.9)
obtained with the 1448 £+ 135 nm o.d. tips (Figure 5.3c), only a single charge-state distribution
centered at 17+ is observed. This distribution is consistent with aMb adopting a range of
unfolded conformers in this solution and is very similar to the charge-state distribution centered
at 17+ obtained with the ~1465 nm o.d. tip theta-glass emitters (Figure 5.2a). With the 269 + 29
nm o.d. tips (Figure 5.3d), the charge-state distribution is bimodal, with distributions centered at
17+ and 23+, comprising 81 £ 3% and 19 + 3% of aMb, respectively. These charge-state
distributions are consistent with partially and highly unfolded conformers, respectively. The
relative abundance of the highly unfolded conformers obtained with the single-barrel emitters
with 269 + 29 nm o.d. tips (19 + 3%, Figure 5.3d) is less than that obtained with the theta-glass
emitters with the ~244 nm o.d. tips (37 £ 2%, Figure 5.2c). The greater extent of highly unfolded
conformers obtained with the theta-glass emitters is likely due to the central divider resulting in a
greater surface area in the tips of these emitters compared to that in the tips of single-barrel
emitters with similar tip sizes. This result is consistent with protein-surface interactions resulting
in protein unfolding prior to nanoESI.

5.3.2 Charging of Cytochrome ¢ and Tip Size. To determine if high charge state

distributions of other proteins can also be produced with the smaller tip sizes, similar
experiments were performed with cytochrome c (cyt c). In aqueous solutions containing <0.2 M
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salt concentrations, cyt ¢ has a native folded structure between pH =3 and 7 and is partially
unfolded at pH = 2.525% Between pH = 2 and 3, the folded and partially unfolded structures exist
in equilibrium.® Mass spectra of an acidified aqueous cyt ¢ solution (pH = 2.8) obtained using
theta-glass emitters with ~1465, ~305, and ~244 nm o.d. tips are shown in Figure 5.4a-c,
respectively. The charge-state distribution is bimodal with the ~1465 nm o.d. tips (Figure 5.4a),
with charge-state distributions centered at 9+ and 15+, comprising 34 £+ 5% and 66 + 5% of the
population, respectively. These distributions are consistent with folded and partially unfolded
structures, respectively. With the smaller ~305 nm o.d. tips (Figure 5.4b), charge-state
distributions centered at 9+ and 14+ are observed, comprising 31 + 3% and 41 + 3% of cyt c,
respectively. These distributions are similar to those obtained with the larger ~1465 nm o.d. tips
(Figure 5.4a) and are consistent with folded and partially unfolded conformers, respectively. In
addition, a third distribution centered at 18+ is formed, comprising 28 + 5% of the population.
This third distribution is consistent with the formation of more highly unfolded cyt ¢ conformers.
With the smallest ~244 nm o.d. tips (Figure 5.4c), the relative abundance and maximum charge
state of the highly unfolded conformers increase to 37 + 4% and to the 21+ charge state,
respectively. These results are consistent with an increase in the extent of protein-surface
interactions occurring as a result of decreasing the tip o.d.

The relative abundance of the folded cyt ¢ conformer decreases by only ~6% when the tip
0.d. is reduced from ~1465 nm (34 + 5%, Figure 5.4a) to ~244 nm (28 + 5%, Figure 5.4c), but
the relative abundance of the partially unfolded conformers decreases by ~31% with this
reduction in tip size (66 = 5% and 35 = 9% in Figure 5.4a and 5.4c, respectively). These results
indicate that the population of highly unfolded conformers is formed predominantly from the
partially unfolded conformers and that only a small fraction of the folded conformer is unfolded
by the surfaces in these experiments. Partially unfolded proteins may interact more strongly with
the glass surfaces than fully folded proteins because of their greater surface areas, which may
result in even more unfolding. The transition from a folded form to an unfolded form may also
have a higher activation barrier compared to the transition from a partially unfolded form to a
highly unfolded form of the population.

The charge-state distribution corresponding to partially unfolded structures is centered at
15+ with the ~1465 nm o.d. tips (Figure 5.4a). With the smaller ~305 and ~244 nm o.d. tips
(Figure 5.4b and 5.4c, respectively), this distribution is centered at 14+. This shift to lower
charge with decreasing tip size may suggest that the broad charge-state distribution obtained for
the partially unfolded conformers with the larger ~1465 nm o.d. tips is composed of unresolved
charge-state distributions resulting from a distribution of partially unfolded conformers. The
partially unfolded conformers that result in higher charging with the larger tips likely unfold
more readily with the smaller tips, resulting in a shift in the partially folded distribution in Figure
5.4b to slightly lower charge. These results suggest that more information about the number of
solution-phase protein conformers can be obtained with multiple tip sizes than with a single tip
size.

5.3.3 Mechanism of Increased Charging with Decreasing Tip Size. To confirm that
the high charge-state distributions obtained with the submicron o.d. tips result from protein
unfolding, experiments were performed with holo-myoglobin (hMb). In aqueous solutions, hMb
adopts a native structure between pH =5 and 7,>* a less-compact globular structure around pH =
3,>* and a partially unfolded structure with no heme group attached at lower pH.>®> NanoESI of
hMb in a slightly acidified aqueous solution (pH = 4.1) with a ~1465 nm o.d. tip (Figure 5.5a)
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results in the 7-12+ charge states with an average charge state of 9.2 + 0.1. These results are
consistent with hMb adopting folded conformations in this solution. With smaller ~305 nm o.d.
tips (Figure 5.5b), the average charge state of hMb increases to 10.6 + 0.3 and the 8-12+ charge
states of aMb are formed, comprising 5 + 2% of myoglobin. Some structural changes to hMb
must occur in order for loss of the heme to occur with the smaller tips. The presence of aMb,
which is formed by loss of the heme group from hMb, indicates that a fraction of myoglobin is
partially unfolded with the ~305 nm o.d. tips. Both the higher charging and the loss of heme that
occur with the smaller tips indicate that the smaller tips induce a structural change in the protein.
The similar distributions of charge states for hMb and aMb suggest that the formation of higher
charge states and the loss of heme are related. These results also indicate that extensive unfolding
of the protein does not occur. The production of aMb observed here with the small ~305 nm o.d.
tips but not with the large ~1465 nm o.d. tips is consistent with the high charge states obtained
with the small tip sizes for aMb (Figures 5.2b, 5.2¢, and 5.3d) and for cyt ¢ (Figure 5.4b and
5.4¢) forming as a result of destabilization and some unfolding of the proteins in the tips of the
emitters.

Results with B-lactoglobulin A (B-lac A), which aggregates upon denaturation,>®>
provide additional support for increased charging at small tip size resulting from protein
unfolding. Mass spectra of B-lac A in a slightly acidified aqueous solution (pH = 4.1) with ~1465
and ~305 nm o.d. tips are shown in Figure 5.5¢ and 5.5d, respectively. With the larger ~1465 nm
o.d. tips (Figure 5.5¢), the 8-12+ charge states of p-lac A are formed and the average charge
state is 9.4 + 0.0. With the smaller ~305 nm o.d. tips (Figure 5.5d), the average charge state is
10.9 £ 0.1 (8-15+ charge states), and the 14—16+ charge states of B-lac A dimers are formed,
comprising 17 = 8% of the population. The formation of these dimers likely results from the
aggregation of unfolded monomers, consistent with protein unfolding occurring with the smaller
tips.

Both myoglobin (pl = 7.4)%® and cyt ¢ (pl = 10.3)%° have net positive charge in the pH <
4.1 solutions used to obtain the data in Figures 5.2-5. The nanoESI emitters are borosilicate
glass, which has a surface that is negatively charged in these aqueous solutions.* Coulombic
attraction between positively charged protein molecules in solution and the negatively charged
glass surfaces in the tips of the nanoESI emitters likely leads to protein-surface interactions that
destabilize protein structure, an effect that should be more pronounced with smaller tip sizes
owing to the higher surface-to-volume ratios. To provide evidence for this mechanism, results
are obtained from bufferd aqueous solutions with pH values both above and below the pl = 7.4 of
hMb. In a 100 mM aqueous ammonium acetate solution (pH = 6.7), hMb has a net positive
charge. NanoESI of this solution with a ~1465 nm o.d. tip (Figure 5.6a) results in the 7-9+
charge states with an average charge state of 8.0 £ 0.1. These results are consistent with hMb
adopting a folded native-like structure in solution. With a smaller ~305 nm o.d. tip (Figure 5.6b),
there is no 7+ charge state and the average charge state is shifted higher to 8.5 + 0.0. These
results are consistent with a change to a slightly unfolded protein structure occurring with the
smaller tips.

In a 100 mM aqueous ammonium bicarbonate solution (pH = 8.3), hMb is predominantly
negatively charged. Results obtained for this solution with ~1465 and ~305 nm o.d. tips are
shown in Figure 5.6¢ and 5.6d, respectively. The 7-9+ charge states are formed and the average
charge state is the same to within error for each tip size (8.2 + 0.1 and 8.1 + 0.2 in Figure 5.6¢
and 5.6d, respectively). These results are nearly identical to those obtained for the ammonium
acetate solution with the larger tip size (Figure 5.6a) and are consistent with hMb adopting a
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folded native-like structure in solution. These results indicate that reducing the tip o0.d. within
this range of tip sizes does not result in a measurable change to the protein structure when the
solution pH (8.3) is greater than the protein pl (7.4). The stability of the folded hMb conformer
in aqueous ammonium bicarbonate solutions is the same as that in aqueous ammonium acetate
solutions with similar buffer concentrations.3” Thus, the effects of tip size on the charge state
distribution at pH = 6.7 but not at pH = 8.3 is not due to a difference in protein stability in these
solutions. These results are consistent with the increased charging and protein unfolding obtained
by decreasing the tip o0.d. resulting from Coulombic attraction between positively charged protein
molecules in solution and the negatively charged glass surfaces in the tips of the nanoESI
emitters.

Effects of ionic strength on the increased charging at small tip size was investigated.
Mass spectra of hMb with the ~1465 and ~305 nm o.d. tips were acquired from 10, 100 and 500
mM agqueous ammonium acetate solutions in which hMb has a net positive charge. The average
charge state is 8.0 £ 0.1 for each ammonium acetate solution with the ~1465 nm o.d. tips
(Appendix C, Figure C.1a-c, respectively). With the ~305 nm o.d. tips, the average charge state
i5$8.5+0.0,8.5+0.0and 8.3 + 0.1 for the 10, 100 and 500 mM ammonium acetate solutions,
respectively (Appendix C, Figure C.1d-f). The slightly lower average charge with the 500 mM
solution may be due to increased ammonium-surface interactions in the tips of the emitters.
Ammonium-surface interactions could lower the effective net charge on the surface of the
emitters,®® which could result in less unfolding occurring prior to nanoESI. The higher
ammonium acetate concentration may also increase the stability of the folded conformation,
resulting in less conformational changes occurring. Spectra were also acquired from 10, 100 and
500 mM aqueous ammonium bicarbonate solutions in which hMb has a net negative charge
(Appendix C, Figure C.2). The average charge state of hMb ions is the same to within error at
each concentration and with both tip sizes, consistent with no destabilizing interactions between
the negatively charged proteins and tip surfaces occurring.

Support for protein unfolding as a result of Coulombic attraction between the proteins
and the glass surfaces is also obtained using 100 mM aqueous ammonium acetate solutions (pH
= 6.7) containing either predominantly negatively or positively charged proteins. -lac A (pl =
5.1)% is predominantly negatively charged in aqueous solutions at pH = 6.7. Results obtained for
B-lac A in aqueous ammonium acetate with ~1465 and ~305 nm o.d. tips are shown in Figure
5.7a and 5.7, respectively. The 7-9+ charge states are formed and the average charge state is the
same at each tip size (8.0 £ 0.3 and 8.0 = 0.2 in Figure 5.7a and 5.7b, respectively). p-lac A
adopts a globular native structure between pH = 2.0 and 6.2 and a slightly unfolded globular
structure at pH = 7.5.52 The results in Figure 5.7a and 5.7b are consistent with p-lac A adopting a
folded conformation in solution. The similar results obtained with the different tip sizes indicate
that reducing the tip o0.d. from ~1465 to ~305 nm does not result in measurable unfolding
occurring for B-lac A in this solution.

Cyt ¢ (pl = 10.3)*° is predominantly positively charged in aqueous solutions at pH = 6.7.
Results obtained for cyt ¢ in a 100 mM aqueous ammonium acetate solution with ~1465 and
~305 nm o.d. tips are shown in Figure 5.7c and 5.7d, respectively. The 6-8+ charge states are
formed with the ~1465 nm o.d. tips (Figure 5.7¢), consistent with cyt ¢ adopting a folded
conformation in solution. With the ~305 nm o.d. tips (Figure 5.7d), charge states corresponding
to both folded (6-8+) and unfolded (9-13+) conformers are formed, and the unfolded
conformers comprise 9 + 6% of the population. The formation of ions corresponding to unfolded
cyt ¢ with the ~305 nm o.d. tips is consistent with the positively charged cyt ¢ molecules
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interacting with the negatively charged glass surfaces in the smaller tips of these emitters, which
results in some protein unfolding.

5.3.4 Comparison with Previous Results. Increased charging with decreasing tip size
has previously been attributed to smaller droplets with higher charge densities being formed with
decreasing tip size.3**° However, the results from those studies are also consistent with surface-
induced unfolding in the tips of the emitters. For example, nanoESI mass spectra of cyt c in a
denaturing solution obtained with ~1 pm and 58 nm o.d. tips were reported.*® The mass spectrum
obtained with the larger ~1 um o.d. tip shows a single charge-state distribution centered at 15+,
whereas there is a bimodal charge-state distribution centered at 11+ and 17+ with the smaller 58
nm o.d. tip. The formation of highly charged droplets with the smaller tip size would not likely
result in the formation of a distribution centered at a lower charge state (11+) than that obtained
with the larger tip size (15+), nor would a bimodal charge-state distribution be expected. It is
likely that the distribution centered at 15+ with the ~1 um o.d. tip corresponds to a distribution of
partially unfolded conformers. The distribution centered at 17+ obtained with the 58 nm o.d. tip
may correspond to highly unfolded structures resulting from surface-induced unfolding in the tip
of the emitter prior to nanoESI, which shift the other distribution lower to 11+ due to partially
unfolded conformers that are not substantially unfolded by the surface in the tip of the emitter.

