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Abstract
Novel Analytical Methods for Examining

Biomolecular Complexes Using Electrospray lonization Mass Spectrometry
by
Tawnya Grace Flick
Doctor of Philosophy in Chemistry
University of California, Berkeley
Prof. Evan R. Williams, Chair

Several analytical strategies and investigations are presented in this dissertation
to improve the quantification, sensitivity, and structural information that can be obtained
for gaseous biomolecular ions in electrospray ionization (ESI) mass spectrometry (MS)
experiments. Internal or external standards are commonly employed to quantify
molecules in complex mixtures because molecular ion abundances cannot be directly
related to the concentration of the molecules in solution. A new standard-free
quantitation method is used to obtain the relative concentrations of components in a
mixture using the abundances of large, nonspecific clusters formed by ESI. Large non-
covalent clusters overcome differences in ionization efficiencies between molecules,
and are representative of the solution-phase mixture. The sensitivity in MS experiments
can be significantly lowered by the presence of high concentrations of salts in the ESI
solution because nonspecific ion adduction to biomolecules distributes ion signal into
different forms with various numbers of adducts. Studies here demonstrate the extent
of both sodium ion and acid molecule adduction to proteins are inversely related, and
both depend significantly on the proton affinity of the anion in the ESI solution. Several
solution-phase additives that contain anions with low proton affinity values are shown to
effectively desalt protein ions generated by ESI, which should result in improved
detection limits, more accurate mass measurements, and improved tandem MS
sensitivity. Additionally, a solution-phase additive (HCIO,) is discovered that can be
used to count the number of basic sites accurately in peptides and proteins based on
the number of HCIO4 adducts to low charge states. High charge states of peptides and
proteins can be readily formed by ESI of aqueous solutions that contain trivalent metal
ions, and fragmentation of these trivalent metal ion-peptide or protein complexes by
electron capture dissociation can be used to increase the structural information obtained
from these experiments. Metal ion-biomolecule interactions are ubiquitous in nature
where they play a role in many biological processes. Here, nonspecific metal ion
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adduction to protein cation and anions is shown to result in more compact
conformations compared to the bare protein ion, likely a result of salt-bridge interactions
between the metal ion and the biomolecule.
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CHAPTER 1

1.1 Biological Mass Spectrometry

The structure and functions of biomolecules are largely dictated by their non-
covalent interactions with other molecules. For instance, proteins can interact with
other proteins, peptides, metal ions, small molecules, and nucleic acids.” These
interactions are responsible for much of the complex chemical processes in life, such as
cell division, cell signaling, ion transport, and homeostasis. A number of established
solution-phase techniques are commonly employed to study non-covalent biomolecular
interactions, including optical spectroscopy, nuclear magnetic resonance, light
scattering, and differential scanning calorimetry. The detailed study of these systems in
the condensed phase can be challenging, due to the high concentrations required for
many techniques and signal contributions from bulk solvent, counter-ions, and
contaminants. Non-covalent biomolecular complexes can also be generated in the gas-
phase, and information about these systems can be rapidly obtained using mass
spectrometry with minimal sample requirements.>* Mass spectrometric techniques
have been used to obtain information complementary to results from more common
solution-phase techniques, including information about complex stoichiometry,*®
binding energies,”® and biomolecule conformation.®™

The advantages of mass spectrometry (MS) in biochemical analysis continue to
make it an important tool, including high sensitivity, specificity, and speed.”"'? MS
enables the gas-phase separation of molecules based on their mass-to-charge ratio,
m/z, which allows for rapid analysis and compound identification of complex mixtures.
For example, Marshall and coworkers could identify up to 20,000 compounds in
petroleum samples with a mass measuring accuracy of ~400 ppb."® Molecular weight
measurements can be made using less than femtomoles of sample,?* making detection
of minor components in a complex mixture possible. MS has been used to identify and
locate post-translational modifications,'*'® identify active sites,'®'” and identify drug
candidates from screens of combinatorial libraries.'®'® MS has also enabled top down
andzt%%’ﬁtom up proteomics for the analysis of the complete complement of proteins in a
cell.>

Methods developed over the last several years have greatly extended the utility
of MS in analyzing large biomolecular complexes. Two ionization methods,
electrospray ionization (ESI) and matrix assisted laser desorption ionization (MALDI),
have enabled the production of intact gas-phase ions and clusters of high molecular
weight. With ESI, gaseous multiply-charged molecules can be formed directly from
solution, which is a significant advantage for the analysis of large molecules and
noncovalent complexes with MS. The multiple charging of analytes by ESI results in
m/z values of large molecules that are within a range where all mass spectrometers
operate at higher resolution.?>?®> Gas-phase biomolecular ions as large as 110 MDa
and intact nano-machineries as complex as the entire ribosome of E. col”*% or whole
virus particles®®%” have been produced using ESI and analyzed with MS.



Current techniques and combined methodologies have greatly increased the
analytical capabilities of MS by characterizing additional molecular properties other than
mass. Since the number of possible elemental compositions at a given nominal mass
increases with molecular size, obtaining the exact elemental composition of larger
molecules directly from mass alone can be challenging.?®? Without some
compositional information known, the mass limit for unambiguously determining the
amino acid composition is ~500-600 Da, which cannot be overcome by instrumental or
methodological improvements. Also, exact mass measurements do not provide any
information about molecular conformation. Elemental composition and molecular
structure can be further elucidated using many different gas-phase techniques,
including, but not limited to, tandem mass spectrometry, 32 jon mobility spectrometry
(IMS),**** and noncovalent modification of the analyte of interest.>**” These
techniques have greatly extended the utility of mass spectrometry in analyzing larger
biomolecules with specific gas-phase conformations.

1.2 Electrospray lonization

The ions investigated in all of the experiments conducted here were generated
by ESI. ESI is an ionization technique that can generate gas-phase ions from solution
with very little fragmentation, and therefore has greatly extended the utility of mass
spectrometry as a tool to study large biomolecular complexes. In ESI, a solution
containing the analyte of interest is passed, at atmospheric pressure, through a small
diameter capillary. An electric field is produced by applying a potential difference of 0.5-
3 kV between the solution and the entrance to the mass spectrometer. The effect of the
electric field as the solution emerges from the tip is to generate a spray of highly
charged droplets in the form of a taylor cone. These droplets are unstable at ambient
pressure and evaporate solvent molecules until the surface tension of the droplet can
no longer support the net charge at the droplet surface. Lord Rayleigh predicted that
the maximum number of charges, z.e, that a droplet can sustain prior to fission
occurring is given by eq. 1:

z,e=87(g,)R*)""? (1)

where z.is the unit charge limit, e is the elementary charge, ¢, is the permittivity of the
surrounding media, v is the surface tension and R is the radius of the droplet. Once the
Coulombic repulsion between the charges at the droplet surface exceeds the surface
tension, the droplet undergoes Rayleigh fission. Droplet fission typically occurs within
~20% of the Rayleigh limit, and each discharge event results in the loss of 10 — 30% of
the charge and 0.3 — 2% of the mass of the parent droplet. In general, ions are likely
formed by a combination of fission cycles forming smaller and smaller droplets, solvent
evaporation, and possibly ion desorption out of highly charged droplets.



There is still no clear consensus on the mechanism by which solute ions are
finally formed from the charged droplets generated by ESI. There are two major
theories that explain the final production of gas-phase ions: the charge residue model
(CRM)*® and the ion evaporation model (IEM).>** The CRM suggests that electrospray
droplets undergo several evaporation and fission cycles until progeny droplets are
formed that contain on average one analyte of interest.® The ion is finally formed when
the remaining solvent molecules evaporate and the charge is transferred to the
analyte.38 The IEM, based on the work by Iribarne and Thomson, assumes that when a
droplet reaches a certain radius, the electric field becomes so great that ions desorb off
the surface of the droplet.>® Several studies have reported that the number of charges
observed on various large ions formed by ESI is approximately equal to the Rayleigh
limiting charge of solvent droplets of the same size as the analyte.“o’41 This result
provides evidence that large ions are formed by the CRM and not the IEM, since these
ions could not acquire this many charges if they were to desorb off the surface at this
droplet size.***! Recently, Hogan and coworkers proposed that the number of charges
on a macromolecule is determined by the emission of small charge carriers from
macromolecule-containing nanodroplets, and that, after solvent evaporation, the
remaining charge is transferred to the macromolecule.**** However, limited
experimental data has been reported in support of this model.

1.2.1 Factors that Affect Charging of Peptides and Proteins. Multiple
charging of intact biomolecular ions by ESI is analytically advantageous because of
improved mass spectrometer performance at lower m/z values and the increase in
tandem MS efficiency for higher ion charge states.?*** Increasing analyte charge also
increases the sensitivity of mass spectrometers where the signal is proportional to
charge, such as orbitrap and Fourier-transform ion cyclotron resonance (FT-ICR)
instruments.?*?* Due to these advantages, the factors that influence analyte charge in
ESI have been extensively studied, as well as how they can be altered to increase
analyte charge.*!4°°2

Several factors are known to influence the extent of analyte charging in ESI,
including analyte conformation,*®*® solvent and analyte basicity,*"*** instrumental
factors,* and solvent surface tension,*'*" but the exact contribution of each of these
factors is not well understood. A narrow charge state distribution centered at high m/z
is often formed from solutions where a protein has retained its native structure, whereas
a broad charge state distribution and higher charge states are formed from solutions
when the protein is denatured.*®*® This effect can be largely attributed to reduced
coulombic repulsion and increased accessibility to basic sites on a protein with an
elongated conformation compared to a more compact structure. The solution-phase
denaturation of proteins as a result of heating or acidifying the bulk ESI solution can be
monitored by ESI-MS from shifts in the charge state distribution towards higher
charge.47 Addition of compounds with high gas-phase basicities into the ESI solution
shifts the charge state distribution of proteins and peptides towards lower charge due to
proton transfer, with the degree of charge reduction correlating well with the gas-phase
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basicity of the additive.*® Charge reduction of analytes can also be achieved by
increasing the number of collisions in the electrospray interface.”

