ABSTRACT
WILLIAMS JR., DENNIS KEITH. Exploring Fundamental Aspects of Proteomic
Measurements: Increasing Mass Measurement Accuracy, Streamlining Absolute
Quantification, and Increasing Electrospray Response. (Under the direction of David
Charles Muddiman).

Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS)
offers unparalleled performance in terms of resolving power and mass measurement
accuracy. In order to realize the highest achievable mass measurement accuracy
for a given FT-ICR MS system, frequency shifts due to space-charge effects must be
accounted for via external or internal calibration methods. Herein, a dual
electrospray ionization source was coupled to a hybrid quadrupole Fourier transform
ion cyclotron resonance mass spectrometer and utilized to incorporate internal
calibrant to yield high mass measurement accuracy results. Frequency shifts from
space-charge effects were also counteracted by accounting for total ion population
and relative ion population on a MALDI-FT-ICR MS and a hybrid LTQ-FT-ICR MS
equipped with automatic gain control. This was achieved through the use of multiple
linear regression and artificial neural networks. These experiments resulted in mean
mass measurement accuracies in the parts-per-billion range.

C-reactive protein (CRP) is an important clinical marker for inflammation,
atherosclerosis, and has also been observed to be upregulated in patients with
epithelial ovarian cancer (EOC). This dissertation contains results from a protein
cleavage isotope dilution mass spectrometry method developed for the absolute
guantification of CRP from human plasma. A total of 110 human plasma samples

were analyzed including 54 samples from patients with EOC. The results were



compared to a CLIA certified ELISA test which showed high correlation but different
absolute values, which suggested different reference ranges for different analytical
techniques. In addition, a correlation was observed between the stage of diagnosis
of cancer and CRP concentrations.

Chemical tags have long been utilized with mass spectrometry for a multitude
of purposes, extending the effectiveness of the measurements dramatically.
Electrospray ionization has been shown to preferentially ionize more hydrophobic
species. Four new iodoacetamide derivatives, which react with the amino acid
cysteine, were reacted with three peptides to determine their ability to increase
electrospray response. This resulted in increases up to 2000-fold compared to
alkylation of peptides with iodoacetamide. The combination of these results will aid
future studies to identify and quantify proteins and peptides which contain cysteine

and can be expanded to all peptides using amine-specific chemistry.
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CHAPTER 1

Introduction

1.1  Brief Introduction to Proteomics
The word proteome was coined in the 1990’s by Marc Wilkins and was

»1

defined as “the protein complement of the genome.”" The genome is defined as “a

complete single set of the genetic material of a cell or of an organism; the complete

set of genes in a gamete.”

Genomics is the study of the genome, as such
proteomics is the study of the proteome; more specifically the currently accepted
definition of proteomics is “Proteomics is the identities, quantities, structures, and
biochemical and cellular functions of all proteins in an organism, organ, or organelle,
and how they vary in space, time, and physiological state.” While much effort at the
time was being spent on decoding the human genome, Wilkins felt that it was of
utmost importance to identify the proteins expressed by the genome because the
genome is static while the proteome is dynamic. In other words, to understand
biological changes in an organism like disease progression it was necessary to
begin to understand the proteome. The genome and proteome are related by the
central dogma introduce by Crick in 1970.* Crick’s idea of central dogma proposed
that DNA, RNA, and proteins were all related by general and special transfers to
allow for a biological specimen to function. The DNA, composed of four nucleotides

(adenine, guanine, cytosine, thymine), is replicated and transcribed into messenger

RNA (mRNA) by the enzyme RNA polymerase. The mRNA is composed of the



replication
DNA->DNA

DNA Polymerase
M h

RNA Polymerase)ranscr.pt.on

MNA-)RNA

translatlon
R|bosome RNA-Protein
0-0-0-0-0-0 Foein

same building blocks as DNA, except uracil is
substituted for thymine. Proteins are then created
by the translation of mMRNA by ribosomes, located in
the cytosol and on the rough endoplasmic reticulum
of the cell. A general overview of this process is
illustrated in Figure 1.1. Translation occurs by the
“reading” of triplets of nucleotides on mRNA termed
codons. Each codon specifies a specific amino
acid, and as the amino acids are linked together,
forms a protein. Also important to note are the start

(AUG) and stop (UAG, UGA, UAA) codons that

Figure 1.1 A diagram of the central instruct the translation process to begin or end.

dogma which shows how DNA,

RNA, and proteins are related.

1.1.1 Amino Acid and Protein Properties

There are twenty standard amino acid ' H

structures which serve as the building blocks D

of proteins. Proteins are the cellular vehicle

from which genetic information expresses

H

R

Figure 1.2 A general structure of an amino
acid is illustrated. Different R-groups give

itself in living things.® Amino acids have a each amino acid its own unique chemical

properties.

general structure which includes an amino and

carboxyl group which are both attached to a central carbon termed the a-carbon.

The general amino acid structure is illustrated in Figure 1.2. The chemical



constituent which gives each amino acid its own unique characteristics is the R-
group which is also attached to the a-carbon, and can contrast in size from a
hydrogen atom (glycine) to a complex heterocyclic group in tryptophan. These side
chains can cause the amino acid to act as a weak acid, weak base, hydrophobe
(nonpolar side chain), or hydrophile (polar side chain). Figure 1.3 shows the twenty

standard amino acids with the nine essential amino acids® for humans highlighted.

Charged Polar Side Chains HNw NH.
2 \C/ 2 NH‘
T L2
_ NH CH,
< N=— | 12
_ Os¢-0 =\ CH, CH,
0.0 T N NH T T
g " " §
Chemical Structure: L G CH, GH, L GHe CH,
HN—C—COO- HSNL(‘D*COO— H3NL(‘)7000- H,N—C—COO- HN—G—COO-
H H H H H
Full Name:  Aspartic Acid Glutamic Acid Histidine Arginine Lysine
Abbreviations: (Asp, D) (Glu, E) (His, H) (Arg, R) (Lys, K)
Uncharged Polar Side Chains oH
OsNH;
Os _NH, T
OH CH,, OH ¢ CH, SH
. g % % o &
HSN;(‘:*COO- HSNL(‘:—coo- HaN;(‘:*COO— H3N¥§—coo- HﬁN;(‘J*COO- HJNL?fcoo-
H H H H H H
Serine Threonine Asparagine Glutamine Tyrosine Cysteine
(Ser, S) (Thr, T) (Asn, N) (GIn, Q) (Tyr,Y) (Cys, C)

Nonpolar Side Chains

g
H,C. CH, H,C. ,CH, CHs N s
He HC CH, _CH, ~ CH,

. L3 Lt L L4t e g pr o Tk LGt
HJN*(‘Z*COO- HSN*(‘:*COO— HaNf(‘J*COO» HaNf(‘:*COO— HaNf(‘I*COO- HSN*(‘E*COO- NH*(E*COO- HBN*(‘)*COO— HaNf(EfCOO-
H H H H H H H H H
Glycine Alanine Valine Phenylalanine Leucine Isoleucine Proline Tryptophan Methionine
(Gly, G) (Ala, A) (Val, V) (Phe, F) (Leu, L) (lle, 1) (Pro, P) (Trp, W) (Met, M)

Figure 1.3 The structures, names, and abbreviations for the twenty amino acids are illustrated
and divided into three subgroups. Nine essential amino acids for humans highlighted.

Since amino acids have both an amino and carboxylic acid functional group,
they can function as both acids and bases at the same time; this is only true in either
the solid phase or the solution phase, but not in the gas phase.” The pH at which a

particular amino acid is neutral (equal number of ammonium groups with a positive



charge and carboxylic groups with negative charge) is called the isoelectric point.
Zwitterion is a term that describes the ability to act in this way. In addition to the
isoelectric point another chemical descriptor of amino acids is the grand average of
hydropathy (GRAVY) score.®  This describes how hydrophobic or hydrophilic a
particular amino acid is. For a given peptide or protein the GRAVY scores for the
individual amino acids can be average to determine whether it is hydrophobic
(positive) or hydrophilic (negative). A summary of these values and other physical

characteristics of the 20 natural amino acids can be found in Table 1.1.

Table 1.1 A summary of the chemical properties of the twenty amino acids is shown.

. . Hydropathy
Amino Acid v (C-teFr)r': ie;us)z (N-te?nI:iE;us)z (SideID I;:ain)z P (Kyte- op::\;eurra:gizgz
Doolittle)?

Aspartic Acid (D) 115.0270 1.99 9.90 3.90 2.94 -3.5 5.3
Glutamic Acid (E) 129.0426 2.10 9.47 4.07 3.08 -3.5 6.3
Histidine (H) 137.0589 1.80 9.33 6.04 7.68 -3.2 23
Arginine (R) 156.1011 1.82 8.99 12.48 10.74 4.5 5.1
Lysine (K) 128.0950 2.16 9.06 10.54 9.80 -3.9 5.9
Serine (S) 87.0320 2.19 9.21 5.70 0.8 6.8
Threonine (T) 101.0477 2.09 9.10 5.60 0.7 5.9
Asparagine (N) 114.0429 2.14 8.72 5.43 35 43
Glutamine (Q) 128.0586 217 9.13 5.65 -3.5 4.3
Tyrosine (Y) 163.0633 2.20 9.21 10.46 6.33 -1.3 3.2
Cysteine (C) 103.0092 1.92 10.70 8.37 5.14 2.5 1.9
Glycine (G) 57.0215 2.35 9.78 6.06 04 7.2
Alanine (A) 71.0371 2.35 9.87 6.11 1.8 7.8
Valine (V) 99.0068 2.29 9.74 6.02 4.2 6.6
Phenylalanine (F) 147.0684 2.33 9.74 6.04 2.8 3.9
Leucine (L) 113.0841 2.32 9.76 6.04 3.8 9.1
Isoleucine (1) 113.0841 2.13 9.28 5.71 4.5 5.3
Proline (P) 97.0053 1.95 10.64 6.30 -1.6 5.2
Tryptophan (W) 186.0793 2.20 9.31 5.76 0.9 1.4
Mehtionine (M) 131.0405 2.46 9.41 5.93 1.9 2.2

1 National Institute of Standards and Technology (www.nist.gov)
2Voet D., Voet J. G. Biochemistry, 2" ed., 1995, pp 58-59.
3 Kyte J., Doolittle R.F., Journal of Molecular Biology, 1982, 157, 105-132.



1.1.2 Mass Spectrometry and Proteomics

Mass spectrometry’s ability for molecular specific identification of analytes as
well as its high sensitivity makes it an ideal tool to be utilized in proteomics.® "
There are two main methodologies that are used to interrogate the properties of
proteins. These methods are referred to as top-down and bottom-up proteomics.
The top-down approach depends on the determination of an accurate intact mass
and fragmentation species of the intact protein to yield identification.”” The bottom-
up approach first digests the protein with an enzyme, such as trypsin, before
introduction into the mass spectrometer. The resulting peptide masses are
measured and then subjected to MS/MS for sequence determination, from which an
identity is established.’> These types of studies are generally utilized to search a
complex mixture to identify particular proteins and/or peptides that could be of
possible interest (i.e. biomarkers).

Once a top-down or bottom-up investigation has identified a protein or peptide
of interest it is then possible to use one of many techniques to quantify this target. If
the goal is only for the relative quantification, which further aids in the elucidation of
candidate biomarkers, there are several techniques that can be implemented:
SILAC™, ICAT"™, cleavable ICAT™, "*0/'®0 labeling’®, iTRAQ"’, and IDBEST'® are
some of the more commonly utilized methods.”® To confirm the status of a
biomarker absolute quantification must be performed. Absolute quantification is
performed utilizing a method known as protein cleavage isotope dilution mass

spectrometry (PC-IDMS). This method was developed by Barr and was later given a



different acronym by Gygi and co-workers.?> 2! This technique involves exploiting a
stable isotope labeled (SIL) version of the peptide target as the internal standard.
This serves two purposes: limiting any bias that might be present in the ionization
process and ensuring identification of the correct peak in the LC-MS chromatogram
since the natural peptide and the SIL peptide should co-elute. The quantification is
completed by comparing the areas of both natural and SIL peptide in the LC-MS
chromatogram. Several studies have been completed in this area of research within

recent years.?*%

1.2  Electrospray lonization

Electrospray ionization (ESI) was first coupled with mass spectrometry by
Professor John B. Fenn in 1984.2” In 2002 this research enabled Professor Fenn to
receive the Nobel Prize. Initial research on electrospray reaches as far back as the
late 1700’s with the work of Bose?®, and undoubtedly to the early 1900’s with the
work of Zeleny.?> * However, much early work with using electrospray to create
ions can be attributed to Malcom Dole.*" 3> The intention of this research was to
produce gas phase macro-ions, of which experimental evidence was provided for
ionization of zein and lysozyme.*** Many of the ESI advancements achieved up to
this point and those to be developed in the future can thank the initial experiments
mentioned above.

ESI is known as a “soft” ionization source, which means that it does not

fragment the analyte during the ionization process to the extent of other ionization



methods. ESI is achieved by the application of a high voltage to a conductive
solution flowing through a capillary. The end of the capillary is usually pulled to a tip
with a smaller diameter than the rest of the capillary; it is here where the Taylor cone
forms and the analyte begins its journey from liquid to gas phase ions.

There are two methods that scientists believe might be plausible for this
journey to reach gas phase ions. One such mechanism is referred to as the charged
residue model. This was developed by Dole and co-workers and presumes that

solvent evaporation and an increase of surface charge density occurs until the

Equation 1.1 q = /647,71

explosions take place which creates offspring droplets through the fission of the

Rayleigh limit is reached.®® The Rayleigh limit is

shown in Equation 1.1. At this point coulombic

parent droplets. The offspring droplets typically contain 15% of the charge and 2%
of the mass of the parent droplet.>> * This continues until an “ultimate droplet” is
created with one analyte within. The analyte then enters the gas phase as an ion
when the remaining solvent is evaporated.®

The second mechanism was proposed by Iribarne and Thompson and is
known as the ion evaporation model. Parent droplets, in this model, undergo
several coulombic explosions inherently creating smaller and smaller offspring
droplets. This causes an increase of the electric field at the droplet’s surface until
ions are evaporated out of the droplet into the gas phase.*” *® The ion evaporation

model is presently the more accepted theory for the electrospray process, except for



very large (> 100 kDa) molecules; however, it is important to emphasize the creation

of gas phase ions through the electrospray process is still not fully understood.

1.3  Fourier Transform-lon Cyclotron Resonance Mass Spectrometry

Fourier transform-ion cyclotron resonance mass spectrometry was first
reported by Comisarow and Marshall in 1974.%° *° The resolving power and mass
measurement accuracy provided by this technology is paramount in the identification
of unknowns (e.g. biomarkers). The performance this technology provides has only
become almost equaled in recent years by the Orbitrap mass analyzer, which still
relies on Fourier transform.*’

Following ionization, charged analyte enters the orifice of the mass
spectrometer. In electrospray ionization only a very small amount, 0.01% of the
ionized molecules, actually reach the detector.*? The ions that enter the instrument
are collected in either a quadrupole or a linear quadrupole trap depending on
whether a hybrid QFT-ICR or hybrid LTQ-FT-ICR mass spectrometer is being
utilized.*> ** After this external accumulation of ions, they are transferred to the ICR
cell, which is located inside of a superconducting magnet, through ion optics. Once
in the ICR cell, ions assume a natural cyclotron motion because of the Lorentz force
which is a result of charged particles residing in a magnetic field.*> *® lons with
positive charge will rotate in a clockwise manner while negatively charged ions will

rotate counterclockwise, which follows the right hand rule.



This natural cyclotron motion by itself is not enough for detection by the ICR

cell. The ions must be excited by one of a variety of waveforms. This excitation is

performed for two main reasons: 1) Detect
increases the ions cyclotron radius [ / \\ s
I
(this radius is referred to as the post- ( {O (
-

excite radius) and 2) allows for all A\
Excite

ions to reach phase coherence. B

Figure 1.4 An ICR cell is illustrated with the detection
Both of these events are critical for and excitation plates identified.

achieving the optimal induced image current on the detection plates. Broadband
excitation occurs by differentially applying an rf voltage containing a band of
frequencies matching the cyclotron frequencies of the m/z range desired to be
detected. Figure 1.4 shows the two excitation plates as well as the two detection

plates, in a cylindrical ICR cell.*®

The image current observed by the detection
plates results in the instrument recording a time domain which contains the
frequencies of all the ions contained within the ICR cell. A fast Fourier transform is
applied to convert the time domain to a frequency domain. This frequency domain is

then converted to a mass spectrum by one of many calibration equations. The most

elementary relationship between cyclotron frequency and

Equation 1.2: o = a8,
m

mass-to-charge ratio is shown in Equation 1.2. This
equation relates cyclotron frequency (w) to the charge (q), magnetic field strength

(Bo), and mass of the ion being measured (m).



As illustrated in Equation 1.2, cyclotron frequency is linearly related to
magnetic field strength. However, this is not the only characteristic of FT-ICR MS
measurements that a stronger magnet can influence. Resolving power, data
acquisition speed, and upper mass limit for peak coalescence also increased linearly
with increased magnetic field strength.*” Furthermore, some parameters increase
quadratically with increase in magnetic field strength: upper mass limit due to
trapping potential, maximum ion trapping duration, and maximum number of trapped
45, 47

ions.

1.3.1 Excitation

lon cyclotron motion induced by a magnetic field alone is not useful in making
mass spectrometric measurements. A main contributor to this fact is that the
thermal cyclotron radius is too small to be Equation 131 =L\/W
detected by the detection plates of the ICR cell. By
The thermal cyclotron radius is shown in Equation 1.3, and is related to the mass
(m, kg), temperature (T, K), charge (q, C), magnetic strength (Bo, T), and
Boltzmann’s constant (k, m? kg s K™). In order for measurements to be recorded
by the ICR cell the ions must be excited. Excitement of ions in FT-ICR MS can have
different results: (i) it accelerates ions coherently to a larger, and thus detectable
radius; (ii) to increase the kinetic energy above a threshold at which ion dissociation

can take place if collided with an inert gas; and (iii) to accelerate ions to a cyclotron

radius larger than that of the ICR cell such that ions are consequently removed from
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the instrument. For our purposes, the result of ions reaching a coherent and larger
and detectable radius is most important for further discussion.

Excitement occurs during the application of a spatially uniform electric field
oscillating at or close to that of the cyclotron frequency of ions of particular m/z

values. This rf voltage (V,.p, V) is applied to the

Excite

V. T
o _ Equation 1.4 1 cie = — =
two excitation plates of the ICR cell (Figure 1.4) 2dB,

for a certain time period (Texdite, S). The post-excite radius of the ions also depends
of the magnetic field (8o, T) and distance between the excitation plates (d, m), as
shown in Equation 1.4. One important fact to note about Equation 1.4 is that the
post-excite radius has no dependence on m/z; as a consequence ions of all m/z can
be excited to an identical post-excite radius with an rf signal that has constant
magnitude across the frequency range to be observed.

