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ABSTRACT

Electron capture dissociation (ECD) is an important tandem mass spectrometry
(MS) method, which features homolytic backbone fragmentation providing extensive
sequence coverage and retention of post-translational modifications (PTMs). Two major
applications of ECD in proteomics are protein sequencing and PTM characterizations
using both top-down and bottom-up approaches. Among the several mechanisms
proposed, the free-radical cascade (FRC) is the only one that adequately explains
secondary fragmentations in ECD. To further test the FRC mechanism, ECD of fixed
charge tag modified peptides was investigated. The data indicated that both the number
and location of the fixed charge groups influenced the backbone and side-chain
cleavages of these peptides in ECD. Secondary fragmentations of several synthetic
peptides were also studied by both ECD and electron transfer dissociation (ETD).
Charge remote fragmentations of z+ ions were observed, which were more abundant in

\



ECD than in ETD, resulting in partial/entire side-chain losses and/or formation of internal
fragments. ECD was performed on peptide b ions as well, which identified both linear
and macro-cyclic structures. A sound understanding of b ion structure is important for
spectra interpretation and peptide sequencing. ECD is a particularly useful method for
studying deamidation. Deamidation is a spontaneous nonenzymatic PTM of proteins,
which is involved in many diseases and postulated to function as a molecular clock in
aging. Deamidation of asparagine/glutamine (Asn/GIn) introduces a negative charge to
peptides/proteins and increases the molecular mass by +0.984 Da, which can be
detected by many MS methods; however, diagnostic ions of isoaspartic and aspartic
acid can only be generated by ECD. In order to differentiate the deamidation that
occurred during sample preparation process from the pre-existing deamidation of
biological interest, H,'®0 labeling combined with ECD was used to monitor the artificial
Asn deamidation of several peptides released from trypsin digestion. Due to the much
slower deamidation rate of GIn than Asn, few GIn deamidation studies have been
reported. The ECD method was further applied to investigate the isomeric GIn
deamidation products in peptides. Diagnostic ions specific to yGlu were identified,
indicating that ECD is also applicable to the study of GIn deamidation. Through this
thesis, a better understanding of the ECD mechanism was gained, which helped protein

characterization and study of deamidation.
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Chapter 1

Introduction

1.1 Introduction to protein deamidation study by mass spectrometry

Almost all life phenomena are carried out by proteins and the function of a
protein depends on its structure, which is largely determined by its primary sequence.
Therefore, the determination of the protein sequences is very important for the
understanding of their functions in biological organisms. Many methods have been
developed to facilitate the measurement of protein sequences. Among these, mass
spectrometry (MS) is one of the most important analytical techniques, because of its
sensitivity, accuracy, speed, and small sample amount requirement.

Initially, mass spectrometry was limited to the detection of small, volatile
molecules. With the emergence of new ionization techniques and mass analyzers, the
application of mass spectrometry has grown significantly in many research fields,
especially in biochemistry and medicine. The development of tandem mass
spectrometry (MS/MS) methods and the coupling of liquid chromatography (LC) to mass
spectrometers further greatly improved its capabilities. Not only can MS detect the exact
masses of many species, including large, nonvolatile biological molecules, it can also
provide the detailed sequence information, and in many cases, the structure information
as well. The contemporary tandem MS methods have the abilities to provide accurate
sequence information for most proteins. Thus, the requirement for protein analysis by
MS has moved to a higher level, which includes the post-translational modification (PTM)

characterization, beyond the basic level of primary sequence measurement.



PTMs can regulate the activities and functions of many proteins, as well as a
variety of signal transduction pathways, which are often associated with various
diseases, such as tumorigenesis [1], Alzheimer's disease [2], etc.
Phosphorylation/dephosphorylation is one of the most studied, which can function as a
switch in many cell signaling pathways. In addition, there are many other kinds of PTMs
that play important roles in cell machinery, including acetylation, methylation,
glycosylation, deamidation, sulfation, ubiquitination, etc [3, 4]. One of most common and
important PTMs is protein deamidation, which can significantly change the protein
structure, affect its function and interactions with other proteins [4] and are involved in
aging and many pathological processes.

This thesis focuses on the protein deamidation studies by using the electron
capture dissociation (ECD) tandem MS method. This chapter includes two parts: the
introduction to mass spectrometry (section 1.2) and the introduction to protein
deamidation (section 1.3). In the first part, the components and techniques of mass
spectrometry are discussed in detail. In the second part, basic principles of protein

deamidation and its related diseases are described.

1.2 Introduction to mass spectrometry and its applications in biology

MS is a powerful technique in analytical chemistry which provides the molecular
weight information and the structure details of biological molecules. For a protein, its
molecular weight can be determined by MS, and its amino acid sequence can be
determined by tandem MS methods. A mass spectrometer generally contains three
major components: the ionization source, the mass analyzer, and the detector. Because

mass spectrometers measure the mass-to-charge ratio (m/z), only charged particles can



be analyzed and detected in mass spectrometers. Thus, the first stage of MS is the

ionization of analytes in the ionization sources.

1.2.1 Major ionization techniques

A variety of ionization techniques are available for the conversion of neutral
molecules present in the gas or solution phase into charged particles. The classic
ionization methods include electron ionization (El) and chemical ionization (Cl), etc.
They are initiated by the gas-phase interactions of sample molecules with electrons and
other chemical ions, which can eject an electron from or attach a proton to a neutral
molecule, thus converting it into an ion. However, these methods usually require
samples to be introduced into the gas phase and often break down the molecular ions
due to the higher energy applied [5]. Recent development of soft ionization methods
have enabled intact ions produced from large nonvolatile and fragile molecules [6].
Several major soft ionization methods discussed here are fast atom bombardment (FAB),

matrix assisted laser desorption/ionization (MALDI), and electrospray ionization (ESI).

Electron ionization (EIl)

The electron ionization, also known as the electron impact ionization, is usually
used for the ionization of organic compounds. In El, the sample molecules are first
vaporized into the gas phase, where they collide with a beam of energetic electrons (~
70 eV), which detach an electron from the analyte molecule to form a charged ion.

M+e ->M™+2e (1.1)

El is limited to volatile samples and it also tends to fragment the molecular ions,

because of the excess energy deposited during the El process [7].

3



Chemical ionization (Cl)

Cl is an ionization process with less excess energy than the El method. It
involves multiple steps of ion-molecule interactions. The reagent gas molecules are first
ionized by El and further react with other neutral reagent gas molecules to produce
reagent ions that can ionize analyte molecules [7, 8]. For example, if methane is used as

a reagent gas, the analyte ions may be formed by the following process:

CH,+e” —>CH,” +2¢ (1.2)
CH,” +CH, > CHs"+CH," (1.3)
M +CH," —CH, + MH" (1.4)

Cl source usually generates simpler spectra than El source, with less
fragmentation of the molecular ions. It is particularly useful for providing the molecular

weight information. However, Cl also requires volatile and thermally stable samples.

Fast atom bombardment ionization (FAB)

The FAB ionization method was first devised in 1981 by Barber, et al. [9] In FAB,
the impact of the high energy (kiloelectron volts) atom beam causes the analyte
molecules to vaporize and ionize in a single step, before decomposition can occur [6].
The samples are usually dissolved in a drop of nonvolatile liquid matrix (glycerol, or
thioglycerol, for example), which mediates the energy transfer to the analyte and
reduces the amount of radiation damage to the analyte. Acids (e.g. trifluoroacetic acid,
acetic acid, or HCI) can be added to the matrix to enhance the protonation efficiency.
The fast neutral atoms employed include Ar and Xe. FAB is capable of producing intact

ions from nonvolatile parent species, without the requirement of volatility, and minimizes
4



thermal decomposition during ionization [10]. The major drawback of FAB is the ion
suppression effect, which may be influenced by the hydrophobicity of analytes and the
contamination from the ionized matrix cluster. Although FAB is still used in the MS field,
the more recently developed ESI and MALDI methods are far more superior and
prevalently employed in modern mass spectrometry to explore sequence and structure

information from biological and clinical samples.

Matrix assisted laser desorption/ionization (MALDI)

MALDI was first reported by Karas and Hillenkamp in 1987 [11]. MALDI is a
pulsed ionization technique, which makes it particularly suitable for the time-of-flight
mass analyzer [7]. In MALDI, analytes are first mixed with an excess of matrix molecules.
The matrix has the abilities to isolate the analyte molecules; to absorb the laser energy
via electronic [ultraviolet(UV)] or vibrational [infrared(IR)] excitation; and to vaporize the
analytes into the gas phase and then ionize them [12, 13]. The matrix selection depends
on both the type of the analyte and the laser wavelength used. The commonly used
matrixes include 2,5-dihydroxybenzoic acid (DHB), a-cyano-4-hydroxycinnamic acid
(CHCA), and sinapinic acid. The analyte/matrix mixture is allowed to dry on a steel target
plate, which is then inserted into the vacuum of the mass spectrometer. Although the
exact ionization mechanism of MALDI is still not well understood, it is proposed to be the
result of following processes: the laser absorption and excitation of the matrix which
facilitates the analyte vaporization to form a gaseous mixture of ionized matrix and
neutral analyte followed by the ionization of neutral analytes via gas phase proton

transfer.



MALDI generates singly charged molecular species, which simplifies the
interpretation of the MALDI spectra. Other advantages of MALDI include easy sample
preparation, good tolerance for salt adducts, and the increase of the mass range of
proteins that can be measured. MALDI is widely used to measure synthetic polymers, as
well as large, non-volatile biological compounds, such as proteins, oligonucleotides, and

carbohydrates. Furthermore, MALDI is also well suited for imaging experiments.

Electrospray ionization (ESI)

ESI was first developed by John Fenn in 1989, whose contribution was
recognized by the Nobel Prize in Chemistry in 2002 [5, 6, 14, 15]. In ESI, the samples
are first dissolved in an easily evaporated solvent, such as a mixture of 50:50 methanol
and water, with a small amount of acid (e.g. 1% formic acid) added to promote ionization.
The solution then passes through a capillary tube, which is held at a high electrical
potential (several kilovolts). The resulted strong electric field between the capillary and
the counter electrode (e.g. orifice) induces the emerging surface of the analyte solution
to form a Taylor cone and releases small droplets. As the evaporation of the solvent
from the droplet is continuing, the radius of the droplet decreases and the charge density
increases. When the radius of the droplet reaches the Rayleigh limit, the Coulombic
repulsion exceeds the surface tension and leads to a “Coulombic explosion”, releasing
smaller sized offspring ions. In addition, a countercurrent flow of dry curtain gas,
normally nitrogen, or a heated capillary, can be applied to the interface to promote
droplet evaporation, to sweep away the solvent molecules and other uncharged particles,
and to ensure only ions can fly into the vacuum system [16]. A sheath gas is also used

coaxially to reduce the radial dispersion of the spray [17]. The Coulombic fission keeps



on going, until finally, the unsolvated charged molecular ions are generated. In negative
ESI, the polarities of the potentials applied in the positive mode are switched and a basic
solvent is added instead to enhance the formation of negatively charged molecular ions.

Nanoelectropray ionization (nanoESI) was introduced by Wilm and Mann in
1994 [14, 18, 19]. In nanoESI, the glass capillary used typically has a very small tip with
a diameter of 1-2 um. Without the application of an external force, such as a solvent
pump, the nanoESI has a very slow flow rate. Therefore, the sample consumption in
nanoESI is much smaller than that in the conventional ESI source, which is especially
useful for the analysis of biological samples often in limited amounts. Furthermore, the
diameter of the droplets generated in nanoESI is less than 200 nm compared to the 1-2
Mm diameter in conventional ESI, which greatly increases the desolvation and ionization
efficiency.

Unlike MALDI, multiply charged molecular ions are commonly observed in ESI,
which greatly extends the detection mass range of mass spectrometers. In ESI, the
transition of the sample molecules to gas phase ions is not an energetic process, and
the desolvation process effectively cools the ions [20, 21]. With the ability to ionize highly
polar and involatile compounds, ESI has been widely used in many biological sample
analyses, including peptides and proteins, carbohydrates, oligonucleotides, and other
biomolecules. Finally, ESI is such a gentle ionization method that it can also be used to
study noncovalent macromolecular complexes, such as protein interactions with

cofactors, inhibitors, metal ions, or enzyme-substrate interaction [22].

1.2.2 Mass analyzers



After the analyte ions are generated in the ion source, they are directed into the
mass analyzer region of the mass spectrometer usually by electric potentials. The mass
analyzer is the most important part of the mass spectrometer which separates the
analyte ions by their mass-to-charge ratios. There are many types of mass analyzers
available, although each has its advantages and limitations. The operating principles of
several commonly used mass spectrometers will be briefly discussed here.

The performance of a mass spectrometer can be described by a few important
characteristic factors, including its mass accuracy, mass range, resolving power, and
sensitivity. Mass accuracy is the accuracy of m/z value and is usually calculated by the
difference between the experimental value and the theoretical value in part per million
(ppm) units. Mass range is the range of m/z values which can be detected by the mass
spectrometer.