An effective method to enhance the charging observed for many biomolecules is
the use of supercharging reagents, such as m-nitrobenzyl alcohol (m-NBA).*'>1:3469
Supercharging reagents have high boiling points and the concentrations of these
reagents increases as ESI droplet evaporation occurs. The enhanced charging was
originally demonstrated in denaturing solutions where addition of these reagents into
solutions results in a substantial increase in surface tension as organic solvents
preferentially evaporate. For instance, the surface tension of m-NBA (50 £ 5 mN/m) is
higher than organic solvents like methanol (22.1 mN/m at 25°C). This increase in
surface tension allows a droplet of a particular size to maintain a higher charge density
before reaching the Rayleigh limit (eq. 1), resulting in the formation of enhanced analyte
charging, whether ions are formed by the charge residue or ion evaporation model.
More recently, this supercharging method has been shown to be effective at increasin%
the charge states of protein and protein complex ions formed from native solutions,®'®
even though addition of these reagents into aqueous solutions should effectively lower
the droplet surface tension as ESI droplet evaporation occurs. Enrichment of the
supercharging reagent affects many physical properties of the ESI droplet, including the
temperature and propensities to proton transfer, etc. Results from circular dichroism
spectroscopy®!® and hydrogen deuterium-exchange MS®%%* indicate the supercharging
reagents do not affect protein conformation at the low concentrations typically used in
the initial solutions, but can cause chemical and/or thermal denaturation of the protein in
the ESI droplet as the concentration of these reagents is increased.*®>% Proteins that
have lost some or all of their native structures can carry away more charge and the
charge enhancement from the denaturing effect is greater than the effect of the lower
surface tension.®

The charge states of proteins can also be increased from unbuffered aqueous
solutions by introducing acid vapor into the drying gas.”® The acid vapor lowers the pH
of the ESI droplets, resulting in acid denaturation of the protein and higher ion charge
states in the mass spectrum.”® For example, addition of HCI acid vapor into the drying
gas resulted in an increase in the maximum charge state of cytochrome ¢ formed from
aqueous solutions by 10 and a 6.5 shift in the average charge state compared to when
no acid vapor is added.”® An electrothermal supercharging method was recently
introduced to generate high charge state protein ions from buffered ammonium
bicarbonate solutions in which the protein has a native structure prior to ESI droplet
formation.”" This method can be used to obtain mass spectra for proteins resembling
those from denatured solutions, where the maximum extent of charging can exceed the
number of basic sites, by simply increasing the electrospray voltage.”" In chapter 7 and
8, addition of trivalent metal ions to aqueous solutions containing peptides and proteins
results in an increase in the average and maximum ion charge states that can be
formed by ESI as a result of trivalent metal ion adduction to the biomolecules during ion
formation, and these ions are used to increase the structural information that can be
obtained in electron capture dissociation experiments.
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1.3 Quantitation with ESI-MS.

The ability to accurately and rapidly measure concentrations of substances in
complex mixtures is a key challenge in ESI-MS. Manufactured solid dosage forms of
small molecules can result in low levels of impurities that stem from unreacted starting
materials, degradation products, or products from competing side reactions.””® Since
these impurities may have unintended side effects, they must be quantified, structurally
identified, and shown to be biologically inert.”™ In proteomics, protein modifications
and/or the upregulation of protein expression can be biomarkers for disease.>?" Since
mass spectrometry is commonly utilized to identify components in a mixture, it is
advantageous to be able to quantify the concentration of these substances
simultaneously.'®?’

A significant limitation when using ESI-MS for mixture analysis is that quantitative
information about how much of each component is present in solution cannot be
determined directly from ion abundances in the mass spectrum. The ionization
efficiency of a molecule depends on many factors, including their surface activity or
hydrophobicities,*>’*"® concentration,”®’’ gas-phase basicity,**’® and the ionization
efficiency of other components in the solution.*>”® For instance, the ESI intensity of
tetraalkylammonium halides increases by over an order of magnitude when the
hydrophobic chain length increases from methyl to butyl, a result attributed to the
surface activities of these ions.** lon abundances depend significantly on the solution
composition or pH. For example, addition of basic solvents and additives to solutions
containing proteins and peptides results in lower charge state ions centered at high m/z
and reduced ion signal,**""® whereas ESI of proteins from a denaturing solution results
in a broad charge state distribution at lower m/z, which can result in ion abundances
that depend on m/z-dependent detection biases.*®*

Due to these factors, quantitation by ESI-MS is typically performed using an
internal or external standard that closely mimics the physical properties of the analyte.
The most robust quantitation is performed using an internal standard that is an
isotopically labeled form of the analyte,?""*®* and are commonly employed in the
analysis of small molecules in the pharmaceutical industry.®>® Internal standards, such
as isotope-coded affinity tags®® and stable isotope labeling with amino acids in cell
cultures,®’ are commonly used in proteomics to obtain information about relative gene
expression. In chapters 2 and 3, a new standard-free quantitation method is used to
obtain solution mole percentages of components in a mixture by the abundances of
large, nonspecific clusters in the mass spectrum without using either an internal or
external standard.”®®® This method is used to quantify amino acids and a dipeptide
using serine as a clustering agent, which has a tendency to form homochiral clusters
with specific conformations,®”®® and to determine the dosage of over-the-counter and
prescription drugs, such as Tamiflu.”®84

1.4 Nonspecific lon-Biomolecule Interactions.
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1.4.1 Hofmeister Series. lons can affect the stability, solubility, and function of
proteins through nonspecific interactions. In 1888, Franz Hofmeister observed that
various metal salts at molar concentrations had different propensities to precipitate hen-
egg albumin from aqueous solution,®* and the same ordering of ions based on this
“salting-out” property was found to be reproducible for a variety of other biomolecules.
The following general order was observed for cations and anions:

stabilizes protein structure destabilizes protein
prevents denaturation promotes denaturation
promotes precipitation iIncreases protein solubility

Scheme 1.1 Hofmeister lon Series

lons to the left of the series, referred to as kosmotropes, decrease protein solubility by
stabilizing the native protein conformations. lons at the right of the series are called
chaotropes, and they increase protein solubility by destabilizing native conformations.
Numerous studies over the last 122 year have observed this trend, and the Hofmeister
series has been correlated well with many ionic properties, including ionic radii,?"%2
polarizabilities,* solvation free energies,”* viscosity coefficients,® surface tension of
aqueous solutions,®*® and elution times from Sephadex G10 columns.?®*®" The precise
ordering of the ions depends substantially on the type of experiment and salts and
biomolecules used, and anions generally have a greater effect than cations. It has also
been observed that there is a reverse ordering of the ions when the isoelectric point (pl)
of the protein is several units greater than the pH of the protein.’*%

Despite numerous studies using many different methods, the exact origin of the
Hofmeister series is still widely debated. It is thought that both ion-water and ion-
biomolecule interactions play significant roles in the source of the Hofmeister
phenomena, but it is not well established the extent to which each of these factors
contribute. The extent to which ions can order water has been a subject of much
debate. Recently, both femtosecond pump-probe spectroscopy of aqueous salt
solutions®® and sum-frequency generation spectroscopy of aqueous solutions containing
both salts and polymers'® indicate that individual ions do not order water significantly
beyond the first solvation shell.”" In striking contrast, infrared photodissociation
experiments on ions in aqueous nanodrops have shown that the sulfate dianion order
water molecules well past the first and second solvation shell, and that long-range
patterning of water occurs for many different ions to various extents."%
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Although nonspecific ion adduction to proteins is common with ESI and MALDI,
there are no direct studies of the Hofmeister effect on ion-protein interactions in the gas-
phase using ESI-MS until this recent work. Colussi and coworkers measured ESI mass
spectra of solutions containing mixtures of equimolar amounts of sodium salts of
monovalent anions and found that the relative abundances of the anions correlated well
with both the ionic radii and solvation energies, two properties that have previously been
related to the Hofmeister series.?’ In chapter 4, we report that addition of eleven
different sodium salts with various Hofmeister anions to aqueous solutions results in
different extents of nonspecific sodium and acid molecule adduction to protein ions
generated by ESL.'® The extent of sodium and acid molecule adduction to multiply
charged protein ions is inversely related and depends strongly on the proton affinity
(PA) of the anion, and does not directly follow the Hofmeister series, suggesting that
direct protein-ion interactions may not play a significant role in the observed effect of
anions on protein structure in solution.'®®

1.4.2 Reducing Nonspecific lon Adduction to Proteins. Nonspecific ion
adduction to proteins is often considered a nuisance in the analysis of biomolecules
because it often results in severe ion suppression.””"81%1% The adverse effects of
some salts can be especially challenging for some biological samples that require
essential salts or high ionic strength to assemble and maintain their functional forms in
solution. Even millimolar concentrations of salts in the sample matrix can result in
severe ion suppression in ESI.' For instance, addition of 10 mM CsCl to aqueous
solutions containing 1 uM lysozyme resulted in a 330-fold reduction in protein ion
abundance.'®

Several approaches have been developed that make it possible to more readly
analyze samples with high salt concentrations. Salts, such as sodium chloride, are
often removed prior to MS analysis using a variety of techniques, such as dialysis'® or
liquid chromatography,''° to reduce adduction and improve ion formation by ESI.
However, removal of salts prior to ESI-MS analysis can adversely effect the structure of
many proteins and effect the specific binding of protein complexes.'® """ McLuckey and
coworkers demonstrated that sodium adduction to gaseous proteins can be significantly
reduced when the solution pH is ~3 units less than the pl of the protein in positive-mode
ESI-MS."2 Addition of molar quantities of ammonium acetate to ESI protein-containing
solutions with high salt concentrations can reduce sodium adduction to proteins and can
be used to improve the mass measuring accuracy of large protein complexes where
adducts to molecular ions are not resolved.'® % For example, addition of 7 M
ammonium acetate to aqueous solutions that contain 20 mM NaCl and 10 uM ubiquitin
resulted in an ~11-fold increase in the signal-to-noise ratio for the protein ions.' It was
proposed that this effect is a result of the precipitation of Na* and CI” from solution
within the evaporating electrospray droplets, due to the low solubility of sodium acetate
and ammonium chloride compared to ammonium acetate, prior to the formation of gas-
phase protein ions.'*



Recently, it has been shown that several anions, such as tartrate and citrate, can
substantially reduce the extent of nonspecific metal ion adduction to protein ions formed
by ESI.'"® Konnermann and coworkers found that the extent of nonspecific calcium
adduction to proteins was reduced when calcium tartrate was added to ESI solutions
compared to calcium acetate and calcium chloride, and suggested that tartrate acts as a
solution-phase chelator of calcium."? Gas-phase ion/ion reactions between DNA
anions and several chelating anions, such as citrate, in a dual nanospray source have
also been shown to significantly decrease the extent of nonspecific metal ion adduction
to anions.™ Interestingly, ammonium citrate or tartrate have also been shown to
reduce nonspecific adduction to oligonucleotide and protein ions formed by MALDI
when added directly to the sample matrix."">""® In chapter 6, several solution-phase
additives, including ammonium citrate and ammonium tartrate, that contain anions with
low PA are shown to effectively desalt gaseous protein ions formed by ESI.