It is interesting to note the differences in the results obtained for cyt c in a denaturing
solution in the previous study to those obtained here with the 1% aqueous acetic acid solution
(Figure 5.4). A bimodal charge-state distribution is obtained here with the micron o.d. tips,
whereas a highly charged single distribution was reported with a micron o.d. tip previously,*°
indicating that the solution used here is less denaturing than that used previously. However, the
charge-state distribution obtained here for the highly unfolded conformers with the ~244 nm o.d.
tips (Figure 5.4c) is centered at a higher charge state (19+) and has a higher maximum charge
state (21+) than that obtained previously with the more denaturing solution and an even smaller
58 nm o.d. tip (high charge state distribution centered at 17+ with a maximum charge state of
20+).° Higher charging is likely obtained here because the surface tension of the 1% aqueous
acetic acid solution used here (~65 dyn cm™)® is higher than that of the 30/70/0.1 water,
methanol, acetic acid solution used previously (~27 dyn cm™).54 Preferential evaporation of the
more volatile solvents will enrich both solutions in acetic acid, and pure acetic acid has a surface
tension of ~27 dyn cm™.% These results indicate that the average surface tension in the droplets
formed from the solution used here is higher than the average surface tension in the droplets
formed from the solution used previously. Charging in ESI increases with increasing surface
tension of the droplets.®°

It was argued previously that the increased charging obtained with decreasing tip size for
protein and peptide ions does not result from conformational changes because increased charging
with decreasing tip size was obtained for angiotensin I, a 10 residue peptide, and it was assumed
that this peptide is too small to have significant secondary structure.®*% However, angiotensin |
has a solution-phase structure containing a hydrophobic core,®® and structural transitions have
been reported for peptides containing as few as 5 residues.®” Similar shifts in charge reported for
angiotensin | with ~1 and ~5 pm o.d. tips®® were used to monitor changes to the solution-phase
structures of both the 20 residue “mini-protein” Trp-cage and the 14 residue peptide renin
substrate tetradecapeptide.*® These results indicate that the increased charging with decreasing
tip size obtained for angiotensin I likely results from surface-induced unfolding in the tips of the
emitters prior to nanoESI.
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5.4 Conclusions

The charge-state distributions of protein ions formed by nanoESI with borosilicate glass
capillary emitters with micron and submicron o.d. tips are compared. High charge states are
formed with the submicron o.d. tips for proteins that are positively charged in solution, and
additional high-charge-state distributions are often observed. There is a single charge-state
distribution for hMb with the micron o.d. tips that is consistent with a folded hMb structure, but
with the submicron o.d. tips, the average charge state of the hMb ions increases and some aMb is
produced. These results indicate that a fraction of the protein population is partially unfolded
with the smaller tips. Higher charging with smaller emitter tips occurs for proteins that are
positively charged in solution but not for proteins that are negatively charged in solution. These
results indicate that the increased charging and protein unfolding obtained with decreasing tip
size for proteins that are positively charged in solution results from Coulombic attraction to the
negatively charged glass surfaces in the submicron o.d. tips prior to nanoESI. More unfolding
occurs for proteins that are partially unfolded than for proteins that are folded. Partially unfolded
proteins may interact more with the glass surfaces than folded proteins as a result of their greater
surface areas, which may result in even more unfolding. The transition from a folded structure to
an unfolded structure may also have a higher activation barrier than the transition from a
partially unfolded structure to a highly unfolded structure.

Results from these experiments demonstrate a novel method for producing highly
charged protein ions from agqueous solutions that does not require exposing the proteins to
additional chemicals, either in solution or in the gas phase. These results also clearly show that
investigations into how various factors affect charging of gaseous protein ions formed by ESI,
such as addition of supercharging reagents, must take into account the effects of ESI emitter tip
size on destabilizing protein conformation in solution prior to droplet formation. Protein-surface
interactions may also play a role in the commonly reported phenomenon that more highly
charged protein ions are often produced as positive ions rather than negative ions.
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Figure 5.1. Electron micrographs of the tips of the theta-glass emitters with average outer
diameters of (a,b) 1465 + 134, (c,d) 305 £ 32, and (e,f) 244 £ 61 nm with the inner divider
perpendicular to and parallel to the sample stand in the upper and lower panels, respectively. A
white line was added to (e) to indicate where the tip ends.
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Figure 5.2. Mass spectra of aMb in an acidified aqueous solution (pH = 2.9) acquired
with theta-glass emitters with (a) ~1465, (b) ~305, and (¢) ~244 nm o.d. tips.
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Figure 5.3. Electron micrographs of the tips of the single-barrel emitters with average
outer diameters of (a) 1448 + 135 and (b) 269 + 29 nm. Mass spectra of aMb in an acidified
aqueous solution (pH = 2.9) acquired with single-barrel emitters with (c) ~2674 and (d) ~269 nm
o.d. tips.
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Figure 5.4. Mass spectra of cyt ¢ in an acidified aqueous solution (pH = 2.8) acquired
with (a) ~1465, (b) ~305, and (c) ~244 nm o.d. tips.

83



100+ a) 9+

1*9.2+ 0.1
%
R N
0 L T T L] ‘l T T L] T T T L] T T ILI T T L] 1
b) 4_1 3+ 12+ 9-!(-) 8+ 8+
*10.6+0.3 9+ Il Kol o o
100 .
{05+ 2% aMb oali
%- 14bdf' 1800 2200
{15+ 13+ ,
0- hololal 9 ::Q:E'g;*/
100- 9+ c)
1 10+ *9.4+0.0
%] L |
] 12+ 11+
O A IIL Al §_+
100- 10+ d)
1 516 “10.9 + 0.1
- +
o] L o D154 17£8%D
115+ LIL L | | - Il IL D14+

1000 1400 = 1800 2200 2600 3000
mlz

Figure 5.5. Mass spectra of (a,b) hMb and (c,d) B-lac A in slightly acidified aqueous
solutions (pH = 4.1) acquired with (a,c) ~1465 and (b,d) ~305 nm o.d. tips. (*) denotes average
charge state. (L) denotes B-lac A with a covalently bound lactosyl molecule.’”®8 (D) denotes
dimers.
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Figure 5.6. Mass spectra of hMb (pl = 7.4) in aqueous solutions containing (a,b) 100 mM
ammonium acetate (pH = 6.7) and (c,d) 200 mM ammonium bicarbonate (pH = 8.3) acquired
with (a,c) ~1465 and (b,d) ~305 nm o.d. tips. (*) denotes average charge state.
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Figure 5.7. Mass spectra of (a,b) p-lac A (pl =5.1) and (c,d) cyt ¢ (pl =10.3) in 100 mM
aqueous ammonium acetate solutions (pH = 6.7) acquired with (a,c) ~1465 and (b,d) ~305 hm
o.d. tips. (¥) denotes average charge state. (L) denotes B-lac A with a covalently bound lactosyl
molecule.57,68 Percentages are the relative abundances of the unfolded fractions (9—-13+ charge

states) of cyt c.
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Chapter 6

Electrothermal Supercharging of Proteins in Native MS:
Effects of Protein Isoelectric Point, Buffer, and nanoESI-
Emitter Tip Size
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6.1 Introduction

Electrospray ionization (ESI) mass spectrometry (MS) is a powerful tool for identifying
proteins and for obtaining information about protein structure, including posttranslational
modifications.>® Native MS,*° where protein ions are formed by ESI from buffered aqueous
solutions in which the proteins have folded native or native-like conformations and activities, is
useful for measuring protein-ligand binding affinities,%’ stoichiometries of protein complexes,??
and thermodynamics and kinetics of protein complex assembly.'%!! Native MS typically
produces compact gaseous ions with low charge states.®® However, the formation of high charge
state ions can increase both sensitivity and resolution for charge detection instruments, such as
orbitrap and ion cyclotron resonance mass spectrometers.'2!3 Higher charge states fragment
more readily, often resulting in increased structural information in tandem MS.1416 Fewer cations
adduct to higher charge states,*”® and unresolved adducts can broaden ion peaks in ESI mass
spectra, resulting in lower resolution and mass measuring accuracy.*®

High charge state ions are most often formed from solutions containing acids and organic
solvents in which proteins are denatured. High charge states can also be formed in native MS by
adding supercharging reagents?®-2’ or trivalent metal ions?® to the analyte solution prior to ESI,
by exposing the ESI droplets to acidic?® or basic®® vapors, or by using electrothermal
supercharging (ETS).3133 In ETS, protein ions are formed from buffered aqueous solutions using
high spray potentials, which results in collisional heating of the ESI droplets and thermal
denaturation of the proteins inside the droplets prior to ion formation,3'® although other possibly
contributing mechanisms have been proposed.®? ETS does not scramble H/D information
encoded in the solution, making it well suited to top-down H/D exchange experiments.3* Charge
states as high or higher than those obtained from denaturing solution can be obtained with ETS.*®
The effectiveness of ammonium and sodium salts at forming high charge states with ETS
increases with increasing propensity to induce protein aggregation in solution.3® Electron capture
dissociation of the 16+ cytochrome c ions formed from ETS and from denaturing solutions
resulted in the same extent of sequence coverage, but there were differences in the cleavage sites,
indicating that different ion conformers of the same charge state can be formed by ETS and from
denaturing solutions.® The effects of protein isoelectric point (pl) on ETS have been
investigated,®**® and ETS is generally slightly more effective for proteins that are positively
charged compared to those that are negatively charged in solution.®
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Higher charging can also be obtained by using ESI emitters with smaller tips. For
example, the average charge of ubiquitin ions formed from a 50/50 water/methanol solution
increases from ~7 to ~7.5 when the tip outer diameters (0.d.) is reduced from ~45 pum to ~2
um.® Higher charging and narrower charge-state distributions were also reported for cytochrome
¢ and ubiquitin ions formed from denaturing solutions with <100 nm o.d. tips compared to that
obtained with ~1 um o.d. tips.*” Improved signal-to-noise ratios and higher charging with
decreasing tip size have also been reported for angiotensin I*® and insulin chain B*® ions formed
using ESI emitters with adjustable orifice sizes.®% In these devices, the orifice width is varied
between 1 and 10’s of microns by adjusting the position of silicon chips.

Recently, increased charging with decreasing tip size was reported for several proteins
and a 14 residue peptide using double-barrel wire-in-a-capillary emitters (theta-glass emitters)
with tips between ~1.5 um and ~240 nm 0.d.*%*! Additional high charge-state distributions in the
ESI spectrum were often formed with the smaller tip sizes.*>*! Loss of heme occurred for holo-
myoglobin ions formed from a slightly acidified aqueous solution with submicron o.d. tips,
whereas the heme is retained for ions formed from this solution with micron o.d. tips.** The
formation of high charge-state distributions and the loss of heme for myoglobin indicate that
fractions of these protein populations are unfolded with the submicron o.d. tips.*%*! More
unfolding occurs with decreasing tip size for partially unfolded proteins than for folded
proteins.*!

Increased charging with decreasing tip size has only been reported for proteins that are
positively charged in solution.®**! For proteins that are negatively charged in solution, changes
in tip 0.d. between ~1.5 um and ~310 nm did not result in measurable changes to the average
charge of protein ions.*! Nano-ESI emitters are typically prepared from borosilicate glass®:374041
or other forms of silicon®=° that contain silanol groups on their surfaces.*? In aqueous solutions,
a fraction of the silanol groups are deprotonated, resulting in a net negative charge on glass
surfaces that depends on the solution pH.*? The increased charging obtained with decreasing tip
size for positively charged proteins but not for negatively charged proteins suggests that the
increased charging with decreasing tip size results from Coulombic attraction between positively
charged protein molecules and the negatively charged glass surfaces in the tips of the nanoESI
emitters, which results in protein destabilization and unfolding prior to nanoESI.*

Here, ETS is performed using emitters with micron and submicron o.d. tips prepared
from borosilicate theta-glass capillaries. The efficiency of ETS at producing high charge state
ions increases with decreasing tip size for proteins that are positively charged in solution but
decreases with decreasing tip size for proteins that are negatively charged in solution. These
results indicate that when surface-induced destabilization of the protein conformation occurs in
the tips of the emitters prior to nanoESI, charging with ETS is enhanced in the droplets. When
surface interactions do not occur in the tips of the nanoESI emitters, such as with negatively
charged protein molecules, the extent to which high charge states are formed with ETS decreases
with decreasing tip size. This reduced charging with decreased tip size likely results from
droplets with smaller initial diameters that are formed with the smaller tips. Smaller droplets
have shorter lifetimes,*®43 which limit the extent to which protein unfolding can occur in the
nanoESI droplets prior to gaseous ion formation. These results demonstrate a simple method for
increasing the extent of charging obtained with ETS, which should be useful for obtaining more
structural information in tandem MS.