Resolution or resolving power shows the ability of a mass spectrometer to
distinguish two very close peaks in a mass spectrum. The resolving power (R) can be
calculated as R=m/Am, where m is the m/z value of the peak and Am is its full width
measured at half maximum (FWHM). Thus a higher resolution means a better ability to
distinguish closely separated peaks.

The sensitivity of a mass spectrometer means the lowest amount of sample that
can be analyzed, which is affected by transmission efficiency. Transmission efficiency
measures the ratio of the actual number of ions reach the detector to the total number of

ions generated in the ion source region.

Quadrupole mass analyzer



A quadrupole mass analyzer [7] contains four metal rods in parallel, with each
opposing rod pair being electrically connected. A radio frequency (RF) voltage is applied
between these two pairs of rods and a direct current (DC) voltage is also applied which
superimposed on the RF voltage. This arrangement will generate an oscillating electric
field within the four rods. The analyte ions are separated in the quadrupole mass
analyzer based on their trajectory stabilities in this oscillating electric field. As the analyte
ions fly along the z axis of the quadrupole, which is parallel to the quadrupole, the
oscillating electric field will affect their stabilities on the x and y directions. The ion motion
inside a quadrupole is governed by the Mathieu equations [7], and their trajectory

stabilities are determined by the two characteristic values as described below:

8eU
a=—F— (1.5)

mr, @

4eV

mr, @

where a and q are related to direct potential U and the magnitude of radio frequency V,
respectively, o is the angular frequency and ry is the half distance between the two
opposing rods. For three different masses, the bounded solution to the Mathieu

equations results in a stability diagram as shown in Figure 1.1 [7].



V4
A
/
y ;X
/
U 2 '
\ \
X // >/ \
A / /\ \
// \ s\ \
/ \ \
7N \ \
AN \ \
u/nN 7 X \ \
/ / \
N N \
A / \ \ \
/7 s Ve \ \
7/ s / \
s e \ \ \
I // Ve \ \ \
-7 - \ \
— - \
\Y

Figure 1. 1 Theoretical stability diagram of three m/z values.

lons with different m/z values will have different stability areas. Specific U and V
values will allow ions within a narrow m/z range to have stable trajectories and fly
through the quadrupole to reach the detector; while ions with m/z values below or above
this m/z range have unstable trajectories, and will strike the rods and become
undetectable. This feature can be used in ion isolation.

When the U and V values are scanned along a constant U/V line, the quadrupole
mass spectrometer detects the analyte ions successively. As shown in Figure 1.1, since
the line only cross the vertices of the stable areas, only very small fraction of the analyte
ions are actually detected in this process. By adjusting the U/V ratio, the resolution of the
quadrupole can be varied.

When the DC potential U is turned off, the quadrupole becomes a RF only ion
guide, which allows all the ions above a certain m/z value to pass through. The m/z

cutoff depends on the amplitude and frequency of the RF applied.
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Quadrupoles are easy to built, robust and of low cost, which makes them the
most widely used mass analyzers. A quadrupole normally has an upper mass limit of
m/z 4000, a mass resolution of 2000, with a typical mass accuracy about 100 ppm [7]. In
addition to being used as stand-alone mass analyzers, quadrupoles are also used as ion

guides, ion selectors, and ion storage devices in hybrid mass spectrometers.
Time-of-flight (TOF) mass analyzer

A time of flight mass analyzer [7, 23-26] separates the analyte ions by their flight
time through a field free flight tube in vacuum between the ionization source and the
mass detector. Ideally, all analyte ions should have the same initial kinetic energy (E)

before entering the flight tube [26], which can be describe as:
1
E:Emv =zeV (1.7)

where m and z are the mass and charge of the analyte ion, respectively. V is the

accelerating potential and v is the velocity of the analyte ion as it exits the accelerating

field. If the length of the flight tube is L, the flight time (t) of an ion can be calculated as:
t=L/V (1.8)

Combining equation 1.7 and equation 1.8, we have:
m
tz =—(L?/2eV) (1.9)
z

It is clear from equation 1.9 that ions with different m/z values will take different times to
reach the detector, thus they can be separated based on their m/z values.

In reality, analyte ions are not generated with the same initial velocity. The slight
difference of the initial kinetic energy for the analyte ions with the same m/z will cause

peak broadening and lower the mass resolution of the TOF mass analyzer. Several
11



methods have been developed to correct for the kinetic energy spread [7, 23, 26],
including the time-lag-focusing (TLF) method, the retarding field, and the reflectron.

In TLF [26], also known as the delayed extraction (DE), the accelerating potential
pulse is applied after a delay following the ion formation. This DE pulse compensates the
slightly different kinetic energy of ions by accelerating the slower moving ions more,
since they stay longer in the accelerating field, thus enabling them to catch up with the
faster moving ions. For a given m/z value by carefully adjusting the delay and the
accelerating potential, all ions can be focused at the detector at the same time.

The retarding field [23] is relatively easy to understand. In the retarding field, ions
with higher initial kinetic energy travel through a larger radius and take more time to
reach the detector than those with smaller kinetic energy. Eventually, ions with same m/z
but different initial kinetic energy will strike the detector simultaneously.

The most commonly used method is the reflectron [7, 23, 26]. A reflectron is an
ion mirror constructed at the end of the flight tube to reflect the analyte ions toward the
detector thus effectively extends the length of the flight tube and increases the resolution
of TOF analyzer. More importantly, ions with different kinetic energy penetrate the
reflectron to different depths. lons with higher kinetic energy will penetrate deeper and
spend more time inside the reflectron, which compensates their shorter flight time
outside of the reflectron. With judicious choice of the accelerating and reflectron voltages,
ions with same m/z and different kinetic energies will strike the detector concurrently.

As a TOF analyzer works in the pulsed mode, it works well with a MALDI
ionization source. Continuous ionization sources can also be coupled to TOF analyzers,

although special gating methods are usually needed [23]. A TOF requires high vacuum
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system to avoid frequent collisions between the analyte ions and the background gas
molecules, which will significantly deteriorate its performance.

TOF analyzers have many advantages. They are very fast and can be easily
adapted to the high performance liquid chromatography (HPLC) system for high
throughput analysis. Since almost all the ions flying through the tube can be detected,
TOFs have high sensitivities and require relatively small amount of samples.
Theoretically, there is no limitation for its mass range, although the upper mass limit is
often determined by post-source decay. With the implementation of various focusing
schemes, modern TOF instruments can easily reach a resolving power of 20,000 and

mass accuracy of <10 ppm [7].

Fourier transform ion cyclotron resonance (FT-ICR) mass analyzer

The FT-ICR MS was introduced in 1974 by Comisarow and Marshall [27, 28].
The FT-ICR MS determines the mass-to-charge ratio of the analyte ions by measuring
their cyclotron frequency in a magnetic field [7, 26, 29-33]. Although there are several
types of magnets available, the superconducting magnet is by far the best choice for FT-
ICR MS. The major events of FT-ICR MS occur in an ICR cell, which is located in the
homogeneous region of the magnetic field and functions to store, excite and detect the
analyte ions. The principle of FT-ICR analysis is briefly described as follows [29, 30]: the
trapped analyte ions are first excited by a resonant RF field applied to the excitation
plates to a large cyclotron orbit. The coherent cyclotron motion of a given ion packet
induces image currents on the detection plates, which are further amplified and digitized

to generate the time domain transient. The transient can be Fourier transformed to
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produce a frequency spectrum, which is then converted to the mass spectrum via proper

mass calibration.

lon cyclotron motion [7, 26, 30]. In a magnetic field B, a charged particle with
mass m, charge q, and velocity v will experience the Lorentz force F and move along a
circular trajectory with the radius r. According to Newton’s second law of mechanics, the
force can also be expressed as the product of mass and acceleration a. The following

equation can be derived:

mv?

F=ma= =q(vxB) (1.10)

Recall that the angular velocity o of the charged particle is:

(1.11)

w=—— (1.12)
The cyclotron frequency f equals to /21T, and can be calculated as:

f:zq—B (1.13)
zm

Therefore, the cyclotron frequency of a charged particle in a constant magnetic field is
inversely proportional to its mass-to-charge ratio, which is the basic principle used in FT-
ICR MS.

In FT-ICR MS, the combination of the electric and magnetic fields will also induce
magnetron motion of a charged particle [29]. Although the magnetron motion is not

directly related to the mass-to-charge ratio of the analyte ions, its presence will affect the
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mass analysis, and a proper calibration equation, other than equation 1.12 is required

[34].

lon cyclotron resonance cell [29, 30, 35]. There are many types of ICR cells. The
cubic cell is the original type and is still used in FT-ICR MS today. It is a cubic chamber
with six plates arranged in a cubic shape, as shown in Figure 1.2 [29]. For illustration
purpose, we have placed it with its z axis along the magnetic field, and its y and x axes
perpendicular to the magnetic field. The two plates perpendicular to the magnetic field
are called end-caps, which function to trap the ions along the z axis. There are holes on
the end-caps for the introduction of ions into the cell. The two pairs of opposing plates

parallel to the magnetic field axis are excitation and detection plates, respectively.

B
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Detection plate

Excitation plate X

end-cap

Figure 1. 2 Scheme represents the cubic cell.

The open-ended cylindrical cell is another commonly used ICR cell in FT-ICR MS
[29]. The open-ended cylindrical cell consists of three cylinders, as shown in Figure 1.3.

The center cylinder contains four plates: two function as excitation plates and the
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remaining two are detection plates. The two cylinders at the end of the cell are trapping
electrodes, to confine the ions along the magnetic field axis. The open ends allow easy
access of the ions into the cell as well as passages of electrons and/or laser beams in
tandem MS analysis. An important property of the open-ended cylindrical ICR cell is its

ability to generate a uniform excitation electric field [35].

Trapping plates

o B

Detection plate

Excitation plate

Figure 1. 3 Scheme represents the cylindrical cell.

The principles, geometry and electric configurations of many types of ICR ion

traps were discussed in a review paper [35].

lon excitation and detection in ICR cell. The ionization process can happen both
inside and outside the ICR cell, as in internal and external ionizations, respectively [30].
Some ionization methods, such as El and ClI, can be used to generate ions in the ICR
cell. More recently, the external ionization method has become the predominantly used
one, especially electrospray ionization, because many biological samples are nonvolatile
and the sample introduction needs to be accessed and operated in the high pressure

region of the instrument. With external ionization, the ions need to be transferred into the
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ICR cell through several stages of the instrument, with the pressure gradually
decreasing in each stage, achieved by differential pumping.

Once inside the ICR cell, the ions are trapped axially by the end trapping plates
and radially by the magnetic field, and they will have initial cyclotron motion under the
influence of the magnetic field. However, the radius of the initial thermal cyclotron motion
is too small to induce a detectable image current on the detection plates. Furthermore,
the thermal cyclotron motion of the ions is incoherent and will generate zero net image
current on the detection plates. This is because the ions with same cyclotron frequency
but different phase may induce image current simultaneously on each of the detection
plate to counteract each other and get no net current [30, 35].

A spatially uniform electric field E oscillating at the cyclotron frequency of a given
m/z value can be applied to achieve the resonant excitation [30]. After excitation, all ions
with the same m/z value will move coherently as a tight packet at a large cyclotron
radius, which can induce an alternating image current on the two opposing detection
plates. The post-excitation ion cyclotron radius r is described as [30, 32]:

r= —Egeg“e (1.14)

where Teite IS the resonant excitation time and B is the magnetic field strength. In
practice, a broadband excitation is usually used to achieve the simultaneous detection of
all the ions in the ICR cell [29]. The broadband excitation is performed by applying a
rapid frequency sweep or chirp over a wide range of frequency. Consequently the ions
with its cyclotron frequency in this range will be excited and detected. It is important to
note that the final cyclotron radius is independent of m/z. This is particularly desirable, as

all ions will be excited to the same radius, regardless of m/z, provided that the excitation
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field and time are constant throughout the m/z range. lon packets with different m/z
values will induce their own corresponding image currents, which can be detected and
stored as a superimposed time-domain transient.

The ICR mass analyzer is characterized by the simultaneous detection with a
wide m/z range. In addition, this detection is non-destructive by using the image current

[29].

High vacuum and high magnetic field. The FT-ICR mass analyzer requires a high
vacuum system, usually ~10™"° Torr [7]. This is essential for the ultra high mass
resolution of the FT-ICR MS. If the pressure in the ICR cell is too high, collisions
between ions and neutral gas molecules will destroy the coherent cyclotron motion of the
ion packet and the time-domain transient will decay very fast. The resolution R of the FT-
ICR MS can be calculated as [29]:

-
~ (1.15)

R

1N

where f is the cyclotron frequency and T is the length of the transient. It is immediately
evident from equation 1.15, that a reduced time-domain transient T will lead to lower
resolution R. Therefore, the ultra high vacuum in the FT-ICR MS is usually maintained
via differential pumping in several stages [26].

It is also evident from equation 1.15 that the mass resolving power in FT-ICR MS
increases linearly with the strength of the magnetic field, since cyclotron frequency f is
proportional to magnetic field strength B [36]. In addition, many other performing
characteristics of FT-ICR MS, including data acquisition speed, upper mass limit, mass

accuracy, and dynamic range, will improve as the magnetic field strength increases. The
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detailed discussion about the advantages of high magnetic field in FT-ICR MS has been
reported [32, 36]. However, the high superconducting magnets are usually very
expensive, which limits the broad application of the FT-ICR MS.