1.5 Specific lon-Biomolecule Interactions.

Additional information about peptide or protein sequence or higher-order
structure can be obtained by combining mass measurements with covalent or
noncovalent modifications at specific residues in a protein or peptide. Many amino
acids can be chemically modified selectively, such as conversion of lysine to
homoarginine''” and cysteine thiol to thialamine.'® Modifications of specific residues
can provide constraints on possible amino acid compositions when accurate mass is
insufficient to unambiguously identify the peptide.’® For example, a cysteine
modification using an alkylating reagent that contains chlorine can be used to determine
the number of cysteine residue in a peptide sequence based on the distinctive isotope
distribution of chlorine.”” The number of cysteine residues in a peptide sequence
constrains the possible amino acid composition, which increases the effectiveness of
the accurate mass measurement approach.’"®

These covalent labeling methods can also map protein structure and interactions
by measuring the differential reactivity of different side chains.*” Much like H/D
exchange, the reactivity of amino acids depends largely on the accessibility of the side
chain to the reagent and the inherent reactivity of the chemical modifier and the side
chain.®” In comparison to H/D exchange measurements, the possibility of back-
exchange and scrambling are virtually nonexistent with covalent labeling reagents.®’
Due to the size of covalent modifications, however, protein structure is more likely to be
altered by the modification compared to when deuterium is used to probe structure.®’
Coupled with mass spectrometry, covalent labeling has been used to probe protein
surface topology and determine protein interactions.*’

Specific noncovalent adduction has also been used to obtain information about
the composition or surface accessibility of specific residues on proteins.'?>'?" |n gas-
phase ion/molecule reactions, adduction of acidic molecules, such as HlI, to various
peptides and proteins occurs when the gas-phase acidity of the acid is less than or
equal to ~330 kcalemol™."'?" The number of basic sites (Arg, Lys, His, N-terminus)
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on 20 of 21 oligopeptides was determined by the sum of the ion charge state and
number of adducted HI molecules.'®® 18-crown-6 (18C6) was found to have a strong
preference to bind to lysine residues in small peptides and proteins with minimal
interaction to the protonated side chains of histidine, arginine, and the N-terminus.
The number of lysine residues can be unambiguously determined in small peptides,
such as tetralysine, but cannot be determined in larger proteins, such as cytochrome
c.122123 Thjs result was attributed to the lack of accessibility of 18C6 to lysine residues
in the interior of the protein.'??'?® Napthalene-disulfonic acid (NDS) and Cibacron Blue
F3G-A (CCB) were either found to interact specifically with arginine and the N-terminus
or all basic sites, respectively.'?*'?® The maximum number of complex adducts in these
experiments was found to equal the number of arginine residues plus the N-terminus for
NDS and equal to all basic sites for CCB for small peptides and ubiquitin.*®'%° In
chapter 6, it is demonstrated that the number of basic sites (Arg, His, Lys, and the N-
terminus) in peptides and proteins can be accurately determined from the number of
HCIO4 molecules adducted to lower charge state ions generated by ESI."?® For 18
oligopeptides, the sum of the number of protons and the maximum number of HCIO4
acid molecules adducted to the lower charge state ions is equal to the number of basic
sites on the proteins.'?

122,123

1.6  Structural Information: Tandem Mass Spectrometry.

1.6.1 Fourier-Transform lon Cyclotron Resonance Mass Spectrometry. In a
uniform magnetic field directed along the z-axis, ions with a velocity component along
the x- or y-axis will be confined in an orbit about the z-axis due to the Lorentz force of
the magnetic field. The frequency of this orbit (w) is inversely proportional to the mass-
to-charge ratio (m/z) of the ion and directly proportional to the magnetic field strength
(B), eq. 2.

W, =— (eq. 2)

In FT-ICR, ions are trapped in ultrahigh vacuum (i.e., ~107"° Torr) in an electrostatic
potential well along the z-axis. To measure the m/z and abundance of trapped ions, an
electrostatic waveform is applied to a set of opposing plates parallel to the z-axis to
coherently excite the cyclotron motion of the ions until an image current can be
measured on another set of opposing plates parallel to the z-axis. The transient signal
of this image current is Fourier-transformed to yield the m/z and abundance of the
trapped ions. lons of a given m/z can also be selectively ejected from the ion cell by
exciting their cyclotron motion until their radius exceeds the dimensions of the ion cell.
Using these techniques, ions can be m/z-selected and stored in an FT-ICR ion cell for
long periods of time before detection or ejection from the ion cell.



There are several advantages for using FT-ICR MS to study biomolecular ion
structure. The sensitivity and mass accuracy of FT-ICR MS both increase with
increasing magnetic field strength, making it possible to perform exact mass
measurements on less than femtomoles of sample with accuracies of less than ~400
ppb. If a broadband RF sweep is used for ion excitation, all ions with a given frequency
(m/z) range can be excited and subsequently detected, thus making multichannel
detection possible. Since ions can be stored in an ion cell for long periods of time,
tandem sequences of ion isolation, activation, excitation, and detection events can be
performed relatively easily, making FT-ICR highly advantageous for gas-phase
experiments with many steps. FT-ICR MS is also often used for tandem MS"
experiments because of its superior resolution and mass measuring accuracy, which
greatly aids in the identification of resulting fragment ions.

1.6.2 Electron Capture Dissociation. Peptide and protein sequencing by
tandem mass spectrometry is widely used to identify the primary sequence of these
molecules and identify sites of post-translational modifications. Information about the
conformation of an ion can be inferred from both the identity of the fragments, as well as
kinetics and thermodynamics of the dissociation process. Dissociation by ion-electron
recombination methods, such as in electron capture dissociation (ECD) where a free
electron is captured by an ion, are important tools for the analysis of peptide and protein
structure, because these techniques often preserve labile covalent bonds and
noncovalent interactions and provide extensive sequence coverage that is
complementary to more traditional “slow-heating” activation techniques, such as
collision induced dissociation (CID).'*3%3212" |n ECD, low-energy electrons are
generated from a heated dispenser cathode within the ion cell and are allowed to react
with the trapped precursor ion on the millisecond time scale. The fragmentation of
peptides upon electron capture typically occurs at N-C, peptide bonds to form ¢ and z'
fragments.**'?” Some researchers have proposed that ECD is a “non-ergodic” process,
such that statistical redistribution of the ener%g %ained upon electron capture does not
occur before the reduced peptide fragments.>>>? Others have proposed that electron
capture occurs near the N-C, peptide bond, which subsequently becomes very weak in
the resulting radical species, and that ECD does involve statistical energy
redistribution.?’

For larger proteins, greater sequence coverage is often obtained from high
charge state protein ions formed by ESI from denaturing solutions that have more
elongated conformations compared to low charge states formed from native
solutions.>*3"128132 However, denaturation of the protein prior to MS analysis makes it
impossible to investigate native protein structure and protein complex stoichiometry
directly by MS. Several approaches have been developed to enhance the sequence
information obtained from ECD experiments of protein ions formed in native mass
spectrometry. Activation of the reduced precursor formed by ECD of low charge state
ions with IR laser irradiation or off-resonance CID results in enhanced sequence
coverage for the protein, a result attributed to breaking noncovalent interactions holding
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fragment ion together in the native protein strucutre.”® ECD of high charge state
protein ions generated by ESI from native solutions containing supercharging reagents
results in enhanced sequence coverage compared to the highest charge state formed
without these reagents.®>"* In chapter 7, high charge state protein ions can be readily
formed by ESI from aqueous solutions that contain 1.0 mM LaCls, where the protein has
a native structure in solution. ECD of these ions results in comparable sequence
coverage to that obtained for high charge state ions formed from denaturing solutions,
and should reduce the need to denature ions prior to tandem MS analysis.

High charge state ions of small peptides also typically dissociate more readily in
ion-electron recombination methods.>**"'2%132 For example, at least 36% more unique
peptides could be identified with an ion-electron recombination method than collisional
dissociation methods for both tryptic and Lys-C peptides with charge states greater than
two.”™® Several approaches have been developed to increase the structural information
that can be obtained for small peptides or acidic molecules that would typically form
singly charged ions by ESI. Zubarev and coworkers developed a new technique to
overcome this limitation called electron detachment dissociation (EDD), where
electronically excited radical cations, (M+H)?**, are formed by irradiating trapped
cations, (M+H)*, with electrons that have more than 10 eV kinetic energy.”® (M+H)?**
dissociates through sidechain losses and backbone fragmentation.™ EDD of small
peptides and acidic molecules results in a substantial improvement in sequence
coverage compared to that obtain from ECD results. For example, EDD of positively-
charged dications of the Trp cage protein resulted in 100% sequence coverage,
whereas only 26% sequence coverage is obtained from ECD. Electron capture induced
dissociation (ECID) can also be used to generated excited radical cations or anions by
transferring electrons from neutral alkali metal atoms, such as sodium and cesium, to
cations and anions through high-energy collisions (100 keV). This technique can also
be used to ionize neutral fragments that are formed by ECID through secondary
collisions with the alkali metal atoms.

Complexation of a divalent metal ion (Mp) to a small peptide can result in divalent
ions that can readily be dissociated by ion-electron recombination methods,*"*® and
complementary sequence information can often be obtained compared to that from the
fully protonated molecular ions. Hakansson and coworkers found that ECD of
(substance P + H + Mp)**, where Mp, = different alkaline earth metal ions, Mn, Fe, or Zn,
results in similar sequence coverage as that obtained from ECD of (substance P +
3H)**, and protonated c ions and complementary metal containing z ions are formed,
which has been attributed to the metal ion binding close to the C-terminus.’’ In
contrast, ECD of Co?" and Ni**-bound peptides predominately cleaves C-terminal to
methionine, the likely metal binding site, and lower sequence coverage than that from
ECD of (substance P + 3H)** is obtained.”®” In chapter 8, ECD of trivalent metal ion-
peptide complexes results in enhanced sequence coverage and electron capture
efficiency compared to ECD results for divalent metal ion-peptide complexes for small
peptides. ECD results for larger peptides (MW > 1,000 Da) complexed to trivalent metal
ions indicate that the metal ion binds specifically to acidic sites in the peptide.
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1.7  Structural Information: lon Mobility of Biomolecular Complexes.

In ion mobility spectrometry (IMS) experiments, gaseous ions are separated
based on differences in the amount of time necessary for a static, weak electric field to
pull them through a drift region containing an inert buffer gas, usually several Torr of
helium or nitrogen. The electric field accelerates the ions through the drift region, while
collisions with inert, gas molecules slow the mobility of the ion. In general, larger ions
have more collisions, and therefore take longer to reach the end of the drift region. The
average collision cross section of an ion can be directly related to their mobility in these
experiments. If the cross sections are different enough and the resolution of the IMS
instrument allows, distinct conformations of an ion can be detected.