6.2 Experimental Section
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Experiments are performed with a 9.4 T Fourier-transform ion cyclotron resonance mass
spectrometer that is described elsewhere.** lons are formed by nanoESI using theta glass
capillaries (Warner Instruments, LLC, Hamden, CT) with tips pulled to a small 0.d. using a
model p-87 Flaming/Brown micropipette puller (Sutter Instruments Co., Novato, CA). The tips
of these emitters are imaged on carbon tape at 10,000-times magnification (Appendix D, Figure
D.1) with a TM-1000 scanning electron microscope (Hitachi High-Technologies Co., Tokyo,
Japan). Grounded platinum wires are inserted to within ~1 cm of the tips of the emitters and are
in contact with the solutions. The distance between the platinum wires and the tips of the
emitters does not affect the extent of charging resulting from nanoESI as long as contact is made
between the wires and the solutions. The emitters are positioned ~1 mm from the mass
spectrometer inlet, and nanoESI is initiated by applying a negative potential to the heated
capillary of the ESI interface. Native MS and ETS were performed with 700 V and 1050 V spray
potentials, respectively. Data are acquired with a Predator data station,*® and mass spectra are
background subtracted. To determine flow rates, the emitters are weighed before and after ~20
min of electrospray using an A-200DS analytical balance (Denver Instrument Company,
Bohemia, NY) with a lower mass limit of 10 pug. Spray currents are measured with a model 485
autoranging picoammeter (Keithley Instruments, Cleveland, OH) with a 2 Hz refresh rate.
Average charge is computed as abundance weighted sums of the individual charge states, and
reported uncertainties are standard deviations determined from triplicate measurements.

Ammonium acetate, ammonium formate, ammonium bicarbonate, L-arginine
hydrochloride, equine apo- and holo-myoglobin, cytochrome c, bovine B-lactoglobulin A,
ribonuclease A, ubiquitin, and chicken egg white lysozyme are obtained from Sigma-Aldrich (St.
Louis, MO). Solutions are prepared with a 10 pM analyte concentration in 18.2 MQ water from
a Milli-Q water purification system (Millipore, Billerica, MA).

6.3 Results and Discussion

6.3.1 Electrothermal Supercharging of a Noncovalent Complex. Mass spectra of hMb
in 100 mM aqueous ammonium acetate (pH = 6.7), formate (pH = 6.5), and bicarbonate (pH =
8.3) solutions obtained with large ~1465 nm o.d. ESI emitter tips under ETS conditions (1050 V
spray potential) are shown in Figure 6.1a-c, respectively. In 100 mM aqueous salt solutions, hMb
IS in a native conformation between pH =5 and 7, a slightly unfolded globular conformation
around pH = 3,% and an unfolded conformation with no heme attached below pH = 3.#” Only the
7-9+ charge states are formed with the ammonium acetate solution (Figure 6.1a), consistent with
hMb adopting a folded conformation in solution. The 7-9+ charge states are also formed with
this solution under native MS conditions (700 V spray potential, Appendix D, Figure D.2a),
indicating that ETS does not result in a significant increase in charge. With the ammonium
formate (Figure 6.1b) and bicarbonate (Figure 6.1c) solutions under ETS conditions, charge
states corresponding to both folded (7—9+) and unfolded (10-21+) conformers of hMb are
formed. Apo-myoglobin (aMb) ions are also formed, indicating that a fraction of myoglobin is
unfolded, and aMb comprises 14 + 2% and 32 + 1% of myoglobin in Figure 6.1b and 6.1c,
respectively. No aMb or charge states greater than 9+ are formed with these solutions under
native MS conditions (Appendix D, Figure D.2b and D.2c, respectively), indicating that the
unfolding and resulting increased charging obtained with the high spray potential result from
ETS. The relative abundance of aMb produced under ETS conditions is greater with ammonium
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bicarbonate (32 + 1%, Figure 6.1c) than with ammonium formate (14 + 2%, Figure 6.1b) or
ammonium acetate (0%, Figure 6.1a). These results are consistent with the relative effectiveness
of these three salts at inducing ETS reported previously.

Results obtained for the ammonium acetate, formate, and bicarbonate solutions with the
smaller ~305 nm o.d. tips under ETS conditions are shown in Figure 6.1d-f, respectively. Charge
states corresponding to both folded (7—9+) and unfolded (10-17+) conformers of hMb and to
aMb are observed. With the ammonium acetate solution (Figure 6.1d), aMb comprises 58 + 3%
of myoglobin. Neither aMb nor charge states of hMb greater than 9+ are produced with this
solution under ETS conditions with the larger tips (Figure 6.1a). With the ammonium formate
solution, significantly more aMb is also produced with the smaller ~305 nm o.d. tips (54 * 1%,
Figure 6.1e) than with the larger ~1465 nm o.d. tips (14 + 2%, Figure 6.1b). However, with the
ammonium bicarbonate solution (pH = 8.3), significantly less aMb is produced with the smaller
tips (11 + 2%, Figure 6.1f) than with the larger tips (32 £ 1%, Figure 6.1c).

The pl of hMb is 7.4, so hMb is predominantly positively charged in the pH = 6.7
ammonium acetate and pH = 6.5 ammonium formate solutions and predominantly negatively
charged in the pH = 8.3 ammonium bicarbonate solution. The extent of unfolding resulting from
ETS increases with decreasing tip size for proteins that are positively charged in solution but
decreases with decreasing tip size for proteins that are negatively charged in solution. Glass
surfaces are negatively charged in aqueous solution,*? and Coulombic attraction between
positively charged protein molecules and the negatively charged glass surfaces in the tips of
nanoESI emitters can result in protein unfolding prior to nanoESI.*° These results indicate that
the increased ETS efficiency obtained with the smaller tips for proteins that are positively
charged in solution results from surface-induced unfolding occurring in the tips of these emitters
prior to droplet formation by nanoESI.

In order to provide additional evidence for protein unfolding as the origin of increased
charging obtained with the smaller tips, experiments were performed with a protein that has
intramolecular disulfide bonds and therefore cannot unfold as extensively as a protein without
internal linkages. Lysozyme (pl = 11.3)* has four disulfide bridges. In aqueous solutions,
lysozyme adopts a globular conformation between pH = 2 and 6 and a slightly unfolded
conformation above pH = 7.5° NanoESI of lysozyme in a 100 mM agqueous ammonium acetate
solution (pH = 6.7) with ~1465 nm o.d. tips under ETS conditions results in the 6-9+ charge
states (Figure 2a), consistent with a folded conformation in solution. These charge states are also
formed from this solution under native MS conditions (Figure 2b), indicating that ETS does not
result in measurable unfolding in this experiment. NanoESI of this solution with ~305 nm o.d.
tips under ETS conditions (Figure 2c) also results in the 6-9+ charge states, as well as the 10+
and 11+ charge states. The higher charge states that are produced with the smaller tips are
consistent with the formation of partially unfolded conformers that comprise 2 £ 1% of the
population. The extent of unfolding obtained for lysozyme with the ~305 nm o.d. tips is
significantly less than that obtained for myoglobin (~58% aMb produced) with the ammonium
acetate solution and the same tip size (Figure 1d). The lower extent of unfolding obtained for
lysozyme than for myoglobin is consistent with the four disulfide bonds in lysozyme resulting in
less structural flexibility for this protein and thus less surface-induced unfolding occurring prior
to nanoESI. This result is consistent with the lower extent of supercharging with supercharging
reagents for proteins with more disulfide bridges or chemical crosslinks that reduce
conformational flexibility.?®
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The decreased charging obtained with decreasing tip size for proteins that are negatively
charged in solution likely results from the initial size of the nanoESI droplets, which decreases
with decreasing tip 0.d.>! Smaller droplets have shorter lifetimes,**** which reduce the time for
protein unfolding to occur in these droplets prior to gaseous ion formation. The electric field at
the tip of the emitter increases with decreasing tip size, and the extent of unfolding obtained with
ETS generally increases with increasing electric field strength.3* However, the extent of charging
resulting directly from ETS decreases with decreasing tip size. This result indicates that the
relationship between tip size and the extent of charging resulting from ETS is affected more by
changes to the droplet lifetime than by changes to the electric field strength.

6.3.2 Electrothermal Supercharging of Positively Charged Proteins. Mass spectra of
cyt ¢ in 100 mM aqueous ammonium acetate (pH = 6.7), formate (pH = 6.5), and bicarbonate
(pH = 8.3) solutions obtained with ~1465 nm o.d. tips under ETS conditions are shown in Figure
6.3a-c, respectively. In 100 mM aqueous salt solutions, cyt ¢ has a native folded conformation
between pH = 3 and 7 and is unfolded at pH = 2.52°% Only the 6-8+ charge states are formed
with the ammonium acetate solution (Figure 6.3a), consistent with cyt ¢ adopting a folded
conformation in solution. The 6-8+ charge states are also formed with this solution under native
MS conditions (Appendix D, Figure D.3a), indicating that ETS does not result in measurable
unfolding in this experiment. With the ammonium formate (Figure 6.3b) and bicarbonate (Figure
6.3c) solutions, charge states corresponding to both folded (6-9+) and unfolded (10-18+)
conformers are observed with ETS, and the unfolded conformers comprise 9 + 1% and 26 + 2%
of cyt c in Figure 6.3b and 6.3c, respectively. No charge states greater than 9+ are formed with
either of these solutions under native MS conditions (Appendix D, Figure D.3b and D.3c,
respectively), showing that the high charge states are formed by ETS. The order of effectiveness
of these salts at inducing ETS for cyt c is the same as that obtained for hMb with the larger tips
and that reported previously.*

Charge states corresponding to both folded (6-9+) and unfolded (10-15+) conformers are
formed by ETS of cyt ¢ in the ammonium acetate and formate solutions with the smaller ~305
nm o.d. tips (Figure 6.3d and 6.3e, respectively). With the ammonium acetate solution (Figure
6.3d), 62 £ 2% of cyt c is unfolded, compared to no charge states greater than 8+ formed with the
larger ~1465 nm o.d. tips (Figure 6.3a). With the ammonium formate solution, ions
corresponding to unfolded cyt ¢ are also significantly more abundant with the smaller ~305 nm
0.d. tips (77 £ 3%, Figure 6.3¢) than with the larger ~1465 nm o.d. tips (9 £ 1%, Figure 6.3b).
Cyt ¢ has a pl = 10.3*° and is therefore predominantly positively charged in these respective pH
= 6.7 and 6.5 solutions. Therefore, the increased unfolding with decreasing tip size obtained for
cyt ¢ in these solutions is consistent with surface-induced unfolding occurring prior to droplet
formation, resulting in enhanced charging with ETS in the droplet. With the ammonium
bicarbonate solution and the ~305 nm o.d. tips, there is no ion signal for cyt ¢ despite measurable
spray current. To confirm that ion formation is occurring, 10 uM hMb was added to this solution.
In aqueous solutions at pH = 8.3, hMb (pl = 7.3) is predominantly negatively charged and should
not interact with the surfaces of the smaller tips. Results obtained for this spiked solution with
~1465 and ~305 nm o.d. tips are shown in Figure 6.4a and 6.4b, respectively. With the ~1465 nm
o.d. tips (Figure 6.4a), both cyt ¢ and myoglobin ions are observed. With the smaller ~305 nm
o0.d. tips (Figure 6.4b), only myoglobin ions are observed. These results indicate that cyt c is not
being ionized to a measurable extent from the pH = 8.3 ammonium bicarbonate solution with the
smaller tips.
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NanoESI of cyt ¢ in a 100 mM agqueous ammonium bicarbonate solution (pH = 8.3)
under ETS conditions with an intermediate ~656 nm o.d. tip size (Figure 6.4c) results in the 9—
18+ charge states, indicating that 97 + 2% of cyt c is unfolded (10-18+ charge states). The
relative abundance of the unfolded cyt ¢ conformers obtained with this solution is nearly four
times greater with the ~656 nm o.d. tips (97 = 2%, Figure 6.4c) than with the ~1465 nm o.d. tips
(26 £ 2%, Figure 6.3c). The relative abundance of the unfolded conformers also increases with
ammonium acetate (from 0% to 62 + 2%) and ammonium formate (from 9 £ 1% to 77 £ 3%)
when the tip o0.d. is reduced from ~1465 to ~305 nm, respectively, but the population of unfolded
conformers is greatest with ammonium bicarbonate. These results indicate that more surface
interactions resulting in protein unfolding occur with the ammonium bicarbonate solution than
with the ammonium acetate and formate solutions. The charge density on the surface of the tips
of the nanoESI emitters is at least 3 to 4 fold higher with the pH = 8.3 ammonium bicarbonate
solution than with the pH = 6.7 ammonium acetate and pH = 6.5 ammonium formate solutions.*?
These results indicate that increasing the charge density on the glass surfaces results in more
Coulombic attraction for the positively charged protein molecules, resulting in more surface-
induced protein unfolding.

The high charge density on the surface of the tips with the pH = 8.3 ammonium
bicarbonate solution and the inability to form cyt c ions from this solution with the small ~305
nm o.d. tips suggests that positively charged protein molecules are adducting to the surfaces of
these tips. To provide support for this hypothesis, ions were formed from an aqueous pH = 8.3
solution containing 10 uM cyt ¢, 100 mM ammonium bicarbonate, and 10 mM arginine using a
~305 nm o.d. tip (Figure 6.4d). Arginine is predominantly positively charged in aqueous
solutions below pH = 10.8,%* and positive ions can interact with the glass surfaces and reduce the
net charge.> Singly and doubly protonated arginine clusters and the 6-14+ charge states of cyt ¢
are observed. The formation of cyt ¢ ions only upon the addition of arginine is consistent with
the positively charged arginine molecules interacting with and reducing the net charge on the
surfaces in the tips of these emitters, resulting in less adduction and, thus, measurable ionization
of cyt c.