The FT-ICR MS can routinely achieve ultra high mass resolution of about
500,000 with typical mass accuracy <2 ppm [7]. Many tandem MS methods can be
performed on FT-ICR MS, such as collision activated dissociation (CAD) [37], electron
capture dissociation (ECD) [38], infrared multiphoton dissociation (IRMPD) [39].
Combining with online HPLC system further expands the capability of the FT-ICR MS to
high throughput analysis. The FT-ICR MS is widely used in proteomics for performing
both top-down and bottom-up analyses [33]. The high resolving power and mass
accuracy of the FT-ICR MS make it particularly suited for the top-down analysis, where

the intact proteins are measured in FT-ICR MS directly followed by tandem MS analysis.

1.2.3 Tandem mass spectrometry methods

Tandem mass spectrometry (MS/MS or MS") [7, 26, 40] can provide detailed
structure and sequence information for biological samples by decomposing the
molecular ions. In MS/MS, the precursor or parent ions are usually isolated in the first
stage of the mass analyzer, followed by a dissociation process and the detection of the
fragment or daughter ions in the second stage of the mass analyzer. The two stages of
mass analyses can be arranged tandem in space, such as in a triple-quadrupole (QqQ),
or in time, such as in an FT-ICR mass spectrometer. Several types of scan are used in
MS/MS, including the product ion scan, the precursor ion scan, and the neutral loss scan,
etc [7]. Most of the experiments involved in this thesis were performed in the product ion

scan mode in FT-ICR mass spectrometers.

19



Many different dissociation methods can be used in MS/MS to generate different
types of fragment ions. Based on the masses of the fragment ions, the detailed
sequence information of the precursor ions can be deduced. Figure 1.4 shows the
general types of fragment ions observed in MS/MS spectra of peptides and proteins,
using the nomenclature proposed in 1984 by Roepstorff, et al. [41, 42] The
nomenclature of the fragment ions of carbohydrate generated in the MS/MS analysis
was proposed later in 1988 by Domon and Costello [43]. Peptide sequencing by tandem
mass spectrometry is based on the knowledge of amino acid sequence deduced from
the mass spectrum, with the mass of each amino acid corresponding to the mass
difference between two adjacent fragment ions of the same type. For example, the mass
difference between the y, and y,.; ions corresponds to the mass of an amino acid

located in the n+1 position in the peptide.
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Figure 1. 4 Nomenclature of peptide N- and C-terminal sequence ions used in mass

spectrometry.

Collisionally activated dissociation
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CAD, also known as collision induced dissociation (CID) [7, 26, 37, 44] is the
most routinely employed tandem mass spectrometry method. In CAD, the molecular ions
collide with the neutral gas molecules, resulting in the energy conversion into the internal
energy of the molecular ions. The commonly used neutral gases are helium, nitrogen,
and argon. The excited molecular ions can then undergo framentation. Because the
intermolecular vibrational energy redistribution (IVR) in the molecular ions occurs prior to
the decomposition [45], the molecular ions usually dissociate by the breakage of the
weakest bonds. In unmodified peptides, this typically occurs at the backbone amide
bond, leading to the formation of b and y ions. The y ions represent the truncated
peptides. The b ions can have acylium or oxazolone structures. Preferential cleavages at
the N-terminal side of proline residue and at the C-terminal side of aspartic acid residue
have been reported [45-47].

There are two categories of CAD: the high energy CAD and the low energy CAD
[37, 44]. In high energy CAD, the molecular ions with the initial kinetic energy of several
kiloelectron volts (keV) collide a few times (usually less than 5) with the gas molecules to
induce fragmentation. It can be performed in the electromagnetic sectors or TOF-TOF
instruments, with good reproducibility. In addition to b and y ions, the high energy CAD
can also induce side chain cleavages to form d and w ions, which can be used to
differentiate the isomeric amino acids. On the other hand, the presence of many d and w
ions may also introduce complexity to the interpretation of the CAD spectra. The low
energy CAD is usually performed in triple quadrupoles (QgQ), with q representing a RF
only quadrupole as the collision cell, in quadrupole ion traps and in FT-ICR mass
spectrometers (as in sustained off resonance irradiation, or SORI-CAD) [48]. In low

energy CAD, the molecular ions with low kinetic energy, less than one hundred electron

21



volts (eV), are allowed to collide multiple times with the neutral gas molecules to obtain
sufficient internal energy to induce fragmentations. The low energy CAD can also occur
at the interface region of the ESI source, known as the in-source or nozzle/skimmer CAD
[49], although without the isolation of precursor ions.

CAD is a powerful technique in proteomics, by providing extensive sequence or
structure information of peptides and proteins. The oligosaccharide and lipid samples
can also be analyzed by CAD. However, CAD also has some limitations, particularly in
the PTM analysis. This is because the labile groups in PTMs can fall off easily in CAD,
making the determination difficult. The PTMs, however, can be measured by other non-

ergodic methods, which will be discussed later.

Electron capture dissociation

ECD is a relatively new tandem mass spectrometry method which was
discovered by Roman Zubarev, in 1998 [38]. ECD is generally believed to be a non-
ergodic process. In ECD, the multiply charged peptide ions interact with low energy
electrons (~0.2 eV), inducing the nonselective homolytic cleavages of the backbone N-
C. bond and generating c and z* fragment ions, as shown in Figure 1.5. As an exception,
the N-terminal side of proline residue is resistant to ECD cleavage. In addition to N-C,
bond cleavages, the disulfide bond cleavages are also favored in ECD [38, 50]. A minor

fragmentation channel in ECD is the formation of a* and y ions [51].
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Figure 1. 5 Scheme of ECD process.

Several mechanisms have been proposed for ECD. In the dissociation-
recombination mechanism [45], the electron capture happens at the charged groups of
the peptide, followed by charge neutralization and repulsion of a hydrogen atom. This
hydrogen atom can subsequently be captured at the carbonyl oxygen of an adjacent
amide bond to form an intermediate aminoketyl radical, which dissociates by cleaving
the N-C, bond. However, it is also known that the capture cross sections of the hydrogen
atom in the gas-phase peptide ions are low, making the dissociation-recombination
rather unattractive. Later, an amide-superbase mechanism was proposed [52]. In this
mechanism, the electron capture occurs at the amide bond oxygen, creating an anion
radical, which can abstract a proton from a nearby group and form an aminoketyl radical

to undergo N-C, bond cleavage.

Secondary fragmentation and amino acid side chain loss in ECD. After the
generation of the ¢ and z+ fragments, the a-carbon radical located at the N-terminus of
the z+ fragment can migrate and induce secondary fragmentations, involving the partial

or entire side chain loss of amino acids in conventional ECD [53, 54]. The presence of
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the partial or entire amino acid side chain losses can be used to infer the existence of
certain amino acid residues, which will help the protein identification. In addition, some w
ions can be used to distinguish isomeric amino acids, such as lle and Leu [55]. On the
other hand, the secondary fragmentation will also complicate the interpretation of ECD

spectra, especially when using the database search.

Free radical cascade mechanism in ECD. In addition to linear peptides, ECD has
also been performed on doubly charged cyclic peptides [56]. In that study, many peaks
corresponding to losses of one or several amino acid residues were observed, which
required the cleavage of multiple backbone bonds. Since the capture of two electrons by
a doubly charged precursor ion would lead to complete neutralization of the precursor
and render all products undetectable, the presence of these fragment ions indicated that
a single electron capture can result in multiple backbone cleavages. A free radical
cascade (FRC) mechanism was proposed, which suggested that the initial a-carbon
radical formed can propagate to induce secondary fragmentations along the peptide

backbone or on various side chain groups.

Biological applications of ECD. There are two major applications of ECD in
proteomics: characterization of the post-translational modifications and top-down
analysis [57, 58]. ECD is very suitable for the PTM studies, because of its preference to
cleave backbone bonds while leaving the labile PTM groups intact [59]. Many kinds of
PTMs have been identified in proteins by ECD, including glycosylation, phosphorylation,
sulfation, methionine oxidation, and acylation, etc. Deamidation as one kind of PTMs has

also been studied by ECD, which will be discussed in detail in the following chapters.
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Characterization of PTMs by ECD is very different from slow-heating methods [57], such
as CAD, which usually follow the lowest energy pathways. Consequently, in CAD, the
labile PTMs could easily fall off, with the loss of PTM information.

ECD can non-selectively cleave the backbone bonds of peptides and proteins,
providing extensive sequence information, which is particularly beneficial in top-down
analysis. However, in top-down analysis of large proteins by ECD, the non-covalent
interactions between large fragments may hold them together and hinder the separation
and detection of each fragment. Several methods have been employed to mitigate this
problem. Plasma ECD was used to increase the performance of conventional ECD by
introducing pulsed gas during electron injection, as the analyte ions were introduced into
the ICR cell [60]. lon activation can also be used to disrupt the noncovalent interactions
to promote fragment ion separation, as employed in activated ion ECD (AI-ECD) [61].
The commonly used activation methods include the collisional activation, and infrared
irradiation.

ECD can also be used in bottom-up analysis, de novo sequencing, and protein
folding studies. Finally, ECD has also found wide applications in the analysis of other

biomolecules, such as oligonucleotides and carbohydrates.

EXD methods related to ECD

Hot ECD (HECD) [62, 63]. In conventional ECD, the most efficient
fragmentations were usually induced by low energy electrons (~0.2 eV). As the electron
energy increases, the fragmentation efficiency decreases initially, and then increases
again to a second maximum at ~10 eV electron energy. This hot (3-13 eV) ECD can also

generate ¢ and z* fragment ions, similar to conventional ECD. Although the electron
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capture efficiency in HECD is two orders of magnitude smaller than that in the
conventional ECD, the larger electron current produced by the indirectly-heated cathode
partially compensates leading to a similar overall fragmentation efficiency [45]. An
important feature of HECD is its tendency to induce secondary fragmentation of z+ and
a* ions, because of the excess of energy. The resulting w and d ions can be used to

differentiate the isomeric leucine (Leu) and isoleucine (lle) residues.

Electron transfer dissociation (ETD). ETD was first introduced in 2004 by Syka,
et al. [64] Contrast to the limitation of ECD to FT instrument, this technique can be
performed in relatively inexpensive and rf-field trapping instruments, such as quadrupole
linear ion trap (QLT). In ETD, singly charged anions interact with multiply protonated
peptides/proteins, generating ¢ and z« ions. In the original design, the ESI source and ClI
source were located at the two ends of the QLT instrument. A mixture of anthracene
Ci4H10 and Cl reagent gas, methane, were used to generate anthracene radicals, which
can interact with multiply charged proteins to induce homolytic backbone cleavage.
Other commonly used anion reagents include fluoranthene and azulene. In a similar way,
the interaction between radical cations and multiply deprotonated peptide anions can
also induce peptide backbone cleavage, as employed in negative ETD (nETD) [65]. Like
ECD, ETD also has the ability to detect the labile PTMs of peptides and proteins [66].
The cleavage efficiency of ETD decreases as the charge state of the precursor ions
decreases. A supplemental collisional activation method (ETcaD) that activated the
charge reduced precursor ions after the electron transfer and before the backbone
dissociation, can be applied to increase the cleavage efficiency in ETD, especially for

doubly charged precursor ions [67].
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Electron-induced dissociation (EID), or electron-impact excitation of ion from
organics (EIEIO) [68]. In EID, the multiply or singly charged precursor ions interact with
6-20 eV electrons, which are energetic enough to induce electronic excitation of the
precursor ions to generate fragments [69, 70]. Without the requirement of multiply
charged precursor ions as in ECD studies, EID has a major application area in the
analysis of singly charged precursor ions, which are readily generated in MALDI sources

[71].

Electron detachment dissociation (EDD). EDD was first discovered by Zubarev
and co-workers in 2001 [72]. In EDD, instead of the multiply charged precursor cations,
the multiply deprotonated precursor anions interact with high energy electrons (>10 eV),
resulting in the electron ejection/detachment from the precursor ions and the formation
of the nitrogen centered radical anions, which can undergo the C,-C bond cleavages
and side chain losses [73]. The efficiency of EDD can be improved by increasing the
charge state of the precursor ions, and by adjusting the voltages on the cathode and the
extraction lens [74]. EDD is useful for the analysis of peptides/proteins containing large

amount of acidic residues, e.g. Asp, Glu.

Electron excitation dissociation (EED). EED contains two steps: ionization and
electron capture [75]. In the first step, the protonated polypeptides interact with electrons
with energy >10 eV, which induces the ionization of precursor ions and the ejection of
slow electrons. In the second step, the slow electrons are reflected back and captured

by the ionized precursor radical ions, resulting in fragmentation. Because the ionization
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process in EED can increase the charge state of precursor ions, it is amenable in the

analysis of singly charged ions generated from MALDI ion sources [76].