1.3.2 Detection

After excitation the ions present in the ICR cell move as a coherent packet
with much closer proximity to the detection plates. As ion packets pass by the
detection plates they induce a current, termed an image current. The instantaneous

charge induced on one of the detection cos(at)

—Naqr _
Equation 1.5 Q(t) — q post—excite

plates at a time (t) is represented by Q(t) d

in Equation 1.5. The induced current is also dependent on the number of ions (N),
charge (q), post-excite radius (rpostexcite), Cyclotron frequency (w), and distance
between the detection plates (d).48 The charge, cyclotron frequency, and distance

between the plates are constant for a particular ICR cell geometry and molecule.
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The number of ions can be changed by the concentration of the sample being
introduced into the mass spectrometer and external collection time, via a linear ion

44,49 proplems with

trap or accumulation hexapole in hybrid FT-ICR instruments.
peak coalescence and cyclotron frequency shifts can occur if too many ions are
introduced into the cell.’**? The induced charge can also be varied by adjusting the
post-excite radius of the ions in the ICR cell, which instrument permitting, is the most
efficient method for increasing the induced charge on the detection plates.>®

The image current that is produced is represented by the derivative of
Equation 1.5 with respect to time. This image current is detected as a sinusoidal
wave as a function of time which is Fast Fourier transformed to retrieve the
individual cyclotron frequencies. The frequencies are then converted to m/z through
the utilization of Equation 1.2. One of the benefits of FT-ICR is that broadband
excitation and detection can be utilized to excite and detect a wide range of m/z
values simultaneously, which is called multichannel advantage.>® This advantage is
a consequence of using a Fourier transform and describes the ability to yield a
spectrum with N number of points in 1/N the amount of time to scan the spectrum
one channel at a time.*>**

One problem that has been noted in detection of ions with FT-ICR MS is
signal dampening. Signal dampening occurs when ion clouds fall out of phase (i.e.
lose coherence) with one another, which causes a loss in detectable current. This

effect can be quantified by z, which is defined by the time it takes for the signal to

reach 1/e of its original magnitude.>® This phenomenon can also result from excess

12



pressure in the ICR cell and ion-ion and ion-neutral collisions; however, this method
of dampening has been addressed in recent years by improvement in vacuum
systems for application with FT-ICR MS. However, loss of coherence of the ion
cloud can be affected by the density of the ion cloud.>® %

It has been previously reported that an increased ion cloud density results in
larger rotational frequencies. This offsets the shearing forces from magnetic and
electric field inhomogeneities that adversely affect the ion cloud.”” The rotational
frequency of the cloud is a consequence of Coulombic interactions between ions of
the identical m/z (i.e. same ion cloud), which results in the ion cloud revolving about
its symmetry axis.>’

1.3.3 Space-Charge Effects and Mass Measurement Accuracy

FT-ICR MS measures the cyclotron frequency of ions in an ICR cell to which
trapping voltages are applied. The ICR cell is situated inside of a superconducting
magnet in a region where there is high magnetic field homogeneity. These all create
forces which act upon the ions and can perturb the observed frequency.’® *° Given
that FT-ICR MS has high resolving power, the m/z values of ions can be determined
very precisely because current electronics can record frequencies with many (>9)
significant figures readily.58 However, these high precision measurements are not
sufficient by themselves; high mass measurement accuracy must be achieved in
order to determine chemical composition of ions unambiguously. This means that all
FT-ICR MS instrumentation must be calibrated to supply the end user with results of

high accuracy.®®
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The idealized relationship between cyclotron frequency and m/z exemplified
in Equation 1.2 is only partially correct for ions in an ICR cell. This equation does
not take into account other forces that are ongoing inside an ICR cell filled with ions.
Equation 1.6 introduced in 1983 by Mclver and coworkers accounts for both
magnetron motion of ions as well as space-charge effects.®

The first term in Equation 1.6 is the unperturbed cyclotron frequency, as

previously seen in Equationl.2. The

Equation 1.6 o, ., = aBo _ 2(:\/ _arG
second term in Equation 1.6 is a m a’B, &b,

correction for magnetron motion of ions. The magnetron motion is a result of the
trapping voltages applied. The applied trapping voltage acts on the ions to produce
an outward force that opposes the Lorentz force from the applied magnetic field,
which creates magnetron motion.*> %% The opposition to the Lorentz force is the
reason magnetron motion decreases cyclotron frequency. For a given ICR cell
geometry (a, cell geometry constant) (a, diameter of cell), applied trapping voltage
(V), and magnetic field (Bo) the magnetron component is constant and can therefore
be corrected by external calibration. For this correction trapping voltages must be
the same between calibration spectrum and experimental spectra for this correction
to occur.

The third term in Equation 1.6 is a correction for space-charge induced
frequency shifts. Space-charge effects occur from coulombic repulsions between
ions in the ICR cell; these repulsions influence the detected frequency and as such

need to be corrected for in order for the instrument to produce high accuracy data.
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Space-charge effects also oppose the Lorentz force in the ICR cell; this causes a
decrease in cyclotron frequency because by opposing the Lorentz force the effective
magnetic field is decreased. Charge (q) and ion cloud geometry (G;) have influence
on the magnitude of the space-charge effect, but for a given set of experiments
these two variables should remain approximately constant. However, the ion density
(p) of the ICR cell can fluctuate; as such the space charge in the ICR cell is largely a
function of the ion population.*> *® *° The larger the ion population the larger the
space-charge effect will be and as a consequence mass measurement accuracy will
suffer. Space-charge effect can be compensated by external calibration to yield high
mass measurement accuracy data if the ion population in both the calibration
spectrum and experimental spectra are the same, which is the purpose of the
recently developed automatic gain control.** Both internal and external calibration
methods to correct for space-charge effects will be discussed in detail in later

chapters of this dissertation.

1.4  Synopsis of Completed Research

The research described in this dissertation covers a wide variety of topics
dealing with proteomic measurements. Methods for increasing mass measurement
accuracy (MMA) by accounting for space-charge effects within FT-ICR instruments

without automatic gain control as well as an instrument equipped with automatic gain

60-62
d.

control were investigate A dual electrospray source, first used for the

60, 63

improvement of mass measurement accuracy , was modified to better perform
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electron-transfer dissociation on a highly modified hybrid LTQ-Orbitrap mass
spectrometer.®*  After the ability to increase MMA across a variety of FT-ICR
platforms was completed, a method for the quantification of C-Reactive Protein
(CRP), an acute-phase protein biomarker, was developed.? This method was free
of sample clean up steps that many previous absolute quantification methods for
human plasma have utilized.®® In addition, newly developed cysteine specific
chemical tags were tested on a variety of peptides to observe their ability to increase
their instrumental response.?® This was based on the tags’ ability to increase the
hydrophobicity of the analyte. This could aid future studies of low abundant cysteine
containing peptides and proteins as well as be extended to other chemistries (e.g.,
amine) and biomolecules.

The ability of FT-ICR MS to evaluate analyte molecular masses with high
mass measurement accuracy (MMA) is crucial for its utilization in proteomic
experiments. The application of higher MMA techniques has the potential to
increase the speed (throughput) of proteomic characterization and protein
identification.®”®® The more complex a sample is the higher instrumental demands
are needed such as, mass measurement accuracy, speed of acquisition, resolution,
and data-dependent acquisition.®® Chapter 2 describes an internal calibration
method for both intact ions and collision induced dissociation product ions. This
method employs a dual electrospray ionization source previously developed in the

63, 70

Muddiman laboratory. The use of the dual electrospray source enabled the

introduction of calibrant ions simultaneously with analyte ions without adverse
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influences such as ion suppression. The internal calibration yielded measurements
in the part-per-billion range.

The same dual electrospray source was then modified and utilized as an ion
source with the ability of applying voltages with opposite polarity to two different
analyte solutions. Chapter 3 details the research completed an a highly modified
LTQ-Orbitrap mass spectrometer for which the dual electrospray enabled
simultaneous introduction of a reagent necessary (9-anthracenecarboxylic acid) to
implement electron-transfer dissociation (ETD) and peptides/proteins of interest to
be interrogated with this technique of tandem mass spectrometry. This source was
demonstrated to afford stable electrospray from both electrospray emitters, while
enabling the voltage to remain constantly applied to both emitters. In previous
sources for ETD the applied voltage was switched on and off because of the close
proximity in space of the positive and negative emitter.”" "2

Improvement of MMA utilizing external calibration and multiple linear
regression was the focus of Chapter 4 and Chapter 5. Chapter 4 applied external
calibration laws accounting for total ion population and relative ion population to a
FT-ICR MS system with a MALDI (matrix assisted laser desorption ionization)
ionization system. The typical frequency range for MALDI FT-ICR data is larger than
that of typical ESI data because MALDI inherently produces singly-charged species,
thus reducing the cyclotron frequency of any given analyte that is observed as a
multiply-charged ion when electrosprayed. As a result the MMA typically achieved

with MALDI FT-ICR MS is not as high as that of ESI FT-ICR. The application of
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these calibration laws enabled improved MMA for measurements performed with this
system by almost 2 orders of magnitude when compared to the standard instrument
calibration!

Chapter 5 details the application of calibration laws to data from a hybrid
LTQ-FT-ICR MS. This instrument is equipped with automatic gain control (AGC),
which meters the number of ions allowed into the instrument. This technology aims
to place the same number of ions present in the ICR cell for both the calibration
spectra and experimental spectra, with the goal being equal space-charge effects.”
The calibration laws applied to this data account for the total ion population and
relative ion population in the ICR cell by using multiple linear regression (MLR).
Muddiman and Oberg had previously shown on a non AGC instrument that these
calibration laws were able to improve MMA.”* The combination of AGC and the
external calibration laws were able to provide for MMA in the ppb range.

Chapter 6 uses the same instrumentation as discussed in Chapter 5, but
approaches the calibration subject using artificial neural networks (ANNs). A benefit
of using ANNSs to fit data is that no physical model is assumed, as there is with
multiple linear regression. The results achieved in this method were compared to
results from MLR. The data used as inputs for the ANN were cyclotron frequency,
total ion population, and relative ion population. This procedure produced a fit that
was better than the fit provided by MLR; however, the average MMA was not as

high. This result is interesting and will be the subject of future experiments.
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With several experiments dedicated to improving the mass measurement
accuracy of FT-ICR instruments, the decision was made to develop a method to be
utilized for quantification of a protein of interest, C-Reactive Protein (CRP). Chapter
7 discusses this set of experiments. Previous work has been completed utilizing
protein cleavage isotope dilution mass spectrometry (PC-IDMS) for CRP; however
this work involved many sample clean up steps to reduce the complexity of the
matrix containing the analyte.®® The experiments described within Chapter 7 were
the results of enzymatic digestion of human plasma followed by direct interrogation
by nano-flow LC coupled to a triple quadrupole mass spectrometer utilized in single
reaction monitoring mode. This study examined more than 100 different plasma
samples, with each disease epithelial ovarian cancer plasma sample having its own
age, menopause, and draw-match benign gynecologic tumor control. The results
obtained by our mass spectrometric method were compared to the standard ELISA
test for CRP and demonstrated high correlation. The CRP values showed an
increase with an increase in EOC stage. In addition, it was also illustrated that the
ELISA method and PC-IDMS method while having high correlation provided different
absolute values, which indicates each having a different references range.

The peptides investigated in Chapter 7 were free of the amino acid cysteine.
Chapter 8 probes the increase in electrospray response for peptides which contain
cysteine. This is performed by application of several new iodoacetamide derivatives
which are more hydrophobic than iodoacetamide itself and take advantage of the

electrospray bias toward more hydrophobic analyte species.”” An initial report by
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Frahm et. al. describes the electrospray response enhancement of several peptides
and one hydrophobic tag.”® Besides increases in electrospray response an increase
in column trapping efficiency is also observed in this method termed ALIPHAT
(augmented limits of detection for peptides with hydrophobic alkyl tags).”® The
hydrophobic tags investigated in these experiments could have future application to
improved limits of detection in targeted absolute quantification studies, such as

Chapter 7, for peptides which contain cysteine.
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CHAPTER 2

Application of a Dual Electrospray Source for Internal Calibration of Top-Down
Proteomic Data

2.1  Introduction

Hybrid quadrupole Fourier transform ion cyclotron resonance mass
spectrometers (Q-FT-ICR MS)"™® are uniquely suited for making top-down®"™
proteomics measurements. Their combination of high resolving power ' and mass
measurement accuracy '> enables the confident determination of both the intact
protein mass and the masses of its corresponding dissociation product ions. The
combination of these experimental data sets provides confident and unambiguous
identification of proteins. In order to realize the highest achievable MMA for a given
FT-ICR MS system, frequency shifts due to space-charge effects must be accounted
for via external or internal calibration methods.' '

External calibration has been used to account for frequency shifts and
thereby improve the MMA of intact peptides and proteins.” For example, Amster
and co-workers developed a calibration curve to account for the difference between
the ion populations of the calibration spectrum and spectra that were to be externally
calibrated resulting in <10 parts-per-million MMA.'" ' Hunt and co-workers have
demonstrated the effectiveness of combining external calibration with automatic gain

control (AGC) where the number of ions in the ICR cell were precisely controlled to

fall within the external calibration range.5 This approach allowed them to achieve <2
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ppm MMA. Muddiman and co-workers were able to achieve < 1 ppm using this
approach.'”® Based partly on the work of Amster'® ' and Smith'®, Oberg and
Muddiman reported a novel external calibration law which afforded < 5 ppm MMA.?°

Internal calibration has also been effective at providing high MMA for intact
species. However, it can be difficult to implement in the context of modern
proteomics experiments where introducing the calibrant ions concurrently with the
analyte species can be problematic (e.g., ion suppression). One approach to
internal calibration was reported by Smith and co-workers who developed an
algorithm called deconvolution of Coulombic affected linearity (DeCAL).*’
Unfortunately, this approach required multiple charge states for the same species,
which are not always present. Muddiman and co-workers have developed and
utilized a dual electrospray emitter (dualESI) to achieve high MMA.?>?*  This

25-27

approach is amenable to both direct infusion and liquid chromatography

experiments?-*°

without introducing measurement biases associated with ion
suppression. Furthermore, this method does not compromise dynamic range by
limiting the number of ions in the ICR cell (e.g., AGC). Despite the prevalence of
multiple external and internal methods for calibrating FT-ICR data, AGC> '® or
internal calibration have thus far been the methods of choice for achieving high MMA
for intact species.?'*

The interpretation and confident assignment of intact proteins and their

product ions is a major challenge in top-down proteomics. Robust methods for

providing high MMA of intact and dissociated proteins are sorely needed for top-
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down proteomics to mature into a viable alternative to bottom-up proteomics.>’ A
sampling of the current top-down proteomics literature clearly demonstrates the
need to address this critical issue in top-down proteomics. To date, reported MMA
of product ions range from -41 ppm to 10 ppm, all of which employed external

calibration methods.®?> 32

In some cases the MMA is not reported for the product
ions in a tandem-MS experiment.>*>® Very little research thus far has focused on
the development of strategies employing internal calibration as a means for
achieving high MMA of top-down proteomics data.

DeCAL was recently applied to tandem-MS data which resulted in product ion
MMAs of 1.59 ppm; however, it still required the presence of at least two charge-
states for one species.®” Kelleher and co-workers used “unmodified z ions” for
internal calibration; however, the MMA reported had a range from 0.1 ppm to 44
ppm.®®  Furthermore, this method requires the identity of the protein in order to
generate the exact mass of unmodified z ions which are used as the internal
calibrants.®® Several years ago, the Muddiman group developed and utilized a dual
electrospray source to internally calibrate SORI-CID tandem mass spectrometry
data of short oligonucleotides and achieved < 3.2 ppm MMA on a 7 Tesla FT-ICR
MS.*

The results discussed here demonstrate internal calibration of intact proteins
and their product ions formed by collision induced dissociation in a dual electrospray

ionization?*?* hybrid quadrupole FT-ICR MS using a modified pulse sequence.

Internal standards of poly propylene glycol (PPG) and a mixture of four iodopeptides
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that fall in m/z range which is unoccupied by natural (i.e., not chemically modified)
peptide/proteins, were chosen for these MS/MS studies. This m/z range is also
known as the forbidden zone and is resultant from the mass excess of the chemical
constituents.”® These results also present the capability of a dual ESI source
coupled with a QFT-ICR MS to achieve sub-ppm MMA, which has significant impact

for top-down proteomic applications.

2.2  Experimental

2.2.1 Materials

Polypropylene-Glycol (PPG) with an average molecular weight of 1000 Da,
melittin, ubiquitin, ammonium acetate (>99.%), and formic acid were purchased from
Sigma-Aldrich (St. Louis, MO). HPLC grade acetonitrile and high purity water were
purchased from Burdick Jackson (Muskegon, MI). 2-propanol (HPLC Grade) was
purchased from Fischer Scientific. The iodopeptides used were synthesized in the
Mayo Proteomics Research Center (Rochester, MN). These four iodopeptides had
the sequences (IY)GK (l1), (l2Y)GK(LY)G (l2), (I.Y)SR(l.Y)GSYGSSI (I3), and
(I,Y)SR(I2Y)GSYGSSIGSY (l4) with neutral monoisotopic masses of 617.9836,
1089.8617, 1742.1433, and 2049.2601 Da respectively. All materials were used as

received.
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2.2.2 Dual Electrospray lonization Hybrid Quadrupole Fourier Transform lon

Cyclotron Resonance Mass Spectrometry (dualESI-QFT-ICR MS)

A modified version of a dual ESI source developed previously in this
laboratory®® was coupled to a hybrid lonspec (Lake Forest, CA) QFT-ICR MS

equipped with an actively shielded 7T superconducting magnet (Cyromagnetics,
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Figure 2.1 Schematic of QFT-ICR MS/MS experiment utilizing dual electrospray source to
incorporate internal calibrants for increasing mass measurement accuracy of product ions.

Oak Ridge, TN) and a Z-spray ESI source (Waters Corp, Milford, MA). All spectra
were acquired with 1024 k points and an ADC rate of 1 MHz. Samples were
introduced by direct infusion using a 100 ul gas-tight syringe (Hamilton, Las Vegas,
NV) and a Harvard Apparatus model PHD 2000 syringe pump (Holliston, MA) at a

flow rate of 0.5 ul/min — 1.00 yL/min. The ESI emitter tips used were 360 um o.d.,
50 um i.d. and tapered to 30 + 1.0 um i.d. (New Objective, Woburn, MA) and held at
a constant potential of 2200V for all experiments. Electrospray solutions were

composed of 1:1 (vol:vol) acetonitrile/water, with 0.1% formic acid, with the
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exception of the ammonium-adducted polypropylene glycol solution which was
composed of 70:30 2-propanol:water with 0.5 mM ammonium acetate (NH4OAc).
The generic experimental pulse sequence used for all experiments is shown in

Figure 2.1.

2.3 External vs. Internal Calibration of Protein MS/MS Data

2.3.1 Mass Measurement Accuracy of MS/MS of Melittin

The primary sequence of melittin with illustration of the doubly charged y-ions
that were observed is shown at the top of Figure 2.2. To evaluate the stability of the
dualESI-QFT-ICR MS experimental pulse sequence, 50 sequential internally
calibrated collision induced dissociation (CID) mass spectra were collected for two
different internal calibrant mixtures. Both ammonium-adducted polypropylene glycol
(NHs-PPG-1000) and a mixture of four iodopeptides were used as internal
calibrants.  Figure 2.2A shows a representative “NH4-PPG-1000" internally
calibrated CID mass spectrum of melittin labeled as “Spectrum #2”. The “NH4-PPG-
1000” ions were labeled as 125, 13a, 14a....205 representing the number of
propylene-glycol repeat units. The corresponding total ion abundance plot of the 50
sequential measurements is shown in Figure 2.2B with the arrows indicating every
fifth spectrum. The arrow labeled “Spectrum #2” indicates the data plotted in Figure
2.2A.

Figure 2.2C shows a representative “iodopeptide” internally calibrated CID

mass spectrum of melittin labeled also as “Spectrum #2. The “iodopeptide” ions
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were labeled as |4, I2. I3, and |4 (see Section 2.2.1 for sequences). The
corresponding total ion abundance plot of the 50 sequential measurements is shown
in Figure 2.2D with the location of “Spectrum #2”.  In both spectra presented in this
figure the yqs-ion is dominant, which is attributed to the presence of a proline
(position 14 from the N-terminus) in the melittin sequence.®® The data presented in

Figure 2.2B and 2.2D demonstrates the stability of the pulse sequence albeit the
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Figure 2.2 Primary sequence of melittin with observed y-ions. A) Internally calibrated dual ESI
QFT-ICR tandem mass spectra of the 4+ charge-state of melittin using NH4-PPG-1000, B)
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iodopeptide is more variable which was attribute to the ESI emitter.

The 4+ charge-state of the monoisotopic peak of melittin was observed to
have a MMA ranging from -4.1 ppm to -1.85 ppm and -0.17 ppm to -0.31 ppm,
respectively, for externally and internally calibrated data using NH4-PPG-1000.
Similarly, when the iodopeptides were used as calibrants, the MMA ranged from -
1.71 ppm to -4.23 ppm and -0.17 ppm to -0.31 ppm, respectively, for externally and
internally calibrated data.