6.3.4 Protein Adduction and Solution Flow Rates. The effects of positively charged
protein ions adducting to the surfaces of the emitter tips on solution flow rates during nanoESI
was investigated with 100 mM aqueous ammonium bicarbonate solutions (pH = 8.3), each
containing a single protein with a pl value either below or above the solution pH (low and high
pl proteins, respectively). Flow rates with ~305 nm o.d. tips were obtained for these solutions by
measuring the change of mass before and after spraying the solutions for ~20 min (Figure 6.5a).
The flow rates obtained for the solutions containing low pl proteins (average flow rate =119+ 8
nL/s) are significantly higher than those obtained for the solutions containing high pl proteins
(average flow rate = 40 = 9 nL/s), indicating that protein adduction drastically reduces the flow
rates of the solutions containing high pl proteins. In order to determine if the flow rates change
with time within the 20 min used to obtain these data, the solution spray currents, which reflect
solution flow rates,*® were measured (Figure 6.5b). Higher spray currents are obtained for the
solutions containing low pl proteins (average spray current = 929 + 66 nA) than for the solutions
containing high pl proteins (average spray current = 731 + 81 nA). These spray currents were
obtained immediately after initiating nanoESI and remained nominally constant with time for the
~20 min used to obtain the solution flow rates. These results suggest that the flow rates do not
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change with time and that for the solutions containing high pl proteins, adduction to the glass
surfaces in the tips of the emitters occurs to a significant extent prior to the initiation of nanoESI.

The lower flow rates of the solutions containing high pl proteins may be attributed to
protein adduction resulting in an obstruction of the emitter tip orifice. The average flow rate of
the solutions containing high pl proteins (40 + 9 nL/s) is about one-third that of the solutions
containing low pl proteins (119 + 8 nL/s). Solution flow rates in nanoESI are directly
proportional to the emitter tip diameter®®4° and are thus proportional to the square root of the
emitter tip orifice area. Therefore, protein molecules would need to occupy a cross sectional area
equal to about 81% of the orifice area in order to reduce the solution flow rate by about two-
thirds (67%). The orifice area of a single barrel of a ~305 nm o.d. theta-glass emitter tip is ~4820
nm?. This value was estimated as the area of half of an ellipse with diameters equal to the i.d. of
the tips perpendicular to and parallel to the inner divider less the area occupied by the inner
divider. To reduce this orifice area by about 81% would require a ~21 nm thick obstruction along
the surface of the tips of the emitters. A single folded cyt ¢ molecule has a diameter of ~4.1 nm,
estimated as the maximum diameter of the protein crystal structure of horse heart cyt ¢ (PDB
code 1HRC).>" The ~21 nm obstruction thickness and the ~4.1 nm diameter of cyt ¢ indicate that
~5 layers of cyt ¢ are required to reduce the solution flow rate by about two-thirds if the protein
remains folded. The length of a fully extended cyt ¢ molecule is about 40 nm (estimated from the
average length of an individual amino acid in a fully extended protein conformation, between
0.34 and 0.40 nm,*® and the 104 amino acids in cyt c). The length of a fully extended cyt ¢
molecule is greater than the ~21 nm obstruction thickness required to reduce the solution flow
rate by about two-thirds. Thus, even a single layer of adducted protein molecules, which are
partially or extensively unfolded and extend into the solution, is sufficient to reduce the solution
flow rate by about two-thirds.

Protein adduction to the surface of the tips may also result in a change to the solution
conductivity, and ESI solution flow rates increase with increasing solution conductivities.%%°
The conductivity of >50 mM aqueous salt solutions decreases with increasing protein
concentration.®®®* Adduction of proteins to the glass surfaces results in a decrease in the
concentration of proteins in solution, which should increase the solution conductivity and flow
rate. However, when protein adduction occurs, lower flow rates are obtained (Figure 6.5a). These
results indicate that any possible changes to the solution flow rate resulting from changes to the
solution conductivity are less significant than those resulting from obstructing the emitter tip
orifice.

6.3.5 Electrothermal Supercharging of Negatively Charged Proteins. NanoESI of -
lactoglobulin A (B-lac A) in a 100 mM aqueous ammonium acetate solution (pH = 6.7) under
ETS conditions results in the formation of the 7-9+ charge states with both the ~1465 and the
~305 nm o.d. tips (Figures 6.6a and 6.5b, respectively). B-lac A has a native conformation
between pH = 2.0 and 6.2 and has a slightly unfolded globular conformation at pH = 7.5.5? The
results in Figures 6.6a and 6.5b are consistent with -lac A adopting a folded conformation in
solution. Charge states consistent with a folded confirmation (6-9+) are also formed from a 100
mM aqueous ammonium formate solution (pH = 6.5) with the ~1465 and ~305 nm o.d. tips
(Figures 6.6¢ and 6.5d, respectively). The 6-9+ charge states are also formed from these
solutions under native MS conditions (Appendix D, Figure D.4a and D.4b), indicating that ETS
does not result in measurable unfolding in these experiments. Results obtained for B-lac A in a
100 mM aquoeus ammonium bicarbonate solution with ~1465 and ~305 nm o.d. tips under ETS
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conditions are shown in Figure 6.6e and 6.6f, respectively. With the ~1465 nm o.d. tips (Figure
6.6e), charge states corresponding to both folded (7—9+) and unfolded (10-16+) conformers are
observed, and the unfolded conformers comprise 48 + 3% of the population. No charge states
greater than 9+ are formed with this solution under native MS conditions (Appendix D, Figure
D.4c), indicating that the high charge states obtained with the high spray potential result from
ETS. With the smaller ~305 nm o.d. tips and ETS conditions (Figure 6.6f), charge states
corresponding to both folded (6-9+) and unfolded (10-16+) conformers are again observed, but
only 19 + 1% of the population is unfolded. The relative abundance of the unfolded p-lac A
conformer is more than two times less with this tip size than with the larger tips under ETS
conditions (48 + 3%, Figure 6.6e), indicating that reducing the tip size results in less unfolding
with this solution.

B-lac A has a pl = 5.1%% and is therefore predominantly negatively charged in the pH = 6.7
ammonium acetate, pH = 6.5 ammonium formate, and pH = 8.3 ammonium bicarbonate
solutions. Therefore, surface-induced unfolding of B-lac A is not likely to occur in the tips of the
emitters prior to nanoESI. This result is consistent with the decreased charging obtained with
decreasing tip size for B-lac A in the ammonium bicarbonate solution. Because B-lac A has the
same charge in the ammonium acetate, formate, and bicarbonate solutions, the order of
effectiveness of these solutions at inducing ETS does not change with tip size and is the same as
that obtained for hMb and cyt ¢ with the larger tips and that reported previously.*

6.4 Conclusions

The effects of emitter tip size, protein isoelectric point, and buffer identity on the extent
of charging obtained with ETS was investigated. More charging is obtained with smaller tip sizes
for proteins that are positively charged in solution but not for proteins that are negatively charged
in solution. There is also more charging and loss of the heme group for myoglobin with smaller
emitter tips. These results suggest that for positively charged proteins, Coulombic attraction to
the negatively charged surfaces in the tips of the emitters destabilizes the folded protein
conformation prior to nanoESI, resulting in enhanced charging from ETS occurring in the droplet
prior to gaseous ion formation. The extent to which charging is enhanced increases with
increasing solution pH as long as the protein is predominantly positively charged in solution. The
charge density on the surface of the emitters increases with increasing solution pH, resulting in
more protein-surface interactions that cause destabilization of the folded form of the proteins and
unfolding prior to nanoESI. Significant protein adduction to the emitter tip surface can occur,
which reduces nanoESI solution flow rates and reduces or prevents measurable ionization from
occurring at very small tip sizes. These results clearly show that the tip size, the solution pH, and
the net charge of the protein in solution can affect the extent of charging in ETS.

For proteins that are negatively charged in solution, there is no Coulombic attraction to
the negatively charged glass surfaces and slightly less charging occurs with smaller tips. The
lower charging at small tip sizes is likely due to smaller ESI droplets with decreasing tip size.>
Smaller droplets have shorter lifetimes,*® and there is less time for protein unfolding to occur
during ETS prior to gaseous ion formation. It may be possible to obtain increased charging with
decreased tip size for proteins that are negatively charged in solution by using emitters with
positively charged surfaces. The glass surfaces of borosilicate glass emitters could be
functionalized with positive charge carriers, or emitters could be made from materials that have
positively charged surfaces in aqueous solutions, such as silicon nitride.
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Figure 6.1. Mass spectra of hMb (pl = 7.4) under electrothermal supercharging
conditions (1050 V spray potential) in aqueous solutions containing 100 mM (a,d) ammonium
acetate (pH = 6.7), (b,e) ammonium formate (pH = 6.5), and (c,f) ammonium bicarbonate (pH =
8.3) acquired with (a-c) ~1465 and (d-f) ~305 nm o.d. tips.
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Figure 6.2. Mass spectra of lysozyme (pl = 11.3) under (a,c) electrothermal
supercharging (1050 V spray potential) and (b) native MS (700 V spray potential) conditions in
100 mM aqueous ammonium acetate (pH = 6.7) acquired with (a,b) ~1465 and (c) ~305 nm o.d.
tips.
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Figure 6.3. Mass spectra of cyt ¢ (pl = 10.3) under electrothermal supercharging

conditions (1050 V spray potential) in aqueous solutions containing 100 mM (a,d) ammonium
acetate (pH = 6.7), (b,e) ammonium formate (pH = 6.5), and (c) ammonium bicarbonate (pH =
8.3) acquired with (a-c) ~1465 and (d,e) ~305 nm o.d. tips. Percentages are the relative
abundances of the unfolded fractions (>10+ charge states) of cyt c.
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Figure 6.4. Mass spectra of cyt ¢ in 100 mM aqueous ammonium bicarbonate solutions
(pH = 8.3) acquired with (a) ~1465, (b,d) ~305, and (c) ~656 nm o.d. tips under electrothermal
supercharging conditions (1050 V spray potential). The solution used to obtain (a) and (b)
contains 10 uM hMb, and the solution used to obtain (d) contains 10 mM arginine. The inset in
(d) shows only the distribution of ions corresponding to cyt ¢ for clarity.
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Figure 6.5. (a) Flow rates and (b) spray currents of 100 mM aqueous ammonium
bicarbonate solutions, each containing a single protein, as a function of the protein pl values.
Proteins used include B-lactoglobulin A (B-Lac A, pl = 5.1),% ubiquitin (Ubig, pl = 6.7),*° holo-
myoglobin (hMb, pl = 7.4),8 ribonuclease A (RNase A, pl = 9.6),%* cytochrome ¢ (Cyt ¢, pl =
10.3),% and lysozyme (Lys, pl = 11.3).%
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Figure 6.6. Mass spectra of B-lac A (pl = 5.1) under electrothermal supercharging
conditions (1050 V spray potential) in aqueous solutions containing 100 mM (a,b) ammonium
acetate (pH = 6.7), (c,d) ammonium formate (pH = 6.5), and (e,f) ammonium bicarbonate (pH =
8.3) acquired with (a,c,e) ~1465 and (b,d,f) ~305 nm o.d. tips. Percentages are the relative
abundances of the unfolded fractions (>10+ charge states) of B-lac A.
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Chapter 7

Microsecond and Nanosecond Polyproline 11 Helix
Formation in Aqueous Nanodrops Measured by Mass
Spectrometry

This Chapter is reproduced with permission from
Mortensen, D.M.; Williams, E.R.

“Microsecond and Nanosecond Polyproline 1l Helix Formation
in Aqueous Nanodrops Measured by Mass Spectrometry”
Submitted to Chemical Communications 2016
© 2016 Royal Society of Chemistry

7.1 Introduction

Secondary structures in proteins and peptides, such as a-helices and B-sheets, can form
within tens of microseconds or less.>? Explicit-solvent, all-atom simulations now enable folding
trajectories of a-helix and B-structures in biopolymers containing up to 100 amino acids to be
computed.>® However, the formation Kinetics of other common secondary protein structures,
such as that of the polyproline 11 (PPII) helix, have not been investigated as thoroughly. The PPII
helix is an extended left-handed helix with three residues per turn, 3-fold rotational symmetry,
and a per residue length of 3.1 A.*5 PPII helices are the primary component of the triple-helix
structure of collagen® and are commonly found in both natively folded”-1° and natively unfolded
(or disordered)®!112 proteins and peptides. PPII helix structures can occur in polypeptides
containing few or no proline residues*®'* and have been implicated in numerous functional
roles,*® including protein-protein interactions,® ligand and non-covalent cofactor binding,**>’
and even in the formation of the amyloid plaques associated with diseases involving protein
misfolding, such as Parkinson’s.>181°

The transitions for several individual peptides between a polyproline I (PPI) helix
structure in a mostly organic solution to a PPII helix structure in a mostly aqueous solution have
been investigated and occur within minutes to hours, depending on the reaction temperature and
on the amino-acid sequence.?®?> Formation kinetics of PPII helices in more native-like buffered
aqueous solutions, however, have not been measured. Recently, double-barrel nano-electrospray
ionization (nanoESI) emitters, also known as theta-glass emitters, have been used to rapidly mix
solutions during nanoESI to investigate numerous room-temperature reactions,?*%’ including
monitoring protein folding reactions that occur in microseconds.?®?” A 2.2 us folding time
constant for the formation of a B-hairpin in a 14 residue peptide was determined, which is the
fastest folding event that has been directly measured with a rapid mixing technique.?’ Reaction
times of between 1 and 22 s have been achieved with these devices by varying the solution flow
rate, which depends on the backing pressure and on the nanoESI-emitter tip size.?’” Here, rapid
mixing with theta-glass emitters is used to investigate the rates of formation for PPII helices in
two short (16 and 21 residue) peptides. These peptides are prepared in acidified aqueous
solutions in which they are highly unfolded and mixed with buffered aqueous solutions during
nanoESI to increase the solution pH and induce the formation of the PPII helices. These
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structural transitions are measured using mass spectrometry, and information about the
equilibrium structures of the peptides is obtained with circular dichroism (CD).