1.2.4 ESI gQg-FT ICR mass spectrometer

Most of the experiments in this thesis were performed on a custom-built, hybrid 7
Tesla ESI gQg-FT ICR mass spectrometer [77, 78]. The configuration of this instrument
is shown in Figure 1.6. This instrument consists of two regions: a front end qQq region
modified from an AB/MDS Sciex APl 365 instrument and an FT ICR mass analyzer
modified from an lonSpec FT-ICR MS with interface built by our lab. The front end is
controlled by the Sciex LC2Tune 1.5 software and the FT ICR MS part is controlled by
the lonSpec99 software. The 7 Tesla actively shielded magnet was manufactured by
Cryomagnetics Inc., Oak Ridge, TN. This FT instrument is equipped with an external
electrospray ionization source in the atmosphere. After the ionization process, the ions
are transmitted through the ion path into the ICR cell by both a potential gradient and

multipole ion guides along the instrument.
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Figure 1. 6 Scheme of 7 Tesla ESI qQq-FT ICR mass spectrometer. FIL trap is filament

trapping.

A typical ECD experiment is as follows [77]: The normal electrospary is
performed at 1100-1200 V with a steady spray current of 107-10° A. The ions are
desolvated in the high pressure region between the curtain plate and the orifice (OR)
and then focused at the ring electrode (RNG). After they pass through the skimmer (SK),
they are focused again in the first quadrupole Q0. The 1Q1, 1Q2, and IQ3 are ion lenses
for both focusing and gating. The stubby quadrupole (ST) is used to improve ion
transmission. lons of interest can be isolated by quadrupole Q1 and trapped in
quadrupole Q2 for external ion accumulation. The normal accumulation time is about
300-1000ms. Q2 can also function as a collision cell, where collisionally activated

dissociation can be performed. After sufficient ions are accumulated in Q2 or the
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products are generated by CAD in Q2, these ions can be guided and transmitted through
transfer hexapoles 1 and 2 (HEX1 and HEX2) into the ICR cell. The LINAC is used to
help reduce the TOF spread during ion extraction. A gated valve located between HEX1
and HEX2 physically separates the instrument into low and high vacuum regions
allowing for easy maintenance.

The potential on the Hex2 trapping plate (Hex2 trap) located between HEX2 and
the ICR cell is first dropped to a negative value to allow ions fly into the cell. Once inside
the ICR cell, the Hex2 trapping voltage is increased to help trap these ions. This is
known as gated trapping. The capacitively coupled closed cylindrical ICR cell has been
discussed previously. Briefly, it contains two inner traps and one middle section, which
contains two excitation plates and two detection plates. The indirectly heated cathode
dispenser, or the electron gun located on the other side of the ICR cell can generate
thermal electrons for ECD experiments. The electron gun has a BaO coated surface
which can generate electrons, when the resistor inside the cathode is heated. This
resistor typically operates with a heating current of 1.6-1.8 A. The surface voltage of the
electron gun is normally kept at +9.9 V to confine the electrons. During the ECD event,
this voltage drops to a negative value (-0.2 V to -1.5 V) to repel the electrons from the
surface. The length of the electron irradiation time is typically around 30-100 ms. The
grid located between the ICR cell and the electron gun is kept at a constant positive
voltage of +10 V to help extract the electrons into the ICR cell. Trapped ions interact with
electrons in the center of the ICR cell to produce ECD fragments. A typical spectrum is
obtained by averaging multiple scans, usually between 20 to 200 scans, to improve the

signal-to-noise ratio.
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This custom-built FT instrument needs fine tuning of many parameters to achieve
optimal performance. An example of an ECD experimental setup is shown in Figure 1.7.
The cathode surface voltage is provided by Blade off. Although the tuning process is
complex, this hybrid FT instrument has the ability to perform many kinds of tandem MS
experiments, including Q2 CAD, SORI CAD, ECD, EDD, and IRMPD. It has been
extensively used in the characterization of peptides, proteins, and carbohydrates,
providing high broadband mass resolving power (>100,000) and high mass accuracy

(~2-5 ppm).

Quadrupole RF .

Synthesizer |

lon Signal »

Hex1

Inner Trap. i

Hex2. Trapping |

Fil. Trapping H
1Q3 J
Blade Off. L]
| | | | | | | | | |
0 590 1180 1770 2360 2950

milliseconds

Figure 1. 7 Pulse sequences used in a typical ECD experiment.

1.2.5 12 Tesla solariX FT ICR mass spectrometer
Another instrument used in this thesis is a commercial 12 Tesla solariX hybrid
Qg-FT MS instrument from Bruker Daltonics, Billerica, MA. The schematic of this 12

Tesla solariX FT instrument is shown in Figure 1.8 (Courtesy of Bruker Daltonics). This
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instrument can provide extremely high mass resolving power (>1,000,000) and mass
accuracy (~0.5 ppm). Most of the experiments in this thesis were performed by using the
external ESI source in positive mode. After the ions are desolvated by the heated glass
capillary, they are delivered through ion funnel and skimmer region. lons are focused
and pre-accumulated in the source octopoles, isolated by the quadrupole if needed,
before entering the hexapole collision cell, where CAD can be performed. ETD may also
be performed in the collision cell, with radical anions generated by an nCl source
mounted off-axis above the split octapole. lons can be externally accumulated in the
collision hexapole and fly through the transfer hexpoles to enter the ICR cell, where ECD
and IRMPD can be performed. The hollow electron gun is located on the other side of
the ICR cell, with an extraction lens located between the ICR cell and the electron gun.
The hollow electron gun design allows the on-axis introduction of an IR laser beam and

performance of IRMPD and AI-ECD experiments.
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Figure 1. 8 Schematic of 12 Tesla solariX FT mass spectrometer (Bruker Daltonics).

1.3 Introduction to protein deamidation and related diseases

1.3.1 Protein deamidation

Deamidation is an important PTM in peptides and proteins [79]. Of the total 20
amino acids, only Asn and GIn are relatively unstable and undergo spontaneous
deamidation under physiological conditions. The product of deamidation is the
replacement of the side chain amino group of Asn/GIn by a hydroxyl group, resulting in
an increase of mass by +0.984 Da and an introduction of a negative charge to the
peptide or protein. As a result, the protein confirmation will change significantly, which
will further influence their stabilities and biological activities.

Deamidation can happen both in vitro and in vivo. Deamidation is usually a non-
enzymatic process, whose products accrue with the increase of age. The enzymatic
deamidation is only reported for GIn resiudes [79]. The enzymes include
transglutaminase, and glutaminases, etc. Transglutaminase can catalyze both the Gin-
Lys linkage formation and the GIn deamidation, while glutaminase only promote the Gin
deamidation.

Figure 1.9 illustrates the Asn (top) and GIn (bottom) deamidation processes in
neutral or basic solutions, respectively [79, 80]. At pH>7, Asn and GIn deamidation
processes involve the formation of succinimide and glutarimide intermediate,
respectively, followed by hydrolysis process. The water molecule can attack either
carbonyl group in the cyclic intermediates, generating a mixture of Asp/isoAsp or

Glu/isoGlu. In acidic solutions, deamidation occurs via direct hydrolysis and only Asp or
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Glu are produced. In general, the deamidation rate of Asn is much faster than that of Gin.
The only exception is that when GIn is located at the N-terminus of the peptide, which

deamidates faster than Asn.
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Figure 1. 9 Asn and GIn deamidation process.
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There are many factors influencing Asn and GIn deamidation rates, among which
the primary sequence is the most important one. It was found that in proteins, Asn
deamidation depends 60% on primary structure and 40% on three dimensional structure
[81]. For example the -NG- sequence has the fastest deamidation rate [79, 82]. The
amino acid residue located C-terminal to Asn influences the deamidation rate a lot more
than that located N-terminal to Asn. Due to the limited number of Gln deamidation
studies, the influence of the neighboring amino acids on GIn deamidation rate is not
clear. The protein secondary structures, a-helix and B-sheet, were found to stabilize
protein structures and hinder the Asn deamidation [83]. Tertiary structure is believed to
be a principal determinant of protein deamidation, which usually leads to a slower
deamidation rate [82]. It was also reported that in vivo, the GIn deamidation rate in
peptides was five fold faster than in proteins, while Asn was four fold quicker [84].

Deamidation can be both acid and base catalyzed, and its rate reaches a
minimum in the pH range between 4 to 6 [79, 85]. Deamidation rate also increases with
increasing temperature [79, 86, 87]. In many in vitro experiments, high pH and high
temperature conditions are used to accelerate the deamidation process. Buffers and
ionic strength can also influence the deamidation rate, especially the phosphate buffer
[79, 88]. The common buffer system used in this thesis is the ammonium bicarbonate

buffer.

1.3.2 Isomerization and racemization of asparatic acid

Both isomerization and racemization processes of Asp are non-enzymatic

modifications [89]. Asp isomerization rate is much slower than Asn deamidation, and has
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a similar mechanism to that of Asn deamidation (Figure 1.9), which proceeds through
the succinimide intermediate to generate isoAsp residues [79, 90]. It was reported that
isomerization of Asp in some tetrapeptides was reversible [91]. The Asp isomerization
rate can also be influenced by pH, temperature, and other solvent conditions. A detailed
comparison between the influence of these factors on Asn deamidation and Asp
isomerization can be found in a review paper [90].

Amino acid racemization is the process that converts the normal L-amino acids
to D-amino acids. Racemization can occur to most amino acids, among which Asp
shows the fastest racemization rate. Asp racemization usually happens together with
Asn deamidation, resulting a mixture of L-Asp, D-Asp, L-isoAsp, and D-isoAsp products

[79, 92].

1.3.3 Protein L-isoaspartyl O-methyltransferase

Protein L-isoaspartyl O-methyltransferase (PIMT, EC 2.1.1.77) functions as an
important repair enzyme to reduce the accumulation of damaged proteins in biological
systems, both in vitro and in vivo [93]. PIMTs are ubiquious and highly conserved
enzymes, which are found in bacteria, plants, animals, and humans. Most of PIMTs are
cytosolic enzymes [94]. The first reported crystal structure of a PIMT from Thermotoga
maritima contained three subdomains: N-terminal helical subdomain, central subdomain,
and unique C-terminal subdomain [95]. The crystal structure of human PIMT enzyme
also had a central a/B/a sandwich structure [96]. PIMTs catalyze the transfer of a methyl
group from S-adenosylmethionine (AdoMet) to the a-carboxyl group of L-isoAsp, with S-
adenosyl-L-homocysteine (AdoHcy) as a by-product. The resulting methyl ester can

spontaneously hydrolyze and form a cyclic succinimide intermediate, which then
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hydrolyze to generate an Asp and isoAsp mixture, in a similar manner to the
deamidation process [97, 98]. Since PIMTs only target isoAsp residues, after many
cycles, the isoAsp content will be significantly reduced. In the PIMT knock-out mice, the
accumulation of L-isoAsp was detected in many tissues, especially in the brain, and the
mice showed enlargement of brains, growth retardation, a fatal seizure disorder, and
fatal progressive epilepsy phenotypes [99, 100]. On the contrary, the overexpression of
PIMT extended the lifespan of Drosophila [101]. These and many other studies indicated
the biological importance of PIMT enzymes in biological systems.

A simple scheme showing the relationship among deamidation, isomerization,
and PIMT enzymes is shown in Figure 1.10.
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Figure 1. 10 Scheme presents the relation among deamidation, isomerization, and the

repairment by PIMT enzyme.
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1.3.4 Deamidation related diseases

Deamidation and Aging [79]. Aging is a complex process, with the accumulation
of altered cellular proteins as one of its most important features. There are many kinds of
modifications involved in aging process, such as oxidation, glycation, glycoxidation,
deamidation, ubiquitination, and lipid peroxidation, etc. [102, 103] Although the exact
mechanism of aging in unclear, there are many aging hypotheses, such as the oxidative
stress hypothesis, and the free radical hypothesis [104-106]. Because deamidation
happened in a variety of proteins in biological organisms and the deamidation extent is
associated with age, a deamidation based molecular clock hypothesis in regulation of

aging was proposed by Robinson and co-workers in 1970 [107].

Deamidation and Cancer. It was demonstrated that Bcl-x, deamidation was a
critical switch in the selective tumor cell death induced by DNA damaging agents [108,
109]. The Bcl-x. deamidation is normally suppressed by retinoblastoma protein (RB) via
an unclear mechanism. It is known that RB is an important tumor suppressor. RB
represses transcription by forming complexes with the E2F transcription factors, which
then recruit histone deacetylases (HDACS) and other factors to block the promoters and
inhibit gene expression [110-112]. Rb itself is regulated by cyclin-dependent kinase
(CDK), with a phosphorylated inactive form and a dephosphorylated active form. Rb is
lacking in most tumor cells, which releases the inhibition of Bcl-x, deamidation. Bcl-x, is
an anti-apoptotic protein, which when activated, can inhibit the BAX and BAK mediated
mitochondrial apoptosis. The deamidation at Asns,, Asngs sites in a flex region of Bcl-x.
was reported to induce the inactivation of Bcl-x.. Thus, tumor cells died, while normal

cells survived [108, 113-115].
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Deamidation and Alzheimer's Disease. Alzheimer's disease is one kind of
neurodegenerative diseases. Although the exact molecular mechanism of Alzheimer’s
disease is still unknown, many studies suggested that amyloid  peptide (AB) played an
important role in Alzheimer’s disease, by forming the amyloid fibril deposition. The Ap
peptides, ~4 KDa, are derived from the amyloid precursor proteins (APP). There are
three major AP peptides with different length: AB1.3s, AB1.40, and ABq.42 [116, 117]. During
aging, many post-translational modifications occur in A peptides, such as glycation,
sulfation, and phosphorylation. High levels of isomerization and racemization products of
Asp residue at positions 1, 7, and 23 were detected from the brains of patients with
Alzheimer’s disease. It was suggested that the isomerization might change the solubility,

the conformation, and even the function of A peptides [118, 119].