Figure 2.3 presents the MMA data obtained from the tandem mass spectra of
melittin shown in Figure 2.2. Figure 2.3A shows the relationship between MMA and
the mass-to-charge ratio for external calibrated tandem-MS data using NH4-PPG-
1000 (left)) and iodopeptides (right) as calibrants. The MMA systematically
improves with decreasing mass-to-charge ratio as expected given the inverse
relationship between cyclotron frequency and m/z.*

Similarly, Figure 2.3B shows the internally calibrated data using NH4-PPG-
1000 (left) and iodopeptides (right) as internal calibrants. Importantly, the MMA is
now centered about O ppm and there is no significant correlation between MMA and
m/z indicating the systematic error has been removed. The data in Figure 2.3A and
Figure 2.3B suggests that NH4-PPG-1000 is a better internal calibrant than the
iodopeptides. This observation was due to the fact that there are ten calibrant points
for the NH4-PPG-1000 as opposed to only four for the iodopeptides; however, this
result could partly be related to the calibrants’ frequency range relative to the

product ions.?°
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Figure 2.3C shows the cumulative percentage plots as a function of MMA

obtained for the externally (red) and internally calibrated (blue) data using NH4-PPG-
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Figure 2.3 A) Mass measurement accuracy as a function
of m/z for externally and B) internally calibrated data. The
different symbols reflect the ten different spectra
analyzed. C) Cumulative percentage plot of ions as a
m/z for the melittin data (red is externally calibrated data
and blue is internally calibrated data).

1000 (left) and four iodopeptides
(right) as the calibrants. The
dashed line in Figure 2.3C should
theoretically intersect the curves
shown at 50% if the MMA was
exactly centered at 0 ppm.
External calibration using either
NH4-PPG-1000 or the
iodopeptides intersects this
dashed line when 100% of the
ions have already been
accounted for, which clearly
demonstrated the presence of

systematic  error. Internal

calibration using either NH4-PPG-1000 or the iodopeptides are approximately

centered about 0 ppm MMA supporting our hypothesis that internally calibrated data

would accurately remove the systematic bias. Furthermore, for internally calibrated

data using the NH4-PPG-1000 or the iodopeptides, the MMA ranged from -0.62 ppm

to 0.64 ppm and -1.08 ppm to 1.09 ppm, respectively.
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2.3.2 Mass Measurement Accuracy of Ubiquitin

Figure 2.4 shows the primary sequence for ubiquitin (top) along with the

seven different y-ions observed (~9% sequence
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Figure 2.4 Ubquitin primary sequence and denotation of
observed y-ions. Dual ESI QFT-ICR tandem mass spectra of
the 10+ charge-state of ubiqutin using the four iodopeptides
as internal standards. Plot of MMA as a function of m/z for
externally (bottom left) and internally calibrated data (bottom
right). The cumulative percentage as a function of MMA is
shown (middle left) for the externally calibrated data (red) and
internally calibrated data (blue).

coverage). In these studies
involving ubquitin, external and
internal calibration were
carried out only using the
iodopeptide mixture to
minimize interference in terms
of complexity as well as the
ability to access forbidden
zones.? The single-
acquisition QFT-ICR tandem
mass spectrum is shown with
the y-ions and internal
calibrants labeled. The two
insets show the expansion of
two product ions (yss and yao).
The dominant yss and yao
product ions are attributed to

the presence of two prolines

(at positions 19 and 37 from the N-terminus) which may provide valuable

bioinformatic constraints for top-down proteomic data.*
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The MMA achieved for the externally and internally calibrated data ranged
from -16 to -4 ppm and from -2 to 1 ppm, respectively, with the exception of one
peak that had a very low abundance. All MMA measurements were calculated from
the monoisotopic peak for each of the isotope clusters being investigated. The MMA
as a function of m/z for the externally (bottom left) and internally (bottom right)
calibrated data is shown once again demonstrating that the systematic error has
been removed using internally calibration. The cumulative percentage plot as a
function of MMA is also shown for the external (red) and internal (blue) again

demonstrating that high MMA can routinely be achieved.

2.4  Conclusions

The utilization of a dual electrospray source coupled to a QFT-ICR MS
instrument enabled the generation and mass-selective dissociation of intact proteins
while subsequently incorporating internal mass calibrants ions allowed for sub ppm
MMA for melittin and low ppm MMA for ubiquitin. These data demonstrate that the
dual electrospray source combined with tandem QFT-ICR mass spectrometry data
can reliably yield extremely high MMA when compared to other methods of
calibration. If coupled with stronger magnetic fields*®, this method of internally

calibrating top-down proteomic data has the potential to improve MMA even further.
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CHAPTER 3

Application of a Dual Electrospray Source for hybrid LTQ-Orbitrap Electron
Capture Dissociation

3.1 Introduction

The ability of electron-transfer dissociation (ETD) to produce similar
fragmentation patterns to electron-capture dissociation (ECD) in the context of the
ubiquitous RF quadrupole ion trap mass spectrometer has garnered the technique
considerable attention.”™  Among other attributes, ETD can allow for the
identification of post-translational modification sites and is able to dissociate large
peptides and entire proteins on a chromatographic time-scale.>® The ability to
identify post-translation modification sites with ETD is an artifact of its fragmentation
pathway being a nonergodic process (i.e. not involving intramolecular vibrational

2

energy redistribution). This technique produces c- and z-type ions as opposed to

the typical b- and y-type ions

produced by collision A A
activated dissociation.  This R1 @) R2 O R3
nomenclature  was first H2N—(:3—(I£—ITI—(;3—8—ITI—(:3—COOH
introduced by Roepstorff and H H H H H

Fohlman, and then later al b1 "E:jl a2 "552 02

) Figure 3.1 Peptide fragmentation nomenclature. x-, y-, and z-
adjusted by Johnson et. al jons are formed if charge remains on C-terminal fragment. a-,
b-, and c- ions are formed if charge remains on the N-terminal

(Figure 3.1)."% " Several ion fragments.
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trap MS systems offer a good platform for conducting ion/ion chemistry'?'®

(i.e.
ETD); however, today numerous hybrid systems incorporate ion trapping devices as
either mass analyzers or intermediate storage devices. In these hybrids, Orbitrap
(LTQ-Orbitrap), time-of-flight (Q-TOF), and Fourier transform ion cyclotron
resonance (LTQ-FT-ICR) mass analyzers are frequently employed for their ability to
bring higher mass resolving power and mass measurement accuracies.

Originally, ETD was accomplished with reagent anions that were produced by
a negative chemical ionization source (NCI), which had been fitted to the unoccupied
end of a linear ion trap (LTQ).> However, because this modification took advantage
of the unoccupied end of the stand-alone LTQ, it is not easily incorporated on hybrid
instruments such as the LTQ-Orbitrap or LTQ-FT-ICR. To address the problem of
implementing ETD and other ion/ion reactions on hybrid mass spectrometers,
McLuckey and co-workers have recently developed different strategies for
introducing both cations and anions through a single atmospheric pressure (AP)
inlet. Their initial strategy utilized a nanoelectrospray source for generation of
peptide cations and an atmospheric pressure chemical ionization (APCI) for anion

production.’” 8

The anions generated via APCIl were nitrobenzene and
azobenzene, with azobenzene having a slightly higher ETD efficiency.

McLuckey et al. also developed a dual AP ETD source that generates the
anion reagent population via ESI, around the same time." This scheme produces

the same ETD anion as used in the initial report of ETD, but in this case a precursor

anion 9-anthracenecarboxylic acid is electrosprayed and then subjected to collision
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activated dissociation (CAD). These experiments were performed utilizing multiple
independent AP sources in which cation and anion populations were constantly
generated and gated by downstream ion optics.

Coon and co-workers have adapted that approach for use on a single inlet
LTQ-Orbitrap hybrid mass spectrometer.* Briefly, two ESI emitters, close in
proximity, were pulsed on and off to generate distinct populations of cations and
anions for ion/ion reactions in the LTQ. An addition of 750 ms to the total scan time
was necessary to pulse the high-voltage power supplies and inject the precursor
anion population. Following the ETD reaction in the LTQ, product ions were m/z
analyzed in either the LTQ or the Orbitrap, the latter produces high-resolution and
high m/z measurement accuracy (~ 3 ppm) product ion spectra at the expense of
time and sensitivity. McLuckey and co-workers have also developed a pulsed ESI
source in which voltages were pulsed as quickly as 10 ms; however, this was utilized
for ion/ion reactions other than ETD including charge reduction, charge inversion,
and complex formation.*

The experiments described in this chapter detail the modification of a dual
ESI source, previously developed by Muddiman and coworkers, #'?* for the
production of both the analyte cation population and the anion reagent population.
The voltage on each of the two emitters was constant throughout a given
experiment, translating to improved ESI stability (for both anions and cations) and
much more rapid switching times. The fast physical switching time allows for more

ETD tandem mass spectra to be collected during a given time period.
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3.2  Experimental

3.2.1 Materials

The peptide KAAAKAAAK was synthesized at the University of Wisconsin
Biotechnology Center (Madison, WI). All other peptides and chemicals were
purchased from Sigma-Aldrich (St. Louis, MO). Peptide and protein solutions were
prepared by dilution of stock solutions to ~3 pmol/uL in 60:39.9:0.1
acetonitrile/water/acetic acid by volume. The reagent anion 9-anthracenecarboxylic
acid was dissolved in a solution of 50:50 acetonitrile/water to a concentration of 150
pmol/puL.  The solution was centrifuged for ~5 minutes (~9000 rcf) to prevent
particulates from clogging the ESI emitter tip during the process of direct infusion.

3.2.2 Dual Electrospray lonization Hybrid Linear lon Trap-Orbitrap

All data shown were collected on a highly modified LTQ-Orbitrap hybrid mass
spectrometer (Thermo Fisher Scientific, Bremen, Germany). A description of the
internal instrument modifications necessary for ETD (i.e. ion optics and power
supplies) have been previously published, as well as the voltage changes within the
instrument throughout the experiment.* These modifications will not be covered in
this document because they were performed prior to these experiments. A
previously developed dual ESI source,?™* to which changes were made such that
one emitter could produce cations while the other could simultaneously produce
anions (Figure 3.2), was installed on the front-end of the instrument. The necessary
changes to the source included replacement of the original electrical connector that

connected the two emitters to a single voltage source. This piece was replaced with
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two separate anchors for
the fixed clamp and
adjustable clamp that
enabled the two emitters
to be held at constant, but
separate, voltages
throughout the
experiment. The ion trap
control language (ITCL)
was modified to trigger a
TTL pulse, when desired,
to induce emitter
switching. The capability
of this source to be
modified to accommodate
ion-ion  chemistry was

previously noted;*

A) Schematic of Dual ESI source Emitter Holder

Unions

Emitter #1

(-) Voltage
Emitter #2
e N

A _5,..e Anchor(1 of 2)

QFAdjustable Clamp

Eccentric Cam

(+) Voltage
Strain Relief

Nozzle Holder Body

Hub and
Set Screws

B) Picture of Dual ESI source coupled to LTQ-Orbitrap

Figure 3.2 A) Expanded view of the emitter holder of the dual
electrospray assembly. B) Picture of Dual ESI source coupled to
LTQ-Orbitrap.

however, it was not adapted for such use until directly before the described

experiments were performed.

Samples were introduced by direct infusion using a 250 yL gas-tight syringe

(Hamilton, Las Vegas, NV) at a flow rate of 1.5 uL/minute — 2.00 pL/min. The ESI

emitter tips utilized were 360 um o.d., 50 um i.d. and tapered to 30 + 1.0 um i.d.
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(New Objective, Woburn, MA). The cation emitter tip was held at a potential of +2.3-

2.5 kV while the anion emitter tip was held at a constant potential of -2.7 kV for all

experiments.

Since both ESI emitter tips were kept at a constant voltage, throughout a

given experiment, there was no need to allow the electrospray to stabilize. The

maximum total time for switching between the emitters and anion injection and for

these experiments was ~85 ms — significantly faster than that of other dual ESI

sources.*

3.3 Results and Discussion
Stability of signal is one
important factor to consider when
implementing a new ion source.
Figure 3.3 shows the stability of
the ETD reagent at m/z value 177
(the CAD product of the anion 9-
anthracenecarboxylic acid) over a
fifteen minute period. During this
collection time the source was
operating in the switching mode,

just as it would be utilized in a

100 -
Q
(&)
c
®©
2 177.50
>
< 50 -
<))
=
®
Q
12
200 800 1400 2000
m/z
0 T T T T 1
0 3 6 9 12 15

Acquisition Time (min)
Figure 3.3 Total ion chromotogram for O-
anthracenecarboxylic acid undergoing CAD to produce
the ETD anion during a pulsing experiment. The inset
displays a single scan mass spectrum of the ETD reagent
anion and its structure.

typical ETD experiment. The inset of Figure 3.3 displays a single mass spectrum
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acquired by the LTQ and the structure of the ETD reagent. For this work anion
stability is critical as automatic gain control was not employed to meter the number
of anions allowed into the instrument.

Figure 3.4a shows a single scan LTQ-Orbitrap tandem mass spectrum
produced following the reaction of a triply-protonated synthetic peptide
(KAAAKAAAK) and the collisionally activated 9-anthracenecarboxylic acid anion.
This reaction persisted for 100 ms in the LTQ. The reaction was then quenched and
the product ions transferred to the Orbitrap mass analyzer for m/z analysis.
Detected c- and z-type product ions are labeled on the mass spectrum and shown
on the sequence. An inset showing the Orbitrap’s ability to achieve isotopic
resolution is also shown in Figure 3.4a.

Figure 3.4b illustrates the sequence and labeled ETD tandem mass
spectrum of the benchmark ECD peptide, substance P. This reaction proceeded for
150 ms in the LTQ before product ions were transferred to the Orbitrap mass
analyzer. Unlike the spectrum of KAAAKAAAK, where nearly every backbone bond
cleavage was observed in both the ¢ and z directions, the spectrum of substance P
contained mostly c-type product ions. This result was similar to that achieved by
Coon and co-workers utilizing their dual electrospray source.*

Coon and co-workers demonstrated the ability of their pulsed dual ESI to
perform ETD and its compatibility with automated data acquisition was also shown.
In that work, however, it was realized that a limiting factor was the “relatively long

times required for anion injection” — about 750 ms, due to pulsing on and off of the
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high voltages.* The
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Figure 3.4 A) Dual ESI LTQ-Orbitrap ETD mass spectrum

of the 3+

charge-state of

the synthetic peptide

KAAAKAAK, with c- and z-type ions labeled. The inset
presents an expanded view of the cg and zg ions to
highlight the isotopic resolution achieved by use of the
orbitrap mass analyzer. B) Sequence of substance P and
denotation of the observed c- and z-type product ions.
Dual ESI LTQ-Orbitrap ETD mass spectrum of the 3+
charge-state of substance P.
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source presented herein does not suffer from the same time

limitations because the voltages
are held constant throughout an
experiment, and the time needed
to physically switch the emitters
is quite fast (~ 40 ms). The ten-
fold decrease in switching and
injection time reported for this
source equates to a 1.9 to 2.4-
fold increase in tandem MS per
unit time (respectively, LTQ and
Orbitrap analysis), which will aid
greatly for conducting higher
order experiments such as LC-
MS/MS.

3.4 Conclusions

The ability to couple a
ESI

rapidly  spatially-pulsed

source to a high resolving power instrument, such-as the hybrid LTQ-Orbitrap, and

to perform ETD experiments is demonstrated. A maximum of 85 ms to inject the

anion population and switch between the emitters was observed, which allows for
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the collection of a larger amount of data during a given time period. This increased
amount of data will lead to more identifications when coupled with online liquid
chromatography. Some previously developed pulsed ESI sources can switch as
quickly as 10 ms?, but this does not consider the time it takes to develop a stable
electrospray. A second major benefit of the constant voltage is electrospray stability,
which results in more consistent anion densities and equates to more reproducible
ETD experiments. This source presents a practical solution to the problems of
previously developed dual AP ETD sources, allowing the focus of experiments to
shift towards finding a more efficient ETD precursor anion that can be generated via
ESI. Finally, we note operation of this device is far simpler and much more
convenient to implement as the distance between ESI needles need not be manually

optimized.

51



3.5

10.

11.

References

Coon, J.J., et al., Anion dependence in the partitioning between proton and
electron transfer in ion/ion reactions. Int. J. Mass Spectrom., 2004. 236. 33-
42.

Syka, J.E.P., et al., Peptide and protein sequence analysis by electron
transfer dissociation mass spectrometry. Natl. Acad. Sci. U. S. A., 2004. 101.
9528-9533.

Good, D.M. and J.J. Coon, Advancing proteomics with ion/ion chemistry.
Biotechniques, 2006. 40. 783-789.

McAlister, G.C., et al., Implementation of electron-transfer dissociation on a
hybrid linear ion trap-orbitrap mass spectrometer. Anal. Chem., 2007. 79.
3525-3534.

Gunawardena, H.P., J.F. Emory, and S.A. McLuckey, Phosphopeptide anion
characterization via sequential charge inversion and electron- transfer
dissociation. Anal. Chem., 2006. 78. 3788-3793.

Hogan, J.M., et al., Complementary structural information from a tryptic N-
linked glycopeptide via electron transfer ion/ion reactions and collision-
induced dissociation. J. Proteome Res., 2005. 4. 628-632.

Pitteri, S.J., et al., Electron transfer ion/ion reactions in a three-dimensional
quadrupole ion trap: Reactions of doubly and triply protonated peptides with
SO2 center dot-. Anal. Chem., 2005. 77. 1831-1839.

Coon, J.J., et al., Protein identification using sequential ion/ion reactions and
tandem mass spectrometry. Natl. Acad. Sci. U. S. A., 2005. 102. 9463-9468.

Swaney, D.L., et al., Supplemental activation method for high-efficiency
electron-transfer dissociation of doubly protonated peptide precursors. Anal.
Chem., 2007. 79. 477-485.

Roepstorff, P. and J. Fohlman, Proposal for a Common Nomenclature for
Sequence lons in Mass-Spectra of Peptides. Biomedical Mass Spectrometry,
1984. 11. 601-601.

Johnson, R.S., et al., Novel Fragmentation Process of Peptides by Collision-

Induced Decomposition in a Tandem Mass-Spectrometer - Differentiation of
Leucine and Isoleucine. Anal. Chem., 1987. 59. 2621-2625.

52



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Herron, W.J., D.E. Goeringer, and S.A. McLuckey, Product ion charge state
determination via ion/ion proton transfer reactions. Anal. Chem., 1996. 68.
257-262.

Stephenson, J.L. and S.A. McLuckey, lon-ion proton transfer reactions of
multiply-charged oligonucleotide cations. Int. J. Mass Spectrom., 1997. 165.
419-431.

Stephenson, J.L. and S.A. McLuckey, Adaptation of the Paul Trap for study of
the reaction of multiply charged cations with singly charged anions. Int. J.
Mass Spectrom. lon Processes, 1997. 162. 89-106.

McLuckey, S.A. and J.L. Stephenson, lon ion chemistry of high-mass multiply
charged ions. Mass Spectrom. Rev., 1998. 17. 369-407.

Syka, J.E.P., et al., Novel linear quadrupole ion trap/FT mass spectrometer:
Performance characterization and use in the comparative analysis of histone
H3 post-translational modifications. J. Proteome Res., 2004. 3. 621-626.

Liang, X.R., Y. Xia, and S.A. McLuckey, Alternately pulsed nanoelectrospray
ionization/atmospheric pressure chemical ionization for ion/ion reactions in an
electrodynamic ion trap. Anal. Chem., 2006. 78. 3208-3212.

Xia, Y., et al., Implementation of ion/ion reactions in a quadrupole/time-of-
flight tandem mass spectrometer. Anal. Chem., 2006. 78. 4146-4154.

Huang, T.Y., et al., Electron-transfer reagent anion formation via electrospray
ionization and collision-induced dissociation. Anal. Chem., 2006. 78. 7387-
7391.

Xia, Y., X.R. Liang, and S.A. McLuckey, Pulsed dual electrospray ionization
for ion/ion reactions. J. Am. Soc. Mass Spectrom., 2005. 16. 1750-1756.

Hannis, J.C. and D.C. Muddiman, A dual electrospray ionization source
combined with hexapole accumulation to achieve high mass accuracy of
biopolymers in fourier transform ion cyclotron resonance mass spectrometry.
J. Am. Soc. Mass Spectrom., 2000. 11. 876-883.

Flora, J.W., J.C. Hannis, and D.C. Muddiman, High-mass accuracy of product
ions produced by SORI-CID using a dual electrospray ionization source
coupled with FTICR mass spectrometry. Anal. Chem., 2001. 73. 1247-1251.

Nepomuceno, A.l., et al., Dual electrospray ionization source for confident
generation of accurate mass tags using liquid chromatography Fourier

53



24.

transform ion cyclotron resonance mass spectrometry. Anal. Chem., 2003.
75. 3411-3418.