Applications of ion mobility have increased dramatically since the commercial
availability of travelling wave ion mobility spectrometry (TWIMS) coupled to a time-of-
flight (TOF) mass spectrometer. In TWIMS, a wave of amplitude V is applied to a set of
adjacent lenses and moved along the axis of the drift region at a velocity (v). Some ions
are able to traverse the drift region at the velocity of the wave, whereas other fall
behind, resulting in a drift separation. Unlike static drift tube measurements, the
collision cross section of an ion can only be determined by calibrating drift times for ions
of interest against those measured for ions with known cross section values. Recently,
cross section measurements for a large set of biomolecular ions have been
determined, "*° making the cross section calibration over a wider range of cross sections
possible.

TWIMS or IMS is increasingly coupled with MS in order to reduce mass spectral
complexity and interrogate ion structures. With TWIMS or IMS as an orthogonal
separation to MS, the species of interest can be separated from chemical noise,
isobaric compounds, and different compound classes. TWIMS has been used to
evaluate the gas-phase conformations of Peptides,“”’142 proteins, #1414 multi-protein
complexes, ' and even intact viruses, *®'*" and these conformations are often
related to their solution-phase structures. TWIMS MS was recently used to determine
that the collision cross section (ccs)'* of a sickle hemoglobin tetramer is %reater than
that of normal hemoglobin, consistent with their X-ray crystal structures.' IMS MS has
also been extensively used to reveal the structures of early oligomeric intermediates of
amyloid- and other fibril forming peptides in amyloid fibril formation, which has been
difficult to obtain with more traditional structural biology techniques. In chapter 9, the
gas-phase conformations of protein cation and anions adducted nonspecifically with
various metal ions are shown to be more compact than the conformation of the non-
metallated protein ion with more compact conformations observed for metal ions with
higher charge. However, a specific ion-protein interaction that results in a more
elongated conformation is shown, indication that specific solution-phase structures can
be preserved in the gas-phase when formed by ESI.

12



(9)

(10)
(11)
(12)
(13)

(14)
(15)

(16)

(17)
(18)

(19)

(20)

References

Crivici, A.; Ikura, M. Annu. Rev. Biophys. Biomolec. Struct. 1995, 24, 85-116.
Valaskovic, G. A.; Kelleher, N. L.; Little, D. P.; Aaserud, D. J.; McLafferty, F. W.
Anal. Chem. 1995, 67, 3802-3805.

Valaskovic, G. A.; Kelleher, N. L.; McLafferty, F. W. Science 1996, 273, 1199-
1202.

Belov, M. E.; Gorshkov, M. V.; Udseth, H. R.; Anderson, G. A.; Smith, R. D.
Anal. Chem. 2000, 72, 2271-2279.

Sharon, M.; Robinson, C. V. In Annual Review of Biochemistry; Annual Reviews:
Palo Alto, 2007; Vol. 76, pp 167-193.

Loo, J. A. Mass Spectrom. Rev. 1997, 16, 1-23.

Kapur, A.; Beck, J. L.; Brown, S. E.; Dixon, N. E.; Sheil, M. M. Protein Sci. 2002,
11, 147-157.

Daneshfar, R.; Kitova, E. N.; Klassen, J. S. J. Am. Chem. Soc. 2004, 126, 4786-
4787.

Wang, L. T.; Lane, L. C.; Smith, D. L. Protein Sci. 2001, 10, 1234-1243.

van Duijn, E.; Simmons, D. A.; van den Heuvel, R. H. H.; Bakkes, P. J.; van
Heerikhuizen, H.; Heeren, R. M. A.; Robinson, C. V.; van der Vies, S. M.; Heck,
A.J.R. J. Am. Chem. Soc. 2006, 128, 4694-4702.

Haskins, N. J.; Eckers, C.; Organ, A. J.; Dunk, M. F.; Winger, B. E. Rapid
Commun. Mass Spectrom. 1995, 9, 1027-1030.

Bowers, M. T.; Marshall, A. G.; McLafferty, F. W. J. Phys. Chem. 1996, 100,
12897-12910.

McKenna, A. M.; Purcell, J. M.; Rodgers, R. P.; Marshall, A. G. Energy Fuels
2010, 24, 2929-2938.

Mann, M.; Jensen, O. N. Nat. Biotechnol. 2003, 21, 255-261.

Freitas, M. A.; Sklenar, A. R.; Parthun, M. R. J. Cell. Biochem. 2004, 92, 691-
700.

Wang, F.; Li, W. Q.; Emmett, M. R.; Hendrickson, C. L.; Marshall, A. G.; Zhang,
Y.L.; Wu, L.; Zhang, Z. Y. Biochemistry 1998, 37, 15289-15299.

Sun, Y. P.; Bauer, M. D.; Lu, W. P. J. Mass Spectrom. 1998, 33, 1009-1016.
Chu, Y. H.; Dunayevskiy, Y. M.; Kirby, D. P.; Vouros, P.; Karger, B.L. J. Am.
Chem. Soc. 1996, 118, 7827-7835.

Eldridge, G. R.; Vervoort, H. C.; Lee, C. M.; Cremin, P. A.; Williams, C. T.; Hart,
S. M.; Goering, M. G.; O'Neil-Johnson, M.; Zeng, L. Anal. Chem. 2002, 74,
3963-3971.

Petyuk, V. A.; Qian, W. J.; Hinault, C.; Gritsenko, M. A.; Singhal, M.; Monroe, M.
E.; Camp, D. G.; Kulkarni, R. N.; Smith, R. D. J. Proteome Res. 2008, 7, 3114-
3126.

Bantscheff, M.; Schirle, M.; Sweetman, G.; Rick, J.; Kuster, B. Anal. Bioanal.
Chem. 2007, 389, 1017-1031.

13



(22)
(23)
(24)
(25)
(26)

(27)
(28)

(29)
(30)

(31)
(32)

(33)
(34)

(35)

(36
(37
(38
(39
(40
(41
(42

S— N N N S N N

(43)
(44)

(45)
(46)

(47)

Marshall, A. G.; Hendrickson, C. L. In Annual Review of Analytical Chemistry;
Annual Reviews: Palo Alto, 2008; Vol. 1, pp 579-599.

Perry, R. H.; Cooks, R. G.; Noll, R. J. Mass Spectrom. Rev. 2008, 27, 661-699.
Rostom, A. A.; Fucini, P.; Benjamin, D. R.; Juenemann, R.; Nierhaus, K. H.;
Hartl, F. U.; Dobson, C. M.; Robinson, C. V. Proc. Natl. Acad. Sci. U. S. A. 2000,
97, 5185-5190.

Benjamin, D. R.; Robinson, C. V.; Hendrick, J. P.; Hartl, F. U.; Dobson, C. M.
Proc. Natl. Acad. Sci. U. S. A. 1998, 95, 7391-7395.

Bacher, G.; Szymanski, W. W.; Kaufman, S. L.; Zollner, P.; Blaas, D.; Allmaier,
G. J. Mass Spectrom. 2001, 36, 1038-1052.

van den Heuvel, R. H.; Heck, A. J. R. Curr. Opin. Chem. Biol. 2004, 8, 519-526.
He, F.; Emmett, M. R.; Hakansson, K.; Hendrickson, C. L.; Marshall, A. G. J.
Proteome Res. 2004, 3, 61-67.

Zubarev, R. A.; Hakansson, P.; Sundqvist, B. Anal. Chem. 1996, 68, 4060-4063.
Zubarev, R. A.; Horn, D. M.; Fridriksson, E. K.; Kelleher, N. L.; Kruger, N. A.;
Lewis, M. A.; Carpenter, B. K.; McLafferty, F. W. Anal. Chem. 2000, 72, 563-
573.

Zubarev, R. A.; Kelleher, N. L.; McLafferty, F. W. J. Am. Chem. Soc. 1998, 120,
3265-3266.

Cooper, H. J.; Hakansson, K.; Marshall, A. G. Mass Spectrom. Rev. 2005, 24,
201-222.

Clemmer, D. E.; Jarrold, M. F. J. Mass Spectrom. 1997, 32, 577-592.
Clemmer, D. E.; Hudgins, R. R.; Jarrold, M. F. J. Am. Chem. Soc. 1995, 117,
10141-10142.

Miranker, A.; Robinson, C. V.; Radford, S. E.; Aplin, R. T.; Dobson, C. M.
Science 1993, 262, 896-900.

Konermann, L.; Simmons, D. A. Mass Spectrom. Rev. 2003, 22, 1-26.
Mendoza, V. L.; Vachet, R. W. Mass Spectrom. Rev. 2009, 28, 785-815.

Dole, M.; Mack, L. L.; Hines, R. L. J. Chem. Phys. 1968, 49, 2240-&.

Iribarne, J. V.; Thomson, B. A. J. Chem. Phys. 1976, 64, 2287-2294.

de la Mora, J. F. Anal. Chim. Acta 2000, 406, 93-104.

lavarone, A. T.; Williams, E. R. J. Am. Chem. Soc. 2003, 125, 2319-2327.
Hogan, C. J.; Carroll, J. A.; Rohrs, H. W.; Biswas, P.; Gross, M. L. J. Am. Chem.
Soc. 2008, 130, 6926-+.

Hogan, C. J.; Carroll, J. A.; Rohrs, H. W.; Biswas, P.; Gross, M. L. Anal. Chem.
2009, 81, 369-377.

Loo, J. A.; Quinn, J. P.; Ryu, S. I.; Henry, K. D.; Senko, M. W.; McLafferty, F. W.
Proc. Natl. Acad. Sci. U. S. A. 1992, 89, 286-289.

Fenn, J. B. J. Am. Soc. Mass Spectrom. 1993, 4, 524-535.

Loo, J. A.; Loo, R. R. O.; Udseth, H. R.; Edmonds, C. G.; Smith, R. D. Rapid
Commun. Mass Spectrom. 1991, 5, 101-105.

Chowdhury, S. K.; Katta, V.; Chait, B. T. J. Am. Chem. Soc. 1990, 1712, 9012-
9013.

14



Konermann, L.; Douglas, D. J. J. Am. Soc. Mass Spectrom. 1998, 9, 1248-1254.
lavarone, A. T.; Jurchen, J. C.; Williams, E. R. J. Am. Soc. Mass Spectrom.
2000, 71, 976-985.

Wang, G. D.; Cole, R. B. J. Am. Soc. Mass Spectrom. 1996, 7, 1050-1058.
lavarone, A. T.; Jurchen, J. C.; Williams, E. R. Anal. Chem. 2001, 73, 1455-
1460.