Deamidation and crystallin proteins. Many deamidations have been found in
aged or diseased lens crystallin proteins, especially GIn deamidation. It was suggested
that deamidation could reduce crystallin solubility, change lens transparency and induce
cataract formation [120]. Three major classes of crystallins are: alpha (a), beta (p), and
gamma (y). Alpha crystallins consist of up to three types of monomers: oA, aB, and oA
insert, and are typically present as oligomers and function as chaperons [121]. The first
deamidation study of aA crystallin protein was reported in 1975 [122]. Deamidation sites
of aA crystallin have been found at N101, Q6, Q50, Q90, Q140, and Q147 [121, 123-
125]. Beta and gamma crystallins have similar structures, containing two domains, each
of which is made up of two Greek key motifs connected by a short peptide. Beta

crystallin proteins consist of three basic (B1-B3) and four acidic (A1-A4) B crystallin
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proteins, which can assemble into homo- or hetero-dimers. The water soluble BB2 is the
main B crystallin [121]. Deamidation sites of B2 crystallin were found at N15, Q5, Q7,
Q12, Q70, Q162, Q182, and Q184 [120, 126-128]. Gamma crystallins generally do not
associate. The seven v crystallin proteins are y(A-F) and yS. Gamma (A-F) crystallins are
water insoluble and lens only. Gamma S crystallin is water soluble and present in
numerous tissues outside the lens as well [121]. Deamidation sites of yS crystallin were
found at N14, N37, N53, N76, N143, Q16, Q63, Q70, Q92, Q106, Q120, Q148, and

Q170 [121, 125, 129, 130].

Deamidation and Celiac disease. Celiac disease is a life-long autoimmune
disease of small intestine. The dietary gluten after ingestion was digested into small
peptides, including a 33-mer Pro and GIn rich peptide. When this 33-mer peptide was
deamidated by tissue transglutaminase at the GIn site(s), it became an antigenic epitope
recognized by CD4+ T cells, resulting in immunological reaction [131-133]. Currently
gluten-free diet is the only solution to this disease. Gln deamidation is also involved in

many bacterial toxins, such as cytotoxic necrotizing factors (CNFs) [134].

Deamidation and the Stability of Protein Drugs. Due to the fast deamidation rate
in peptides and proteins containing the -NG- sequence, many protein drugs are facing
the deamidation, oxidation, and aggregation problems in purification and storage

processes [135, 136].

1.4 Overview of this thesis
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This thesis focuses on the mechanism of electron capture dissociation and its
application to protein deamidation studies, involving both Asn deamidation and GIn
deamidation. The ECD mechanism research includes: Chapter 2, the effect of fixed
charge modifications on ECD; Chapter 3, charge remote fragmentation in ECD and ETD;
and Chapter 4, cyclic rotational heterogeneity of b ions probed by ECD. The protein
deamidation studies include: Chapter 5, use of '®0 labels to monitor deamidation during
protein and peptide sample processing; and Chapter 6, glutamine deamidation:
differentiation of glutamic acid and y-glutamic acid in peptides by ECD. Chapter 7 is the
conclusion and future work. This thesis demonstrates the utility of ECD as a powerful

method for protein deamidation studies.
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Chapter 2

The Effect of Fixed Charge Modifications on ECD

2.1 Introduction

2.1.1 ECD and primary mechanisms

Different from many slow heating fragmentation methods such as infrared
multiphoton dissociation (IRMPD) [39] and CAD [48], where IVR precedes fragmentation,
ECD [38] of multiply charged peptide/protein ions is often considered as a “directed”
tandem MS/MS method since it non-specifically cleaves many backbone bonds while
frequently leaving the more labile side chain groups [57, 137-140] and non-covalent
interactions [61, 141-144] intact. Because of these unique properties, it has significant
applications in both top-down and bottom-up sequencings for protein identification [38,
57, 145-147], as well as in PTM characterizations [45, 137, 148]. The ECD process is
the dissociative recombination of multiply charged molecular ions with low energy
electrons (<0.2 eV) [38, 45, 52]. The major ECD products are often the charge reduced
species, [M+nH]™"* and the He loss product, [M+(n-1)H]™"* [149]. There are generally
two backbone fragmentation pathways: the major one produces c and z* (or ¢ and z)
ions via N-C, bond cleavage and the minor pathway generates a« and y ions [38, 45, 52].
In addition, ECD may also produce some amino acid side-chain cleavages [53, 55, 150]

and secondary fragment ions [54, 56, 62].

"This chapter has been partially/entirely reproduced from
Xiaojuan Li, Jason J. Cournoyer, Cheng Lin, and Peter B. O’Connor. The effect of fixed charge modifications
on electron capture dissociation. Journal of the American Society for Mass Spectrometry. 2008, 19, 1514-
1526. Copyright 2010 Elsevier.
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Two primary mechanisms have been proposed to explain the abundant ¢ and z+
type ions observed in ECD spectra of peptides. In the dissociation-recapture mechanism,
the initially captured electron in a high-lying Rydberg state may land in one of the
protonated sites and the resultant He from the dissociation of the neutralized ammonium
group (or other charged groups) can be recaptured by a nearby carbonyl oxygen atom,
yielding an aminoketyl intermediate that dissociates via the N-C, bond cleavage [45].
Since the cross section for gas phase peptide ions to capture a free hydrogen atom is
low [52, 151], it is unlikely that the abundant backbone cleavages were induced by the
mobile hot hydrogen from the neutralization of a charged amino or guanidine group.
Such cleavages were probably initiated by a concerted dissociation-recapture process
upon electron capture due to the extensive solvations of the charged sites by multiple
backbone carbonyls, which may also be followed by secondary fragmentations [56]. The
low selectivity in backbone cleavages and retention of labile groups during ECD were
attributed to the non-ergodic nature of this process, i.e. the N-C, bond cleavage occurs
before the ~6 eV recombination energy was randomized among the 3N-6 normal
vibrational modes in the peptide molecule via intramolecular vibrational energy
redistribution (IVR), which would result in milli-eV’s of energy per mode, clearly far below
the normal adiabatic bond dissociation thresholds [38, 45]. The non-ergodic premise has
been scrutinized heavily as of late [52, 152], and the necessity of the presence of a
hydrogen atom to initiate N-C, bond cleavages was also under debate [140, 153]. In the
recently proposed amide-superbase mechanism, it was argued that the electron is first
captured in the remote-charge (Coulomb) stabilized n* orbital of a backbone carbonyl,

generating an aminoketyl anion radical (a super base) which abstracts a nearby proton,
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and the resultant aminoketyl radical undergoes facile cleavage of the adjacent N-C,
bond with a very low (or nonexistent) energy barrier, thus eliminating the need to evoke
non-ergodic hypothesis, as well as the necessity of the presence of a hydrogen atom [52,
154]. Furthermore, many He abstraction reactions in peptides, in addition to having low
activation barriers, also are net exothermic reaction, as the radical moves to a more
stable site. It was further suggested that both mechanisms might be at work depending

on the electronic states of the peptide ions [52, 155].

2.1.2 ECD and secondary mechanism: free radical cascade (FRC)

However, either of these above two mechanisms addresses only the formation of
the ¢ and z- type ions, but does not explain the many other types of fragment ions also
present in the ECD spectra. In particular, in the ECD spectra of doubly charged cyclic
peptide ions, many backbone fragment ions were observed, which requires multiple
backbone cleavages induced by a single electron capture. It was proposed that these
ions resulted from the FRC, i.e., the radical site on the initially produced z+ ion could
propagate along the peptide backbone or side chain to initiate secondary fragmentations
via hydrogen abstraction and/or loss of neutrals such as diketopiperazines [56]. For
linear peptides, hydrogen atom migrations within the post-ECD complex are also
frequently observed. In an ECD study of peptides with all glycine alpha hydrogens
replaced by deuterons, many fragment ions showed extensive H/D scramblings [156].
Moreover, c* and z ion formations are common in peptide ion ECD spectra [157], which
has been demonstrated to be the result of the intra-complex hydrogen transfer between
the originally formed c/ze ion pair [144, 157, 158]. A double resonance (DR)-ECD

experiment showed that a long-lived free radical intermediate existed in the ECD
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process [142], and that its lifetime was often much longer than the time it took for the
intra-complex hydrogen transfer [144]. However, evidence for multiple backbone
cleavages resulting in the formation of internal ions in the ECD of linear peptide ions was
lacking to date, most likely due to the location of charges near the termini for the tryptic
peptides studied. Experimental evidence linking the formation of smaller z+ ions to the
FRC of larger ones was also lacking, as the resonant ejection of the latter during ECD
did not lead to appreciable decrease in smaller z+ ion abundances [142]; thus, if the FRC
is to account for some of the smaller z+ ion formation, it must have taken place on a
timescale shorter than the ejection time (typically milliseconds). Nevertheless, the FRC
may still play an important role in the ECD of linear peptides, as evidenced by the
abundant secondary side-chain cleavages and radical rearrangement, particularly when
there is extra energy deposited in the precursor ions [54, 62, 144, 159, 160].

The importance of the radical in ECD was investigated further by several
research groups by adding radical trap moieties in peptides [161, 162]. In one study,
coumarin labels were attached to the N-terminal and/or lysine side-chain amine groups
to serve as radical traps, which appeared to inhibit the c/z* ion formation while
enhancing the side-chain cleavages in ECD [161]. In another study, a 2-(4'-
carboxypyrid-2°-yl)-4-carboxamide group (pepy) moiety was used as the stable trap for
both the electron and the hydrogen, which resulted in abundant electron capture without
backbone dissociation. When the precursor ions were preheated by an IR laser near the
dissociation threshold, subsequent electron capture did trigger backbone dissociation,
but only produced b type ions [162]. These studies demonstrated the instrumental role of

the mobility of the radical in peptide ion ECD.
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In this study, a different radical trap, 2,4,6-trimethylpyridinium (TMP), was used.
In addition to its potential of being a stable radical trap, TMP also functions as a fixed
charge that inhibits the H atom formation upon electron capture and does not form
hydrogen bonds with backbone carbonyls in the precursor ions. This may shed light on
our understanding of both the primary and secondary ECD mechanisms. Charge
derivatization methods using both positively and negatively charged derivatives have
been used in mass spectrometry research to control the type of fragment ions generated
from peptides and to facilitate the interpretation of the mass spectral data [163-168]. In
several recent ECD and the related ETD [64] studies, fixed charge derivatization was
used to increase the sequence coverage, investigate the role of excited electronic states,
study the effects of cation charge-site identity, and examine the mechanism of disulfide

bond cleavages [155, 169-171].

2.2 Experimental section

2.2.1 Materials

Amyloid B peptides (20-29, FAEDVGSNKG, hereafter abbreviated as Ap 20) and
(25-35, GSNKGAIIGLM, hereafter abbreviated as AB 25) were purchased from Bachem
AG (Philadelphia, PA) and used without further purification. 2,4,6-trimethylpyrylium
tetrafluoroborate was purchased from Alfa Aesar (Ward Hill, MA). Poros 50 R1 material
was purchased from Applied Biosystems (Foster City, CA). All other chemicals were

purchased from Sigma (St. Louis, MO).

2.2.2 Peptide derivatization
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Potassium carbonate buffer solution (0.1 M K,CO; and 0.1 M NaHCO,)
containing ~0.05 M 2,4,6-trimethylpyrylium tetrafluoroborate was prepared, whose pH
was adjusted to ~9 using ~10 ul of HCI. 20 nmol of each peptide was dissolved in 50 pl
of this buffer solution respectively, vortexed, and purged with nitrogen gas. The reaction
was allowed to proceed for 18-24 hrs at room temperature. The final reaction solutions
were dried and the peptide derivatives were purified by Poros 50 R1 material in custom
solid phase microextraction (SPME) tips. Each fraction of the eluate was analyzed, and
the unlabeled, singly-labeled, and doubly-labeled fractions were identified by ESI FT-ICR

mass spectrometry.