Williams, K., A.M. Hawkridge, and D.C. Muddiman, Sub parts-per-million
mass measurement accuracy of intact proteins and product ions achieved
using a dual electrospray ionization quadrupole Fourier transform ion
cyclotron resonance mass spectrometer. J. Am. Soc. Mass Spectrom., 2007.
18. 1-7.

54



CHAPTER 4

Calibration Laws Based on Multiple Linear Regression Applied to Matrix-
Assisted Laser Desorption / lonization Fourier Transform lon Cyclotron
Resonance Mass Spectrometry

4.1 Introduction

Since the advent of matrix-assisted laser desorption/ionization (MALDI), a soft
ionization technique, mass spectrometry has become useful in the investigation of
tissue and biological samples. ' This is largely due to the protection of fragile bio-
molecules by a matrix which serves the dual purpose of absorbing energy from a
laser beam (thus avoiding direct impact with the sensitive biological material) while
facilitating ionization. In addition to the benefits of soft-ionization, the pulsed nature
of both MALDI and a FT-ICR mass analyzer is highly beneficial, as all desorbed
material may be subjected to analysis by the mass spectrometer. Furthermore,
MALDI-FT-ICR MS provides high mass resolving power and has the potential to
provide high mass measurement accuracy (MMA); the latter can only be achieved if
global and local space-charge effects are accounted for quantitatively.®

External calibration has been used to account for frequency shifts and to
thereby improve the MMA of measurements made by FT-ICR MS.” In 1990, Cody
received a patent for accounting for the differences in total ion population (Ar)
between calibration spectra and sample spectra.® The difference was accounted for
by generating a calibration curve and comparing the trapping voltage to the (Ar)

value for a calibrant compound. This was then utilized to correct the sample
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spectra, based on relative ion current and trapping voltages. To account for
abundance of a particular frequency observed, M.J. Smith derived a calibration law

% These two seminal

which has a calibration factor for relative ion abundance (As).
works®® have been oftentimes overlooked in the literature including our own
previous publications related to this line of research for which we regret. Amster and
co-workers developed a calibration curve to account for the difference between ion
populations of the calibration spectrum and subsequent spectra resulting in <10
parts-per-million MMA."% " Based partly on the work of Amster'® ' and R.D.
Smith'2, Oberg and Muddiman developed a novel external multiple linear calibration
law for non-AGC ESI-FTICR measurements which allowed them to achieve <5 ppm
MMA.®> Amster and co-workers recently developed a novel stepwise-external
calibration, in which calibration spectra are acquired at low trapping voltages that
provide low ppm MMA."

Previous studies have shown the global space-charge effect related to Ar in
the ICR cell to be a linear function of the observed frequency, which decreases with
increasing Ar.'> ' Similar studies have also shown that accounting for local space
charge effects related to As can also improve MMA."” These perturbations in
frequency due to global space charge effects (and local space charge effects, to a
lesser extent) must be formally accounted for in the external calibration strategies in
order to achieve high MMA.>®

The calibration laws applied herein have been previously applied to Fourier

transform ion cyclotron resonance mass spectrometers utilizing an electrospray
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ionization source, which because of multiple charging has a much smaller frequency
range than MALDI-FT-ICR MS.> ® The two external calibration laws were applied to
MALDI-FT-ICR MS to account formally for only total ion population and both total

and relative ion population to achieve high mass measurement accuracy.

4.2  Experimental

4.2.1 Materials

All materials were purchased from Sigma Aldrich (St. Louis, Missouri), with
the exception of the HPLC grade acetonitrile (ACN) and HPLC grade water, which
were obtained from Burdick Jackson (Muskegon, MI).

4.2.2 Polymer Sample Preparation

Polypropylene glycol oligomer with average molecular weight of 1000 Da was
used as the calibrant in this experiment. A PPG-1000 stock solution was prepared
by combining 10 L of a solution containing 49.5 uL of PPG-1000 oligomer in 10 mL
of ACN with 10 mL of a solution containing 7 mL ACN and 3 mL H>O. The resulting
PPG-1000 stock solution concentration was 5 ng/mL. A 100 mg/mL 2,5-
dihydroxybenzoic acid (2,5-DHB) matrix stock solution was then prepared in 1:1
ACN : 50 mM NaCl / H20. The PPG-1000 stock solution was then combined 1:1
with the 2,5-DHB matrix stock solution before spotting on the MALDI target.

4.2.3 Peptide Mixture Preparation

A peptide mixture (Table 4.1) containing bradykinin fragment 1-7, angiotensin

II, P14R, ACTH fragment 18-39 and insulin oxidized B-chain was also analyzed, to
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afford a wide range of m/z values. All individual peptide stock solutions were
prepared by combining 10 nmoles of peptide with 1 mL of 0.1% TFA in H20, with the
exception of bradykinin fragment 1-7 and insulin oxidized B-chain, which were

prepared by combining 10 nmoles of each peptide with 1 mL of 1:1 ACN : 0.1% TFA

Table 4.1 Peptide calibration mixture information

Solvent in Stock

Peptide MW Peptide Solution
Bradykinin Fragment 1-7 | 757.3997 ACN: 0.1%TFA = 1:1
Angiotensin || 1046.5423 0.1% TFA

P14R 1533.8582 0.1% TFA

ACTH Fragment 18-39 2465.1989 0.1% TFA

Insulin Oxidized B-Chain | 3494.6513 ACN : 0.1%TFA = 1:1

in H20. The peptide mixture was then created by combining 10 uL of each peptide
solution. A 150 mg/mL 2,5-dihydroxybenzoic acid (2,5-DHB) matrix stock solution
was then prepared in 1:1 ACN: 0.1% TFA in H20. The peptide mixture (50 uL) was
then combined with 50 pL of 150 mg/mL 2,5-DHB matrix solution, resulting in a 1:1
mixture of peptides : DHB matrix stock solution.

4.2.4 MALDI Target Preparation

Both PPG-1000 and peptide analyte/matrix mixtures were spotted by applying
0.8 yL onto a target obtained from Applied Biosystems (Foster City, CA). A passive

drying method was used for the peptide/matrix mixture, whereas an active drying
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method, using cool air from a heat gun to decrease sample drying time and prevent
spot-spreading, was used for the PPG-1000 polymer/matrix mixture.

4.2.5 MALDI-FT-ICR MS Analysis

A Varian (Lake Forest, CA) FT-ICR MS comprised of a 9.4 Tesla horizontal
bore superconducting magnet with a 128 mm bore (Cryomagnetics, Inc., Oakridge,
TN), coupled with a ProMALDI ion source, was used to acquire all spectra in
positive-ion mode. The power of the Nd:YAG frequency tripled-laser (355 nm) was
varied from 17 to 20% to afford a range of total ion populations (Ar) to be analyzed.
Several calibration spectra were acquired and processed using Varian Omega 2XP
software and all data were acquired using a standard broadband pulsed sequence.
Subsequent test spectra of the polymer and peptide mixture exhibiting Ar within the
abundance range were acquired in order to determine mass measurement accuracy

(MMA).

Z Law4.2: m/z= P
fobs _(ﬁo +ﬁ2AT) fobs _(ﬂo +ﬂ2AT +ﬂ3AS)

Law4.1:m/z=

For external calibration Law 4.1, examined herein, o accounted for electric
field and B4 for scaled magnetic field strength. Law 4.1 also formally took into
account the total ion population in the ICR cell (A7), which has the coefficient of (3,.
Law 4.2 utilized an additional coefficient, B3, which formally accounts for the relative
ion abundance of a given species (As). A total of 80 m/z measurements were

utilized for the quantification of the MMA results of each law and At range.
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4.3 Results and Discussion

Figure 4.1 illustrates the eight sodium-adducted PPG-1000 oligomers utilized

for calibration which range from m/z 911-1318.
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Figure 4.1 The left demonstrates the eight Na’-PPG-1000 oligomers used (15-22), as
well as the isotopic resolution achieved. The effects of total ion population on observed
frequency (global space-charge effects) are demonstrated on the right. This linear
relationship shows that, for a given m/z peak, observed frequency decreases as total ion
abundance increases. The peaks corresponding to the graphs are for m/z = 911.6 (top),
969.7, and 1027.7 (bottom).

resolution achieved is demonstrated for the peak at m/z 1027.7. The frequency

shifts induced by global space-charge effects are also shown. As Ar increased the

observed frequency in the ICR cell decreased. The slope of the best fit line for each

of the three m/z values is very similar because the shift in the observed frequencies

should approximately be the same for a given increase in Ar.
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The singly charged sodium-adducted PPG-1000 oligomers and peptide
mixture (protonated with TFA) described a broad range of m/z values and relative

ion abundances within each mass spectrum, as shown in Figure 4.2. Initially, the

7 P14R ACTH fragment
16 18 (18-39)
15 19
20
21
I Angiotensin Il
'——2‘2— __.-- Bradykinin Fragment Insulin
-1 (1-7) (oxidized B-chain)
L [ Y T L . ‘ )
\ ! ! ! \ \ !
500 1000 1500 2000 2500 3000 3500
m/z
l I I l \ \ l
288.7 144 4 96.2 72.2 57.7 48.1 41.2

Cyclotron Frequency (kHz)

Figure 4.2 Sodium-adducted PPG-1000 oligomers n=15-22 and a peptide mixture are labeled.
The peaks present described a broad range of m/z and Ag values.

instrument was calibrated utilizing the manufacturer's standard calibration
procedure. This allowed for the definition of mass measurement accuracy (MMA) of
all subsequent spectra utilizing the manufacturer’s external calibration method. This
method does take into account Ar, but the exact implementation of this information
in the manufacturer’'s method is not known.

The goal of these experiments was to determine whether high MMA could be

achieved by employing the calibration laws which utilize multiple linear regression
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(MLR) to determine their coefficients, which formally account for Ar and As.
Moreover, using a calibration set over a wide range of Ar values, it was possible to
determine the constants (B2, and B3;) needed for the MLR external calibration law.
The results were then applied to a “test” set of polymer spectra, as well as a “test”
set of peptide mixture spectra, in an effort to compare commonly used linear

external calibration laws with our MLR calibration laws (Figure 4.3).
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Figure 4.3 MMA Summary of Na’-PPG-1000 and the peptide mixture are shown left and right,
respectively. Box and whisker plots of MMA for the instrument calibration method (for Na*-PPG-
1000 only), Law 1, and Law 2 are illustrated, with mean MMA denoted. The blue diamond shows
the mean and the 95% confidence interval of the mean, while the blue notched lines show the
95% parametric percentile range (2.5-97.5%). The notched box shows the median, lower and
upper quartiles. The dotted-line connects the nearest observations within 1.5 IQRs (inter-quartile
ranges) of the lower and upper quartiles. Red crosses (+) and circles (o) show observations
more than 1.5 IQRs (near outliers) and 3.0 IQRs (far outliers) from the quartiles, respectively.

The application of the calibration Laws 4.1 and 4.2 (Figure 4.3) resulted in
high MMA for the sodium-adducted PPG spectra. However, the highest MMA
illustrated in Figure 4.3 resulted from the constant laser power (17%) used to afford
similar At values. Application of both calibration Law 4.1, accounting for Ar, and
Law 4.2, accounting for both Ar and As, increased the MMA as compared to the

default instrument calibration.

62



The instrument’s calibration procedure produced data with mean MMA values
of -14.166 ppm for the experiments where the total ion population (Ar) covered a
large range. This large range (57-142) of At values was provided for by varying the
laser power applied to the sample. The mean MMA achieved for the sodium-
adducted PPG utilizing Law 4.1 was 2.643 ppm while Law 4.2 afforded a mean MMA
value of 2.649 ppm. The application of the calibration laws shown in Figure 4.3,
allowed for improvement of MMA values over the instrument’s calibration method for
this large Ar range. In addition, these calibration laws allowed for a decrease in the
range of observed MMA values for a large At range.

The instrument’s calibration method produced data with a mean MMA value
of -17.848 ppm for experiments with a much smaller Ar range (70-83) than the
previous set of data (vide supra) provided by the application of constant laser power.
The mean MMA achieved for the sodium-adducted PPG was 0.259 ppm and 0.263
ppm for this data set utilizing Law 4.1 and Law 4.2, respectively. The constant laser
power provided for the best overall MMA values for both Law 4.1 and Law 4.2; this
data set also has zero included in its 95% confidence interval, which is indicative of
a lack of systematic error. In addition, the data in Figure 4.3 also display that the
applied calibration laws reduce the range of MMA values observed when compared
to the instrument’s calibration procedure for the sodium-adducted PPG. These data
demonstrate that, in order to achieve the best MMA routinely on MALDI-FT-ICR MS,

it would be beneficial to optimize experimental conditions to produce similar Ar
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values between different samples and utilize the calibration coefficients presented in
Figure 4.3.

The peptide mixture in combination with Law 4.1 and Law 4.2 provided for
mean MMA values of 9.484 and 1.300 ppm, respectively. The instrument’s
calibration method produced data with a mean MMA value of -84.807 ppm for the
peptide mixture. Figure 4.3 illustrates the large range observed in MMA values for
the peptide data from Law 4.1 and Law 4.2. This is attributed to large frequency
domain, 190152 — 41186 Hz for the peptide mixture versus 157981 — 109277 Hz for
the sodium-adducted PPG-1000 that was covered by the peptide mixture calibration
points, shown in Figure 4.2. Even with this large range of MMA values, the 95%
confidence interval of the mean contained zero. This demonstrates a lack of
systematic error for this data calibrated with Law 4.1 and Law 4.2. However, this
data set reveals why MALDI-FT-ICR MS data reported to have high MMA values are
typically over a small frequency scale, similar to what was utilized for the sodium-

adducted PPG-1000 experiments described above.

4.4  Conclusions

MALDI-FT-ICR MS encompasses a much larger frequency range than that of
a typical ESI-FT-ICR MS study. Through the application of novel calibration laws
which account for both global and local space-charge effects, high MMA results
were achieved, regardless of sample type (polymer or peptide mixture). The mean

MMA values achieved in experiments with a smaller At range were in the parts-per-
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billion range. This is an improvement of almost 2 orders of magnitude over the
values achieved by the instrument’s external calibration method. If the calibration
laws presented herein are utilized and the instrument is tuned to produce a small Ar
range this would surely aid in future experiments to identify unknowns by MALDI-FT-

ICR MS.
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CHAPTER 5

Parts-Per-Billion Mass Measurement Accuracy Achieved through the
Utilization of Multiple Linear Regression and Automatic Gain Control in a
Fourier Transform lon Cyclotron Resonance Mass Spectrometer

5.1 Introduction

Fourier transform ion cyclotron resonance (FT-ICR), first developed by
Comisarow and Marshall, provides the highest mass resolving power of all mass
analyzers, which has the potential to translate into the highest mass measurement
accuracy ' over a wide m/z range.*® High MMA is important for numerous

applications of FT-ICR including the analysis of complex mixtures such as proteins’

9 10-12 13, 14

, metabolites' ', and petroleum products. In order to realize the highest
achievable MMA for a given FT-ICR MS system, frequency shifts due to space-
charge effects must be accounted for using external or internal calibration

strategies.”™ '® While internal calibration'"2

provides the best correction for space-
charge effects it requires specialized hardware or software.

External calibration has been used to account for frequency shifts and to
thereby improve the MMA of measurements made by FT-ICR.>® For example,
Amster and co-workers developed a calibration curve to account for the difference
between ion populations of the calibration spectrum and subsequent spectra
resulting in <10 parts-per-million MMA.?* ?* Based partly on the work of Amster?* 2°

and Smith?®, Oberg and Muddiman reported a novel external calibration law which

afforded <5 ppm MMA.?’ Amster and co-workers recently developed stepwise-
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external calibration, in which calibration spectra are acquired at low trapping
voltages that provide low ppm mass accuracy. This is then followed by collection of
spectra at more routine trapping voltages where the major peaks, which appeared in
the spectrum collected at low trapping voltages, were used as “internal calibrants” to
calibrate the rest of the spectrum.?® Smith and co-workers have demonstrated an
external calibration method for liquid chromatography-mass spectrometry (LC-MS)
that they base on mass accuracy histograms that are derived from sets of tentative
assignments for species believed to be contained in the samples.?

The external calibration methods described above attempt to quantitatively
account for differences in ion population between spectra. Recently, Hunt and co-
workers have demonstrated the effectiveness of combining external calibration with
automatic gain control (AGC) where the number of ions in the ICR cell are precisely
controlled to fall within the external calibration range.*® This approach allowed them
to achieve MMA of <2 ppm. This external calibration strategy has been
implemented on commercially-available FT-ICR MS instruments equipped with
AGC.* 3" Muddiman and co-workers were able to achieve high MMA using this
approach.*> The Smith and Gygi research groups commonly report MMA values of
~5 ppm when utilizing AGC for external calibration procedures.®**°

While AGC does control the total ion population (A7) present in the ICR cell,
there is still variation in At between spectra. Gygi and co-workers have used the
calibration coefficients given by the instrument to back calculate cyclotron frequency,

and use that frequency to fit their data to a multiple linear regression calibration
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equation based on that previously reported by Muddiman and Oberg”, which
accounts for A7 *®

Utilizing previously reported calibration laws in conjunction with AGC, we
report improved MMA for a linear ion trap-Fourier transform ion cyclotron resonance
mass spectrometer.?” 3" These calibration equations formally account for total ion
population due to the inability of AGC to precisely meter ions entering the ICR cell.
In addition, one calibration equation also accounts for relative ion abundance of
particular species. Finally, we demonstrate that the calibration strategies presented
in this paper enable higher AGC limits (increased dynamic range), while still

maintaining high MMA.

5.2  Experimental

5.2.1 Materials

Poly(propylene glycol) with an average molecular weight of 1000 Da,
ammonium acetate (>99%), and formic acid were purchased from Sigma (St. Louis,
MO). HPLC grade acetonitrile and high purity water were purchased from Burdick
and Jackson (Muskegon, MI). 2-propanol (HPLC Grade) was purchased from
Fischer Scientific (Fair Lawn, NJ). All materials were used as received.

A modified version of an electrospray ionization (ESI) source developed
previously in this laboratory®® was coupled to a hybrid Thermo-Electron (San Jose,
CA) LTQ-FT Ultra MS equipped with an Oxford Instruments actively-shielded 7T

superconducting magnet (Concord, MA). All spectra were acquired with a resolving
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power at 400 m/z set to 100,000rwnm, along with AGC settings ranging from 5.0 x
10° to 3.0 x 10”. Samples were introduced by direct infusion using a 100 ul gas-tight
syringe (Hamilton, Las Vegas, NV) and the syringe pump on the LTQ-FT Ultra at a
flow rate of 0.5 pl/min. The ESI emitter tips used were 360 um o.d., 50 um i.d. and
tapered to 30 + 1.0 um i.d. (New Objective, Woburn, MA) and held at a constant
potential of 2200 V for all experiments. Electrospray solutions were composed of
70:30 2-propanol:water with 0.5 mM ammonium acetate (NH;OAc).

5.2.2 Experimental Design

Figure 5.1 shows the experimental design for the first series of experiments.
Calibration of the instrument was carried out using a user-defined list of eleven
monoisotoptic m/z values for ammonium-adducted PPG-1000 oligomers, which
ranged from m/z = 732 to m/z = 1312. This calibration was conducted via the
manufacturer's protocol which generates coefficients for five different AGC target
values of which the largest 3 were used: 5.0 x 10°, 1.0 x 10°, and 3.0 x 10°.

To enable the implementation of different calibration methods, the
frequencies were obtained utilizing the diagnostic mode in the instrument software.
The AGC level was first set to 5.0 x 10° and five calibration spectra were recorded,
along with their respective cyclotron frequencies, to generate calibration coefficients
(vide infra). This was followed by the collection of five test spectra including their
cyclotron frequencies, to determine the achievable mass measurement accuracy
(MMA). In an effort to reduce systematic error with respect to AGC levels, this

procedure was then repeated for AGC target levels of 3.0 x 10° and 1.0 x 10° in that
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spectra.
software.