Fenn, J. B.; Mann, M.; Meng, C. K.; Wong, S. F.; Whitehouse, C. M. Science
1989, 246, 64-71.

Thomson, B. A. J. Am. Soc. Mass Spectrom. 1997, 8, 1053-1058.

Lomeli, S. H.; Yin, S.; Loo, R. R. O.; Loo, J. A. J. Am. Soc. Mass Spectrom.
2009, 20, 593-596.

Lomeli, S. H.; Peng, I. X,; Yin, S.; Loo, R. R. O.; Loo, J. A. J. Am. Soc. Mass
Spectrom. 2010, 21, 127-131.

lavarone, A. T.; Jurchen, J. C.; Williams, E. R. Anal. Chem. 2001, 73, 1455-
1460.

lavarone, A. T.; Williams, E. R. Int. J. Mass Spectrom. 2002, 219, 63-72.
Sterling, H. J.; Williams, E. R. J. Am. Soc. Mass Spectrom. 2009, 20, 1933-
1943.

Sterling, H. J.; Kintzer, A. F.; Feld, G. K.; Cassou, C. A.; Krantz, B. A.; Williams,
E.R. J. Am. Soc. Mass Spectrom. 2012, 23, 191-200.

Sterling, H. J.; Cassou, C. A.; Trnka, M. J.; Burlingame, A. L.; Krantz, B. A;;
Williams, E. R. Phys. Chem. Chem. Phys. 2011, 13, 18288-18296.

Sterling, H. J.; Daly, M. P.; Feld, G. K.; Thoren, K. L.; Kintzer, A. F.; Krantz, B. A;;
Williams, E. R. J. Am. Soc. Mass Spectrom. 2010, 21, 1762-1774.

Sterling, H. J.; Williams, E. R. Anal. Chem. 2010, 82, 9050-9057.

Sterling, H. J.; Kintzer, A. F.; Feld, G. K.; Cassou, C. A.; Krantz, B. A.; Williams,
E.R. J. Am. Soc. Mass Spectrom., 23, 191-200.

Sterling, H. J.; Prell, J. S.; Cassou, C. A.; Williams, E. R. J. Am. Soc. Mass
Spectrom. 2011, 22, 1178-1186.

Grimm, R. L.; Beauchamp, J. L. J. Phys. Chem. A 2010, 114, 1411-1419.
Douglass, K. A.; Venter, A. R. J. Am. Soc. Mass Spectrom. 2012, 23, 489-497.
Hogan, C. J.; Loo, R. R. O.; Loo, J. A.; de la Moraa, J. F. Phys. Chem. Chem.
Phys. 2010, 12, 13476-13483.

Sze, S. K; Ge, Y.; Oh, H.; McLafferty, F. W. Proc. Natl. Acad. Sci. U. S. A. 2002,
99, 1774-1779.

Sheng, Y.; Loo, J. A. Int. J. Mass Spectrom. 2011, 300, 118-122122.
Kharlamova, A.; Prentice, B. M.; Huang, T. Y.; McLuckey, S. A. Anal. Chem., 82,
7422-7429.

Sterling, H. J.; Cassou, C. A.; Susa, A. C.; Williams, E. R. Anal. Chem. 2012, 84,
3795-3801.

Gorog, S. J. Pharm. Biomed. Anal. 2008, 48, 247-253.

Basak, A. K.; Raw, A. S.; Al Hakim, A. H.; Furness, S.; Samaan, N. |.; Gill, D. S;
Patel, H. B.; Powers, R. F.; Yu, L. Adv. Drug Deliv. Rev. 2007, 59, 64-72.

15



Cech, N. B.; Enke, C. G. Anal. Chem. 2000, 72, 2717-2723.

Cech, N. B.; Enke, C. G. Anal. Chem. 2001, 73, 4632-4639.

Leib, R. D.; Flick, T. G.; Williams, E. R. Anal. Chem. 2009, 81, 3965-3972.
Tang, L.; Kebarle, P. Anal. Chem. 1993, 65, 3654-3668.

Pan, P.; McLuckey, S. A. Anal. Chem. 2003, 75, 5468-5474.

Marshall, J.; Franks, J.; Abell, I.; Tye, C. J. Anal. At. Spectrom. 1991, 6, 145-
150.

Gyqi, S. P.; Rist, B.; Gerber, S. A.; Turecek, F.; Gelb, M. H.; Aebersold, R. Nat.
Biotechnol. 1999, 17, 994-999.

Ong, S. E.; Blagoev, B.; Kratchmarova, |.; Kristensen, D. B.; Steen, H.; Pandey,
A.; Mann, M. Mol. Cell. Proteomics 2002, 1, 376-386.

Hopfgartner, G.; Bourgogne, E. Mass Spectrom. Rev. 2003, 22, 195-214.
Gros, M.; Petrovic, M.; Barcelo, D. Talanta 2006, 70, 678-690.

Flick, T. G.; Leib, R. D.; Williams, E. R. Anal. Chem. 2009, 81, 8434-8440.
Flick, T. G.; Leib, R. D.; Williams, E. R. Anal. Chem. 2010, 82, 1179-1182.
Leib, R. D.; Williams, E. R. J. Am. Soc. Mass Spectrom. 2011, 22, 624-632.
Cooks, R. G.; Zhang, D. X.; Koch, K. J.; Gozzo, F. C.; Eberlin, M. N. Anal.
Chem. 2001, 73, 3646-3655.

Counterman, A. E.; Clemmer, D. E. J. Phys. Chem. B 2001, 105, 8092-8096.
Hofmeister, F. Naunyn-Schmiedeberg's Arch. Pharmacol. 1888, 25, 1-30.
Kunz, W.; Henle, J.; Ninham, B. W. Curr. Opin. Colloid Interface Sci. 2004, 9,
19-37.

Cheng, J.; Vecitis, C. D.; Hoffmann, M. R.; Colussi, A. J. J. Phys. Chem. B 20086,
110, 25598-25602.

Zhang, Y. J.; Cremer, P. S. Proc. Natl. Acad. Sci. U. S. A. 2009, 106, 15249-
15253.

Hribar, B.; Southall, N. T.; Vlachy, V.; Dill, K. A. J. Am. Chem. Soc. 2002, 124,
12302-12311.

Cho, Y. H.; Zhang, Y. J.; Christensen, T.; Sagle, L. B.; Chilkoti, A.; Cremer, P. S.
J. Phys. Chem. B 2008, 112, 13765-13771.

Zhang, Y.; Furyk, S.; Sagle, L. B.; Cho, Y.; Bergbreiter, D. E.; Cremer, P. S. J.
Phys. Chem. C 2007, 111, 8916-8924.

Collins, K. D. Methods 2004, 34, 300-311.

Washabaugh, M. W.; Collins, K. D. J. Biol. Chem. 1986, 261, 2477-2485.
Bostrom, M.; Tavares, F. W.; Finet, S.; Skouri-Panet, F.; Tardieu, A.; Ninham, B.
W. Biophys. Chem. 2005, 117, 217-224.

Omta, A. W.; Kropman, M. F.; Woutersen, S.; Bakker, H. J. Science 2003, 301,
347-349.

Chen, X.; Yang, T.; Kataoka, S.; Cremer, P. S. J. Am. Chem. Soc. 2007, 129,
12272-12279.

O'Brien, J. T.; Prell, J. S.; Bush, M. F.; Williams, E. R. J. Am. Chem. Soc. 2010,
132, 8248-+.

16



(102) Prell, J. S.; O'Brien, J. T.; Williams, E. R. J. Am. Chem. Soc. 2011, 133, 4810-
4818.

(103) Flick, T. G.; Merenbloom, S. I|.; Williams, E. R. J. Am. Soc. Mass Spectrom.
2011, 22, 1968-1977.

(104) lavarone, A. T.; Udekwu, O. A.; Williams, E. R. Anal. Chem. 2004, 76, 3944-
3950.

(105) Sterling, H. J.; Batchelor, J. D.; Wemmer, D. E.; Williams, E. R. J. Am. Soc.
Mass Spectrom. 2010, 21, 1045-1049.

(106) Wang, G. D.; Cole, R. B. Anal. Chem. 1994, 66, 3702-3708.

(107) Juraschek, R.; Dulcks, T.; Karas, M. J. Am. Soc. Mass Spectrom. 1999, 10, 300-
308.

(108) Mirza, U. A.; Chait, B. T. Anal. Chem. 1994, 66, 2898-2904.

(109) Liu, C. L.; Wu, Q. Y.; Harms, A. C.; Smith, R. D. Anal. Chem. 1996, 68, 3295-
3299.

(110) Ikonomou, M. G.; Blades, A. T.; Kebarle, P. Anal. Chem. 1990, 62, 957-967.

(111) Hernandez, H.; Robinson, C. V. Nat. Protoc. 2007, 2, 715-726.

(112) Pan, P.; Gunawardena, H. P.; Xia, Y.; McLuckey, S. A. Anal. Chem. 2004, 76,
1165-1174.

(113) Pan, J. X,; Xu, K; Yang, X. D.; Choy, W. Y.; Konermann, L. Anal. Chem. 2009,
81, 5008-5015.

(114) Turner, K. B.; Monti, S. A.; Fabris, D. J. Am. Chem. Soc. 2008, 130, 13353-
13363.

(115) Currie, G. J.; Yates, J. R. J. Am. Soc. Mass Spectrom. 1993, 4, 955-963.

(116) Zhu, Y. F.; Taranenko, N. I.; Allman, S. L.; Martin, S. A.; Chen, C. H. Rapid
Commun. Mass Spectrom. 1996, 10, 1591-1596.

(117) Geschwind, Il; Li, C. H. Biochimica Et Biophysica Acta 1957, 25, 171-178.

(118) Itano, H. A.; Robinson, E. A. J. Biol. Chem. 1972, 247, 4819-&.

(119) Conrads, T. P.; Anderson, G. A.; Veenstra, T. D.; Pasa-Tolic, L.; Smith, R. D.

Anal. Chem. 2000, 72, 3349-3354.

) Stephenson, J. L.; McLuckey, S. A. Anal. Chem. 1997, 69, 281-285.

) Stephenson, J. L.; McLuckey, S. A. J. Am. Chem. Soc. 1997, 119, 1688-1696.

(122) Julian, R. R.; Beauchamp, J. L. J. Am. Soc. Mass Spectrom. 2002, 13, 493-498.

) Ly, T.; Julian, R. R. J. Am. Soc. Mass Spectrom. 2006, 17, 1209-1215.

) Friess, S. D.; Daniel, J. M.; Hartmann, R.; Zenobi, R. Int. J. Mass Spectrom.