2.2.3 ECD experiments

Unlabeled, singly-labeled, and doubly-labeled model peptides were analyzed by
ECD at ~10° M concentration in 49.5:49.5:1 methanol:water:formic acid spray solution.
The ECD analysis was performed on a custom qQg-FT-ICR-MS equipped with an
external nano-spray source and a 7 Telsa actively shielded superconducting magnet as
described previously [77, 78]. Multiply charged precursor ions were isolated by the front-
end quadrupole (Q1) followed by external accumulation in the collision cell (Q2) for
about 100-600 ms, before they were transferred via two rf-only hexapoles and trapped in
the ICR cell using the gated trapping. These trapped ions were then irradiated with low-
energy electrons (~0.2 eV) for 50-120 ms, generated by the indirectly heated dispenser
cathode (Heatwave, Watsonville, CA). A chirp excitation/detection sequence was used
and the signal was averaged for 20 scans. All spectra were zero filled once without

apodization and Fourier transformed to give the magnitude mode spectra. Internal
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calibration using the molecular ion and the charge reduced species gave a typical mass

accuracy of less than 2 ppm for most of the peaks identified.

2.3 Results and discussion

The derivatization reaction of peptides with 2,4,6-trimethylpyrylium was
previously used to convert the g-amino group of the lysine side chain to the charged
TMP group (Figure 2.1) [172-174]. Even though each of the Amyloid 3 peptides studied
here only has one lysine residue, some doubly tagged peptides were also generated,
where the second tag must have been attached to the N-terminal amino group. The
singly tagged peptides may exist in one of the two forms, with either the lysine side-
chain or the N-terminal amino group modified. Since the TMP tagging causes a mass
shift of ~104 Da (from the charged amino group as it introduces a fixed charge) per
modification, it was possible to localize the TMP group in the lysine residue rather than
at the N-terminus (vide infra). The TMP group also fixed the charge at the nitrogen atom
on the pyridinium ring, eliminating the existence of (relatively) free protons in the doubly
tagged peptides, which allows the study of the role of hydrogen atom in the ECD
process. Furthermore, the aromatic structure of the pyridinium ring could trap the radical
generated near the TMP group, making it unlikely to propagate and induce further

reactions.
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Figure 2. 1 The e-amino group of the lysine side-chain was selectively converted to a

2,4,6-trimethylpyridinium salt.

Before analyzing the results obtained in the ECD studies of these modified
peptides and attempting to draw conclusions on the ECD mechanism, it is important to
point out that the modification also significantly changes the peptide conformational and
electronic structures, which may influence the outcome of the electron capture, such as
the preferential neutralization site and the ECD product branching ratios for different

fragmentation channels.

2.3.1 Backbone cleavages

The ECD spectra of the unlabeled, singly- and doubly-labeled Amyloid B
peptides are shown in Figure 2.2 (Ap 20) and Figure 2.3 (AB 25), with the insets showing
the cleavage patterns for the corresponding peptides. ECD of the unmodified AB 20
gave rise to many c and z type ions (Figure 2.2 a), reflecting the charge locations near
both the N- and C-termini, as well as the similar recombination energy of the charged N-

terminal amino group and the lysine side chain. On the other hand, ECD of the
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unmodified Ap 25, with both charges located near its N-terminus, produced mostly N-
terminal (b- and c-type) ions, with the only z ion (zg) being the one that contains the
lysine residue (Figure 2.3 a). Some a and y ions were also present, likely the products of
the minor channel in ECD that produces a- and y-type ions [51]. In addition, abundant b
ions were observed in both spectra, a phenomenon that was previously investigated by
Copper et al., who found that the b ion formations were common in ECD of peptides,
particularly those containing lysines but not arginines [54, 175]. Such would be the case
if the electron capture deposited sufficient energy into the precursor ion that resulted in
the formation of the excited [M+(n-1)H]™"* ion (the hydrogen atom loss product), which
was an even electron species that could follow the mobile proton dissociation pathway to
produce b-type ions.

ECD spectra of the singly labeled AB 20 and AB 25 are shown in Figures 2.2 b
and 2.3 b, respectively. For AB 20 peptide, all z ions and the cgy ion displayed a ~104 Da
mass shift from those produced in the ECD of its unmodified counterpart, but smaller c
ions that do not contain the lysine residue showed no such mass shift; thus, the TMP tag
was added to the lysine residue rather than at the N-terminus. Likewise, for Ap 25
peptide, all fragment ions containing the lysine residue displayed the characteristic ~104
Da mass shift, while those without the lysine residue showed none, unambiguously

locating the TMP tag at the side chain of the lysine residue.
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Figure 2. 2 ECD spectra of the (a) unlabeled, (b) singly-labeled and (c) doubly-labeled
Amyloid B peptide (20-29). * marks the electronic noise peak, ®2 marks the first
harmonic peak of the precursor ion, peaks marked with “~-amino acid residue” resulted
from cleavage at the C,-Cy bond, and partial side-chain losses were represented by

molecular formula of the departing group(s). Tagged precursor ions were labeled as
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[Mt'+H]?* and [Mt]** for singly- and doubly-labeled peptides, respectively. Cleavage

patterns are shown as the insets.
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Figure 2. 3 ECD spectra of the (a) unlabeled, (b) singly-labeled and (c) doubly-labeled
Amyloid B peptide (25-35). Peak labeling follows the same convention as in Figure 2.2.

Cleavage patterns are shown as the insets.
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The addition of a single TMP tag appeared to greatly reduce the abundance of
the backbone fragments, but not the number of cleavages. The intrinsic recombination
energy of the pyridinium ion (4.71 eV) [176] is much greater than that of the N-terminus
protonated peptide (3.71 eV) [177]. After the initial electron capture in a high-lying
Rydberg state, the pyridinium is far more likely to be the eventual neutralization site than
the protonated N-terminal amino group. This resulted in the formation of a stable radical
that was unlikely to undergo the typical c/ze dissociations. However, it appeared that
there was still a small but significant probability that the electron ended up at the N-

terminus, leading to the observed N-C, cleavages (vide infra).

—_— ‘ + H.
T CH,
(CH2)y O
w L
——N—CH—C——

Figure 2. 4 H loss from the TMP tag upon electron capture.

Both the abundance and frequency of the backbone N-C, cleavages were greatly
reduced with the addition of a second TMP tag at the N-terminus (Figures 2.2 ¢ and 2.3
c), as one would expect from the dissociation-recapture mechanism, since both charges
were “fixed”, and no H atom formation was expected upon electron capture. However, N-
C, cleavages were not completely eliminated from the ECD of these doubly tagged

peptides, and there were also some H loss products present, albeit in much lower

53



abundance. These H atoms were probably lost from the methyl groups on the pyridinium
ring after it was neutralized, as shown in Figure 2.4, leading to the formation of stable
even electron species, which could not undergo further radical driven processes. Since
the recapture cross section of a free H atom by a gas phase peptide ion was very low,
and the solvation of the TMP group by backbone carbonyls leading to the concerted H
atom transfer from the methyl group to the carbonyl oxygen appeared unlikely, there
must existed a second pathway to account for the observed c/z+ ions in the ECD spectra
of these doubly labeled peptides.

One possibility is that the electron was first neutralized near the TMP moiety, and
the resulting radical at the alpha carbon on the pyridine ring could abstract a hydrogen
atom from a nearby (through space) amino acid residue side-chain beta carbon,
generating a beta radical that could lead to c/z and a/x ion formations (Figure 2.5). Free
radical driven backbone cleavages have been reported by Beauchamp and coworkers in
their free radical initiated peptide sequencing (FRIPS) studies [178], and were recently
applied in the radical-directed dissociation of whole proteins in the gas phase [179]. In
this study, however, the initially produced alpha radical on the pyridine ring was
supposed to be fairly stable and unlikely to propagate; more importantly, the FRIPS
mechanism (Figure 2.5) calls for the formation of c* ions and z+-H ions, while in the ECD
spectra, only the even electron c ions and odd electron z* ions were observed. Thus, the
FRIPS-like mechanism cannot account for all the backbone fragment ions observed here.
A second possibility is that an amide superbase mechanism could be at work, where
coulomb-assisted dissociative electron attachment at the backbone carbonyls generated
an aminoketyl anion radical that abstracted a nearby proton to produce an aminoketyl

radical that could undergo facile N-C, bond cleavages. The proton most likely came from
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the methyl group on the pyridinium ring, as its acidity was increased by the positive
charge on the nitrogen atom. Further experiments employing a deuterium labeled TMP

tag would be helpful in determining the origin of the protons.
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Figure 2. 5 One possible mechanism for c/z ion formations in doubly tagged peptides.

While the number of the fixed charge tags appeared to have a profound effect on
the abundance and frequency of the backbone cleavages, the position of these tags
seemed to have a less dramatic influence. For the doubly tagged A 20, either of the two
TMP tags could be the neutralization site, or the site that provided the proton during
ECD, as substantiated by the observation of the c3, cg ions which must have retained the

charge at the N-terminal TMP tag, and the z,;, z; ions which must have had the lysine
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side-chain TMP tag as the charge carrier (Figure 2.2 c). For the doubly tagged Ap 25,
the N-terminal TMP tag was a possible neutralization site as indicated by the presence
of zg, and xg ions (Figure 2.3 c¢), but it was unclear if the tag on the lysine side chain
could also contribute to provide the proton necessary for backbone cleavages since all
observed fragments contained the lysine residue. Moreover, the cleavages did not
appear to be limited to regions that were adjacent to the charged sites in the sequence.
This would certainly be true for remote charge assisted electron capture at backbone
carbonyls, and it would also be expected if these cleavages were the results of the
through-space radical propagation. Previously, cleavages occurring spatially but not
necessarily sequentially close to the initially formed radical site have been observed
[180].

The singly tagged peptides did show some differences in backbone cleavage
abundances. When the tag was far away from the protonated site as in the case of the
AB 20 peptide, only moderate drops in z ion abundances were observed (Figures 2.2 a,
b). The c ions showed slightly more abundance decrease because their formations
required the TMP tag site to be neutralized, which did not easily lead to N-C, bond
cleavages. For the Ap 25 peptide (Figures 2.3 a, b), almost all fragment ions showed
significant decrease in abundance in the ECD spectrum of the singly labeled peptide.
This might be due to the close proximity of the protonated site and the TMP tagged site
in the AB 25 peptide, which would greatly reduce the probability that the electron capture
occurred on the protonated N-terminal site. In addition, tag locations also seemed to
influence the abundances of various side-chain loss and tag loss products (vide infra).

Aside from backbone cleavages, fragment ions that resulted from small molecule
losses, single or multiple side-chain cleavages as well as a combination of backbone,
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side-chain cleavages and small molecule losses were also observed in the ECD spectra
of all Amyloid 8 peptides studied here. These fragment ions were labeled in Figures 2.2

and 2.3, as well. All observed cleavages were also summarized in Figures 2.6 and 2.7.
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Figure 2. 6 All observed ECD cleavages of the (a) unlabeled, (b) singly-labeled and (c)

doubly-labeled AB peptide (20-29).
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Figure 2. 7 All observed ECD cleavages of the (a) unlabeled, (b) singly-labeled and (c)

doubly-labeled AP peptide (25-35).

2.3.2 Tag and alkyl group losses

It has been shown previously in a neutralization-reionization study of gas-phase

pyridinium ion that the pyridinium radical preferentially lost the N-bound H or D atom to

reform the aromatic ring [176], which competed favorably over the hydrogen

rearrangement within the pyridinium ring. For the doubly TMP tagged peptides studied

here, this implied that loss of the whole tag should be a favored process upon electron

capture (Figure 2.8). However, as can be seen from Figures 2.2 ¢ and 2.3 c, the tag loss
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peaks were much weaker (by as much as an order of magnitude in the latter case) than
the corresponding peaks with loss of the tag and an additional methyl group. Figure 2.9
represents two possible pathways for the generation of the tag loss product with an
additional methyl loss, which led to the formation of a charged even electron species that
was detected, and a stable radical species with the radical residing on the alpha carbon.
The latter may also exist in several other possible resonance structures. Figure 2.9 a
represent the McLafferty rearrangement pathway, which may be readily present because

of the low activation barrier.
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Figure 2. 8 Tag loss after the electron capture.
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Figure 2. 9 Methyl group loss from the tag loss product.

Alternatively, the methyl group lost could come from elsewhere on the peptide
such as the valine side chain (Figure 2.9 b). The loss of the TMP tag left the radical site
on the e-carbon of the lysine side-chain, which was an unconjugated primary radical, a
fairly reactive species prone to further radical rearrangements. This radical may abstract
a hydrogen atom from the alpha carbon of the valine residue, leading to the additional
loss of methyl group (Figure 2.9 b). This mechanism was actually supported by the
following observations. First of all, the relative abundance of the tag loss product with
additional methyl group loss to that without was much higher for the doubly labeled AB
25 than the doubly labeled AB 20. Since the AB 25 has several leucine and isoleucine
residues which could also lead to methyl loss from the tag loss product upon H atom
abstraction from the alpha or beta carbon, this observation lends same support to the

model in Figure 2.9 b; whereas in the case of the AB 20, for this model to be correct, the
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H atom abstraction would have to take place at the alpha carbon of the single valine
residue. Secondly and more importantly, fragment ions corresponding to additional loss
of other alkyl groups such as the ethyl and propyl were only observed in ECD of the A
25, corresponding to the presence of multiple leucine/isoleucine residues. Had Figure
2.9 a been the major pathway for the combined loss of tag and methyl groups, tag plus
ethyl loss would only have been observed if the originally abstracted H atom was from
the beta rather than the gamma carbon of the lysine side-chain.