Target Level

5.0 x 10°

3.0 x 108

1.0 x 106

Figure 5.1 The experimental design is shown, which starts with the calibration of the instrument.
This is followed by the collection of 5 calibration and 5 test spectra at each of the specified AGC
target levels. Information from the calibration spectra was used in linear regression and multiple
linear regression to determine calibration coefficients for Law 1, Law 2 and Law 3.
measurement accuracy was calculated using these coefficients and information from the test
MMA was also calculated from the m/z reported by the instrument manufacturer’s

The data from each of the five calibration spectra at each AGC target level
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were first determined using the manufacturer's software.
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order. The mass measurement accuracy for the five test spectra at each AGC level

were fit, by linear regression, to Equation 5.1, developed by Gross and co-
workers®, where the response is the product of the observed frequency (fos) and
theoretical m/z values for each oligomer and the predictor is 1/fops. The y-intercept
yields Bo (the scaled magnetic field strength) and the slope yields 31, the contribution

for electric fields including trapping voltages (constant during the measurement) and




the ions themselves (variable). All five calibration spectra were used to generate
average values of 3y and B4. These average calibration coefficients were then used
to determine the MMA for the five test spectra at each AGC level using Equation

5.2. The use of these two equations throughout this chapter will be denoted as Law

5.1.
on 5.1: 5B
Equatlon 51 -m / Ztheoretical ><fobs - ,Bo + f
obs
Equation 5.2:m/z = Po +f@
obs obs

The data from the calibration spectra at each AGC target level were also fit
using a multiple linear regression calibration law previously reported, which is shown
in Equation 5.3.2” Bo accounts for electric field and B is the scaled magnetic field
strength. This calibration law also formally takes into account the total ion
population in the ICR cell (A1), which has the coefficient of B,. These calibration
coefficients were then used to determine the MMA for the five test spectra at each
AGC level using Equation 5.4. The use of these two equations will be denoted as

Law 5.2.

Equation 5.3: f,, = £, + B,(z/ m)+ S,A;

B,
1:obs - (IBO +ﬂ2AT )

Equation54: m/z=

The data from the calibration spectra at each AGC target level, where the

instrument performs its calibration routine, were fit using a multiple linear regression
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calibration law previously reported, which is shown in Equation 5.5.2  The
coefficients for this calibration law are the same as listed for Law 5.2, with the
addition of B3 which formally accounts for the relative ion abundance of a given
species (As). These calibration coefficients were then used to determine the MMA
for the five test spectra at each AGC level using Equation 5.6. The use of these two

equations will be denoted as Law 5.3.

Equation 5.5:f,_ = £, + B,(z/ M)+ BA + A

1%

Equation5.6:m/z=
fobs - (ﬂo + ﬂZAT + ﬂBAS)

The second set of experiments followed the same scheme except that they
were performed at AGC levels that were above the range at which the instrument
performs mass calibration: 5.0 x 10°%, 1.0 x 107, and 3.0 x 10"; the latter is the
highest AGC target level allowed by the software.

All statistical analysis was performed using Analyse-it® for Microsoft Excel®. It
is important to note that the numerical values reported in this chapter should be

reproducible (but not identical) in other laboratories.

5.3 Results and Discussion

The relative proportion of each monoisotopic m/z for each oligomer to At as a
function of m/z for the three different AGC target values equal to the three highest
settings at which the instrument’s calibration routine runs are shown in Figure 5.2.

The overall shape of the oligomer distribution did not change with respect to
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changes in AGC target value. The coefficients from the instrument’s calibration are

shown for comparison to the calculated coefficients from Law 5.1. As expected, the

Bo coefficient remains essentially constant since magnetic field does not significantly

A) AGC Target = 5.0 x 10%

B) AGC Target = 1.0 x 108

C) AGC Target = 3.0 x 108
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Figure 5.2 A) At the top, the range of Ag/Ar for calibrant peaks in each calibration spectrum are
shown; overlaid is a representative spectrum from AGC target level of 5.0 x 10°. Below, the
calibration coefficients from the RAW file header are given. The bottom is a plot which displays
Bo as the y-intercept and (31 as the slope, which were acquired from applying Law 1 to the data.
Mean values of the coefficients with their 95% confidence interval are displayed. The same

information is also shown for AGC target levels of B) 1.0 x 10° and C) 3.0 x 10°.

decrease throughout the experiment. As the AGC increases, the magnitude of B4

also increases, which accounts for electric field effects in the ICR cell.

The

variability of B¢ also increases which demonstrates that AGC has difficulty precisely

reaching its target value as the AGC limit is increased. Also, the data becomes less

linear as AGC target value increases which we attribute to the increase in space-

charge effects at higher ion population.® ¢
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The calculation of the total ion abundance for each spectrum, Ay, was carried
out using two different methods. Method 1 summed the abundances of all peaks
listed in the m/z list (SUM) and method 2 used the "total ion current" (TIC) from the
RAW file header. The resultant from both the SUM and TIC were then multiplied by
the “ion injection time” listed in the RAW file header to calculate the value of Ar. The
reason for this multiplication is because both the TIC and individual abundances in
the m/z list that make up the SUM method are normalized by the “ion injection time”.
The top of Figure 5.3 shows the individual Ar values for both methods 1 and 2 for
the calibrant and test spectra at each AGC target. While the calculated At’'s were
different, both methods provided statistically similar results when using the multiple
linear regression strategy (data not shown). Method 2 is the preferred method,
owing to its simplicity, and thus, this method was used herein.

Figure 5.3 shows a box and whisker plot of the resulting MMA data for the
three highest AGC target values for which the instrument performs its calibration
routine. The decreasing MMA using the manufacture’s calibration, as demonstrated
by the decrease in MMA with increasing AGC target level, shows systematic error as
the AGC target value increases. MMA from the instrument manufacturer's m/z
values was calculated to have a mean of -0.543, -0.513, and -1.117 ppm for the
AGC target values of 5.0 x 10° 1.0 x 10°%, and 3.0 x 10° respectively. It is also
important to note that the 95% confidence interval of the mean for these MMA’s

does not include zero for any of the specified AGC target levels. The negative
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values are a result of the ICR cell having fewer ions in the cell, at the time of

analysis, than the calibration spectrum.

A) AGC Target = 5.0 x 105 B) AGC Target = 1.0 x 108 C) AGC Target = 3.0 x 10°
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Figure 5.3 A) For an AGC target value of 5.0 x 10° the result from calculating At by methods 1
and 2 for both calibration and test spectra is shown at the top. Box and whisker plots of MMA for
the manufacturer’s calibration procedure (MCP), Law 1, and Law 2 are shown on the bottom.
The blue diamond shows the mean and the 95% confidence interval of the mean, while the blue
notched lines show the 95% parametric percentile range (2.5-97.5%). The notched box shows
the median, lower and upper quartiles. The dotted-line connects the nearest observations within
1.5 IQRs (inter-quartile ranges) of the lower and upper quartiles. Red crosses (+) and circles (0)
show observations more than 1.5 IQRs (near outliers) and 3.0 IQRs (far outliers) from the
quartiles, respectively. The same information is also shown for AGC target levels of B) 1.0 x 10°
and C) 3.0 x 10°.

Using Law 5.1 to calculate the average calibration coefficients (Bo and p4) for
each of the five calibration spectra corrected for this systematic error, which is
evident from the mean and median of the MMA data residing very close to zero for

all AGC target levels, as shown in Figure 5.3. Even though the equation for fitting

77



and calculating m/z values for Law 5.1 and the instrument manufacturer’s calibration
are the same, our data exhibited higher MMA because the calibration coefficients
were calculated as the average for 5 different spectra at each AGC level, as shown
by Figure 5.1. Using the average calibration coefficients determined from Law 5.1,
we obtained MMA mean values of 0.036, 0.202, and 0.376 ppm at the AGC target
levels 5.0 x 10°,1.0 x 10°, and 3.0 x 10°. The 95% confidence interval of the mean
for this data includes zero for 5.0 x 10° (-0.053 to 0.126 ppm); however, not for 1.0 x
10° or 3.0 x 10° data sets.

Law 5.2 produced MMA mean values of 34, 23, and 27 parts-per-billion (ppb)
for the same range of AGC target values as reported above. The 95% confidence
interval of the mean includes zero for all AGC target levels in this range: -48 ppb to
116 ppb, -156 ppb to 203 ppb, and -114 ppb to 167 ppb for 5.0 x 10° 1.0 x 10°, and
3.0 x 105, respectively. Law 5.2 enhances MMA because it formally accounts for
changes in Ar. Law 5.1 is almost able to perform as well as Law 5.2, even while not
formally accounting for At because Law 5.1 is an average of 5 spectra instead of a
single spectrum, as is the case in the instrument manufacturer’s calibration
procedure. However, since all of the results for Law 5.2 had 95% confidence
intervals that included zero, we can confidently state that Law 5.2 performed better
than alternative calibration laws because it accounts for Ay formally.

Gorshkov et. al. has previously shown that the frequency shift due to space-
charge effects is dependant on the relative abundance of an ion in the ICR cell.*

This relative ion abundance of a given species (As) has been previously utilized in
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Law 5.3 on a FT-ICR MS without AGC by Muddiman and Oberg.?’” Moreover,
Muddiman and Oberg demonstrated that both As and Ar were statistically significant
in the calculation of MMA for data acquired without AGC.?’

Law 5.3 formally accounts for both Ar and As, which narrows the range over
which the MMA values are spread, especially for high AGC target values, when

compared to Law 5.2, as shown in Figure 5.4. For this set of experiments, the
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Figure 5.4 Box and whisker plots of MMA for Law 2 and Law 3 at each of the specified AGC
target levels. The notation for these box and whisker plots is identical to that used in Figure 5.3.

calibration spectra and test spectra had similar As values, since both were
ammonium-adducted PPG-1000 oligomers. The mean MMA values produced by
the application of Law 5.3 are 34, 24, and 9 ppb for AGC target levels of 5.0 x 10°,
1.0 x 105 and 3.0 x 10° respectively. The 95% confidence interval of the mean
includes zero for all AGC target levels in this range: -48 ppb to 116 ppb, -115 ppb to

163 ppb, and -84 ppb to 102 ppb for the same AGC target values as reported above.
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Figure 5.5 displays the relative proportion of the monoisotopic m/z value for

each oligomer to Ar as a function of m/z for the range of AGC target values outside

of the calibration range of the instrument. The overall distribution does not change
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Figure 5.5 A) The top shows the range of As/At for calibrant peaks in each calibration spectrum;
overlaid is a representative spectrum from the AGC target level of 5.0 x 10°. Below, the
calibration coefficients from the RAW file header are given. The bottom is a plot which displays
Bo as the y-intercept and B4 as the slope, which were acquired from applying Law 1 to the data.
Mean values of these coefficients with their 95% confidence interval are displayed. The same
information is also shown for AGC target levels of B) 1.0 x 10” and C) 3.0 x 10"

over the range of AGC target values. As previously observed, 3o remains similar
throughout these experiments and the magnitude of 34 does change systematically
as Ar is increased.

There are no comparisons to be made to the instrument manufacturer’s
calibration coefficients for this data set because at AGC target levels above 3.0 x
10° the instrument manufacturer’s coefficients remain the same because 3.0 x 10°% is
the highest AGC level at which the calibration routine operates. As the AGC target

value increases for this data set, the departure from linearity of the data becomes
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greater than that of the data in Figure 5.2; however, the variation of the 34 coefficient
surprisingly decreased, which is under further investigation in our laboratory.
AGC Target=5.0 x 108

AGC Target=1.0 x 107 AGC Target=3.0 x 107
+

w b~ O

+

I f=

H

MMA (ppm)
il

'r
|
|
n
|
|
|
|
|
|
|
“
|
|
|
i A
Pran
Tl/
1
|
|
|
o
<

Law 5.1 Law 5.2 Law 5.1 Law 5.2 Law 5.1 Law 5.2

Figure 5.6 Box and whisker plots of MMA for Law 1 and Law 2 at each of the specified AGC
target levels. The notation for these box and whisker plots is identical to that used in Figure 5.3.

MMA data from experiments with an AGC target value exceeding those at
which the instrument manufacturer's software calibrates the instrument are
presented in Figure 5.6. The resulting MMA from applying the average calibration
coefficients obtained using Law 5.1 for the five calibration spectra to the data at the
higher AGC target levels is still able to maintain means close to the sub-ppm level.
Law 5.1 resulted in mean MMA values of 287, 336, and 137 ppb for the AGC target
values of 5.0 x 10°, 1.0 x 107, and 3.0 x 10’, respectively. For the AGC target level
of 3.0 x 107, the 95% confidence interval of the mean for Law 5.1 was -185 ppb to
523 ppb; however, for the other two AGC target levels in this set of experiments the
95% confidence interval did not include zero.

Law 5.2 resulted in mean MMA values of 293, 219, and 169 ppb for the same

range of AGC target values reported above. For AGC target levels 1.0 x 10" and 3.0
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x 10" the 95% confidence interval of the mean included zero (-68 ppb to 506 ppb
and -185 ppb to 523 ppb, respectively). Through the use of these calibration
procedures we are able to extend the dynamic range of the LTQ-FT, while still

maintaining high levels of mass measurement accuracy.

5.4  Conclusions

Data were acquired utilizing a LTQ-FT in diagnostic mode, which allowed for
the recording of the cyclotron frequency of the ions in the ICR cell. Frequency data
allowed for the calibration of spectra of ammonium-adducted PPG-1000 oligomers
utilizing two different calibration laws: Law 5.1 was employed with calibration
coefficients determined for each of 5 spectra at a specific AGC target level and then
averaged; and Law 5.2, a multiple linear regression law which formally accounts for
the Ar at a specific AGC target level. These laws enabled parts-per-billion MMA
over a wide range of AGC target levels even in excess of the AGC target level at
which the instrument calibration routine permits, thus extending the dynamic range
of the instrument. Between the two main laws investigated, Law 5.2 allowed for the
best MMA because it can correct for the inability of AGC to precisely aliquot a
specified number of ions to the ICR cell, especially at higher AGC target levels. Law
5.3, applied only to the three lower AGC target levels examined in these
experiments, was able to attain very high MMA, and fundamentally will likely prove
to be the best since it formally accounts for both At and As. Coupled with stronger

magnetic fields*’, this method of calibrating FT-ICR data has the potential to improve
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MMA even further. These calibration laws should also translate to improving MMA
on the LTQ-Orbitrap.*' This work could be extended to intact proteins and protein
fragments in MS" data, which should benefit from the extended dynamic range

which these calibration laws and procedures provide in future experiments.
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CHAPTER 6

Utilizing Artificial Neural Networks in MATLAB to Achieve Parts-per-Billion
Mass Measurement Accuracy with a Fourier Transform lon Cyclotron
Resonance Mass Spectrometer

6.1  Introduction

Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometry has
the ability to detect ions with unparalleled mass measurement accuracy, even when
working with complex analytes such as proteins, metabolites, and other molecules

> The fundamental

found in biological, biochemical, and physical science fields."
relationship between cyclotron frequency and m/z has been under investigation
since the introduction of FT-ICR MS in 1974 by Comisarow and Marshall." In order
to realize the highest mass measurement accuracy (MMA) achievable for a given
FT-ICR MS system, frequency shifts due to space-charge effects must be accounted
for using external or internal calibration strategies.s' " While internal calibration®"?
provides the best correction for space-charge effects it often requires specialized
hardware or software.

In order to account for frequency shifts, external calibration has been utilized
to improve the MMA of measurements made by FT-ICR."™ Amster and co-workers
developed a calibration curve to account for the differences in ion populations
between the calibration spectrum and subsequent spectra acquired for data analysis

A.15' 16

resulting in <10 parts-per-million MM Based partly on both the work of

Amster'® ® and Smith'’, Oberg and Muddiman reported a novel external calibration
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law which provided data with <5 ppm MMA." Amster and co-workers have also
developed stepwise-external calibration, in which calibration spectra are acquired at
low trapping voltages that provide low ppm mass accuracy. This is then followed by
collection of spectra at more custom trapping voltages where the major peaks, which
appeared in the spectrum collected at low trapping voltages, were used as “internal
calibrants” to calibrate the rest of the spectrum.'®

Hunt and co-workers have demonstrated the usefulness of combining
external calibration with automatic gain control (AGC) where the number of ions in
the ICR cell are controlled to fall within the external calibration range.”® This
approach allowed them to routinely achieve MMA of <2 ppm. This automatic gain
control methodology has been implemented on commercially-available FT-ICR MS

20, 21

instruments. Muddiman and co-workers were able to achieve high MMA using

this approach.?? Both the Smith and Gygi research groups commonly report MMA
values of ~5 ppm when utilizihng AGC for external calibration procedures.?®*?%
Recently, Muddiman and co-workers utilized a combination of AGC with calibration
laws that used multiple linear regression and were able to achieve an external
calibration with mass measurement accuracy in the parts-per-billion (ppb) range.26
Artificial neural networks (ANNSs) utilize back propagation techniques to
establish the weights and biases needed to fit a target output using measured
parameters as input data. Unlike multiple linear regression, one does not need to

specify a mathematical functional relationship between the input and target data —

the ANN is trained to produce a set of outputs which minimize the difference
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between the target data and the ANN output. The concept of an ANN has been
applied in many different fields of chemistry including various problems in

spectroscopy such as the calibration of previously existing spectra as input functions

27, 28 29-32

in NMR spectra, mass spectra,”®*? infrared spectra,®® and other forms.** They

have also appeared in the study of chemical sensors applications> %

and protein
folding®’. The concept of having a program that can generate solutions to an
unknown via the input of a known is extremely useful.’® Herein, data from a hybrid
LTQ-FT-ICR mass spectrometer have been applied to an artificial neural network
system in an attempt to generate m/z values with high mass measurement accuracy
by utilizing parameters to account for space-charge effects within the ICR cell.

These results are compared with that of previously published data utilizing multiple

linear regression to provide a fit for this data.?

6.2 Experimental

6.2.1 Materials

Poly(propylene glycol) with an average molecular weight of 1000 Da,
ammonium acetate (>99%), and formic acid were purchased from Sigma (St. Louis,
MO). HPLC grade acetonitrile and high-purity water were purchased from Burdick
and Jackson (Muskegon, MI). 2-Propanol (HPLC grade) was purchased from

Fischer Scientific (Fair Lawn, NJ). All materials were used as received.
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6.2.2 Instrument Parameters and Calibration Procedure

A modified version of an electrospray ionization (ESI) source developed
previously in this laboratory was coupled to a hybrid ThermoFisher Scientific (San
Jose, CA) LTQ-FT Ultra MS equipped with an Oxford Instruments actively shielded 7
T superconducting magnet (Concord, MA). All spectra were acquired with a
resolving power at 400 m/z set to 100,0005nm, along with AGC settings ranging from
5.0 x 10° to 3.0 x 10°. Samples were introduced by direct infusion using a 100 pL
gastight syringe (Hamilton, Las Vegas, NV) and the syringe pump on the LTQ-FT
Ultra at a flow rate of 0.5 pL/min. The ESI emitter tips used were 360 pm o.d., 50 pm
i.d. and tapered to 30 + 1.0 um i.d. (New Objective, Woburn, MA) and held at a
constant potential of 2200 V for all experiments. Electrospray solutions were
comprised of 70:30 2-propanol/water with 0.5mM ammonium acetate (NHsOAC).

Calibration of the instrument was completed utilizing a user-defined list of
eleven monoisotoptic m/z values for ammonium-adducted PPG-1000 oligomers,
which ranged from m/z = 732 to m/z = 1312. This calibration was conducted using
the manufacturer's protocol which generates coefficients for five different AGC target
values of which the largest 3 were used: 5.0 x 10°, 1.0 x 10°, and 3.0 x 10°.

The frequencies were obtained utilizing diagnostic mode in the instrument
software, which allowed for calibration utilizing artificial neural networks. The AGC
level was first set to 5.0 x 10° and five calibration spectra were recorded, along with
their respective cyclotron frequencies. These frequencies provided 55 points (11

data points, 5 spectra) which were used to train the neural network. This was
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followed by the collection of five validation spectra including their cyclotron
frequencies, to determine the achievable MMA through the use of neural networks.
In an effort to reduce systematic error with respect to AGC levels, this procedure
was then repeated for AGC target levels of 3.0 x 10° and 1.0 x 10° in that order.
Values for total ion population (Ar) and relative ion population (As) were calculated
as previously described in Chapter 5.