7.2 Experimental

Mass spectra are acquired using a 9.4 T Fourier-transform ion cyclotron resonance mass
spectrometer that is described elsewhere.?® Rapid mixing and ion formation are performed using
theta glass capillaries (Warner Instruments, LLC; Hamden, CT) pulled into tips with outer
diameters of between 1465 + 134 and 244 + 61 nm using a model p-87 Flaming/Brown
micropipette puller (Sutter Instruments Co., Novato, CA). Grounded platinum wires are brought
into contact with the solutions in the emitters, and a backing pressure of either 5 or 10 psi is
applied to the back end of the capillary, depending on the desired reaction time.?” NanoESI is
initiated by applying about a -700 V potential to the heated capillary of the ESI interface.
Average charges are computed as abundance weighted sums of the charge states, and
uncertainties are standard deviations from triplicate measurements. CD spectra are acquired
using a model 410 circular dichroism spectrometer (Aviv Biomedical Inc., Lakewood, NJ).

Solutions of [Asp’®]-parathyroid hormone fragment 64—84 (amino-acid sequence:
EKSLG EADKA DVDVL TKAKS Q) and neurogranin fragment 28-43 (amino-acid sequence:
AAKIQ ASFRG HMARK K) are prepared with 10 uM analyte concentrations. The initial pH of
droplets formed during the rapid mixing experiments is estimated to be 4.7 + 0.3. This value is
determined using the initial concentrations of acetic acid (pKa = 4.8) and ammonia (pKp = 4.8,
both at 25 °C)? in the droplets. Initial concentrations in the nanodrops are determined from the
initial concentrations of the solutions in each barrel and the relative flow rates of these solutions
during nanoESI. Relative flow rates are determined using Leu- and Met-enkephalin as internal
standards as described previously.?

7.3 Results and Discussion

CD spectra of parathyroid hormone fragment 64-84 (PTHes-g4) in both a 100 mM aqueous
acetic acid solution (pH = 2.9) and the acetic acid solution mixed with a 100 mM aqueous
ammonium acetate solution at a 1:1 ratio (equilibrium, pH = 4.7) are shown in Figure 7.1 as
dashed red and solid blue lines, respectively. There are negative peaks at <200 and 223 nm in
both spectra. These peaks are at similar wavelengths as those in the CD spectrum of the seven
residue peptide XAO in a buffered aqueous solution at pH = 7.0, which has negative peaks at
198 and 227 nm.*3 XAO has significant PPII helix structure (>50%), as well as some B-
structures, including turns.3* The similarities between the CD spectrum reported here for
PTHea-84 and that reported previously for XAQO suggest that PTHes-g4 is composed primarily of
PPII helix structures and likely contains some B-structures. These results are consistent with dark
field electron microscopy results reported for intact parathyroid hormone in 80 mM aqueous
ammonium acetate nanodrops (pH = 7.4),% which indicate that residues 69-82 of parathyroid
hormone adopt a helical structure and residues 65-68 adopt a turn structure. The intensities of
the peaks at <200 and 223 nm in Figure 7.1 are ~2.8 and ~2.6 times greater, respectively, in the
CD spectrum of the mixed solution at equilibrium than in that of the acetic acid solution. This
result indicates that the structures corresponding to the peaks at <200 and 223 nm are disrupted
to a significant extent in the acetic acid solution.
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NanoESI of PTHss-g4 in the acetic acid solution (pH = 2.9) results in the formation of the
3+ and 4+ charge states with an average charge of 3.70 £ 0.02 (Figure 7.2a). NanoESI of the
acetic acid solution mixed with the ammonium acetate solution at a 1:1 ratio prior to nanoESI
(equilibrium, pH = 4.7) results in the 2+ and 3+ charge states with an average charge of 2.80
0.01 (Figure 7.2b). The extent of charging for protein and peptide ions in nanoESI depends on
many factors, but solution-phase conformation is one of the most important. Folded conformers
charge less than unfolded conformers.3132 Therefore, the lower average charge obtained with the
mixed solution at equilibrium (2.80) than with the acetic acid solution (3.70) is consistent with
PTHsea-84 adopting a more folded structure in the mixed solution than in the acetic acid solution.
The 2+ and 3+ charge states comprise ~3.3 times more of the population with the mixed solution
at equilibrium (100%, Figure 7.2b) than with the acetic acid solution (30 + 2%, Figure 7.2a).
This result is consistent with the ~2.8 and ~2.6 times greater intensities of the peaks at <200 and
223 nm, respectively, in the CD spectrum of the mixed solution at equilibrium than in the CD
spectrum of the acetic acid solution (Figure 7.1). These results suggest that the 2+ and 3+ charge
states correspond to PPII helix rich structures, whereas the 4+ charge state corresponds to more
highly unfolded structures.

The acidified PTHeas-g4 solution was mixed with the aqgueous ammonium acetate solution
using theta-glass emitters with flow rates of ~48, ~120, and ~383 pL/s (Figure 7.2c-e,
respectively). These flow rates were obtained using various tip sizes and backing pressures?’ and
correspond to reaction times of 1.0 £ 0.0, 3.0 £ 0.1, and 5.3 + 0.2 ps, respectively.?’ These
reaction times were obtained from the extent of folding that occurred during nanoESI for Trp-
cage, a 20 residue mini-protein with a known folding time constant of 4.1 ps. The average charge
of PTHea-g4 decreases with increasing reaction time from 3.37 £ 0.03 at 1.0 usto 2.78 £ 0.04 at
5.3 us. At 5.3 us (Figure 7.2e), the average charge of PTHeas-s4 (2.78 £ 0.04) is the same within
error as that obtained for the mixed solution at equilibrium (2.80 £ 0.01, Figure 7.2b). At shorter
reaction times (Figure 7.2c and 7.2d), the average charge is higher than that obtained at
equilibrium. These results indicate that the folding of PTHs4-g4 reaches equilibrium within 5.3 ps
but not within <3.0 ps.

The folding time constant for the formation of the PPII helix conformation in PTHe4-g4
can be obtained from the extent of protein folding that occurs by modelling this reaction as a two
state folding reaction.®® Average charges can be used to determine the extent of folding and to
obtain protein folding time constants?’ using the equation:

0 — Qo
t=rln =—2 1
(Qe_Qt] ( )

where t is the reaction time, 7 is the protein folding time constant, and qe, qo, and g are the
average charges at equilibrium and at times 0 and t, respectively. The folding time constant for
the formation of the PPII helix structure in PTHea-s4 is obtained from the rapid mixing data in
which equilibrium is not reached (Figure 7.2c and 7.2d) using eq 1. Folding time constants of 1.6
+0.2and 1.4 £ 0.3 ps are obtained at reaction times of 1.0 and 3.0 ps, respectively (Figure 7.2c
and 7.2d). These values are the same within error, and the average value is 1.5 + 0.3 pus. These
results show that PTHea-g4 folds from a highly unfolded structure to a mostly PPII helix structure
within a few microseconds.

To confirm that PPII helices can form within this time frame, experiments were also
performed with a second peptide with a PPII helix conformation. CD spectra of neurogranin
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fragment 28-43 (Ng2s-43) in @ 100 mM aqueous acetic acid solution (pH = 2.9) and in the acetic
acid solution mixed with a 100 mM aqueous ammonium acetate solution at a 1:1 ratio
(equilibrium, pH = 4.7) are shown in Figure 7.3 as dashed red and solid blue lines, respectively.
There is only a small negative peak centered at <200 nm for the acetic acid solution. However,
there are negative peaks at 202 and 233 nm and a positive peak at 219 nm for the premixed
solution at equilibrium. A negative peak at 202 nm and a positive peak at 219 nm also occur in
the CD spectrum of native polyproline, which adopts a PPII helix structure.3* The similarities
between the CD spectrum of native polyproline and that of Ng2s-43 in the mixed solution at
equilibrium indicates that Ng2g-43 adopts a PPII helix conformation in the mixed solution. The
weak negative peak centered at 233 nm may correspond to a small portion of Ng2gs-43 adopting an
a-helix conformation. Two broad negative peaks centered at ~208 and ~222 nm are typically
observed in the CD spectra of a-helices.® The negative peak normally observed at 208 nm may
be unresolved from the strong negative peak at 202 nm. Overlap with the positive peak at 219
nm corresponding to a-helix regions of Ngs.43 may result in reduced signal intensity at 222 nm
and thus an apparent shift to the higher 233 nm wavelength. The absence of peaks at 202, 219,
and 233 nm in the CD spectrum of the acetic acid solution indicates that the majority of the PPII
helix structure is disrupted in this solution.

Mass spectra of Ngzs-43 in the acetic acid solution (pH = 2.9) and the acetic acid solution
mixed with the ammonium acetate solution at a 1:1 ratio prior to nanoESI (equilibrium, pH =
4.7) are shown in Figure 7.4a and 7.4b, respectively. With the acetic acid solution (Figure 7.4a),
the 3+ and 4+ charge states are formed and the 4+ is the most abundant (average charge = 3.95 +
0.02). Ng2s-43 is a 16 residue peptide, so 25% of the residues are charged in the 4+ charge state.
To obtain similar extents of charging for ubiquitin and cytochrome c ions (27.6% and 23.1% of
residues charged, respectively), the proteins must be significantly unfolded and the ions adopt
near-linear conformations.3 This result suggests that the 4+ charge state of Ngzs.43 corresponds
to highly unfolded conformations in solution. In the mass spectrum of the mixed solution at
equilibrium (Figure 7.4b), the 2—4+ charge states are formed and the 3+ is the most abundant
(average charge = 3.04 + 0.04). The average charge obtained from this solution is significantly
less than that obtained with the acetic acid solution (3.95 + 0.02). This result is consistent with
Ng2s-43 adopting a more folded structure in the mixed solution at equilibrium than in the acetic
acid solution, consistent with the results obtained for these respective solutions using CD.

The acidified Ng2s-43 solution was mixed with the ammonium acetate solution using the
theta-glass emitters with a flow rate (~48 pL/s) that results in a reaction time of 1.0 us (Figure
7.4¢). The 2-4+ charge states are formed with an average charge of 3.02 + 0.04. This average
charge is the same to within error as that obtained for a 1:1 mixture of these solutions at
equilibrium (3.04 + 0.04, Figure 7.4b). This result indicates that the formation of the PPII helix
structure in Ngs-43 reaches equilibrium within 1.0 ps. An upper limit to the folding time constant
of Ng2s-43 can be obtained with these results. An average charge of 3.10 (26 above that obtained
in the rapid mixing experiments) corresponds to a folding time constant of ~400 ns. To obtain
the lower average charge of 3.02 obtained in the rapid mixing experiments would require an even
shorter folding time constant. Therefore, the formation of the PPII helix in Ng2g-43 occurs with a
time constant of <400 ns. An approximate “speed limit” of n/100 us, where n is the number of
residues, has been reported for the folding of single-domain proteins and peptides.! Ngzs.43 is a
16 residue peptide and thus has an approximate speed limit for folding of the entire peptide of
160 ns. The <400 ns folding time constant obtained for the formation of the PPII helix in Ng2s.43
indicates that the PPII helix in this peptide must form at a rate very close to the speed limit for
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the formation of a-helix and B-structures in similarly sized peptides. In contrast, the 1.5 ps
folding time constant for the formation of the PPII helix structure in PTHea-g4 is about an order of
magnitude greater than the approximate speed limit (210 ns for a 21 residue peptide). The
significant difference in folding time constants obtained for these two peptides shows that the
formation time of PPII helices from highly unfolded structures depends on the amino-acid
sequence, consistent with results reported for the transition from PP to PPII helices.?%-%2

7.4 Conclusions

Results from this study demonstrate that the formation of PPII helix structures can occur
within a few microseconds or less in buffered aqueous solutions and that the formation of these
structures can be monitored with mass spectrometry using rapid mixing from theta-glass
emitters. To the best of our knowledge, the time constants measured here for the formation of
PPII helix structures in buffered aqueous solutions are the first of their kind. These
measurements should serve as useful benchmarks for comparisons with computational
simulations. The formation time constants of other structures that fold on a similar time scale
should be readily measurable using this technique.