For singly labeled peptides, the methyl loss peaks were much stronger than the
tag loss peaks, particularly for the singly labeled Ap 20, where it was the most abundant
fragment ion (Figure 2.2 b). The methyl group did not appear to come from the TMP tag,
since the addition of a second tag greatly reduced the abundance of the methyl loss
product for both peptides. Once again, the most likely source of the methyl group was
the side chain of the valine residue, where the initially formed radical could abstract a
hydrogen atom from the alpha carbon of the valine residue, and the resultant alpha
radical could lose one of the two methyl groups to form a stable even electron species
(Figure 2.10). Selectively deuterating the TMP tag or the valine residue would help to
identify the source of the lost methyl group. For AB 25, the alpha radical on the one of
the isoleucine residues or the beta radical on either the isoleucine or leucine residue
could also lead to the loss of a methyl group (Figure 2.10), although the methyl loss
peak there was much weaker than in the ECD spectrum of the AB 20. This might be due
to the different conformations of the two peptides, with the AB 20 having the valine
residue closer to the TMP tag on lysine, and the AB 25 having the tag farther away from

the isoleucine/leucine residues. Likewise, the dramatic abundance drop of the methyl
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loss product ions when a second TMP tag was added to the N-terminus may also be due

to the conformational changes.
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Figure 2. 10 Methyl loss from the valine (R = CH3) and isoleucine (R = CH,CH3) side-

chains.

2.3.3 Other small molecule and side-chain losses

Small molecule and side-chain losses are common in ECD of multiply protonated
peptides [53]. The hydrogen atom generated from the neutralized protonated site plays
an instrumental role in the proposed mechanism. Such was also the case for the ECD of
the unlabeled peptides studied here, where ammonia and water losses as well as side-
chain losses from serine, asparagine, lysine, isoleucine, leucine, and methionine

residues were observed.
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In a previous study, ECD of substance P modified with coumarin tags produced
far more side-chain cleavages than the unmodified peptide, and the abundances of
these side-chain cleavage products appeared to increase with the number of the tags
[161]. It was believed that the presence of radical traps inhibited the backbone cleavage
pathways, thus redirecting the radical to the side chains, possibly by changing the gas
phase conformation of the peptide. A closer examination revealed that the great majority
of the side-chain loss products from the ECD of the tagged substance P were also
accompanied by tag loss. The (singly) lysine tagged substance P did produce some
“pure” side-chain loss products, albeit in lower abundances. Similar trends were
observed here, where most enhanced side-chain cleavages were primarily observed
when they were also accompanied by tag loss. One notable difference is the abundant
solo methyl loss peak observed in singly tagged Amyloid peptides and the doubly tagged
AB 20.

These trends can be explained by the number of available protonation sites, and
the tag’s ability to stabilize a racial. For the singly tagged substance P, the likely charged
sites were the arginine side-chain guanidine group and the remaining untagged amino
group, which upon electron capture could produce the hydrogen atom initiating side-
chain cleavages. For the doubly tagged substance P, one of the charge carriers was the
protonated guanidine group, and the other most likely was the protonated amide
nitrogen on the tagged site. The latter would be the favored neutralization site upon
electron capture, which led to the loss of the neutral tag and left the radical site on the
peptide lysine side-chain, capable of inducing secondary side-chain cleavages. As a
result, for doubly tagged substance P, all observed side-chain cleavages were from the

tag loss products [161].
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Unlike the singly tagged substance P, all tagged AP peptides studied here
contained at least one non-protonated charge carrier (the fixed charge tag), which also
happened to be the preferred neutralization site due to its larger recombination energy.
As discussed earlier, the electron capture at the TMP tag resulted in the loss of the
neutral tag as a primary product (although not necessarily the most abundant product),
which could undergo secondary side-chain losses as the radical site remaining on the
peptide was a primary radical with relatively low stability (Figure 2.8). Consequently, in
the ECD spectra of the TMP tagged peptides, whether with one or two tags, most
observed side-chain loss products were secondary fragment ions from the tag loss
product, just like what have been observed in the ECD of the doubly tagged substance P.
However, in the ECD spectra of singly labeled AP peptides, some side-chain losses
without accompanying tag loss were also observed. These were often accompanied by
NH; loss instead, such as the -CH3-NH; peaks in Figures 2.2 b and 2.3 b, and the -NH;-
CH,SCH3; peak in Figure 2.3 b. Thus, the protonated N-terminal amino group may also
be a possible neutralization site, even though it may not be the favored one, in

accordance with the observation of multiple z ions in Figure 2.2 b.

2.3.4 Secondary and internal fragment ions

Both d and w ion formations resulting from secondary side-chain cleavages after
the primary N-C, bond cleavage were common in ECD of multiply protonated peptide
ions. Their abundances were often dramatically increased with increased precursor ion
internal energy, such as in hot ECD or AI-ECD, which was very useful in differentiating
the isomeric leucine and isoleucine residues [62, 160]. Other types of secondary

fragments requiring radical migration from the alpha carbon at the cleavage site prior to
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secondary side-chain cleavages have also been observed previously [54, 144]. For the
unlabeled peptides studied here, many z ions experienced secondary side-chain
cleavages (Figures 2.2 a and 2.3 a), but none of the c ions displayed any secondary
side-chain losses, as the latter did not contain a radical site. Some secondary fragment
ions resulted from loss of different groups from the same side-chain. Thus, the hydrogen
atom abstracted did not appear to be limited to those on the backbone alpha carbons;
some of the ions observed would require the hydrogen atom on the side-chain to be
abstracted prior to secondary cleavages. For example, the zg ion from the ECD of the AB
25 peptide could lose either the even electron CH3-S-CH=CH, molecule or the odd
electron CH;-S-CH,e radical (Figure 2.11). Complete side-chain loss from the leucine or
isoleucine residue was also apparent, which left the radical on the peptide backbone that
could initiate further cleavages. This was evident in Figure 2.3 a, where zg ion with

multiple side-chain losses was observed.
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Figure 2. 11 Methionine side-chain losses from z8 ion.
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The ECD spectrum of the singly tagged AB 20 peptide contained many similar
secondary fragment ions as seen in that of the unlabeled peptide. These [z — R] ions
(where R denotes a side-chain) were almost certain to result from the electron capture
by the protonated N-terminal amino group, as the lysine TMP tag must retain its charge
so that they could be detected. Furthermore, several methyl loss peaks from various z
ions were present in the ECD spectrum of the singly labeled Ap 20 peptide, but were
absent in that of the unlabeled peptide. No z ions smaller than zg experienced the methyl
loss, thus the methyl group most likely were lost from the valine side-chain, instead of
from the TMP tag. It was unclear, however, why the presence of a TMP tag enhanced
the methyl loss from both the charge reduced molecular ion and the primary z ions, as it
did not appear to be directly involved (i.e. the methyl was unlikely to come from the TMP
tag). For the singly tagged AP 25 peptide, neither z ions nor secondary fragment ions
from z ions were observed. This was probably due to the close proximity of the N-
terminus and the TMP tag, which made the electron capture at the N-terminus less likely
than when they were farther apart as in the case of the singly tagged Ap 20 peptide.
However, extensive secondary fragmentation was observed on the molecular ion that
had lost the neutral tag only or the neutral tag along with partial or full loss of the lysine
side-chain (Figure 2.3 b), provided that the radical still resided within the peptide after
the tag or lysine side-chain loss. ECD of both doubly tagged peptides produced plenty of
secondary side-chain loss products after the initial tag or lysine side-chain loss, just like
the singly tagged AP 25 peptide. In absence of a protonated site, the electron capture
was certain to take place at the TMP tagged site, generating a radical upon neutral tag
loss, which can initiate further cleavages.
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Finally, some internal fragments were observed with high mass accuracy in both
the unlabeled and labeled peptides (Figures 2.2 a and 2.3 a-c). These have not been
previously reported, most likely because of the charge locations near the termini for
substance P and the tryptic peptides commonly studied. The two peptides studied here
have one of the charge carriers, the lysine residue, in the middle of the sequence, thus
making possible the detection of internal fragment ions generated, particularly when the
charge was fixed on the lysine residue. Their abundances were fairly low compared with
those of the terminal fragment ions, probably because of the many other channels, such
as the secondary side-chain loss channels, present that were more favorable due to low
activation energies or less stringent conformational requirements. Nonetheless, the
presence of these internal fragments demonstrated further that the free radical cascade
mechanism could play an important role in the backbone cleavages during ECD of linear

peptides as well.

2.4 Conclusion

The addition of fixed charge groups (TMP) significantly changed the ECD
behavior of two amyloid B peptides. In general, a higher number of TMP tags correlated
with fewer backbone cleavages and more abundant side-chain cleavages. The TMP tag
was chosen because of its ability to stabilize (trap) the originally formed radical upon
electron capture, as well as its non-protonated nature which was postulated to inhibit the
hydrogen atom formation that was essential for the N-C, bond cleavage in the
dissociation-recapture mechanism. Although low abundance H loss products were
observed in the ECD spectra of doubly tagged peptides, the H atoms generated there

were not expected to play an important role in backbone cleavages due to the small

67



cross section for its recapture by the peptide and the unlikelihood of the fixed charge site
to form a hydrogen bond with backbone carbonyls to initiate concerted hydrogen atom
transfer for N-C, bond cleavages during ECD. Still, some ¢ and z type ions were
observed in the ECD of doubly tagged peptides, demonstrating that there existed other,
non-H atom mediated, pathways for c/ze ion formations in ECD, which may be radical
driven, or resulted from the coulomb-assisted dissociative electron transfer. However,
because the modified peptides often have very different electronic and conformational
properties from the unmodified ones, these results did not necessarily undermine the
importance of the hydrogen atom in the ECD of peptides. In fact, the opposite might be
true as the doubly tagged peptides without a protonated site produced far fewer and less
abundant backbone cleavages.

The apparent blocking of the backbone fragmentation channels seemed to open
up new channels for side-chain cleavages, possibly as a result of the redirection of the
radical site towards side chains. Most side-chain cleavages from the TMP tagged Ap
peptides were accompanied by the tag loss. This reaffirmed that the charge
neutralization predominantly occurred at the TMP tag, which could easily lose the tag
and generate a primary radical that can initiate further side-chain cleavages. Secondary
fragment ions were abundant in the ECD spectra of both AB peptides, with or without the
TMP tag(s). Frequently, these ions were the results of secondary cleavages following
through-space hydrogen atom abstraction. Future experiments employing selectively
deuterated TMP tag or amino acid side-chains can help to explain different processes in
the ECD of these modified peptides. Finally, several internal fragments were observed in

the spectra, which provide strong support to the free radical cascade mechanism.

68



Chapter 3

Charge Remote Fragmentation in ECD and ETD

3.1 Introduction

3.1.1 Free radicals generated by various MS methods

Free radical induced gas-phase fragmentation processes in peptides/proteins
have been extensively studied. A variety of methods have been employed to generate
free radicals in gas phase peptides/protein ions, including homolytic cleavages of
covalent bonds that couple the chemical/chromophore groups or radical initiators to
peptides, dissociation of noncovalent complexes of peptides, and peptide ion-
electron/ion-ion interaction methods. For example, the weak covalent bonds in the lysine
peroxycarbamates (LPC) and the free radical initiator Vazo 68-peptide conjugates may
be collisionally activated to generate free radicals in peptide ions [178, 181, 182]. CID
may also be used to generate radical cations from the S- and N-nitrosopeptides or
sodiated nitrate esters of serine and homoserine derivatives [183, 184]. Site specific
radical directed dissociations can be induced by photodissociation (PD) of a carbon-
sulfur (C-S) bond introduced at phosphorylated serine and threonine residues through
elimination of the phosphate in basic solution followed by addition of a thiol with an
attached naphthyl based chromophore group [185], or PD/CID of a carbon-iodine (C-I)

bond at iodinated tyrosine, and to a lesser extent, iodinated histidine [179]. CID of the

"This chapter has been partially/entirely reproduced from
Xiaojuan Li, Cheng Lin, Liang Han, Catherine E. Costello, and Peter B. O’Connor. Charge remote
fragmentation in electron capture and electron transfer dissociation. Journal of the American Society for
Mass Spectrometry. 2010, 21, 646-656. Copyright 2010 Elsevier.
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ternary complex [Metal(L)(M)]™" that contains a metal ion such as Cu(ll) or Co(lll), an
auxiliary ligand L (typically an amine) and oligopeptide M has been shown to generate
molecular radical cations (M*) [186-189]. The PD-CID of the crown ether based
photolabile iodonaphthyl radical precursor/peptide complexes can also generate radicals
on the side chain, which mediates the backbone fragmentation [190]. Most of these
methods require re-isolation of the radical peptide ions and further collisional activation.
On the other hand, ion-electron/ion-ion interaction methods can simplify the analysis
process by avoiding the prior covalent modification, formation of complexes, and/or
additional isolation/reactivation steps. Multiply protonated peptides can interact directly
with high energy (>10 eV) and low energy (< 0.2 eV) electrons to generate radical
peptide ions, as observed in EID [70, 71, 191] and ECD [38, 45, 52], respectively.
Radical anions may also be used to transfer an electron to the multiply protonated
peptides to induce backbone fragmentation pathways similar to those observed in ECD,

as demonstrated in ETD [64-66].