5.2.3 Artificial Neural Networks in MATLAB

The basic computational unit of a neural network is the neuron. The network
utilized in these studies consisted of six neurons arranged in three layers. The initial
layer contained one neuron with a logsig output function. The middle layer
contained four neurons each with logsig output function. The outer layer contained a
single neuron with a linear output. Each neuron computes the value of N via the
equation: N = W;*P+B; and applies N to the input of its output function. W; is a
weight applied to the data by the neuron and B; is a bias. The input data (matrix P)
contains one row for each mass spectrum and one column for each experimentally
measured independent variable upon which the calibration is based. Our
experiments typically utilized 55 rows and either 1, 2 or 3 columns (i.e. frequency, Ar
and Ag). A simplified diagram of the neural networks used in this work is shown in
Figure 6.1. The maximum number of weights/biases available to our ANN was
ow/eB, 10W/6B or 11W/6B depending on the number of independent variables

used.
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Figure 6.1 A) Neural network map utilizing frequency data with a
single neuron, B) Neural Network map utilizing frequency along
with total ion population (A7), C) Neural Network map utilizing
frequency, total ion population (At), and relative ion abundance of
a given species (Ag). The first F is the logsig function and last F
is the purelin function, as stated in text.

For training of the
neural network the input
layer used the calibration
data set, which was
obtained through a set of
known compounds (PPG-
1000 oligomers) that were
analyzed by FT-ICR MS.
This calibration data
allowed the neural network
to calculate an output which
was compared to the target
(m/z data) and through
several iterations

determined the weights and

biases  which  provided
outputs closest to those
provided in the calibration

data set. Once the desired

output is obtained, the same weights and biases are applied to the validation data.

This then results in m/z values upon which to base the mass measurement accuracy

for the validation data.
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neurons (1 or 2) and the ANN did neurons which resulted in an over fitting of the data.

not converge well or took an

extensive amount of time trying to find what would be the best solution. The counter
example is taking too many neurons (28) which resulted in the neural network over
fitting the line which leads to inaccurate prediction of the m/z values corresponding

to particular frequency points, which is shown in Figure 6.2B. For the experiments
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described in this chapter, all runs and data available here in were completed utilizing
6 neurons. Statistically the residuals were interpreted as errors and as such would
be expected to follow a normal distribution. Several steps were taken to examine
the residuals and evaluate whether they were normally distributed.

The data for the Neural Networks program was collected and applied using
MATLAB 7.1.4 R14 SP3 for Windows XP or MATLAB 7.2.0.294 (R2006A) for
Redhat Enterprise Linux 5. Input data was from AGC target values of 5.0 x 10°, 1.0
x 10°% and 3.0 x 10°. The trainbr neural network process from the Matlab Neural
Network Toolbox was utilized. Trainbr is a network training function that updates the
weight and bias values according to the Levenberg-Marquardt optimization
algorithm.® It minimizes a combination of squared errors and then determines the
correct combination so as to produce a network that generalizes well. This process
is called Bayesian regularization. The output also contained an estimate of the
effective number of parameters needed for the fit.

The input and target data were normalized to fall between +1 and -1 using the
Matlab routines mapminmax prior to initiation of the neural network training, but
upon output these values were converted back to their proper numerical values. In
addition, the training performance target was set to zero and was terminated when
validation performance decreased more than two times since the last decrease in
performance. Initial neural network weights and biases were assigned using random
numbers generated by Matlab. Typically thirty training runs were made per data set.

This allowed a wide range of initial weights and biases to be explored. Our criteria
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for the network which provided the best fit was one which produced the lowest mean
square of residuals, termed MSE, while producing residuals which passed at least 4
out of 5 normalcy tests.

Data was analyzed through variations of a script which utilized Matlab to train
a neural network from one data set, and exploit the trained neural network to
produce m/z values from another data set, referred to as the “test” data set. These

18. 26 \which

programs were based on equations previously published by Muddiman
utilized the relative ion abundance of a given species (As) and the total ion
population (A7) of a FT-ICR MS data set and their effect on mass measurement
accuracy. The first program utilized cyclotron frequency alone and did not
incorporate relative ion abundance of a given species nor the total ion population.
The second program incorporated the cyclotron frequency and total ion population of
a given species (Ar), but not the relative ion abundance and the third program
incorporated the cyclotron frequency, total ion population, and the relative ion
abundance of a given species.

Key data that was determined via the Matlab Neural Networking program was
saved in a data matrix which included values for the calibration data set including
MMA, median, standard deviation and other values that would allow for
interpretation of the neural network training. The Matlab program also exported

values for the test data set, which are the values of particular interest since these

are the points which the trained neural network actually predicts.
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6.3 Results and Discussion

Prior to applying our ANN to FT-ICR data, the effectiveness of the ANN was
evaluated by applying the network to the Filip dataset available from NIST.>*® The
initial 82 points were divided into 54 points for training and 28 for validation. The
results are summarized in Table 6.1. The residuals produced by both MLR and

ANN were normally distributed and in excellent agreement with the NIST certified

Table 6.1 Summary of ANN and MLR Filip dataset Evaluation

Table 6.1 Comparison of MLR and ANN fits to NIST data

MSE Residuals Number Parameter Function
MLR calibration 1.14E-05 normal 11 10th order polynomial
MLR validation 1.07E-05 normal 10th order polynomial
ANN training 1.00E-05 normal 9.7 none needed
ANN validation  2.31E-05 normal none needed

values. The MSE values produced by ANN were about twice as large as those
obtained by MLR. The effective number of parameters utilized by the ANN for the
Filip dataset was 9.7 compared to the 11 used by MLR. The effective number of
parameters utilized by the ANN with regard to the FT-ICR MS data were 9.7
(frequency alone), 10.6 (frequency and Ag), and 12.3 (frequency, At, and As). The
fact that the effective number of parameters increases by about 1 parameter each
time another independent variable is added is consistent with the importance of Ar
and As in the calibration of FT-ICR experiments. This finding is in agreement with

previously published data that stated the statistical importance of Ar and Ag.™
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Several tests were applied to assess whether the residuals were normally
distributed. These were the Lilliefors test for residuals,*® the Shapiro-Wilk
parametric hypothesis test of composite normality,*! the D'Agostino-Pearson's L2
test for assessing normality of data using skewness of kurtosis,** the Jarque-Bera

t, > and the Anderson-Darling test for assessing normality of sample data.** The

tes
results from these tests, histograms and normal probability plots demonstrated that a
fit using artificial neural networks provided a better fit of data than the MLR method
previously published. This is because in all but one case the data provided by the
neural network passed more of these normalcy tests than the previously produced
MLR results. Also of importance, is the mean square of error values (MSE)
calculated for the results of each run of the ANN; as this value approaches zero it
indicates a better fit.

Figure 6.3 demonstrates one comparison between the previous scheme
utilizing MLR? and the results achieved by the ANN method to perform a fit from the
calibration data set. This calibration data was also utilized to generate the
coefficients for the MLR equations and to train the ANNs. Figure 6.3 contains data
acquired at an AGC level of 5.0 x 10° and utilized only frequency. Figure 6.3A
illustrates the residuals generated by the fitting of the calibration data by MLR. For
this example the points on the normal probability plot deviate from the line that
represents where theoretical residuals representing a normal distribution would be

located. In addition, the box plot identifies several outlier points (+) that are

produced by utilizing the MLR methodology on this particular data. In contrast,
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Figure 6.3B shows that utilizing ANN to fit the same data produces residuals with a
much more normal distribution. Many more data points of the normal probability plot
fall along the line that represents a normal distribution of residuals, and there are no
outliers present in the boxplot. In addition, the residuals from ANN fits pass at least
4 of the 5 normality tests, which is an improvement over the residuals produced by
MLR (failed all 5).

Included in Figure 6.3 are the average mass measurement accuracy (MMA
Avg) and the mean square of error (MSE). If systematic error is eliminated MMA
average should approach zero and the MSE should also approach zero. The MLR
method was able to achieve 24 ppb for MMA average versus -0.05 ppb for the fit
provided by the ANN, for this data set. In addition, the MSE value for the ANN fit is
also smaller than that provided by the MLR fit of this data. Figure 6.3 demonstrates
only one example of the many data sets that were analyzed in this study.

In addition, data from the validation data set was utilized to test how well the
ANN performed versus the MLR calibration method. The data from the validation
data set also illustrated that artificial neural network provided a better fit for the data.
However, the MMA average provided by the ANN did not achieve the same levels as
that provided by MLR, with one exception. The MMA average for every ANN fit did
remain sub-ppm for the validation data set, ranging from 602 ppb to 40ppb. The

results of all data analyzed are summarized in Table 6.2.
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All MMA values achieved through the use of artificial neural network
calibration and the application of At and As parameters to account for global and

local space-charge effects improved those provided strictly from the instrument.?®
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Figure 6.3 A) For an AGC target value of 5.0 x 10° fit using multiple linear
regressions, a histogram of the residuals, normal probability plot, MMA box plot
(outliers marked by +), and residual scatter plot are shown. These plots illustrate how
well the MLR model utilizing frequency alone fit the data. The results of normalcy
tests are also illustrated (0 indicates a pass and a value of 1 indicates fail). B) The
same model using frequency alone is fit using artificial neural networks. This fit
provided a more normal distribution of residuals, as demonstrated by the increased
number of normality tests passed, and the decrease in outliers present in the box

plot.
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Table 6.2 Summary of all LTQ-FT-ICR MS Calibration for ANN and MLR. Normality
Fitted parameters are Frequency (F), total ion
population (Ar), and relative ion abundance (As).

test n=# normality tests failed.

mmavg nn
-5.832E-05

2.881E-04

-1.706E-05

1.102E-02

-1.808E-02

-6.621E-03

1.231E-03

-4.222E-04

1.048E-06

mmavg nn

-4.355E-02

-1.356E-01

-1.465E-01

E-02

1.350E-01

1.453E-01

6.016E-01

9.893E-02

5.721E-02

Notes --

mmavg mir
-2.357E-03

-2.611E-03
3.879E-04
-8.009E-04
-1.079E-03
-1.509E-03
4.130E-02
4.166E-02
3.296E-03
mmavg mir
3.407E-02
3.110E-02
3.380E-02
2.016E-01
2.335E-02
2.263E-02
4.174E-01
3.378E-02

5.355E-04

Comparison of Calibration Results
MSE mir norm nn norm mir Sample

MSE nn
4.710E-08

3.268E-08

1.900E-08

3.466E-07

1.935E-07

1.133E-07

4.774E-07

4.540E-08

2.710E-08

Comparison of Validation Results
MSE mir norm nn norm mir Sample

MSE nn
5.650E-08

5.288E-08

4.321E-08

2311E-07

4.661E-07

3.775E-07

1.171E-06

8.295E-08

6.785E-08

1.405E-07

1.257E-07

1.244E-07

3.936E-07

1.618E-07

1.617E-07

6.001E-07

3.312E-07

1.226E-07

1.614E-07

1.412E-07

1.408E-07

3.127E-07

3.577E-07

3.564E-07

9.818E-07

3.617E-07

1.282E-07

0

1

5

5

5e5

5e5

5e5

1e6

1e6

1e6

3e6

3eb6

3eb

5e5

5e5

5e5

1e6

1e6

1e6

3e6

3eb

3eb

Fitted Params
F

F, Ar

F, A, As

F, Ar

F, Ar, As
b

F, Ar

F, Ar, As

Fitted Params

F, Ar

F, Ar, As
F

F, Ar

F, A7, As

1. MSE of neural network calibration & validation better than MSE mir for all but 4 cases
2. mmavg of neural network calibration smaller than mmavg of miIr with 3 exceptions; underlined
3. mmavg of mir validation smaller than mmavg of nn with 1 exception; double underlined
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6.4 Conclusions

The methods reported herein continue to reinforce the importance of
accounting for global and local space-charge effects in FT-ICR MS to achieve the
best possible MMA values. It was demonstrated that mean MMA values in the ppb
range can be achieved across a range of AGC target levels utilizing artificial neural
networks to calibrate data from a hybrid LTQ-FT-ICR MS. Taking into account the
automatic gain control settings, it is important to note that the calibration provides
the most improvement when used at the highest possible population of ions, as
expected. Also of importance is the fact that calibration with ANN did provide a
better overall fit for these data (as shown by lower MSE values for the ANN fit data) ,
even though the average MMA was not as good as that provided for by the MLR

methodology.?

When these methods described herein are executed properly, we
are able to obtain average MMAs between 600 and 40 ppb. Future experiments
could explore the application of this calibration method to a variety of other analytes

and other FT-ICR MS systems.
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CHAPTER 7

Absolute Quantification of C-Reactive Protein in Human Plasma Utilizing
Protein Cleavage Isotope Dilution Mass Spectrometry

7.1 Introduction

C-reactive protein (CRP) is an important clinical marker for inflammation and
atherosclerosis, a chronic inflammatory response in the walls of the arteries. In
addition, CRP has been used as both a diagnostic and prognostic marker for
cardiovascular disease, where it is used to identify acute cardiac trauma, or in
conjunction with other markers to determine mortality."® CRP typically circulates in
the plasma at concentrations of <10 pg/mL to >5 mg/mL as defined by ELISA.
Considering that human serum albumin (HSA) alone has a reference range of 3.5-
55 g/dL,7 this means that CRP, at its highest level is one order of magnitude less,
and at its lowest level is present at a concentration 5000 times lower than HSA!
There are presently several immunoassays utilized to detect CRP.2 In addition to
these immunoassays, CRP has recently been analyzed by mass spectrometry.® '°
These methods both employ immuno-affinity to capture CRP from human serum.
Kuhn and co-workers used size exclusion chromatography with immuno-affinity
chromatography to further fractionate serum and quantify CRP.° This study
examined the CRP concentration of 12 pooled plasma samples. This provided the

motivation to develop a method utilizing mass spectrometry for quantification that
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would enable the simplification of the plasma preparation before analysis and the
use of this developed method to analyze a much larger sample set.
The absolute quantification of a protein from its digestion products dates back

to Barr et. al."

They used the combination of proteolysis and MS for absolute
quantification of a European Community Bureau of Reference (BCR) certified
apolipoprotein A-1 standard that was proteolyzed with trypsin and quantified with a
stable isotope labeled internal standard peptide with LC- flow-FAB MS/MS."" Their
results demonstrated that the use of protein cleavage coupled with isotope dilution
mass spectrometry (PC-IDMS) was valid methodology for the standardization of
measurements of particular proteins in a clinical environment. PC-IDMS is ideally
completed when protein cleavage is complete, as this produces a 1:1 molar ratio
between the initial intact protein and the peptide or peptides to be analyzed. The
quantification using IDMS is based on the ratio of the response of the labeled
internal standard peptide to that of the unlabeled peptide resulting from the digestion
of the particular protein of interest. IDMS has been utilized on a range of different
analytes for almost 40 years and still maintains its utility for the quantification of
many different molecules.'?

After this initial study'' several applications utilizing PC-IDMS have been
published for the quantification of peptides and proteins and are present in the

13-18

current literature. The ability to quantify proteins with post-translation

modifications (PTM’s) has been demonstrated by having PTM’s incorporated onto
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synthetic internal standard peptides.'® ?° Other reports have completed PC-IDMS as
a means to compare immunoassay analysis to that of mass spectrometry.® 1% 2122

The driving force for the development of this simplified quantification method
for a biomarker, is the fact that mass spectrometry is constantly discovering and
investigating the possibility of new and exciting biomarkers, many of which do not
have ELISA methods for their quantification. Thus, if we can demonstrate and
provide verification that a relatively simple, molecularly specific method (i.e. utilizing
mass spectrometry) for the quantification of protein biomarkers is robust, it can be
applied in the future to newly discovered biomarkers that do not have existing
methods for their quantification.

In this chapter, a method utilizing PC-IDMS is described for the absolute
guantification of C-reactive protein in human plasma without the use of immuno-
affinity chromatography or other separation techniques to simplify the plasma before
introduction to the LC-MS/MS system for analysis. This method was developed
utilizing nano-flow liquid chromatography and a triple quadrupole mass spectrometer
operating in selective reaction monitoring (SRM) mode. The results achieved
through the utilization of PC-IDMS were compared to results from a CLIA approved
independent laboratory measurement using a wide range hsCRP immunoassay test.
This method was developed such to continue the investigation of CRP levels in
ovarian cancer patients, since the Muddiman group has previously reported that
CRP is up-regulated in patients with ovarian cancer,?® and to also probe possible

affects smoking may have on CRP levels in plasma.
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7.2  Experimental

7.2.1 Synthetic Peptides

Peptides were synthesized representing four tryptic peptides, from C-
Reactive protein, whose sequences are as follows: APLTKPLK, ESDTSYVSLK,
GYSIFSYATK, and QDNEILIFWSK. An additional set of peptides with identical
sequences, but incorporation of *C and "N were synthesized for use as internal
standards: APLTKP[®*Cs, "NyLK, ESDTSYV["Cs, '"°N4JSLK, GYSIF[*C,,
®N;]SYATK, and QDNEILF["*Cg, "*N4JWSK. All synthetic peptides were purchased
from Mayo Clinic Proteomics Center (Rochester, MN). After dilution of these
peptides their concentrations were confirmed utilizing UV-Vis spectroscopy and the
Scopes method.?*

7.2.2 Plasma Processing

Plasma digestion protocol followed a previously published methodology by
Bondar, et. al.?® Briefly, 125 uL aliquots of plasma were added to dry urea to create
6M urea in plasma to denature proteins; this was followed by addition of an internal
standard peptide, reduction with dithiothreitol (DTT), and alkylation with
iodoacetamide. Finally, proteins present in plasma were digested with TPCK treated
trypsin. These samples were then diluted and used directly for interrogation with
nano-HPLC SRM. A total of 110 human plasma samples were analyzed: 1 pooled
sample purchased from Innovative Research, Inc. (Novi, Michigan), 1 pooled sample
from the Red Cross, and 108 samples procured from the Mayo Clinic (Rochester,

MN). The 108 plasma samples were collected at the Mayo Clinic under IRB number
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026-06-1. These samples were then transferred to North Carolina State University
and analyzed under IRB number 000-00-330. All reagents utilized in the digestion
procedure were purchased from Sigma-Aldrich (St. Louis, MO).

The plasma was processed in eleven “experimental cycles” each containing
eleven plasma samples; however, in each experimental cycle one of these samples
was always a pooled sample purchased from Innovative Research, Inc., such that
the analytical variation of the method could be examined. This allowed for the
analysis of 110 different plasma samples over the eleven experimental cycles. It
was necessary to break the processing of these samples up, such to minimize their
time between chemical processing (i.e. reduction, alkylation, and digestion) and
analysis.

7.2.3 LC-MS/MS

Solvents for liquid chromatography were purchased from Burdick and
Jackson (Muskegon, MI). Reversed phase liquid chromatography was performed
using a 75 ym i.d. PicoFrit capillary column (New Objective, Woburn, MA) with a 15
um emitter tip packed in-house with 4 um Jupiter Proteo C12 90A stationary phase
(Phenomenex, Torrance, CA). The packed volume had dimensions 75 pm i.d. x 100
mm and was operated at room temperature. Processed plasma injections of 10 pL
were loaded using a PAL Autosampler (LEAP Technologies, Carrboro, NC) and over
the course of 2 minutes trapped and washed on a custom built Jupiter Proteo C12
OPTI-PAK trap cartridge (Optimize Technologies; Oregon City, OR) with 100%

Mobile Phase A (95/5 water/acetonitrile) at 10 uL/min. Then a 10 port switching
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valve (VICI, Houston, TX) was triggered to move the sample in-line with the gradient.
Elution was carried out by a Chorus 220 nano-flow pump (CS Analytics, Zwingen,
Switzerland) at 500 nL/min with mobile phases containing 95/5 (v/v) (Mobile Phase
A) and 5/95 (Mobile Phase B) water and acetonitrile, respectively. The ion pairing
reagent used was 0.2% formic acid (Sigma Aldrich, St. Louis, MO) in both mobile
phases. The LC gradient was held at initial conditions of 2% B for 6 minutes
followed by a ramp to 95% B over 14 minutes and held for an additional three
minutes before re-equilibrating at 2% B, for a total gradient time of 30 minutes.

All quantification was carried out on a triple quadrupole mass spectrometer
(Thermo Scientific, San Jose, CA) that was operated in SRM mode to monitor
transitions of the peptides of interest and their stable isotope labeled counterparts.
Each transition was monitored for 50 milliseconds and a resolution of 0.7 was
employed for both Q1 and Q3 quadrupoles. Calibration was carried out utilizing 10
fmoles of the stable isotope labeled peptide internal standard on column. The
natural peptide had 0.5, 1, 2, 5, 10, 15, 20, and 50 fmoles on column. Each ratio of
natural to stable isotope labeled peptide was analyzed in duplicate to ensure the

accuracy and reproducibility of the measurements.