2002, 219, 269-281.

(125) Salih, B.; Zenobi, R. Anal. Chem. 1998, 70, 1536-1543.

(126) Flick, T. G.; Merenbloom, S. |.; Williams, E. R. Anal. Chem. 2011, 83, 2210-
2214.

(127) Turecek, F. J. Am. Chem. Soc. 2003, 125, 5954-5963.

(128) Breuker, K.; Oh, H. B.; Lin, C.; Carpenter, B. K.; McLafferty, F. W. Proc. Natl.
Acad. Sci. U. S. A. 2004, 101, 14011-14016.

(129) Breuker, K.; Oh, H. B.; Horn, D. M.; Cerda, B. A.; McLafferty, F. W. J. Am.
Chem. Soc. 2002, 124, 6407-6420.

17



(130)
(131)
(132)
(133)
(134)
(135)
(136)
(137)
(138)
(139)
(140)

(141)

(142)
(143)
(144)
(145)
(146)

(147)

Good, D. M.; Wirtala, M.; McAlister, G. C.; Coon, J. J. Mol. Cell. Proteomics
2007, 6, 1942-1951.

Oh, H.; Breuker, K.; Sze, S. K.; Ge, Y.; Carpenter, B. K.; McLafferty, F. W. Proc.
Natl. Acad. Sci. U. S. A. 2002, 99, 15863-15868.

McLafferty, F. W.; Horn, D. M.; Breuker, K.; Ge, Y.; Lewis, M. A; Cerda, B.;
Zubarev, R. A.; Carpenter, B. K. J. Am. Soc. Mass Spectrom. 2001, 12, 245-
249.

Horn, D. M.; Ge, Y.; McLafferty, F. W. Anal. Chem. 2000, 72, 4778-4784.

Yin, S.; Loo, J. A. Int. J. Mass Spectrom., 300, 118-122.

Yang, J.; Mo, J. J.; Adamson, J. T.; Hakansson, K. Anal. Chem. 2005, 77, 1876-
1882.

Fung, Y. M. E.; Liu, H. C.; Chan, T.W. D. J. Am. Soc. Mass Spectrom. 2006, 17,
757-771.

Liu, H. C.; Hakansson, K. J. Am. Soc. Mass Spectrom. 2006, 17, 1731-1741.
Adamson, J. T.; Hakansson, K. Anal. Chem. 2007, 79, 2901-2910.

Chen, X. F.; Chan, W. Y. K.; Wong, P. S.; Yeung, H. S.; Chan, T.W. D. J. Am.
Soc. Mass Spectrom. 2011, 22, 233-244.

Bush, M. F.; Hall, Z.; Giles, K.; Hoyes, J.; Robinson, C. V.; Ruotolo, B. T. Anal.
Chem. 2010, 82, 9557-9565.

Pringle, S. D.; Giles, K.; Wildgoose, J. L.; Williams, J. P.; Slade, S. E,;
Thalassinos, K.; Bateman, R. H.; Bowers, M. T.; Scrivens, J. H. Int. J. Mass
Spectrom. 2007, 261, 1-12.

Thalassinos, K.; Grabenauer, M.; Slade, S. E.; Hilton, G. R.; Bowers, M. T_;
Scrivens, J. H. Anal. Chem. 2009, 81, 248-254.

Uetrecht, C.; Rose, R. J.; van Duijn, E.; Lorenzen, K.; Heck, A. J. R. Chem. Soc.
Rev. 2010, 39, 1633-1655.

Kaddis, C. S.; Lomeli, S. H.; Yin, S.; Berhane, B.; Apostol, M. |.; Kickhoefer, V.
A.; Rome, L. H.; Loo, J. A. J. Am. Soc. Mass Spectrom. 2007, 18, 1206-1216.
Scarff, C. A.; Patel, V. J.; Thalassinos, K.; Scrivens, J. H. J. Am. Soc. Mass
Spectrom. 2009, 20, 625-631.

Thomas, J. J.; Bothner, B.; Traina, J.; Benner, W. H.; Siuzdak, G. Spectr.-Int. J.
2004, 18, 31-36.

Bothner, B.; Siuzdak, G. Chembiochem 2004, 5, 258-260.

18



CHAPTER 2

Standard-Free Quantitation of Mixtures
using Clusters Formed by Electrospray Mass Spectrometry

(This chapter is reproduced with permission from Flick, T.G.; Leib, R.D.; Williams, E.R.
Anal. Chem. 2011, 81, 2210-2214. Copyright 2009, American Chemical Society.)

2.1 Introduction

Mass spectrometry (MS) has many advantages for analyzing complex mixtures,
including high sensitivity, specificity and speed.” In combination with electrospray
ionization (ESI), non-volatile and thermally labile molecules can be readily ionized
directly from solution and mass analyzed, making ESI-MS a powerful detection method
when coupled with liquid chromatography or electrophoresis.” Elemental composition
can be obtained from exact mass measurements,* and unknown molecular ions can be
identified and structurally characterized using tandem mass spectrometry in which a
precursor of interest is isolated, typically dissociated, and the resulting fragments mass
analyzed.>®

A limitation of ESI-MS for mixture analysis is the difficulty of obtaining
quantitative information about how much of each component is present in a solution
mixture directly from ion abundances in the mass spectrum. lonization efficiencies of
molecules in a mixture can differ significantly as a result of many factors, including their
surface activities or hydrophobicities, molecular basicity and conformation.”? The
matrix or other solutes present in solution can either enhance or reduce the ion
abundance of some analytes.?*?® Instrumental parameters or mass-dependent ion
transmission and detection can also affect relative ion abundances.?”*® Because of
these and other factors, quantitation with ESI-MS is typically done with internal
standards. Molecules with similar physical properties to the analyte of interest as well
as analyte molecules that have been isotopically labeled can be used as standards.>%3*
Quantitation using internal standards is common in small molecule analysis, such as in
pharmaceutical chemistry, where characterization of therapeutics and related impurities
from unreacted starting materials, synthetic intermediates, and degradation products is
necessary to ensure the quality, efficacy and safety of drugs.*>* Internal standards,
such as isotope-coded affinity tags>>*! and stable isotope labeling with amino acids in
cell cultures,**>® are commonly used in proteomics to obtain information about relative
gene expression.>*

A new standard-free quantitation method to obtain solution molar fractions using
the abundances of cluster ions formed by ESI was recently introduced.*” The
composition of clusters formed from peptide-containing solutions approached that in the
bulk solution with increasing cluster sizes. From the abundances of clusters containing
~15 or more peptide molecules, the solution composition could be determined to within
~20% or better even in cases where the ionization/detection efficiency of the individual
molecules differed by over an order of magnitude.®” This method has the advantages
that reasonably accurate quantitative information can be obtained directly from an ESI
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mass spectrum without using either an internal or external standard, the components do
not need to be identified, and effects of instrument or detector mass bias are
significantly reduced. This method can greatly reduce the time and effort necessary to
obtain quantitative information from mixtures.

A critical requirement to obtain quantitative information using this method is that
clusters must form statistically, which appears to occur for large peptide clusters.®
Clusters of small molecules often exhibit “magic” numbers, such as H(H20)21",* which
can either be due to the special stability of the specific cluster or instability of adjacent
clusters. Protonated serine shows a strong propensity to form magic numbers and the
protonated octamer is especially stable.'>**>° Protonated serine octamer is often the
most abundant ion observed in a mass spectrum of serine and is readily formed by
ESI,'23%4 sonic spray*®®° and even by thermal sublimation.®’** The protonated
octamer also has a strong homochiral preference, which has led some to suggest that
serine may have played a role in the origin of homochirality in living systems.***4%® The
structure of the protonated octamer has been investigated by H/D exchange,***® ion
mobility,*****® infrared photodissociation spectroscopy,® and quantum chemical
calculations,***'*? from which evidence for at least two different forms of the octamer
have been deduced.

Although protonated serine octamer is homochirally selective, doubly protonated
octamer and clusters with 9 — 10 serine molecules show a heterochiral preference.***®
Higher-order octameric clusters, e.g., [16Ser + 2H]?*, [24Ser + 3H]**, have also been
reported to have slightly enhanced abundances and it has been suggested that the
serine octamer is a building block in their assembly.***? Results from ion mobility
experiments indicate that large clusters with as many as 500+ serine molecules form
tightly packed spherical structures.*®

Because of the strong preference of serine to form “magic” numbers and clusters
that show strong chiral preferences, serine-containing solutions provide an excellent
test of whether our standard-free cluster quantitation method is generally applicable
because our method requires that the cluster composition is statistical and therefore
representative of the solution-phase analyte concentrations. Here, we demonstrate that
large serine clusters formed by ESI from solutions containing serine as a major
component incorporate aliphatic, basic, and acidic amino acids statistically. Although
the protonated octamer effectively excludes a dipeptide and threonine of the opposite
chirality, these molecules are incorporated into larger clusters statistically. From the
abundances of the larger clusters, the solution-phase percent molar fractions can be
determined with better than 10% accuracy. These results indicate that our method
should be broadly applicable to a wide range of analytes.

2.2 Experimental
2.2.1 Sample Preparation. L-serine, L-lysine, L-leucine, L-threonine, L-
glutamic acid, D-threonine, and diglycine were purchased from Sigma-Aldrich, Co. (St.

Louis, MO). Stock solutions for each analyte were prepared at 12 mM in water and all
mixed analyte solutions were prepared to a final total concentration of 3 mM in water
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using these stock solutions. The minor component was incorporated into L-serine
solutions at a % mole fraction ranging from 0.03% to 24%.

2.2.2 Mass Spectrometry. Experiments were performed on a 9.4 T Fourier-
transform ion cyclotron resonance mass spectrometer with an external ESI source that
is described elsewhere.?® lons are formed by ESI from borosilicate capillaries that are
pulled so that the tips have a ~2 um inner diameter (model P-87 capillary puller, Sutter
Instruments, Novato, CA). The capillary is loaded with a small volume (~2-10 yL) of
analyte solution, and a platinum wire is inserted into the solution and grounded. A new
capillary was used for each solution to avoid sample contamination. The borosilicate
capillary is positioned ~2 mm away from the source inlet capillary and a potential of -800
to -1200 V is applied to this inlet capillary. lons are accumulated in an external
hexapole ion trap for 1.5 s and subsequently are injected into the cell. Nitrogen gas
introduced through a piezoelectric valve to a cell pressure of ~1 x 10 Torr is used to
enhance ion trapping, and three hexapole injections are used prior to detection. Three
mass spectra of 50 coadded scans were acquired at three different DC offset values
between 4.5-6.3 V for each analyte to take into account the affect of this parameter on
relative ion abundances in the mass spectrum. Error bars for data obtained from the
protonated molecular ions, protonated octamer, and larger cluster abundances (n = 32)
correspond to the standard deviation from the average value obtained from the mass
spectra at three DC offset voltages.