The authors thank Charlotte Nixon and Professor Susan Marqusee for use of the circular
dichroism spectrometer and the National Institutes of Health for funding (RO1GMO097357).
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Figure 7.1. Circular dichroism spectra of PTHe4-g4 in @ 100 mM aqueous acetic acid

solution (pH = 2.9, dashed red line) and the acetic acid solution mixed with a 100 mM aqueous
ammonium acetate solution at a 1:1 ratio (equilibrium, pH = 4.7, solid blue line).
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Figure 7.2. Mass spectra of (a) PTHes-g4 in @ 100 mM aqueous acetic acid solution (pH =
2.9), (b) the acetic acid solution mixed with a 100 mM aqueous ammonium acetate solution at a
1:1 ratio prior to nanoESI (equilibrium, pH = 4.7), and (c) the acetic acid solution mixed with the
ammonium acetate solution using the theta-glass emitters with flow rates that result in reaction
times of (c) 1.0, (d) 3.0, and (e) 5.3 ps. (*) denotes average charge state. (L) and (M) denote Leu-
and Met-enkephalin, respectively, which are used as internal standards to measure the relative
flow rates of the solutions in the individual barrels of the theta-glass emitters.
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Figure 7.3. Circular dichroism spectra of Ngzs-43 in @ 100 mM aqueous acetic acid

solution (pH = 2.9, dashed red line) and the acetic acid solution mixed with a 100 mM aqueous
ammonium acetate solution at a 1:1 ratio (equilibrium, pH = 4.7, solid blue line).
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Figure 7.4. Mass spectra of (a) Ng2s-43 in a 100 mM aqueous acetic acid solution (pH =
2.9), (b) the acetic acid solution mixed with a 100 mM aqueous ammonium acetate solution at a
1:1 ratio prior to nanoESI (equilibrium, pH = 4.7), and (c) the acetic acid solution mixed with the
ammonium acetate solution using the theta-glass emitters with a flow rate that results in a
reaction time of 1.0 ps. (*) denotes average charge state. (L) and (M) denote Leu- and Met-
enkephalin, respectively, which are used as internal standards to measure the relative solution
flow rates.
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Chapter 8

Collisional Cross Sections with T-Wave lon Mobility
Spectrometry without Experimental Calibration

This Chapter is reproduced with permission from
Mortensen, D.M.; Susa, A.C.; Williams, E.R.
“Collisional Cross Sections with T-Wave lon

Mobility Spectrometry without Experimental Calibration”
Submitted to International Journal of Mass Spectrometry 2016
© 2016 American Chemical Society

8.1 Introduction

lon mobility spectrometry (IMS) separates gaseous ions on the bases of their collisional
cross sections, which depend on shape, mass, charge state, temperature, and ion-neutral
interactions.! IMS has been used in many applications, including the separation of atomic ions,
small clusters,®® and tryptic digests,®® as well as for studying the gas-phase conformations of
biopolymers,®*! biopolymer complexes,*?** and viruses.'® IMS can be done using static drift
tube, 618 field-asymmetric,'8-2! aspiration,?>% and travelling-wave?*?° IMS devices. In
travelling-wave IMS (TWIMS), a potential wave is generated by applying a DC potential to a set
of adjacent ring electrodes, and this wave is moved through the device with time.?® Some ions
traverse the device at the velocity of the wave, and others are overtaken by the wave, resulting in
ion separation.?®2” The shape of the wave and the distance between consecutive waves can differ
between TWIMS devices depending on instrument design and parameters.?®

In static drift tube (DT)IMS, ion cross section can be directly determined from the
measured ion drift times.?®?® Determining ion cross sections with TWIMS is typically done by
calibrating the drift times to collisional cross sections measured using DTIMS.3%* Cross
sections obtained for ions generated from denaturing solutions using TWIMS chemical
calibration techniques are generally very similar to those obtained using DTIMS (average
difference = 1o = 1 + 2%),31:3+3¢ although differences in cross sections as high as 9% have been
reported.®® Obtaining accurate collisional cross sections for ions generated from buffered
aqueous solutions in which the proteins have native conformations and activities using TWIMS
is often more challenging.®>*" This is because the collisional cross sections of protein ions
formed from buffered aqueous solutions increase in TWIMS cells as the velocity of the traveling
wave increases as a result of ion heating and subsequent unfolding.®3 Methods for obtaining
collisional cross sections of ions formed from buffered aqueous solutions have been presented
and rely on selecting calibrant ions which unfold during TWIMS at similar rates as the ions of
interest, 3537

A method for directly measuring the mobility of ions using TWIMS was reported.*
SIMION modeling was used to derive an equation that relates the ion mobility and the wave
velocity to the minimum wave height required to cause an ion to traverse the TWIMS device at
the velocity of the wave. The minimum wave height is determined by incrementally increasing
the wave height until the ion traverses the device at the wave velocity. Cross sections obtained
using this method are the same within 5% as those obtained with DTIMS.*® However, there are

2,3
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currently no methods that enable cross sections to be determined from single TWIMS drift time
measurements, 12273341

Here, a method for relating TWIMS drift times with collisional cross sections using
computational simulations is presented. This method is developed using SIMION modelling of
the TWIMS potential wave and equations that describe the velocity of ions in gases under the
influence of electric fields. Cross sections obtained using this method using low wave velocities
that do not result in protein unfolding are very similar to those obtained with DTIMS (average
difference = 0.3%) for ions formed from both denaturing and buffered aqueous solutions. At high
wave velocities, the collisional cross sections obtained using the computational method presented
here are significantly larger (as much as 64% larger) than those obtained with DTIMS, especially
for ions formed from buffered aqueous solutions. These higher cross sections are likely a result
of protein unfolding during TWIMS as a result of ion heating.®*3 Results from this study show
that ion collisional cross sections can be determined from single TWIMS drift time
measurements but that gentle instrument settings should be used to reduce any uncertainties due
to protein unfolding during the measurement.

8.2 Experimental

Experiments are performed using a Synapt G2 high definition mass spectrometer (Waters
Corp., Milford, MA). lons are formed by nanoESI using borosilicate capillaries pulled into tips
with a model P-87 Flaming/Brown micropipette puller (Sutter Instruments Co., Novato, CA). A
platinum wire is brought into contact with the solution loaded into the capillary, and nanoESI is
initiated by applying a ~800 V potential to the platinum wire relative to the entrance of the mass
spectrometer. Flow rates in the helium and TWIMS cells are kept constant at 180 and 90
mL/min, respectively. The pressure in the TWIMS cell was 3.2 mbar in all experiments. TWIMS
separation begins after a period of time, known as the mobility trapping release time, has passed
at the beginning of each drift experiment. To correct for this time delay, the measured drift times
are adjusted by subtracting the 200 us mobility trapping release time. With some wave
conditions, low mobility ions do not traverse the TWIMS cell within the time frame of a single
drift experiment. When this occurs, the measured drift times are adjusted by adding the 36.268
ms length of a single drift experiment less the 200 ps mobility trapping release time. 200 drift
bins are used for all experiments, resulting in a bin width of ~181 ps. SIMION version 8.0 #? is
used to model the electric field along the axis of the TWIMS device.

Bovine serum albumin, ubiquitin, equine cytochrome ¢, myoglobin, concanavalin A from
canavalia ensiformis, bradykinin, angiotensin Il, and DL-polyalanine are obtained from Sigma-
Aldrich (St. Louis, MO), and acetonitrile, glacial acetic acid, and methanol are from Fisher
Scientific (Fair Lawn, NJ). Solutions are prepared in 18.2 MQ water from a Milli-Q water
purification system (Millipore, Billerica, MA). Polyalanine solutions are prepared with 0.1
mg/ml analyte concentrations, and all other solutions are prepared with 10 UM analyte
concentrations. Serum albumin and concanavalin A ions are formed from 200 mM aqueous
ammonium acetate solutions in which they have native-like conformations and activities.
Denatured polyalanine ions are formed from a 49/49/2 water, acetonitrile, acetic acid solution,
and all other denatured protein and peptide ions are formed from 49/49/2 water, methanol, acetic
acid solutions. DTIMS cross sections for polyalanine are from reference 37, and all other DTIMS
cross sections are from reference 36.
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8.3 Calculations

8.3.1 Modelling the TWIMS Electric Potential. The ion drift velocity, v, is the velocity
of an ion in a gas that is induced by an electric field?®? and is defined in eq. 1:

v=KE 1)

where E is the electric field strength and K is the ion mobility. The ion mobility is described by

the Mason—Schamp equation®
%
K = 3ze( 2=m 1 )
16N uk, T

where z is the ion charge state, e is the elementary charge, N is the background gas number
density, p is the reduced mass between the ion and the background gas, Ky is Boltzmann’s
constant, T is the background gas temperature, and Q is the ion cross section. In order to
determine the ion drift velocity using eg. 1, the electric field strength must be known. The
geometry of the electric field varies between TWIMS devices depending on instrument design.?
In a second generation TWIMS device, such as that used in these experiments, the electric field
is generated by applying a DC potential with an amplitude referred to as the “wave height” to
two consecutive plate pairs, followed by two plate pairs held at instrument ground, and this
pattern is repeated throughout the device.?® The electric field is varied incrementally with time
by stepping the DC potential forward by single plate pairs. The electric potential and electric
field strength along the axis of a second generation TWIMS device at a given point in time
obtained with SIMION using a 40 V wave height are shown as blue lines in Figure 8.1a and
8.1b, respectively. The effective wave height obtained with SIMION is equal to ~89.6% of the
applied wave height potential (Figure 8.1a), consistent with the ~90% value reported
previously.?® The electric potential along the axis of the device (Figure 8.1a) appears to be
mostly sinusoidal, whereas the electric field strength (Figure 8.1b) resulting from this electric
potential appears to have both sinusoidal and triangular wave characteristics.

The electric field strength obtained with SIMION (blue line, Figure 8.1b) is modeled as a
sine wave (eg. 3):

E = Asin(6x) @A)

where A is the wave amplitude, 6 is the wave frequency, and x is the ion position along the axis
of the TWIMS device. For convenience, x = 0 is defined as the position at which the maximum
electric potential occurs (see Figure 8.1a). The values of A and 0 are listed in Table 1. The
electric field strength obtained with eq. 3 for a 40 V wave height is shown as a black dashed line
in Figure 8.1b. The difference between the calculated electric field strength and that obtained
from eq. 3 is shown as a black dashed line in Figure 8.1c. There are significant differences
(<11.4%) between the electric field strength obtained with SIMION and that obtained with eq. 3
(Figure 8.1c), indicating that the electric field strength is only crudely modeled by a single sine
wave.
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A linear combination of three sine waves can more accurately model the electric field
strength (eq. 4):

E =A, sin(6x)+A, sin(30x)+ A, sin(56x) (4)

where A1, A2, and Az are the amplitudes of the different waves, respectively (Table 1). The
electric field strength along the axis of the TWIMS device obtained with eq. 4 for a 40 V wave
height is shown as black exes in Figure 8.1b, and the difference between this electric field and
that obtained with SIMION is shown as a solid black line in Figure 8.1c. The difference between
these electric field strengths is less than 0.1% at all positions (Figure 8.1c), indicating that the
electric field strength along the axis of the TWIMS device is described more accurately by eq. 4
than by eq. 3.

8.3.2. Calculating lon Drift Times. Because the electric field strength is not
homogenous throughout the TWIMS device, the ion drift velocity changes with the ion position
and, thus, with time as the ion travels through the device. Therefore, a time dependent function is
required to describe the motion of ions through the device. Velocity is defined as the change in
position over time. Therefore, eq. 1 can be rewritten as:

dx
—~— —KE 5
" )

where t is time. Different equations describing the motion of ions through the TWIMS device are
derived by combining eq. 5 with egs. 3 and 4, respectively. Combining eq. 5 with eq. 3 and
rearranging results in eq. 6:

dx

KAdt =
sin(6x)

(6)

This equation is integrated over a period of time equal to the duration of a single wave step. This
duration of time is known as the “dwell” time (tawen) and is equal to the 254 mm length of the
TWIMS device divided by the wave velocity. Integrating eq. 5 over the dwell time and
rearranging results in eq. 7:

X, = %tan‘{tan(%} exp(KAt ., )} @)

where Xo and xt are the ion positions at t = 0 and tawe, respectively. This equation can be used to
determine the distance an ion travels through the device during a single wave step (Xt — Xo) as a
function of the initial ion position and dwell time.

Combining eq. 5 with eq. 4 and rearranging results in eq. 8:

dx
A, sin(6x)+ A, sin(30x) + A, sin (56x)

Kdt (8)
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The right side of eq. 8 cannot readily be integrated explicitly over time. Therefore, eq. 8 is
integrated numerically from t = 0 to tawen Using MatLab. An implicit approximation in both egs. 7
and 8 is that the velocity of an ion changes instantaneously with the change in electric field
strength. Therefore, when an ion reaches a position where the electric field strength is zero (i.e.,
X =-6.05, 0, and +6.05 mm, Figure 8.1b), the ion stops moving.

The total distance an ion travels when multiple waves pass through the device is obtained
by summing the distance the ion travels during each wave step. The initial ion position in the
first computational wave step is chosen arbitrarily, and the final ion position in this wave step is
computed from this initial ion position and the instrument dwell time. The potential wave is then
stepped forward, resulting in a change in the electric field strength experienced by the ion. The
distance the ion travels during this new wave step is then computed as a function of the initial ion
position in this wave step and the instrument dwell time. The potential wave is stepped forward
and the distance the ion travels during each step is computed over multiple wave steps until the
motion of the ion through the device is well characterized.

In order to simulate the motion of an ion as it traverses the TWIMS cell under different
conditions, wave parameters are used that result in the same ion traversing the cell at the wave
velocity and being overtaken by the travelling waves. In order to simulate an ion traversing the
TWIMS cell at the wave velocity a 100 m/s wave velocity and a 40 V wave height are used. For
convenience, the ion cross section times the square root of the reduced mass per unit charge (Q
u2 z'1) is defined here as the adjusted cross section. lon mobility is inversely proportional to the
adjusted cross section (eg. 2). A representative plot of the total distance travelled by an ion with
an adjusted cross section of 17.0 nm? Da'/? as a function of the number of times the wave is
stepped through the device is shown in Figure 8.2a. This adjusted cross section corresponds to
the 14+ charge state of bovine serum albumin, which traverses the TWIMS device at the wave
velocity with the parameters used to obtain Figure 8.2a but is overtaken by the waves with higher
wave velocities. The results in Figure 8.2a are obtained with eq. 7 (black dashed line) and
numerical integration of eq. 8 (blue line) using a 1.0 mm initial ion position in the first step. The
results obtained with both egs. 7 and 8 indicate that the ion traverses the 254 mm length of the
device after the wave is stepped forward 84 times, which is the same as the number of plate pairs
in the device, consistent with an ion traversing the device at the wave velocity.

In order to simulate this same ion under conditions where it is overtaken by the travelling
waves, a 2000 m/s wave velocity and a 20 V wave height are used (Figure 8.2b). The results in
Figure 8.2b are obtained with egs. 7 (black dashed line) and 8 (blue line) using a 1.0 mm initial
ion position in the first step. When the ion is on the front of the wave, it moves forward through
the device towards the detector, but when it is overtaken by a wave, it moves backwards through
the device away from the detector (Figure 8.2b). Thus, the position of the ion oscillates as waves
are stepped through the device. The results in Figure 8.2b obtained with both egs. 7 and 8
indicate that under the conditions used here, the ion is overtaken by the wave once every four
wave steps but on average moves forward through the device towards the detector, consistent
with the motion of a low mobility ion moving through the device.