7.3  Results and Discussion
Four peptides were chosen to be synthesized and utilized as possible internal
standards based on a tryptic digestion of purified CRP analyzed on a hybrid LTQ-

FT-ICR. The synthesized peptides were then dissolved and examined for purity by
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direct infusion. This initial investigation demonstrated the most suitable peptide to
use as an internal standard would be ESDTSYVSLK, the naturally occurring form
will herein be referred to as tpCRP14-23 (tryptic peptide from CRP, amino acids 14-
23). The other peptides, initially of interest as possible internal standards, presented
challenges that prevented their further utilization in this study, such as solubility
issues and calibration curves that did not perform as well as those generated from
tpCRP14.23. The concentrations of both the tpCRP14.23 and the stable isotopically
labeled form used as an internal standard were verified by the Scopes method®*
which allowed for quantification of the stock solutions. Dilutions of these stock
solutions allowed for the generation of a calibration curve and were eventually added
as the internal standard to plasma samples analyzed.

Quantitation of CRP using LC-MRM from human serum® has been previously
demonstrated; however, the method described herein does not require the depletion
of abundant proteins from plasma nor does it use size exclusion chromatography to
further purify and simplify the sample. The reduction in sample processing
minimizes the loss of the analyte of interest, and furthermore minimizes the variance
in analytical results caused by the implementation of immuno-affinity and size
exclusion separations. In addition, in the previously published method,® the internal
standard was not added until after fractionation of the plasma sample, which makes
potential losses of CRP hard to quantify. However, the method developed in these
experiments incorporates the internal standard directly after the addition of plasma

to urea, such that any losses in processing can be tracked.
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The method presented herein utilized transitions of 564.78 > 347.23, 696.39

for the naturally occurring peptide (tpCRP14-23) and 567.78 - 347.23, 702.41 for the

internal standard (IS)
peptide. Both sets of
transitions minimized
the interferences
from other possible
tryptic peptides that
occur from tryptic
digestion of human
plasma. This was
determined through
the implementation of
SRM Workflow
software, provided by
ThermoScientific,

and the IPl human

protein database, in

ESDTSYVSLK"™

Unlabeled
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Figure 7.1 Extracted ion chromatograms from the LC-MS/MS analysis of
a plasma digest are shown. The chromatograms illustrate the ability of
SRM to observe only the analytes of interest, tpCRP and IS peptide, from
an untreated human plasma tryptic digestion.

addition to experimental results. The software searches the database for other

tryptic fragments that could produce similar precursor and product m/z that would

affect the SRM transitions monitored by the instrument. Figure 7.1 demonstrates

the ability of the instrument’'s SRM mode to monitor the transitions specified and
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detect only the analytes of interest directly from a tryptic digestion of untreated

human plasma.

The linear regression shown in Figure 7.2 was derived from the LC-SRM

data of 8 different concentrations of synthetic peptide with 10 fmoles of IS peptide on

column. Each concentration was analyzed in duplicate, for a total of 16 points in the

calibration. The x and y used for the linear regression represent the ratio of the

y =1.062x +0.04973
2 1 7 R?=0.9978

12C:13C Peak Area Ratio
w

------- 95% Cl

19 95% Prediction interval

0 1 2 3 4 5 6
12C;13C fmoles ratio

Figure 7.2 Calibration curve using the peptide

ESDTSYVSLK generated by linear least squares

regression analysis of SRM data. The graph shows

the ratio of tpCRP peptide response/lS peptide

response vs. ratio of their know concentrations.

concentration of tpCRP14.23 to the IS
peptide, and the ratio of their
measured response from the mass
spectrometer, respectively. Shown in
Figure 7.2 is the equation of the line
describing the results from the linear
regression, as well as the R%value.
For an ideal system the line generated
by linear regression should have both
a slope of the 1.00 and intersect the
origin. The slope generated from

these experiments was 1.062 + 0.023,

with a y-intercept of 0.0497 + 0.0408. The LOD for the tpCRP14-23 was calculated to

be 0.038 nmole/L, as determined by a previously utilized methodology, ™ in which y

was set equal to the upper 95% confidence interval value of the y-intercept and a
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concentration value for x was calculated using the equation generated by the
previously completed least squares regression.

A total of 110 different plasma samples were analyzed in this study. These
samples were distributed through eleven experimental cycles, in which each sample
was analyzed in duplicate. An aliquot of the Innovative Research pooled plasma
sample was processed for each experimental cycle to serve as a control through
each cycle of sample processing. For cycles 1-10, ten single patient samples
provided by the Mayo Clinic were analyzed (5 samples from patients with EOC and
5 age matched controls) in addition to the Innovative Research control. For cycle
11, eight single patient samples, a pooled sample from the Red Cross, and the
Innovative Research control were evaluated. Figure 7.3 shows the distribution of
samples analyzed in each experimental cycle, excluding the age matched controls.

6 -

g O Stage 4
2 W Stage 3
g 31 1 Stage 2
[}
2 O Stage 1
1S
5 2 4 Ml Red Cross
(%]
@ Innovative

1 2 3 4 5 6 7 8 9 10 M

Experimental Cycle

Figure 7.3 Samples analyzed in each experimental cycle, excluding age
match controls for EOC samples: 11 samples for cycles 1-10 and 10
samples for cycle 11.
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The retention time reproducibility for the first three cycles is shown in Figure
7.4A. The retention times of these analyses produced a mean of 13.7 minutes £ 6
seconds. Retention time reproducibility was similar through the remaining cycles.
Column changes were required during analysis of the remaining cycles, which
influenced the absolute retention time between cycles with different columns;
however, the range of retention times remained similar on runs completed on the
same column. This slight deviation in retention time between columns could be due
to minor variations in the length of the self-packed columns utilized in this method,
but were adequately accounted for because the IS peptide and tpCRP14.23 coeluted.
This reproducibility in conjunction with the use of the IS peptide and the specificity
afforded by the utilization of SRM allows for the quantification of the IS peptide and
the tpCRP14.23in the presence of other components from the plasma samples.

The reproducibility of this method is also demonstrated in Figure 7.4B, which
shows the CRP concentration of the control plasma sample analyzed in each
experimental cycle. This box plot contains 22 points, which result from the analysis
of the control sample for each of the 11 experimental cycles, in duplicate. This was
necessary to evaluate the analytical variability of the developed method. The values
range from about 0.4 mg/dL to 1.5 mg/dL; however, upon further investigation the
two lowest points resulted from problems with the analytical column clogging, and
the highest point directly followed the highest CRP concentration detected. With
these three points removed the range of the data narrows significantly, resulting in a

range from ~0.6-1.2 mg/dL. It is also important to note that although the same
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plasma sample was utilized, a new aliquot was processed for each experimental
cycle (11 times); thus, there are several likely causes for this range of values (e.g.
reduction, alkylation, digestion, etc.). However, correlation values between all CRP
values attained by this PC-IDMS method and the orthogonal ELISA method were

high (vide infra) which demonstrates that the method developed herein is robust.

A.
+ = + oo —®o g «l—\'/—‘ -------------- +
12 12.5 13 13.5 14 14.5 15 15.5
Time (min)
95% CI Notched Outlier Boxplot
Median
95% CI Mean Diamond
B. Mean
<I> + Outliers > 1.5 I1QR
[t [
0.25 0.5 0.75 1 1.25 1.5 1.75

CRP Concentration (mg/dL)

Figure 7.4 A) A box and whisker plot showing retention time reproducibility from
Cycles 1-3. B) Concentration of control plasma sample throughout the 11 cycles
is shown. The graph illustrated the mean (center line of diamond), 95% C.I. of
the mean (blue diamond), as well data points classified as outliers (>1.5 times
inner quartile range).

119



All samples analyzed by the PC-IDMS method were sent to an independent
lab (CLIA certified) to have an ELISA analysis performed for validation. The analysis
performed utilized a polyclonal antibody and was designated as a wide range/high
sensitivity CPR test. This was able to detect low amounts of CRP (0.01 mg/dL), but
had a higher upper limit than a typical hsCRP test (>0.30 mg/dL). The results from
the PC-IDMS method developed herein are plotted against the ELISA results from

%0 the independent lab in Figure

25 | 7.5. When linear regression

*
y=121x+025
20 R2=0.9708

. was performed on this scatter
plot, an R®> = 0.9708 was

generated. This demonstrates

Isotope Dilution MS Method

a strong correlation between

0.200 0.400 0.600 0.800 1.000 1.200 1.400 1.600 1.800 .
Independent ELISA CRP concentrations

mg/dL
Figure 7.5 Plot of the concentration of CRP in plasma
determined by PC-IDMS versus an ELISA carried out by an
independent lab. A correlation coefficient of 0.9708 was
achieved when performing least squares linear regression on IDMS method and the ELISA
the plot which demonstrates the successful quantification of

CRP by the PC-IDMS method. wide range hsCRP test.

determined utilizing the PC-

Discrepancies between the values of these two methods are immediately noticeable
when Figure 7.5 is examined, with the PC-IDMS values being larger. Previously
published studies of assay development and methodology have shown results can
differ by as much as two-orders of magnitude for different detections schemes and

the same protein target.?*?° This disparity in the values reported from different
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detection methods means that a reference range must be determined for each

method, such that the values attained can provide appropriate information.

The reference range for the developed PC-IDMS method described in this

chapter is different than that of ELISA method. The range detected utilizing the wide

range hsCRP ELISA methodology was from <0.01 mg/dL to 1.64 mg/dL. The PC-

IDMS method provided a range from 0.13 mg/dL to 22.8 mg/dL, of which the upper

limit is much higher than the highest level in the calibration curve (10 mg/dL). On

average the majority of the measurements were 1 order of magnitude greater

utilizing the PC-IDMS method (within the calibration curve), which in effect would

shift the reference range
by an equal amount if
this method were to be
utilized in the clinical
setting.

CRP has been
previously found to be
up-regulated in patients
with epithelial ovarian
cancer (EOC).2 3 Our
individual patient

samples had either a

251
95% CI Notched Outlier Boxplot
X
95% Cl Mean Diamond
20+
+ Outliers >1.5and < 31QR
X OQutliers > 3 IQR
151
|
S
=)
S
101
X
¥ +
51 %
é - <
0 T T
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Figure 7.6 Concentration of all single patient plasma samples are
shown. The graph illustrates the mean (center line of diamond), 95%
C.l. of the mean (blue diamond), as well data points classified as
outliers (>1.5 times inner quartile range and >3 times IQR) for
patients with benign tumors followed by stage |, stage I, stage lll,
and stage IV EOC.
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benign gynecological tumor, stage |, stage Il, stage lll, or stage IV EOC. Out of
these groups, those with benign gynecological tumors were found to have the lowest
levels of CRP. Also, as the EOC stage classification increased from | to IV so did
the CRP levels found in these patients. Figure 7.6 is a box plot containing the CRP
levels found through the PC-IDMS developed herein. The mean levels + 95%
confidence interval found through this analysis were as follows: 1.10 £ 0.24 mg/dL
for benign, 1.78 + 0.53 mg/dL for stage |, 3.68 £ 3.30 mg/dL for stage Il, 4.35 £ 2.60
mg/dL for stage Ill, and 7.54 + 2.90 mg/dL for stage IV. While there was a wide

range of CRP concentrations

found, as evidence by the 95 1007
0.90 -
% confidence interval, the 1
0.80 -
overall mean does increase 070

with the stage of the cancer

¢ o
o o
S o

1 1

present.
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Sensitivity
o

©
»
o

1

The ROC (receiver

0.30 1

- | AUC: 0.81, 0.72, 0.66
operator characteristic) curve 0.20 1
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in Figure 7.7 illustrates that 0107 |
i ) . 000 T T T T T T T T T T T T T T T T T T T
CRP is not a good indicator 0.00 0.20 0.40 0.60 0.80 1.00
1-Specificity

False Positive
for early stage ovarian Figure 7.7 An ROC Curve containing data from CRP levels and
EOC. Curves representing all samples (black), only early (blue),
and only late (red) stage samples are shown. Area under the

cancer. The p-value for curve and the p-values are also displayed.

significance was determined

to be 0.003125. The lack of sufficient specificity and sensitivity lead to CRP’s
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inability to be an acceptable marker for EOC. However, the findings from these
experiments do suggest the possibility of utilizing CRP in conjunction with other

markers for the early detection of ovarian cancer.

7.4  Conclusions

The method and results presented in this chapter continue to support the fact
that PC-IDMS is a viable method for the absolute quantification of proteins. In
addition, this chapter illustrates that it is possible to directly quantify a biomarker
from plasma without having to use additional steps to simplify/purify the matrix
containing the analyte. An International Federation of Clinical Chemistry and
Laboratory Medicine (IFCC) approved reference method for the measurement of
glycohemoglobin in the blood of patients with diabetes has demonstrated that the
combination of proteolysis and LC-MS can be used for clinically applicable tests.*'
This demonstrates that other methods utilizing MS, such as this, could eventually be
used in the clinical environment as a way of standardizing commercially available
immunoassays.

In this study, absolute quantification of C-reactive protein in human plasma
was carried out utilizing protein cleavage isotope dilution mass spectrometry carried
out by nanoLC-MS/MS. The samples were also analyzed by an independent
laboratory using a typical clinical method. The absolute values between these two
data sets were quite different; however, upon further inspection the values correlated

well, as indicate by a R? = 0.9708. With this methodology validated, we were able to
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quantify the CRP levels present in patients with EOC and found that as the severity
of the cancer increased, the level of CRP present also increased. Thus,
quantification of C-reactive protein in human plasma without the use of multiple
clean up steps such as size exclusion chromatography and depletion of abundant
proteins from plasma was completed successfully, verified by an orthogonal method,

and utilized to find data of interest which will be evaluated in future experiments.
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CHAPTER 8

Application of lodoacetamide Derivatives for Increased Electrospray
Response Utilizing the ALiPHAT Strategy

8.1 Introduction

Since the completion of the human genome project and with subsequent
advances in databases, mass spectrometry has emerged as a leading technology in
proteomics.” The use of iodoacetamide for alkylation of peptides and proteins has
become common practice in the field of proteomics.*® Dickens first discovered the
reaction between iodoacetic acid and cysteine in 1933.” After a protein’s disulfide
bonds are reduced to their thiol forms, the cysteine residues are alkylated by
reaction with iodoacetamide. Typically, this process serves to remove a protein’s
tertiary structure and prevent the reformation of disulfide bridges. There are multiple
benefits to such a modification including increased efficiency of enzymatic
digestions, enhanced chemical separations, and simplified interpretation of data for
protein identification and characterization.

Chemical tags have long been utilized in the field of mass spectrometry for a
multitude of purposes, extending the effectiveness of the measurements
dramatically. Early in the history of chemical tagging for mass spectrometry,
investigators demonstrated trimethylsilyl (TMS) derivatization improved the volatility
of alcohols, thus allowing faster analysis of alcohols in hydrocarbon solutions without

prior separation.® Later, the utility of TMS derivatization was applied to GC-MS
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analysis®, which is now ubiquitous. Chemical derivatization has also been utilized to
allow the ionization of typically nonionizable compounds by electrospray
ionization.'®"?  Sulfonic acid tags added to the N-terminus of tryptic peptides has
been shown to result in a single PSD fragment ion series, which improves
identification.™

Chemical derivatization of peptides and proteins has even been utilized to aid
quantitative mass spectrometry. Cysteine residues have been modified via
alkylation™ including the addition of a chlorine-containing tag' to improve
identification, while ICAT™"®, solid-phase ICAT", cleavable ICAT', and IDBEST™
(Target Discovery)' have allowed for the relative quantification of proteins in two
different “states”. Additionally, reagents that target primary amine groups (i.e., N-

termini and lysine side chains) have been utilized for relative quantitation,?® %'

including the iTRAQ reagent.??

C-terminal tagging has also been explored;
guanidination of C-terminal lysine for relative quantification is one such C-terminal
tagging strategy.? Moreover, tagging of phosphorylation sites has also been
developed for the relative quantification of phosphoproteins.24 The numerous
chemical tagging approaches for quantitative proteomics are presented in several

recent reviews.?>?’

The basic concept of combining chemical derivatization and
mass spectrometry has a long and productive history.

Electrospray ionization (ESI) is a powerful ionization method allowing for the
characterization of biological macromolecules by mass spectrometry.?® ° In 2002,

Professor John Fenn received the Nobel Prize in Chemistry for this invention given
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its tremendous impact in chemistry, biology, drug discovery, medicine, and energy.
However, ESI is a biased analytical technique dependent upon the various physical
and chemical properties of the analyte. In 1993, Fenn demonstrated that the
response factors for tetraalkyl ammonium halides increased as the hydrocarbon
chain length increased from methyl to heptyl by nearly two orders of magnitude.

The Muddiman group previously reported that a quantitative ESI-FTMS
investigations of intact proteins®' showed inherent biases which were attributed to
the relative hydrophobicity of the analyte and internal standard. Specifically, the two
dominant charge-states detected were the [M+7H*]"* and [M+8H']®* for bovine and
equine heart cytochrome C, respectively. Analysis of only the 7+ or the 8+ charge-
state resulted in different sensitivities (slope of the calibration curve). However,
when both charge-states were used in the linear least squares regression analysis,
an ideal slope (m = 1.00) was achieved. These observations were explained based
on the different hydrophobicities of equine and bovine heart cytochrome C and that a
more hydrophobic species will have a lower average charge state.

Zhan and Fenn later analyzed two cyclic peptides, cyclosporin A and
gramicidin S, and showed that the charge-state selectivity was related to the
hydrophobic effect.?* In these studies, they used reverse-phase liquid
chromatography to demonstrate the relative hydrophobic character of these two
peptides, cyclosporin A having a longer retention time than gramicidin S. The direct
infusion ESI mass spectra of these two species were very different. Cyclosporin A

was observed as both a singly-charged and doubly-charged species; each charge-
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state was about 50% of the total ion abundance. However, for the less hydrophobic
gramicidin S, over 95% of the total ion abundance was for the doubly-charged
species.

In later work, the Enke group published a series of papers discussing the role

that hydrophobicity has on ESI response.>*3°

In their first studies, they modeled
experimental data obtained from a series of 3-mer’s and convincingly demonstrated
that an increase in non-polar character of small peptides resulted in a higher droplet
surface activity, which translated into a higher ESI response factor.** They further
studied the correlation of reverse-phase isocratic retention time with relative
response for 6 different 3-mer peptides,®® an approach Fenn* and the Muddiman®®
group utilized for larger biomolecules. Importantly, even with a relatively narrow
retention window for the 3-mer peptides, good correlation was observed.*®

Alkylation of peptides and proteins is undoubtedly utilized in many chemical
tagging strategies because the reaction is simple and efficient.”° Hydrophobic
tagging of large biomolecules (>500 Da) was first described by Null et al.*® One
tagging strategy is the strategy (augmented limits of detection for peptides with
hydrophobic alkyl tags),*” which is a method previously developed by Frahm et al. in
which electrospray response of peptides was increased via a cysteine specific
(iodoacetamide derivative) hydrophobic tag. In the previous study, peptides

modified with one hydrophobic tag, 2-lodo-N-octylacetamide, were demonstrated to

have improved limits of detection relative to peptides alkylated with iodoacetamide.®
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This chapter describes the application of four newly synthesized hydrophobic
tags as well as the use of a previously developed tag for the application of the

ALIPHAT strategy® on a new set of peptides.

8.2 Experimental

8.2.1 Materials

All peptides utilized in this study, iodoacetamide, and formic acid were
purchased from Sigma-Aldrich (St. Louis, MO). Tris-HCL buffer (1M, pH 8.0) and
ethanol were acquired from Fischer Scientific, Inc. (Pittsburgh, PA).  Tris(2-
carboxyethyl)phosphine was purchased from Pierce Biotechnology, Inc. (Rockford,
IL). Burdick and Jackson HPLC-grade water, acetonitrile, and 2-proponol were
purchased from VWR International (West Chester, PA). 2-lodo-N-octylacetamide, 2-
lodo-N-dodecylacetamide, 2-lodo-N-benzylacetamide, 2-lodo-N-
(phenethyl)acetamide, and 2-lodo-N-(4-phenylbutyl)acetamide were synthesized
and characterized in the Comins laboratory (North Carolina State University,
Raleigh, NC). In addition, accurate mass was determined to ensure identity of
synthesized hydrophobic tags (data not shown). All regents were utilized as
received unless otherwise noted.