2.3 Results and Discussion

2.3.1 Solute Concentration from Cluster lon Abundances. For clusters that
are formed statistically from the molecules in solution and for which the ionization
efficiency is not influenced by their composition, the solution-phase concentration of
various analytes that are incorporated into these clusters can be determined from the
cluster abundances. The percent molar fraction of a minor component, F,,%, can be
obtained by using a weighted average (eq.1):

_VF<C
(I=-F,)

D MW

eq. 1

where [ is the abundance of each observed cluster consisting of n total molecules with h
molecules of the minor fraction component. For example, if two clusters consisting of
40 molecules are formed, one a homogenous cluster containing 40 molecules of
component A and the other a heterogeneous cluster containing 39 molecules of A and
one molecule of B, and the normalized abundances of these clusters are 100 and 15,
respectively, then the percent molar fraction (F%) of B is ((15 x (1/40))/(15 + 100.0)) %
100 = 0.33%. Solute concentration can also be obtained from cluster abundances using
a binomial expansion, but the weighted average method is more accurate for larger
cluster sizes when the signal-to-noise ratio is low.*

In these experiments, relative ion abundances depend on a number of
instrumental parameters. For example, the DC potential applied to the external
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hexapole used to store ions prior to injecting them into the cell can be varied to
preferentially introduce higher m/z ions. To take this effect into account, mass spectra
were acquired at three different DC offset voltages and the percent molar fractions
determined from the ion abundances were averaged for these three spectra. The
significantly higher error bars in the protonated molecular ion data compared to those
for the large cluster (n =2 32) data reflect the larger effect this parameter has at lower
m/z.

2.3.2 L-Threonine in L-Serine. The side chain of threonine has an additional
methylene group compared to that of serine, but this minor structural difference results
in dramatically different ionization efficiencies for these two amino acids with ESI. A
representative ESI mass spectrum of a solution containing 1% L-threonine with 99% L-
serine at a total amino acid concentration of 3 mM is shown in Figure 1. The
abundance of protonated L-threonine is 3.9% that of L-serine. Thus, the relative
abundance of protonated L-threonine is nearly 4 times greater than its corresponding
solution concentration. Preferential ionization of threonine over serine has been
reported previously*> and could be due to increased surface activity or hydrophobicity
owing to the extra methylene group or a slightly higher proton affinity.®' Other factors,
including solution concentration, instrumental parameters, ion transmission and
detection efficiency, can also play a significant role in the relative abundances of ions
observed in ESI mass spectra.”""""*% Differences in ionization efficiency and
contributions from these other factors make it difficult to obtain solution concentrations
directly from molecular ion abundances without using standards.

In addition to the protonated molecular ions, both homogenous clusters of L-
serine and heterogeneous clusters that have incorporated L-threonine are observed
(Figure 1). Large clusters are often formed from concentrated solutions****%? and the
abundances of these clusters can be increased by changing several instrumental
parameters, including both the ion accumulation time and dc offset potential of the
external hexapole that is used to accumulate ions prior to injection into the ion cell.>” In
these experiments, clusters consisting of as many as 91 amino acids were observed.

Percent molar fractions are obtained from the cluster abundances as a function
of cluster size assuming statistical incorporation of the amino acids. Date from this
mass spectrum (and mass spectra at two additional DC offset potentials) are shown in
Figure 2a. For clusters with n < 10, the molar fraction of L-threonine obtained from the
gas-phase cluster data is higher than that in solution (dashed line in Figure 2a). This
could be due to the higher ionization efficiency of L-threonine, which has a larger effect
on smaller clusters or it could be due to preferential incorporation of L-threonine at small
cluster sizes. The general trend with cluster size suggests that the higher ionization
efficiency of L-threonine may be more important for these clusters. For the larger
clusters (n = 32), the calculated molar fraction of L-threonine does not change
significantly with cluster size. An average molar fraction of L-threonine determined from
the n = 32 — 89 cluster abundances is 0.88% + 0.10%, which is close to the solution-
phase value of 1.0%. This indicates that any differences in ionization/detection
efficiency or effects of preferential incorporation of L-threonine into these larger clusters
are minor. The abundances of these larger clusters gradually decrease with increasing
size and no “magic” numbers are observed, consistent with nonspecific aggregation.
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The weighting of these data either by their respective abundances or cluster sizes
results in a negligible change in the percent molar fraction determined. The molar
fraction of L-threonine determined just from octameric clusters is 1.6% + 0.5%,
indicating that the octamer can readily incorporate L-threonine as previously
reported.*34°3

These data were obtained as a function of the % molar fraction of L-threonine
ranging from 0.05% to 20%. The L-threonine molar fraction determined from the
abundances of clusters with n 2 32 is shown in Figure 2b. These data are linear over
nearly three orders of magnitude change in solution molar fraction and have a slope of
1.02 (* = 0.999). This slope is close to the ideal slope of 1.00 indicating that the
relative molar fractions can be determined from the cluster abundances with about 2%
accuracy. In contrast, the slope for the molar fraction calculated from the abundances
of the protonated monomer is 3.75 (* = 0.993) indicating that preferential ionization of
protonated L-threonine occurs consistently over this range of solution concentration.
Data for the octamer has a slope of 1.41 (©* = 0.994), consistent with either preferential
ionization of the heterogeneous octamer or preferential incorporation of L-threonine into
the L-serine octamer. These data suggest that L-threonine does not significantly disrupt
the structure of the octamer.

2.3.3 D-Threonine in L-Serine. Because of the strong propensity of serine
octamers to form homochiral clusters, the effects of the chirality of an impurity molecule
on incorporation into serine clusters, including the octamer, were investigated. Partial
ESI mass spectra of 5.0% L-threonine and D-threonine in L-serine are shown in Figure
3a and 3b, respectively. Protonated homochiral serine octamer is most abundant, but
protonated octamers that contain 1-3 L-threonine molecules but only 1-2 D-threonine
octamers are also observed. The abundances of the heterogeneous octamer clusters
containing L-threonine are significantly higher than those containing D-threonine
indicating that the L-serine octamer has a clear preference for incorporating threonine
that has the same chirality.

The measured % molar fraction of D-threonine as a function of cluster size for
the 5.0% solution is shown in Figure 4a. As with L-threonine, the % molar fraction of D-
threonine calculated from the very smallest clusters is higher than the solution value. In
contrast, data for the octamer clearly show that D-threonine is excluded. For the larger
clusters (n = 32), no chiral preference is apparent and the measured molar fraction
calculated for these clusters is 5.5% * 1.0%, consistent with the solution-phase molar
fraction of 5.0%. Previously, it has been suggested that the octamer may be the
building blocks for [16Ser+2H]** and [24Ser+3H]** due to their enhanced abundance
compared to neighboring clusters of the same charge state, but this effect is
significantly lower than for the octamer.?**? Interestingly, no significant chiral
preference is observed for higher-order clusters with integer multiples of the octamer (n
=16, 24, 32, 40, etc.), indicating that octamers are not simply the building blocks for
these higher-order clusters.

The measured % mole fraction of D-threonine in L-serine obtained from the
protonated molecular ions, the octamer cluster, and clusters with n = 32 as a function of
solution molar fraction from 0.05% to 20% are shown in Figure 4b. These data are
linear and have slopes of 3.01 (* = 0.957), 0.38 (* = 0.992), and 1.05 (* = 0.999),
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respectively. Protonated D-threonine is preferentially ionized, but the low value for the
octamer clearly indicates that it is significantly excluded. However, D-threonine is
incorporated statistically into the larger clusters.

2.3.4 L-Leucine in L-Serine. To determine the effect of incorporation of an
amino acid with an aliphatic side chain, ESI mass spectra were obtained from solutions
consisting of 0.03% to 18% L-leucine in L-serine and the measured % molar fraction
obtained from these data are shown in Figure 5. L-leucine is preferentially ionized at all
concentrations, consistent with its higher surface activity or hydrophobicity, but this
effect is greatest for a solution containing 0.17% L-leucine. At this concentration, the
abundance of protonated L-leucine is 10.8% that of protonated L-serine indicating that
protonated L-leucine is preferentially ionized/detected by factor of 54. The strong
dependence of protonated L-leucine abundance on the solution composition illustrates
the challenges of relating the abundance of protonated ions to their corresponding
concentrations in solution.

In contrast, the measured % molar fraction for both the octamer and clusters with
n = 32 are linear over this range of concentration with slopes of 0.90 (#* = 0.993) and
1.03 ( = 0.997), respectively. This indicates that there is a slight propensity for the
octamer to exclude L-leucine, but incorporation of L-leucine into the larger clusters is
statistical.

2.3.5 L-Lysine in L-Serine. To determine the effect of incorporation of a basic
amino acid, ESI mass spectra were obtained from solutions consisting of 0.04% to 18%
L-lysine in L-serine and the measured % molar fraction obtained as a function of cluster
size for the 4.3% solution molar fraction is shown in Figure 6a. Protonated L-lysine is
21-fold more abundant than protonated L-serine despite its much lower solution-phase
concentration, likely owing to its significantly higher basicity. The difference in ionization
efficiency depends on the relative molar fraction (Figure 6b) but L-lysine is more readily
ionized and detected by as much as a factor of 460 over L-serine. However,
incorporation of even a single L-lysine molecule into small serine clusters can greatly
reduce this difference in ionization efficiency for the clusters (Figure 6a).

Results for both the octamer and higher-order clusters (n = 32) are shown in
Figure 6b. These data can be fit with lines with slopes of 0.11 (©* = 0.997) and 0.93 (* =
1.00), respectively. Thus, the L-serine octamer efficiently excludes L-lysine from these
clusters whereas L-lysine is incorporated statistically into the larger clusters (within 7%)
and effects of this incorporation on the ionization/detection efficiency of these clusters
are small.

2.3.6 L-Glutamic Acid in L-Serine. As is the case for L-leucine and L-lysine,
protonated L-glutamic acid is preferentially ionized and detected in ESI mass spectra
when the molar fraction of L-glutamic acid is between 0.05% and 24%, and the relative
ionization efficiency depends strongly on concentration. The proton affinity of L-
glutamic acid is higher than that of L-serine®! owing to the ability of the side-chain
oxygen atoms to solvate the charge in glutamic acid,®® and the higher proton affinity of
L-glutamic acid is the likely origin of the significantly higher ionization efficiency. This
effect, as well as any effects of specific clustering, becomes negligible at larger cluster
size (Figure 7a).
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Data for the octamer and larger clusters (n = 32) as a function of solution molar
fraction can be fit to lines with slopes of 0.40 (= 0.991) and 0.90 (* = 0.999) (Figure
7b). As was the case for L-lysine, the octamer preferentially excludes L-glutamic acid
but incorporation of this amino acid into the larger clusters approaches the statistical
value within 10%.