The average ion drift velocity during a wave step (Vave) is obtained by dividing the
average distance the ion travels per wave step (dave) by the dwell time:

\V; — d ave (9)

ave
t dwell
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The distance the ion travels varies between wave steps, especially when the ion is overtaken by a
wave. Therefore, the effect that the number of steps used has on the average distance the ion
travels per wave step and, thus, on vave is investigated using conditions that result in the ion
being overtaken by the travelling waves (17.0 nm? Da'/? adjusted cross section, 20 V wave
height, 2000 m/s wave velocity, Figure 8.3a). Under these conditions, the average ion drift
velocity varies significantly for the first several steps (from 51 m/s after step 1 to -27 m/s after
step 3) but damps out quickly. With ~3,650 or more steps the variability in the average drift
velocity is less than 1%, indicating that the uncertainty in the average drift velocity is negligible
after ~3,650 wave steps. For ions with smaller adjusted cross sections, the waves pass by the ion
less frequently, which reduces the uncertainty in the average ion drift velocity.

The drift time of an ion through the entire TWIMS device (taritt) is determined from the
average ion drift velocity per wave step using eq. 10:

L
t.. = TWIMS 10
drift v ( )

ave

where Ltwiwms is the length of the TWIMS device (254 mm). Drift times obtained with eq. 10
using values for vave Obtained with eq. 7 and numerical integration of eq. 8 are shown in Figure
8.3b as blue circles and red diamonds, respectively. These drift times are obtained using 10,000
wave steps, a 17.0 nm? Da'/? adjusted cross section, a 20 V wave height, and wave velocities of
between 100 and 2000 m/s. The variability in the average distance travelled per wave step is less
than 0.4% with 10,000 or more wave steps. Surprisingly, the drift times obtained with egs. 7 and
8 are the same to within <1.5% at each wave velocity despite the <11.4% difference between the
electric field strengths obtained with the equations used to derive egs. 7 and 8 (egs. 3 and 4,
respectively). Similar drift times may be obtained with egs. 7 and 8 because the average
difference between the electric field strengths obtained with egs. 3 and 4 over a full wavelength
(between x = -6.05 and +6.05 mm) is approximately zero (Figure 8.1c). Therefore, any errors
that may occur in calculating the distance an ion travels in the individual steps is greatly reduced
by using multiple steps. Calculating a single drift time using eq. 7 takes less than 1 s, whereas the
same calculation using numerical integration of eq. 8 can take greater than 1 min, depending on
instrument conditions. Therefore, it may be advantageous to use eq. 7 when simulating a large
number of ions.

8.4 Results and Discussion

8.4.1 Accuracy of the Computed Drift Times. The drift times of 70 different reference
ions are calculated with eq. 10 for wave velocities of between 100 and 2000 m/s and wave
heights of 20 and 40 V. These calculated drift times are obtained using average distances
traveled per wave step obtained with eq. 7 using 10,000 wave steps, a 1.0 mm initial ion position
in the first wave step, and adjusted cross sections calculated using DTIMS cross sectional values.
The reference ions range in mass from 231 Da to 103 kDa, in charge from 1+ to 24+, and in
collisional cross section measured with DTIMS from 1.51 to 60.9 nm?, and correspond to
adjusted cross sections of between 7.5 and 17.0 nm? Da*2. The data obtained with 20 and 40 V
wave heights are shown as a function of the adjusted cross sections calculated using DTIMS
cross sectional values in Figure 8.4a and 8.4b, respectively. Also shown in these respective
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figures are the drift times measured for the reference ions using 20 and 40 V wave heights and
various wave velocities. Open and filled shapes correspond to ions formed from denaturing and
buffered aqueous solutions, respectively.

The difference between the drift times that are measured in TWIMS and the calculated
drift times obtained using the same experimental parameters and the DTIMS cross sectional
values is small for ions formed from denaturing solutions (average difference + 16 = 0 + 6%) for
wave velocities of <1500 m/s and both wave heights. These results indicate that TWIMS drift
times for a wide variety of protein and peptide ions formed from denaturing solutions can be
accurately predicted using the computational method presented here for low wave velocities. In
contrast, the measured drift times acquired with a 2000 m/s wave velocity are significantly larger
than the calculated drift times at this same wave velocity (12 + 6% and 20 + 6% larger in Figure
8.4a and 8.4b, respectively). The difference between the measured and calculated drift times for
ions generated from buffered aqueous solutions is also low for low wave velocities (1 + 8%
difference for wave velocities of <500 m/s), but the measured drift times are 32 £ 6% and 56
6% larger than the calculated drift times for wave velocities of 1000 and 1500 m/s, respectively.
The width of the ion mobility peaks increases as the wave velocity increases, and with the 2000
m/s wave velocity, the width of the peaks corresponding to the ions formed from buffered
aqueous solutions are too broad for measured drift times to be obtained.

8.4.2 Obtaining Collisional Cross Sections with the Computational Method. In order
to obtain absolute collisional cross sections from TWIMS drift times without experimental
calibration, the computed drift times as a function of the adjusted cross sections are fit with
second-order polynomials (R? = 1.00). Although DTIMS cross sectional values were used to
calculate the computed drift times used to obtain these polynomial fits, nearly identical fits can
be obtained using purely hypothetical adjusted cross sections (Appendix E, Figure E.1), and the
relationship between adjusted cross section and TWIMS drift time described by these polynomial
fits is entirely independent of any DTIMS cross sectional values. Second-order polynomials are
used to obtain these fits because second-order polynomials have been reported to result in the
lowest absolute errors for TWIMS chemical calibration curves, compared to that obtained with
linear, third-order polynomial, and natural-log fits . Cross sections were obtained from these
polynomial fits and the measured drift times of the reference ions. Cross sections are not
determined for ions that traverse the TWIMS cell at the wave velocity because no separation
occurs for these ions and therefore only an upper limit to the mobility of the ions is obtained. The
cross sections obtained for the reference ions using the computational method with 20 and 40 V
wave heights and the various wave velocities are plotted in Figure 8.5a and 8.5b, respectively, as
a function of the DTIMS cross sections.

The TWIMS computational calibration cross sections obtained for the ions formed from
denaturing solutions are extremely similar to those obtained with DTIMS (average difference +
1o =0 = 3%) for wave velocities of <1500 m/s. This uncertainty is similar to the uncertainty
resulting from the standard experimental calibration approach®® for obtaining collisional cross
sections with TWIMS (1 + 2%).31+% These results indicate that the cross sections for ions
formed from denaturing solutions obtained using TWIMS computational calibration with low
wave velocities are approximately as accurate as those obtained using TWIMS chemical
calibration.

Significantly larger cross sections are obtained for the ions formed from denaturing
solutions with TWIMS computational calibration with a 2000 m/s wave velocity than are
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obtained with DTIMS (7 £ 4% and 12 + 4% larger in Figure 8.5a and 8.5b, respectively). The
higher than expected cross sections are likely due to unfolding of the proteins and peptides
during TWIMS as a result of ion heating.®®=° The extent of unfolding is on average greater for
the 40 V wave height (12 + 4%) than for the 20 V wave height (7 £ 4%). This is likely because
the electric field strength within the TWIMS cell increases with increasing wave height, resulting
in higher drift velocities and, thus, higher energy collisions between the ions and the buffer gas.
The difference between the cross sections obtained here with the computational method and
those obtained with DTIMS is greater for low charge state ions than for high charge state ions of
the same species. For example, the cross section of the 9+ ubiquitin ion obtained with a 2000 m/s
wave velocity and a 20 V wave height is about 20% larger than the 20.9 nm? DTIMS cross
section for this ion, whereas the cross section of the 13+ ubiquitin ion is only 8% larger than the
26.0 nm? DTIMS cross section for this ion. More unfolding likely occurs for the lower charge
states because the lower charge state ions are initially more compact than the high charge state
ions**#* and can thus unfold to a greater extent during TWIMS.

The extent of unfolding that occurs for polyalanine ions in these experiments depends on
the number of amino-acid residues in the peptides. The difference between the collisional cross
sections for polyalanine ions obtained here using the computational method with a 2000 m/s
wave velocity and 20 and 40 V wave heights compared with those obtained using DTIMS is
shown as a function of peptide length in Figure 8.6a and 8.6b, respectively. Circles, squares, and
triangles correspond to singly, doubly, and triply charged ions, respectively. The relative extent
of unfolding that occurs increases with increase peptide length for each charge state. For
example, with the doubly charged ions and a 40 V wave height (blue squares, Figure 8.6b), the
difference in cross sections increases from 7% for the 11-residue peptide to 18% for the 26-
residue peptide. More unfolding is likely obtained with the longer peptides because these
peptides have more structural flexibility than the shorter peptides. More unfolding also occurs for
lower charge states than for higher charge states for peptide ions with the same number of
residues, and on average, more unfolding occurs with the 40 V wave height (10 * 4%, Figure
8.6b) than with the 20 V wave height (5 £ 3%, Figure 8.6a), consistent with the results obtained
for the protein ions.

The collisional cross sections obtained here with low wave velocities (<500 m/s) for ions
formed from buffered aqueous solutions are also very similar to those obtained with DTIMS (1 £
5%, Figure 8.5, upper panels), but with 1000 and 1500 m/s wave velocities, the cross sections
obtained here are 19 + 6% and 54 + 10% larger, respectively, than those obtained with DTIMS.
The relative extent of unfolding that occurs at the high wave velocities is greater for the ions
formed from the buffered aqueous solutions than for the ions formed from the denaturing
solutions. This is likely because the ions formed from the denaturing solutions are already
partially unfolded upon gaseous ion formation, whereas the ions formed from the buffered
aqueous solutions are initially more compact. These results are consistent with previous results
indicating that collisional cross sections obtain with experimental calibration of TWIMS increase
with increasing wave velocity for ions formed from both denaturing and buffered aqueous
solutions but that this effect is more prominent for ions formed from buffered aqueous
solutions.® In summation, the results in Figure 8.5 indicate that computational calibration of
TWIMS can be used to obtain absolute collisional cross sections of protein and peptide ions
formed from both denaturing and buffered aqueous solutions that are similar to those obtained
with DTIMS, but that gentle instrument settings should be used to minimize any unfolding that
might occur.
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8.5 Conclusions

A method for calibrating TWIMS drift times with collisional cross sections using
computational simulations is presented. The accuracy of this method is investigated by
comparing the collisional cross sections of 70 different reference ions obtained using this method
with those obtained using DTIMS. The cross sections obtained here with low wave velocities are
very similar to those obtained with DTIMS (average difference = 0.3%) both for ions formed
from denaturing solutions and those formed from buffered aqueous solutions. These results
demonstrate that collisional cross sections can be obtained from single TWIMS drift time
measurements without prior experimental calibration. The method presented here does not take
into account intermolecular potentials between the ions and the buffer gas, nor does it include
corrections for surface topology.*® However, the uncertainty in the collisional cross sections
obtained using this method is about the same as that in the collisional cross sections obtained
using TWIMS experimental calibration techniques. Therefore, this technique eliminates the need
for experimental calibration, thereby expediting the process of obtaining collisional cross
sections with TWIMS.

The collisional cross sections obtained here with high wave velocities are larger than
those obtained with DTIMS, especially for ions formed from buffered aqueous solutions. Larger
than expected cross sections are likely obtained with the high wave velocities as a result of
protein unfolding that can occur during TWIMS as a result of ion heating. These results indicate
that low wave velocities should be used for obtaining collisional cross sections with TWIMS in
order to minimize any uncertainties that may result from protein unfolding occurring.
Uncertainty in TWIMS computational calibration cross sections may also arise from
uncertainties in the pressure within the TWIMS cell. It may be possible to determine the pressure
in a TWIMS drift cell by measuring the drift time of an ion that is not likely to unfold during
TWIMS and by varying the pressure used to calculate the drift time of this same ion until a value
similar to the measured drift time is obtained.
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Table 8.1. Parameters for egs. 3 and 4. “WH” denotes the wave height.

0 519.5m?

A | WHx213.5m?
A: | WHx213.7m*
A> | WHx-25.1m*
A3 WH x 2.0 m?
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Figure 8.1. (a) The electric potential and (b) the electric field strength along the axis of
the TWIMS device obtained with a 40 V wave height using SIMION (blue lines), eq. 3 (black
dashed line), and eq. 4 (black exes). (c) The difference between the electric field strength along
the axis of the TWIMS device obtained with SIMION compared to that obtained with egs. 3
(dashed line) and 4 (solid line). “WH” denotes wave height.
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Figure 8.2. The total distance travelled by an ion with a 17.0 nm2 Dal/2 adjusted cross
section as a function of the number of waves that have passed through the TWIMS device. These
results are obtained using eq. 7 (black dashed lines) and numerical integration of eq. 8 (blue
lines) and instrumental settings that result in the ion (a) traversing the TWIMS cell at the wave
velocity and (b) being overtaken by the travelling waves.
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Figure 8.3. (a) The average ion drift velocity as a function of the number of wave steps
that have passed through the TWIMS device obtained with a 17.0 nm2 Dal/2 adjusted cross
section, a 20 V wave height, and a 2000 m/s wave velocity. (b) Calculated drift times obtained
using average ion drift velocities obtained with eq. 7 (blue circles) and numerical integration of
eq. 8 (red diamonds) with a 17.0 nm2 Dal/2 adjusted cross section, a 20 V wave height, and
wave velocities of between 100 and 2000 m/s.
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Figure 8.4. Measured (shapes) and calculated (dashed lines) drift times as a function of
the adjusted cross sections determined using DTIMS cross sectional values. These results are
obtained with (a) 20 and (b) 40 V wave heights and 100 (black inverted triangles), 250 (red
pentagons), 500 (yellow triangles), 1000 (green diamonds), 1500 (blue circles), and 2000 (purple
squares) m/s wave velocities. Open and filled shapes correspond to ions formed from denaturing

and buffered aqueous solutions, respectively.
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Figure 8.5. TWIMS computational calibration cross sections obtained with (a) 20 and (b)
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Figure 8.6. Difference between the collisional cross sections of polyalanine ions obtained
with the computational method with (a) 20 and (b) 40 V wave height and a 2000 m/s wave
velocity and those obtained with DTIMS as a function of the length of the peptides. Circles,
squares, and triangles correspond to 1+, 2+, and 3+ charge state ions, respectively.
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Appendix A

Schematic Diagram of the Experimental Setup and Relative
lonization Efficiency Measurements of Oxidized and
Reduced DCIP

This appendix is reproduced with permission from
Mortensen, D.M.; Williams, E.R.
“Theta-Glass Capillaries in Electrospray lonization:
Rapid Mixing and Short Droplet Lifetimes”
Analytical Chemistry 2014, 86, 9315-9321
© 2014 American Chemical Society
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Scheme A.1. A schematic diagram of the experimental setup showing the grounded
platinum wires in contact with the solutions in each barrel of the theta-glass emitter. Electrospray
was initiated by applying a potential of ~-700 V to the inlet of the mass spectrometer, and a
backing pressure of ~10 psi (CO2) was applied to the solutions during electrospray using a
pressure regulator.
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A.2 The relative ionization efficiency of oxidized DCIP to reduced DCIP. The relative
ionization efficiency of the oxidized form of 2,6-dichloroindophenol (oDCIP) with respect to its
reduced form (rDCIP) was measured by preparing a solution containing oDCIP and 18-crown-6
(18C6) and a solution containing rDCIP and 18C6, all at 10 M concentrations and at pH = 3.
The most abundant ion in the ESI mass spectra of both solutions is [18C6 + K]*, which was used
as an internal standard. The relative abundances of [oDCIP + H]" and [rDCIP + H]* were 24.4 +
4.0 and 25.5 £ 2.0, respectively (representative mass spectra of the solutions containing oDCIP
and rDCIP are shown in Figure S-1 a and b, respectively). The relative ionization efficiency of
oDCIP to rDCIP was determined from these results and is 1.0 £ 0.2.