8.2.2 Reduction

A solution of 30 mM tris(2-carboxyethyl)phosphine (TCEP) was added to a

0.5 mg/mL standard peptide solution to achieve a final concentration of 9 mM; TCEP
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and standard peptides were dissolved in 100 mM Tris buffer (pH 8.0). Samples
were then incubated for 20 min at 37°C.

8.2.3 Alkylation with lodoacetamide

A 20 mM stock solution of iodoacetamide was prepared in 100 mM Tris
buffer. This solution was added to the peptide mixtures to a final concentration of 5
mM, vortexed, and allowed to incubate for 1 hour at 37°C in the dark. Each peptide
was reacted with iodoacetamide in a different vial.

8.2.4 Alkylation with Hydrophobic Tags

A 20 mM stock solution of each hydrophobic alkylating reagent was prepared
by first dissolving the appropriate amount in 200 pL of ethanol, to aid in solvation.
Then, added 800 uL of 100 mM Tris was added. After adding the Tris buffer, some
2-iodo-N-octylacetamide and 2-lodo-N-dodecylacetamide did precipitate out of
solution; to account for this, hydrophobic alkylating reagents were added to reduced
peptide solutions to a final concentration of 10 mM. This mixture was vortexed and
allowed to incubate for 1 hour at 37°C in the dark. Each peptide and hydrophobic
tag combination was reacted in a separate vial.

8.2.5 LC-ESI-FT-ICR MS

All peptides modified with hydrophobic tags were individually combined with
peptides modified by iodoacetamide in a 1:1 volumetric ratio. Reversed-phase
separation (RP-HPLC) was achieved on a 150 mm long x 0.5 mm inner diameter
Jupiter Proteo column packed with 4 um, 90 A particles (Phenomenex, Torrance,

CA). Mobile phase A was 98% water/ 1% isopropanol/ 1% acetonitrile/ 0.2% formic
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acid and mobile phase B was 80% acetonitrile/ 10% water/ 10% isopropanol/ 0.2%
formic acid. Pumps (Shimadzu LC-20AD, Shimadzu, Columbia, MD) were set to a
20 pL/min total flow rate. Gradient elution proceeded from 2% B at 2 minutes to a
linear increase to 95% B at 60 minutes, maintained at 95% B for 10 minutes, and
finally back to 2% B followed by a 10 minute re-equilibration period. Mass spectra
of eluted species were acquired in MS mode with an LTQ-FT Ultra (Thermo
Scientific, San Jose, CA) utilizing the lonMax Source. The AGC limit was set to

1x10° and mass resolving power (at m/z 400) was set to 1OO,OOOFWHM. External

calibration was implemented according to the manufacturer’s protocol.

8.2.6 Determination of Relative Increase in Electrospray Response

Extracted ion chromatograms (XIC’s) of the entire isotopic distribution of all
charge states of each alkylated peptide were attained. Peak areas for each XIC
were determined utilizing the ICIS peak detection method in Xcalibur software
(Thermo Scientific) provided with the instrument. The relative increase reported is
the ratio of the XIC area of a particular peptide alkylated with a hydrophobic tag to

the same peptide alkylated with iodoacetamide, as shown in Equation 8.1.

(Z peak area)Hydrophobic Tag
Equation 8.1: peak area ratio = =

(Z pea k area )Iodoacetamide

z=1
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8.3 Results and Discussion
The application of these hydrophobic tags was completed on peptide E-76
(Table 8.1, peptide 1), whose amino acid sequence is shown in Figure 8.1, and two

additional peptides utilizing
o
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MS). The E-76 peptide Reduced Cys
Scheme 8.1 General reduction and alkylation of peptides

was chosen because of its
biological significance as a potent inhibitor of coagulation factor VIlla* and because
its amino acid sequence contained cysteines. lodoacetamide was the standard
alkylating agent to which the other tags were compared. The reaction of
iodoacetamide with cysteine groups results in a carboxyamidomethyl (CAM)
modification. The peptides modified with the hydrophobic tags were combined with
their CAM modified counterpart such that identical molar amounts of each were
injected on-column. Scheme 8.1 shows general reduction of protein and alkylation
reactions of the hydrophobic tags used in these experiments.

The ratio of peak areas from the extracted ion chromatograms (XICs)
describes both the chromatographic and electrospray ionization consequences of

addition of the hydrophobic tag. This ratio was utilized to quantify the results

described herein, as described above.’
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E-76 peptide alkylated with 2-lodo-N-(4-phenylbutyl)acetamide (Scheme 8.1,

n = 4) was observed to elute 6.05 minutes after the CAM modified peptide. This

represents an increase in mobile phase B by 8.5%, which demonstrates the fact that

this modified peptide is
indeed more
hydrophobic than the
CAM modified peptide.
The overlaid XICs of
this and the CAM
modified peptides are
shown in Figure 8.1.
The ratio of the area of
these peaks
demonstrates an
improvement of 429
for the peptide
modified with 2-lodo-

N-(4-

phenylbutyl)acetamide versus the standard CAM modified peptide.
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Figure 8.1 The overlaid XICs of the CAM (green) and n = 4 (red)
modified peptide are shown as well as their mass spectra. Denoted is
the charge state, theoretical m/z, and observed mass measurement
accuracy. The sequence of the E-76 peptide as well as a labeled
MS/MS spectrum demonstrating the n = 4 tag does not fragment under
conditions of CID nor hinder MS/MS experiments are also shown

This

hydrophobic tag provided the greatest improvement over the CAM modification for

the E-76 peptide.
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Also shown in Figure 8.1 are mass spectra; one representing the CAM
modified peptide and one representing the peptide modified with 2-lodo-N-(4-
phenylbutyl)acetamide which have theoretical m/z’s of 1164.0202 and 1296.1140
respectively, for the 2+ charge state. MS/MS data is shown for this modified peptide
which demonstrates that the tag itself does not fragment. This is important to note
because if the tag were to fragment under conditions of collision induced
dissociation (CID), it would make the interpretation of MS/MS data much more
difficult. Tandem MS data were analyzed for all peptides with each of the tags
discussed herein. None of the tags were observed to fragment. The fragmentation
pattern remained the same between peptides modified with iodoacetamide and the
new hydrophobic tags, which demonstrates that the new tags do not adversely affect

the CID mechanism for fragmentation.

Table 8.1 Investigated Peptide Sequences

Peptide # Sequence

Peptide 1 (E-76) | Ac-ALCDDPRVDRWYCQFVEG-NH,
Peptide 2 SCSLPQTSGLQKPES-NH,

Peptide 3 CYFQNCPRG-NH,

E-76 peptide alkylated with 2-lodo-N-benzylacetamide (Scheme 1, n = 1)
improved the chromatography and ESI response. Figure 8.2 shows the
improvement of 69. Modification of the peptide with this tag resulted in a shift in
retention time by 2.85 minutes. This shift in retention time is a result of the peptide
being more hydrophobic which causes it to elute in a concentration of mobile phase

B increased by 3.4% when compared to the CAM modified peptide. The
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improvement in chromatography is visible by a narrower peak which results from the

more hydrophobic 2500 3
modified peptide being 2300
= Ao
11007 3 o O
able to be captured A
(72]
S 900 5
more efficiently at the 5 O
€ 700
= 700 )
head of the column 3 3 A e
L 500 1 o .
. A
which favors sample 300 .
tration prior t Jm R X -
concentration prior to 100 by 1
P ¥z ek 0w 0
elution, as compared to o 4 8 12 1620 24 28 32 36

e Figure 8.2 ESI response fold improvement vs. change in retention time
the  CAM  modified i, relation to the CAM modified peptide. Tags are represented by point
shape and peptides represented by numbers corresponding to Table 1.

peptide. This
phenomenon is also observed with the other tags examined in this study.
2-lodo-N-(phenethyl)acetamide reacts with cysteines to create a modification
observed in Scheme 1 with n = 2. This modified E-76 peptide resulted in a slightly
more hydrophobic peptide than when modified with 2-lodo-N-benzylacetamide. This
increased hydrophobicity results in an increase in retention time of 3.57 minutes
over the CAM modified peptide. This difference in retention time corresponded to
the elution of this tagged peptide in mobile phase with an increase of 4.5% B over
the CAM modified peptide. The ratio of the peak areas demonstrated an
improvement of 105 for the modified peptide, shown in Figure 8.2.
As previously shown, alkylation with 2-lodo-N-octylacetamide (Scheme 1,

n=6) creates an octylcarboxyamidomethyl (OCAM) modification to cysteines in a
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peptide or protein sequence.®” The addition of the OCAM tag to the cysteines of E-
76 improved both the chromatography and electrospray response of the peptide
which is evident by the increase in peak area by 27 times versus the CAM modified
peptide, shown in Figure 8.2. The difference in retention time was 8.33 minutes
which corresponds to an increase of 13.4% B for the OCAM peptide to elute. The
increase in hydrophobicity is evident by the increased retention time; however, the
OCAM tag does not improve the ESI response as well as the tags with the phenyl
group.

The final tag examined was 2-lodo-N-dodecylacetamide (Scheme 1, n = 10),
which generates a dodecylcarboxyamidomethyl (DCAM) modification to cysteines.
The DCAM modified E-76 peptide lead to an increase in retention time of 16.90
minutes versus the CAM modified peptide. This difference in retention time
represents an increase in mobile phase B by 25.9%. DCAM modification of the E-76
peptide results in the most hydrophobic of any of the tagged peptides observed in
this study. The peak ratio of the XIC between the DCAM and CAM modified peptide
yielded a result of 0.6.

Figure 8.2 demonstrates the relationship between the differences in retention
time between the different peptides (Table 1) with the iodoacetamide derived tags
and their CAM modified counterpart. The modifications with the phenyl terminal
group yielded better improvements when compared to the tags with only alkyl chains

for the E-76 peptide. 2-lodo-N-dodecylacetamide performed the best for peptides 2
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and 3 and provided for electrospray response improvements of 179 and 2441,
respectively.
8.4 Conclusions

Five hydrophobic tags have been applied to three peptides whose
electrospray response improvements are summarized in Figure 8.2. The data,
presented in this chapter, clearly shows alkylation of the E-76 peptide, with the
hydrophobic tags applied in this study, have the capability to improve ESI response
>400 fold as well as provide for improved chromatographic behavior. Peptides 2
and 3 showed improvement in electrospray response for all hydrophobic tags in
comparison to their CAM modified counterpart. Furthermore, peptide 3 was able to
achieve an improvement of >2000 fold improvement over its CAM modified
counterpart! These improvements in electrospray response come at essentially no
experimental cost since the alkylation step is facile and carried out in nearly all
bottom-up proteomic analyses. These benefits will be able to aid in the investigation
of cysteine containing peptides and proteins that have low electrospray response or
concentration. In addition, their future application to targeted proteomic studies may

aid in lowering limits of detection for cysteine containing peptides of interest.
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APPENDIX A
Summary of protocols utilized in this dissertation are listed on the following

pages.
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Laboratory Protocol: PPG-1000 Electrospray Calibration Solution

PPG-1000 - Aldrich 202320-250G
NH4OAC - Aldrich 431311-50G
Solvents: Burdick-Jackson HPLC Water (365-4), Fisher 2-Propanol (A416-4)

Solution 1: 10 mL of a 5 mg/mL Stock Solution of PPG-1000 in 2-propanol
Density PPG-1000: 1.01 g/mL

Pipet 49.5 pL of PPG-1000 and dilute to 10 mL with 2-propanol in blue top Falcon
Tube

Solution 2: 10 mL of a 70/30 vol/vol of 2-propanol/water with 0.5 M NH;OAc
Weigh out 0.3854 grams of NH,OAc and place into 10 mL blue top Falcon Tube
Add 3 mL of water, cap and vortex for 1 minute

Add 7 mL of 2-propanol, cap and vortex for 1 minute

Solution 3: 10 mL of the PPG-1000 ESI Calibration Solution at 5 ng/uL
Take 10 pL of solution 1 and add it to solution 2. Cap and vortex for 3 minutes

Aliquot solution into 5 x 1 mL plastic centrifuge tubes; 1 mL for laboratory purposes
and other 4 should be stored in refrigerator. Discard remaining solution.

Theoretical m/z values for NH;* Adducted Oligomers

PPG Oligomer Number Theoretical m/z
12, 732.54677
12541 733.55012
134 790.58863
13 A+ 791.59199
13a+2 792.59534
14, 848.63050
1441 849.63385
14542 850.63721
154 906.67236
164 964.71423
17a 1022.75609
184 1080.79796
195 1138.83982
19441 1139.84318
19442 1140.84653
20, 1196.88169
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Laboratory Protocol: Tryptic Plasma Digestion for PC-IDMS Experiments

Acetic Acid — Fisher A38-212-2.5L
CaCl; — Sigma C1016-100g
DTT - Sigma D0632-5¢g
Formic Acid — Fluka 56302-50mL
lodoacetamide — Sigma 11149-5¢g
Trypsin — Sigma T1426-2509g
TRIS-HCL - Fisher BP1758-100mL
Urea — Fluka 51456-5009g

Solvents: Burdick-Jackson HPLC Water (365-4) & Methanol (230-4)
1) Dry urea made by diluting 60 mg of urea in ~500 yL HPLC Methanol (~2M) in

1.5 mL eppendorf tube. Then use Speed-Vac to dry down completely.
2) 125 pL of plasma is added to dry urea to create 6M solution — vortex.

NOTE - volume will increase to ~ 150 uL
3) Add 5 L of internal standard peptide mix and 150 yL 50 mM TRIS pH 8.0

containing 10 mM CacCl, - vortex
4) Add 5 uL of 1M DTT (made fresh!) and heat at 45°C for 1hour — vortex*
5) Add 30 pL of 0.5M lodoacetamide (made fresh!) and let react in the dark for 1

hour — vortex*
6) Dilute urea to 2M by adding 120 uL of 50 mM TRIS - vortex
7) Add 10 uL of 0.1 mg/ uL trypsin stock (1 mg trypsin per sample) — vortex™*
8) Digest at 37°C for 12 hours
9) Add 5 L of formic acid to stop the reaction — vortex: Final volume ~ 480 uL

10) Dilute to necessary concentration for desired application.

As Adapted from: Bondar et al., Clin. Chem. 2007 Apr;53(4):673-8

*DTT and lodoacetamide are dissolved with 50mM Tris buffer
**Trypsin is dissolved in 50 mM Acetic Acid and heated 30 min @ 37°C
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APPENDIX B

Glossary: Definition of terms and abbreviations italicized in dissertation.

As- relative ion population

Ar- total ion population

Absolute quantification- peptide or protein ion abundance is compared with a

stable isotope labeled standard, which is added prior to mass spectrometric

interrogation, at a known concentration; results usually reported as specific

concentration.

Acute-phase protein- protein whose concentration varies by more than 25% in

response to an inflammatory stimulus.

ALiPHAT- augmented limits of detection for peptides with hydrophobic alkyl tags.

Artificial neural network- ANN; computer model which contains an interconnection

of neurons, which have weights and biases; utilized for data fitting; assumes no

physical model.
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Automatic Gain Control (AGC)- method by which a mass spectrometer can meter

the number of ions reaching the detection cell.

Biomarker- a peptide or protein that is an indicator of disease.

Bottom-up proteomics- proteins are digested utilizing enzymes or other chemical
processes. The resulting peptides are then identified from these peptides’ masses

and their MS/MS data.

Box and Whisker Plot- blue diamond shows the mean and the 95% confidence
interval of the mean, while the blue notched lines show the 95% parametric
percentile range (2.5-97.5%). The notched box shows the median, lower and upper
quartiles. The dotted-line connects the nearest observations within 1.5 IQRs (inter-
quartile ranges) of the lower and upper quartiles. Red crosses (+) and circles (0)
show observations more than 1.5 IQRs (near outliers) and 3.0 IQRs (far outliers)

from the quartiles, respectively.

CAM- modification resulting from the alkylation of cysteines with iodoacetamide.

Collision Activated Dissociation (CAD)- see collision induced dissociation.
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Collision Induced Dissociation (CID)- low energy dissociation method which yields

y- and b-type peptide fragment ions.

Cyclotron Frequency- number of times, in one second, that ions orbit inside of the

ICR cell. This is inversely proportional to the particle’s mass-to-charge ratio.

DCAM- modification resulting from the alkylation of cysteines with 2-lodo-N-

dodecylacetamide.

Electron-capture dissociation (ECD)- a method which transfers an electron to a

cation to produce dissociation along the peptide backbone.

Electron-transfer dissociation (ETD)- a method which uses an anion to transfer an

electron to a cation to produce dissociation along the peptide backbone.

Electrospray Response- ability of an ion to escape the droplet in electrospray

ionization. Measured via ion abundance.

ELISA- enzyme-linked immunosorbant assay; utilized to detect a particular antigen

or antibody in a sample.

ESI- electrospray ionization; a soft ionization method used in mass spectrometry.
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Essential Amino Acid- amino acid not synthesized by an organism; as such must

be included in diet.

Forbidden zone- m/z region that is not occupied by proteins or peptides.

Free energy of solvation- energy required to transfer the ion from solution to the

gas phase.

FT-ICR- Fourier transform ion cyclotron resonance.

Hydrophobicity- determined by the amino acids that make up a protein or peptide.
A GRAVY (grand average of hydropathy) score is given to each amino acid, which
are summed up across the protein/peptide sequence and divided by total number of
amino acids. The scale ranges -4.6 to 4.6 of which 4.6 is the most hydrophobic and

-4.6 is the most hydrophilic.

Hydrophobic Tag- chemical tag utilized to increase the hydrophobicity of a

biomolecule.

lodopeptides- a set of peptide internal standards with 3,5-diiodotyrosine

incorporated to shift the mass defect into forbidden zones.
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lon trap control language (ITCL)- computer control language utilized to change the

operation of ThermoScientific linear ion trap.

Lorentz Force- force exerted upon a charged particle in an electromagnetic field

resulting from both the electric field and magnetic field forces present.

Multiple linear regression (MLR)- a regression technique which determines the

relationship between multiple independent variables and a dependant variable.

MALDI- matrix assisted laser desorption ionization.

Mass defect- difference between the monoisotopic mass and the mass of the

nucleons.

Mass Measurement Accuracy (MMA)- accuracy of the mass measured compared

to the theoretical mass. In FT-ICR it is usually reported in terms of parts-per-million,

but can be in the parts-per-billion range.

Monoisotopic mass- comprised of the sum of the most abundant naturally

occurring isotope of each of the elements in the chemical formula.

Neural Network- see artificial neural network.
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OCAM- modification resulting from the alkylation of a cysteine with 2-lodo-N-

octylacetamide.

Peak coalescence- similar m/z peaks combine to become indistinguishable.

Post excite radius- orbital radius of the ions in the ICR cell after application of

excitation voltage.

Protein cleavage isotope dilution mass spectrometry (PC-IDMS)- a method

utilized to perform absolute quantification utilizing stable isotope labeled peptides as

internal standards.

Receiver operator characteristic (ROC) curve- a graph that illustrates sensitivity

and specificity of biomarkers.

Relative ion population- Ag; the ion population of a particular m/z value present in

detector; also relative ion abundance.

Relative quantification- ion abundances of the analyte are compared to a standard

with results usually reported as fold improvement.
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Resolving Power (RP)- this is normally defined at the full width at half maximum

(FWHM). High resolving power aids in achieving high MMA.

RP-HPLC- reverse phase high performance liquid chromatography

Scopes method- method utilized to quantify concentration of neat peptide samples;

performed by measuring absorbance at 205 nm; concentration in mg/L equal to

absorbance multiplied by pathlength divided by 31.

Selective Reaction Monitoring (SRM)- method by which a particular product ion is

monitored from the fragmentation of a particular parent ion; both parent and product

m/z are specified by user.

Sensitivity- true positive fraction of results for a particular test or biomarker.

Space-charge effects- caused by columbic repulsion between ion packets in the

ICR cell, which shifts the frequency of these ions. The result is an adverse effect on

mass measurement accuracy.

Specificity- true negative fraction of results for a particular test or biomarker.

Total ion population- At; the total number of ions (all m/z’s) present in detector.
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Tandem Mass Spectrometry (MS/MS, MS")- process that fragments ions in the
mass spectrometer. Can utilize a number of different dissociation techniques. (e.g.,

collision induced dissociation)

Top-Down Proteomics- method for investigating proteins in which an accurate

intact mass is determined; followed by gas-phase dissociation. This information can

then be used to search a database that can identify the protein(s) in question.
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