2.3.7 GlyGly in Serine. To determine the effects of incorporation of a small
peptide into serine clusters, ESI mass spectra of diglycine at % molar fractions between
0.05% and 5.0% were obtained and these data are summarized in Figure 8. Protonated
diglycine is preferentially ionized over protonated L-serine at all concentrations,
consistent with its higher surface activity or hydrophobicity, but the ionization efficiency
depends on the % molar fraction. At 0.05% molar fraction, diglycine is preferentially
ionized/detected by a factor of 93 over L-serine. In contrast, the protonated octamer
and larger cluster (n = 32) data can be fit to lines with slopes of 0.01 (/* = 0.898), and
1.01 (= 0.999), respectively. The much higher discrimination of the octamer for the
dipeptide vs. the amino acids investigated indicates that this dipeptide causes a greater
disruption of the very stable octamer structure. In striking contrast, the larger serine
clusters can incorporate this dipeptide readily and the % molar fraction determined from
the larger cluster data is within 1% of the solution-phase % molar fraction.

24 Conclusions

Quantifying the relative concentrations of components in solution using ESI mass
spectrometry is challenging owing to many different factors that affect relative
ionization/detection efficiencies, including molecular structure, matrix effects,
instrumental parameters, etc. A newly introduced standard-free quantitation method,
which uses the abundances of larger molecular clusters formed by ESI to obtain relative
solution-phase molar fractions,®” was investigated using L-serine as a major
component. Serine has a strong propensity to form “magic” number clusters that show
either homo- or heterochiral preferences and is a rigorous test of this method, which
requires that impurity molecules are incorporated statistically and do not influence the
ionization/detection efficiency of larger clusters. Incorporation of aliphatic, basic and
acidic amino acids, and a dipeptide, into larger serine clusters is statistical and the
abundances of these clusters reflect the solution-phase molar fractions with better than
10% accuracy over nearly three orders of magnitude in concentration. By comparison,
some of the protonated molecular ions in these mixtures were ionized/detected up to a
factor of 460 more efficiently than protonated serine under these experimental
conditions. The octamer effectively included some amino acids but excluded others.
Although the octamer is chirally selective, higher-order serine clusters incorporated
threonine molecules of the opposite chirality statistically. The results obtained from
amino acids that have significantly different physical properties using serine that has by
far the highest propensity to form “magic” number clusters of any of the amino acids
suggest that this standard-free quantitation method should be generally applicable to a
broad range of analytes.

Although not as accurate or as generally applicable as methods that employ
internal standards, this standard-free quantitation method has the advantages that
reasonably accurate quantitative information can rapidly be obtained directly from an
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ESI mass spectrum with no prior knowledge of the composition or the identity of the
impurity molecules necessary, making it applicable to a wide range of analytical
problems. This method also significantly reduces effects of instrument or detector mass
bias, but does require high resolution in order to identify the charge states and
compositions of larger clusters. This standard-free cluster quantitation method may be
particularly useful in molecular synthesis because unreacted starting materials,
intermediates, degraded or modified catalysts or unintended products of side reactions
could be quantified directly from an ESI mass spectrum. This method would be
especially advantageous when some of the reaction products are unknown or when
appropriate standards are not readily available. Absolute concentrations of each
individual component could be obtained by spiking the solutions with a known
concentration of a clustering agent, such as serine, at relatively high concentrations like
those used here. From the relative molar fractions of each component determined from
the abundances of larger clusters, the absolute concentration of each component could
be obtained. The sensitivity and accuracy of this method could be improved on trapping
mass spectrometers by selectively introducing higher m/z ions into the ion cell. The m/z
of clusters generally increases with cluster size®* making it possible to selectively
introduce larger clusters that should have compositions more representative of analyte
concentrations in solution. The abundances of larger clusters could also be increased
by using other ionization methods, such as sonic spray.*® It is likely that other
molecules that have an even greater propensity to form large clusters could be
identified and different agents with physical properties matching those of molecules
suspected to be present in mixtures of unknowns could be used.

The statistical incorporation of analytes into the larger clusters suggests that
these clusters are formed by solvent evaporation from larger droplets whose
composition reflects that of the original bulk solution, i.e., a charge residue
mechanism.”"? Solvent evaporation from a droplet formed by ESI would increase the
concentration of the analytes and ultimately, the resulting charged clusters formed from
the nonvolatile analytes should reflect the original solution-phase composition.
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2.6 Figures
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Figure 2.1. ESI mass spectrum of a solution containing 1.0% molar fraction of L-
threonine in L-serine (3.0 mM total peptide concentration) with some regions of the
spectra with large molecular clusters inset.
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Figure 2.2. (a) Percent molar fractions calculated from the cluster ion abundances
assuming statistical incorporation and identical ionization efficiencies obtained from ESI
mass spectra of a 1.0% molar fraction of L-threonine in L-serine (3.0 mM total peptide)
as a function of cluster size, n. The dashed line corresponds to the solution % molar
fraction. (b) Percent molar fractions of L-threonine in L-serine obtained from the
protonated molecular ions (squares), from protonated octamer (triangles), and from
cluster abundances for n = 32 (circles) as a function of the solution % molar fraction.
These data are linear with slopes of 3.75, 1.41, and 1.02 for the protonated molecular
ions, protonated octamer, and clusters with n = 32, respectively. Error bars correspond
to a standard deviation of three spectra acquired at dc offset voltages of 4.5, 4.8, and

52V.
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Figure 2.3. Partial ESI mass spectra of solutions containing 5.0% molar fraction of L-
threonine (top) and D-threonine (bottom) in L-serine (3.0 mM total peptide
concentration) showing homogeneous and heterogenous clusters of protonated
octamer.
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Figure 2.4. (a) Percent molar fractions calculated from cluster ion abundances
obtained from ESI mass spectra of a 5.0% molar fraction of D-threonine with L-serine
(3.0 mM total peptide concentration) as a function of cluster size, n. The dashed line
corresponds to the % molar fraction in solution. (b) Percent molar fractions of D-
threonine in L-serine calculated from the protonated molecular ions (squares), from
protonated octamers (triangles), and from cluster abundances for n =2 32 as a function of
the solution % molar fraction. These data are linear with slopes of 3.01, 0.38, and 1.05
for the protonated molecular ions, protonated octamers, and cluster abundances for n =

32, respectively.
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Figure 2.5. Percent molar fractions of L-leucine in L-serine obtained from the
protonated molecular ions (squares), from protonated octamers (triangles), and from
cluster abundances for n = 32 (circles) as a function of the solution % molar fraction.
The data from protonated octamers and cluster abundances for n = 32 are linear with
slopes of 0.90 and 1.03, respectively. Data for the molecular ions are non-linear and at
the 0.17% molar fraction, L-leucine is preferentially ionized/detected by a factor of 63

over L-serine.
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Figure 2.6. (a) Percent molar fractions calculated from cluster ion abundances obtained
from ESI mass spectra of a 4.3% molar fraction of L-lysine with L-serine (3.0 mM total
peptide concentration) as a function of cluster size, n. The dashed line corresponds to
the % molar fraction in solution. (b) Percent molar fractions of L-lysine in L-serine
calculated from the protonated molecular ions (squares), from protonated octamers
(triangles), and from cluster ion abundances (circles) for n = 32 as a function of the %
molar fraction in solution. Data for the protonated octamers and larger clusters (n = 32)
are linear with slopes of 0.11 and 0.93, respectively. Data for the molecular ions are
non-linear and at 0.04% molar fraction, L-lysine is preferentially ionized/detected by a
factor of 460 over L-serine.
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Figure 2.7. (a) Percent molar fractions calculated from cluster ion abundances
obtained from ESI mass spectra of a 2.5% molar fraction of L-glutamic acid with L-
serine (3.0 mM total peptide concentration) as a function of cluster size, n. The dashed
line corresponds to the % molar fraction in solution. (b) Percent molar fractions of L-
glutamic acid in L-serine calculated from the protonated molecular ions (squares), from
protonated octamers (triangles), and from cluster ion abundances (circles) for n =2 32 as
a function of the % molar fraction in solution. Data for the protonated octamers and
larger clusters (n = 32) are linear with slopes of 0.40 and 0.90, respectively. Data for
the molecular ions are non-linear and at 2.5% molar fraction, L-glutamic acid is
preferentially ionized/detected by a factor of 29 over L-serine.
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Figure 2.8. Percent molar fractions of Gly-Gly in L-serine obtained from the protonated
molecular ions (squares), from protonated octamers (triangles), and from cluster
abundances for n = 32 as a function of the solution % molar fraction. The data from
protonated octamers and cluster abundances n = 32 are linear with slopes of 0.01 and
1.01, respectively. Data for the molecular ions are non-linear and at 0.05% molar
fraction, diglycine is preferentially ionized/detected by a factor of 93 over L-serine.
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CHAPTER 3

Direct Standard-Free Quantitation of Tamiflu and Other Pharmaceutical Tablets
Using Clustering Agents with Electrospray lonization Mass Spectrometry

(This chapter is reproduced with permission from Flick, T.G.; Leib, R.D.; Williams, E.R.
Anal. Chem. 2009, 81, 8434-8440. Copyright 2009, American Chemical Society.)

3.1 Introduction

Accurate and rapid quantitation of small molecules in pharmaceutical mixtures is
critical to the entire drug development process'? and is important for identifying
counterfeit or substandard pharmaceutical drugs.?"7 The high demand and cost and
limited availability of many pharmaceutical drugs used to treat major diseases provide
incentives to produce counterfeit drugs and motivate the low qualit%/ production of the
active ingredient once a drug is no longer under patent protection.>” The individuals
most at risk of exposure to counterfeit or substandard drugs are from impoverished
countries.®>” It is estimated that between 6% and 15% of all medicines are counterfeit,”
8 and it is thought counterfeit medicines can exceed 50% in Asia and Africa.’
Substances used to adulterate pharmaceutical drugs can include highly toxic
substances, leading to unnecessary mortality, which lowers public confidence in
legitimate medicines.>’ Counterfeit drugs can also lead to drug resistance due to
extended exposure to low dosages of active ingredients without physical improvement;
this is particularly harmful for patients who require therapy programs for AIDS and
malaria.> Currently, Tamiflu is in short 