1007 a) [18C6 + K]

[18C6+NH4]'
(oDCIP+H| ¥ [18C6+Nal'
0 I.ll . . I. i I . . i Ill

1009 b) [18C6 + K]

[18C6 + NH,|*
(tDCIP + H]' 3, [18C6 + Na]

[IFTR T ¥

0 r T r !
265 275 285 295 305

mlz

Figure A.1. Representative mass spectra of aqueous solutions containing (a) oDCIP and
18C6 (pH = 3) and (b) rDCIP and 18C6, all at 10 uM concentrations and at p.2 H = 3.
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Appendix B

Electron Micrographs of the Tips of the Emitters, Mixing
Efficiency Measurements, and TWIMS Drift Profiles

This appendix is reproduced with permission from
Mortensen, D.M.; Williams, E.R.
“Ultrafast (1 pus) Mixing and Fast Protein Folding in
Nanodrops Monitored by Mass Spectrometry”
Journal of the American Chemical Society 2016, 138, 3453-3460
© 2016 American Chemical Society
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od. (nm)= 1683 + 109 748 + 108 326 + 25 261 + 46

id. (nm)= 1399 + 120 563+79 198+ 51 -
divider (nm)= 175 + 16 100 + 6 64 +6 -

od.(nm)= 1248 £ 68 571+87  284+7 227 +23
id. (nm)= 903113 374+58 105+ 11 :

Figure B.1. Electron micrographs of the tips of the theta-glass emitters with average 0.d.s
of (a,b) 1465 * 134, (c,d) 659 £ 135, (e,f) 305 + 32, and (g,h) 244 £ 61 nm. The inner divider is
perpendicular to and parallel to the sample stand in the upper and lower panels, respectively.
White lines were added to (g) and (h) to indicate where the tips end. For the ~244 nm o.d. tips,
the i.d. and divider width are not resolved.
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B.2 Mixing Efficiencies. To determine if complete mixing occurs between solutions
loaded into the different barrels of the theta-glass emitters, a rapid equilibration complexation
reaction is performed. If incomplete mixing occurs between the solutions loaded into either
barrel of the theta-glass emitters, only a portion of the reagents in either solution will interact and
the product to reagent ratio in the resulting mass spectra will be less than in that of a premixed
solution that is in equilibrium. 18-crown-6 (18C6) and K* form the complex [18C6 + K]* with a
forward rate constant of 2.45 x 10° mol s (average of values measured by others).! Protonated
18C6 is not observed in the mass spectra, so the product to reagent ratio cannot be directly
observed. Therefore, NaCl is added to the 18C6 solution to form the complex [18C6 + Na]".

Aqueous solutions containing (A) 50 uM 18C6 and 50 uM NaCl and (B) 5 uM KCl are
mixed both at a 1:1 ratio prior to nanoESI (equilibrium) and using the theta-glass emitters with
flow rates between 48 and 2878 pL/s (rapid mixing). These flow rates are obtained using various
tip sizes and backing pressures. A mass spectrum of these solutions mixed prior to nanoESI,
acquired at 913 pL/s, is shown in Figure S2a. [18C6 + Na]* and [18C6 + K]* are both present at
aratio of 1 to 1.6 + 0.1, respectively. The ratio, [18C6 + K]*/[18C6 + Na]", for both the
equilibrium and rapid mixing experiment are shown in Figure S2b as a function of flow rate.
These data were corrected for the relative abundance of [18C6 + K]* in the mass spectra of
solution A at each flow rate. The ratios of these complexes are the same to within error between
the equilibrium and rapid mixing experiments at each flow rate. This result indicates that this
reaction reaches equilibrium during nanoESI and that complete mixing occurs between the
solutions. The ratio of the complexes in these experiments has a relatively constant value of ~1.3
at each flow rate obtained using the ~1465 nm o.d. tips, a slightly higher value of ~1.6 when the
~659 nm o.d. tips are used, and significantly higher values of ~2.1 and ~1.9 when the ~305 and
~244 nm o.d. tips are used, respectively. The diminished tip diameter of the smaller tips results
in an increased tip surface area relative to the solution volume in these experiments, and this
could result in more K* being released from the glass, resulting in an increased ratio of [18C6 +
K]* to [18C6 + Na]" in the resulting mass spectra. The change in tip geometry may also result in
an increased ionization efficiency of [18C6 + K]* relative to [18C6 + Na]* for the smaller tip
sizes, resulting in the increased relative abundance of [18C6 + K] in the resulting mass spectra.

Reference

1) Izatt, R. M.; Bradshaw, J. S.; Nielsen, S. A.; Lamb, J. D.; Christensen, J. J.; Sen, D.
Chem. Rev. 1985, 85, 271-3309.
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Figure B.2. (a) Mass spectrum of a solution containing Na*, 18C6, and K" at a ratio of
10:10:1. (b) The ratio, [18C6 + K]*/[18C6 + Na]*, in the mass spectra obtained from the

equilibrium (diamonds) and rapid mixing (triangles) experiments as a function of the solution
flow rate. The average o.d. of the tips used in these experiments are indicated.
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Figure B.3. TWIMS drift profiles of the (a) 8+, (b) 9+, and (c) 10+ charge states
resulting from mixing an acidified aqueous aMb solution (pH = 2.9) with a 100 mM aqueous
ammonium acetate solution at a 1:1 ratio prior to nanoESI (equilibrium; pH = 4.7) (black lines)
and using a theta-glass emitter (dashed red lines). TWIMS drift profiles of the (d) 6+, (e) 7+, and
(f) 8+ ions resulting from mixing an acidified aqueous cyt ¢ solution (pH = 2.8) with a 100 mM
aqueous ammonium acetate solution at a 1:1 ratio prior to nanoESI (equilibrium; pH = 4.4)
(black lines) and using a theta-glass emitter (dashed red lines).
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Appendix C

Mass spectra of hMb in 10, 100 and 500 mM aqueous
ammonium acetate and ammonium bicarbonate solutions
obtained with ~1465 and ~305 nm o.d. tips

This Chapter is reproduced with permission from
Mortensen, D.M.; Williams, E.R.
“Surface-Induced Protein Unfolding in
Submicron Electrospray Emitters”
Submitted to Analytical Chemistry 2016
© 2016 Royal Society of Chemistry
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Figure C.1. Mass spectra of hMb (pl = 7.4) in aqueous solutions containing (a,d) 10,

(b,e) 100, and (c,f) 500 mM ammonium acetate (pH = 6.7) acquired with (a-c) ~1465 and (d-f)
~305 nm o.d. tips. (*) denotes average charge state.
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Figure C.2. Mass spectra of hMb (pl = 7.4) in aqueous solutions containing (a,d) 10,
(b,e) 100, and (c,f) 500 mM ammonium bicarbonate (pH = 8.3) acquired with (a-c) ~1465 and

miz

(d-f) ~305 nm o.d. tips. (*) denotes average charge state.
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Appendix D

Electron micrographs of the tips of the emitters and mass
spectra of hMb, cyt c, and B-lac A in 100 mM aqueous
ammonium acetate, formate, and bicarbonate solutions
acquired under native MS conditions

This Chapter is reproduced with permission from
Mortensen, D.M.; Williams, E.R.
“Electrothermal Supercharging of Proteins in Native
MS: Effects of Protein Isoelectric Point, Buffer,
and nanoESI-Emitter Tip Size”

Analyst 2016, DOI: 10.1039/c6an01380e
© 2016 Royal Society of Chemistry
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Figure D.1. Electron micrographs of the tips of the theta-glass emitters with average

outer diameters of (a,b) 1465 + 134, (c,d) 656 = 131, and (e,f) 305 + 32 nm with the inner divider
perpendicular to and parallel to the sample stand in the upper and lower panels, respectively.

141



100+ ) ®8+

oic {®100%
E (O | . 9+
@ ' %7 eholo-myoglobin g 7+
€ L o apo-myoglobin l [ )

C T T T T T T ] L T T T T )

100- P) o8+

oo 1@100%
TO T
E 1 % .
i J +
S o o

C T T T T T T ] L T T I‘I T T T I'l ] ] ] T 1
o 10049 ® 8+
"o {e100%
S o 9+
g« ®
o n % 7+
ST 1 ®
L
2

0 T T T T T T T L T T T T T T T T T T T T 1
800 1200 1600 2000 2400 2800
miz

Figure D.2. Mass spectra of hMb (pl = 7.4) under native MS conditions (700 V spray
potential) in aqueous solutions containing 100 mM (a) ammonium acetate (pH = 6.7), (b)
ammonium formate (pH = 6.5), and (¢) ammonium bicarbonate (pH = 8.3) acquired with ~1465
nm o.d. tips.
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Figure D.3. Mass spectra of cyt ¢ (pl = 10.3) under native MS conditions (700 V spray
potential) in aqueous solutions containing 100 mM (a) ammonium acetate (pH = 6.7), (b)
ammonium formate (pH = 6.5), and (¢) ammonium bicarbonate (pH = 8.3) acquired with ~1465
nm o.d. tips. Percentages are the relative abundances of the unfolded fractions (>10+ charge
states) of cyt c.
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Figure D.4. Mass spectra of B-lac A (pl = 5.1) under native MS conditions (700 V spray
potential) in aqueous solutions containing 100 mM (a) ammonium acetate (pH = 6.7), (b)
ammonium formate (pH = 6.5), and (¢) ammonium bicarbonate (pH = 8.3) acquired with ~1465

nm o.d. tips. Percentages are the relative abundances of the unfolded fractions (>10+ charge
states) of B-lac A.
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Appendix E

A second-order polynomial relating TWIMS drift times with
adjusted cross sections obtained using DTIMS cross
sectional values is compared with that obtained using purely
hypothetical adjusted cross sectional values.

This Chapter is reproduced with permission from
Mortensen, D.M.; Susa, A.C.; Williams, E.R.
“Collisional Cross Sections with T-Wave lon

Mobility Spectrometry without Experimental Calibration”
Submitted to International Journal of Mass Spectrometry 2016
© 2016 American Chemical Society

E.1 Polynomial Fits Obtained with Different Adjusted Cross Sections. The drift times
of the reference ions calculated using DTIMS cross sectional values, a 20 V wave height, and a
1000 m/s wave velocity are shown as a function of adjusted cross section in Figure S-1a. These
reference ions have adjusted cross sections of between 7.5 and 17.0 nm? Da'/2. The drift times of
purely hypothetical ions with adjusted cross sections ranging by half-integer values from 7.5 to
17.0 nm? Da'? are also calculated using the same wave parameters (Figure S-1b). The data in
Figure S-1a and S-1b are fit with second-order polynomials (shown as black lines). The drift
times predicted by these two polynomial fits are the same to within less than 0.1% for all of the
adjusted cross sections within the range of adjusted cross sections used (Figure S-1c). The
difference between the two polynomial fits is greatest for adjusted cross sections below ~12 nm?
Da'? because most of the reference ions (70%) have adjusted cross sectional values that are
below 12 nm? Da*2. In contrast, the adjusted cross sections of the hypothetical ions are evenly
distributed across the range of values used. Thus, the polynomial fit obtained with the reference
ions is slightly biased towards lower adjusted cross sectional values, whereas the polynomial fit
obtained with the hypothetical ions is not biased towards either high or low values. The results in
Figure S-1 indicate that nominally identical polynomial fits can be obtained using adjusted cross
sections obtained with DTIMS cross sectional values and using purely hypothetical adjusted
cross sections as long as the same range of adjusted cross sections is used.
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Figure E.1. Calculated drift times as a function of adjusted cross section obtained (a) for
the reference ions using DTIMS cross sectional values and (b) for purely hypothetical ions.
These results are obtained with a 20 V wave height and a 1000 m/s wave velocity. Black lines
are second-order polynomial fits to the data. (c) The difference between the polynomial fit
obtained for the reference ions and that obtained for the hypothetical ions as a function of
adjusted cross section.
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