3.1.2 Freeradicals in ECD and ETD

As described in the previous chapters, in ECD, after electron capture by the
multiply protonated peptide ion, the subsequent non-selective N-C, bond cleavage
generates an even-electron c ion and a radical z- ion [38, 45, 52]. The radical located on
the N-terminal o-carbon of the z+ ions may initiate further rearrangement reactions to
induce many kinds of secondary fragmentations along the peptide backbone or on the
side chain. A common fragmentation channel is the alpha cleavage of the C4-C, bond of
the N-terminal residue of the z+ ion, resulting in the formation of w-ions. However, the

radical may also migrate to other positions via hydrogen abstraction to induce bond
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cleavages remote from the initial radical site, similar to the dissociation pathways
observed in the vacuum ultraviolet (VUV) photodissociation of peptide ions, and the
surface induced dissociation (SID) and CID of peptide radical cations [192, 193]. In ECD,
the likelihood of radical rearrangement generally decreases as the distance between the
primary cleavage site and the hydrogen abstraction site along the peptide backbone
increases, although through-space hydrogen abstraction does occur [142, 156]. Neutral
losses from the reduced precursor ions and secondary side chain losses from ze ions in
ECD have been studied extensively in linear peptides [53-55, 150, 159, 194-196]. Loss
of the entire or partial side chain from z* ions was considered to be associated with the
y- or a-radical formation on the corresponding amino acid, respectively [55, 194].
Because these secondary fragmentations do not involve the charge directly, and the
bond cleavage sites are spatially remote from the charge carrier site, they can be
considered as “charge-remote fragmentations” (CRFs) [189, 197-202]. CRFs are not as
common in ETD, presumably because of the less energy deposited upon electron
transfer, as well as the collisional cooling effect present in the ion trap commonly used to
carry out ETD experiments. However, when z+ ions from ETD were collisionally activated,
extensive radical induced fragmentations were also readily observed [203]. CRF may
also lead to secondary backbone cleavages, as evident in the ECD of doubly charged
cyclic peptides, where multiple backbone cleavages and side chain losses were
observed with the capture of a single electron [56]. A free radical cascade (FRC)
mechanism was proposed, in which the initial a-radical can propagate along the peptide
backbone to generate another a-radical with a stable even-electron neutral as the
leaving group. FRC also predicts the formation of internal fragments in ECD of linear

peptides. However, since most peptide ions studied in ECD experiments are ESI-
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generated tryptic peptides with charges located near the termini, the internal fragments,
even if formed, would be neutral and undetectable. Nevertheless, for non-tryptic
peptides, or for tryptic peptides with basic residues(s) located in the middle of the
sequence either due to missed cleavage(s) or the presence of histidine residue(s),
internal fragments may be detected. To test this hypothesis, three synthetic peptides
were investigated by ECD and ETD. Internal fragment ions were observed and the
postulated mechanisms were discussed. Side chain losses were also investigated to

help further understand the radical’s fate in z¢ ions.

3.2 Experimental section

3.2.1 Materials and ECD experiments

Human oA crystallin peptide (1-11, MDVTIQHPWFK), the deamidated form of
human BB2 crystallin peptide (4-14, HETEAGKPESL) (both from Anaspec, Fremont, CA,
USA), and amyloid B peptide (25-35, GSNKGAIIGLM) (Bachem AG, Philadelphia, PA,
USA) were used without further purification. All other chemicals were purchased from
Sigma (St. Louis, MO, USA). The peptides were analyzed by ECD at ~10° M
concentration in the spray solution containing 49.5:49.5:1 (v/v/v) methanol: water: formic
acid. ECD analysis was performed on the custom built ESI gqQg- FT-ICR mass
spectrometer equipped with an external nanospray source and a 7 Tesla actively
shielded magnet as described previously [77, 78]. In the ECD experiments, the multiply
charged precursor ions were isolated in the front end quadrupole (Q1), and externally
accumulated in the collision cell (Q2). These ions were then transmitted to and trapped

in the cylindrical ICR cell by gated trapping. The trapped ions were irradiated with low
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energy electrons (~0.2 eV), generated by an indirectly heated dispenser cathode
(Heatwave, Watsonville, CA, USA). A grid, located in front of the cathode, was kept at
+10 V to help guide the electrons into the ICR cell. The transients were zero-filled twice
and Fourier transformed without apodization. All spectra were internally calibrated using

the precursor and charge reduced ions.

3.2.2 ETD experiments

The ETD experiments of these three peptides were performed on an AmaZon
(Bruker Daltonics, Bremen, Germany) lon Trap instrument equipped with an Apollo Il ion
source, at the concentration of ~1 uM in the same spray solution as used in ECD
experiments. The low mass cutoff value was m/z 100-120 and the reaction time was
between 100-120 ms. Smart Decomposition was employed to improve fragmentation

[67].

3.3 Results and discussion

ECD measurements of three synthetic peptides were performed, with one
mimicking a tryptic peptide and two being non-tryptic peptides. Figure 3.1 shows the
ECD spectrum of the tryptic peptide (oA crystallin peptide, 1-11) with a histidine residue
in the middle of the sequence. Figure 3.2 and Figure 3.3 show the ECD spectra of two
non-tryptic peptides (amyloid  peptide, 25-35 and the deamidated form of B2 crystallin
peptide, 4-14) each containing a lysine residue in the middle of the peptide sequence. In
the ECD and ETD spectra of this study, peaks corresponding to both the charge-
reduced molecular ions and its hydrogen loss products ([M+nH]™"* and [M+(n-1)H]""*)
were observed. These spectra were dominated by ¢ and ze ion series, as expected.

73



There were also several b ions present in the spectra, particularly in Figure 3.2, in
agreement with previous studies [175, 204]. In addition, peaks corresponding to entire

and partial side chain losses from z« ions, as well as internal fragments were observed.
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Figure 3. 1 ECD spectrum of oA crystallin peptide (1-11). * represents the electronic
noise peak or salt adducts, o represents the harmonic peaks. Peaks marked with “-
amino acid residue” represent the entire side chain losses, and the partial side chain
losses are represented by the molecular formulas of the departing group(s). Side chain
loss means loss from the charge-reduced molecular ions. The cleavage pattern is shown

as the inset.
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Figure 3. 2 ECD spectrum of amyloid 3 peptide (25-35). Peak labeling follows the same

convention as in Figure 3.1. The cleavage pattern is shown as the inset.
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Figure 3. 3 ECD spectrum of the deamidated form of BB2 crystallin peptide (4-14). Peak
labeling follows the same convention as in Figure 3.1. The cleavage pattern is shown as

the inset.
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3.3.1 Entire side chain loss from z¢ lons associated with y-radical formation on the

side chain

For amino acids containing y-hydrogen(s) on their side chains, entire side chain
losses from ze ions may be observed, usually at sites remote from the primary backbone
cleavage sites [189, 190, 193, 194]. These amino acids include: lle/Leu, Lys, Arg, Glu,
GIn, Cys, Met, and Val. Figure 3.4 illustrates a possible mechanism for the loss of the
entire side chain, using glutamine as an example. After the initial ze fragment formation,
the a-radical on the N-terminal carbon of the z- fragment may abstract one hydrogen
from the y-carbon of the glutamine side chain, and the newly formed y-radical can
undergo an a-cleavage reaction and release the side chain as an even-electron, neutral
species from the peptide, leaving the radical on the peptide backbone. For example, in
the ECD spectrum of the aA crystallin peptide (1-11), the entire glutamine side chain
was lost from the z;¢ and zge ions, and the lysine side chain was lost from the z;¢ ions
(Figure 3.1); in none of these cases is the backbone cleavage site adjacent to the site of
side chain loss. In other ECD spectra, glutamic acid side chain losses from z+ fragments
were also detected with low abundance (data not shown here). In the ECD spectrum of
amyloid B peptide (25-35), peaks corresponding to entire side chain losses from ze

fragments of leucine/isoleucine, or methionine were also observed (Figure 3.2) [205].
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Figure 3. 5 Entire side chain loss from ze ions via gamma hydrogen abstraction involving

aromatic amino acids.

In the ECD spectrum of the oA crystallin peptide (1-11) (Figure 3.1), a series of
peaks corresponding to loss of the entire side chain of a tryptophan residue (129 Da)
from the z« fragments were observed, some of which have relatively high abundance,
such as the zge-Trp at m/z 911. For all of these z+-Trp ions, the backbone cleavage sites

were remote from the tryptophan residue. This remote loss of tryptophan side chain from
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z* ions has been reported previously in ECD and ETD studies, the latter of which
required additional collisional activation [194, 203]. Siu and coworkers have observed
the 129 Da loss of the tryptophan side chain in the CID mass spectra of the M*™ ion of

2+

WGG formed by the collisional induced dissociation of the [Cu"(dien)M]** complex [187],
where they proposed that the tryptophan side chain was lost as a carbene species,
following the 1,4-proton transfer that puts the charge on the backbone carbonyl and the
radical on the B-carbon. Although there is no y-hydrogen in the common canonical
representation of the tryptophan structure as previously suggested [193, 194], a
tautomeric form of tryptophan does contain a y-hydrogen, which can be used to explain
the abundant tryptophan side chain losses present here, as illustrated in Figure 3.5. This
postulated mechanism may also account for the side chain loss from tyrosine residue
(106 Da), as seen in both ECD of protonated peptide ions [194] and CID of peptide
radical ions [186]. Phenylalanine does not have a hydroxyl group to generate the
tautomeric structure like tyrosine, and loss of the entire phenylalanine side chain from ze
ions has seldom been observed, except once as reported in the literature, but under
unusual conditions [161]. The histidine residue can assume a y-hydrogen containing
tautomeric form as well, which may lead to a complete side chain loss of ~80 Da,
although it has not been observed in ECD to date. Nonetheless, histidine side chain loss
has been reported in the dissociation of the hydrogen deficient peptide radicals [190], as
well as in the CID and SID spectra of M™ ions [189]. This potential ~80 Da loss is
different from the ~82 Da loss from the charge reduced species reported in previous
studies [53, 196]. The ~82 Da loss proceeds via a different mechanism, where the
charge neutralization at the protonated imine nitrogen site generates a stable carbon

radical to induce loss of the entire side chain. It is important to note that these neutral
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side chain losses are different from the cationic side chain losses in the EID spectra of
protonated aromatic amino acid or peptides containing aromatic moieties, where the
electron ejected by El is typically from the aromatic ring itself, leaving both the charge
and the radical on the aromatic ring. This radical cation may rearrange to lose a cationic
species which is one Da higher than that of the neutral loss (tryptophan: 130 Da,
phenylalanine: 91 Da, tyrosine: 107 Da, and histidine: 81 Da) [71].

Multiple side chain losses from z+ ions were also observed in ECD spectra. For
example, in the ECD spectrum of the amyloid 3 peptide (25-35), peaks corresponding to
the losses of lle/Leu and Met side chains from the zg* fragment were observed (zg -
lle/Leu-Met) (Figure 3.2). This is expected, as loss of the entire side chain leaves the
radical on the backbone, which may induce further fragmentations. As long as the

radical still remains on the backbone, the side chain loss cascade may continue.

3.3.2 Partial side chain loss from ze ions associated with a-radical formation on

the side chain

Furthermore, in Figure 3.1, there were a series of peaks corresponding to the
partial side chain losses of glutamine residue (C,H4NO) from z+ ions, with the glutamine
residue located either directly at the backbone cleavage site or several amino acids
away from it. In this peptide, the zg* -C,HsNO fragment was assigned as the wg ion
resulting from the direct cleavage of the Cy-C, bond adjacent to the initial radical site,
because the side chain loss occurred at the site N-terminal to the only glutamine residue
in the sequence. The other partial side chain losses of glutamine from z+ ions had to be
formed via through space radical rearrangement. The detailed mechanisms for the

partial glutamine side chain losses from z* ions are shown in Figure 3.6, similar to those
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proposed by other groups [56, 190, 193, 194]. The a-carbon radical, either in the original
position or as a result of the a-hydrogen abstraction will initiate an a-cleavage reaction
to break the bond between the B- and y-carbons of the side chain. This will induce the
partial loss of the side chain while the radical remains on the lost neutral species, and an
even-electron species is formed for the remaining z fragment. Thus, the a-radical, N-
terminal to the z« fragment may induce the partial side chain losses in ECD via through-
bond (w ion formation, Figure 3.6 a) or through-space (Figure 3.6 b) mechanisms. The

remaining z fragments contain no radicals to initiate further reaction.
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Figure 3. 6 Partial side chain loss from z« ions via alpha hydrogen abstraction [through-

bond, (a) and through-space, (b)]

A series of partial glutamic acid side chain losses (C,H;0,) from the

corresponding z+ ions were observed in the ECD spectrum of the deamidated form of the
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BB2 crystallin peptide (4-14) as well (Figure 3.3). For this peptide, some of the side chain
loss fragment ions contain multiple glutamic acid residues located either directly at, or
remote from, the backbone cleavage sites. The zg* -C,H;0, and z4p* -C,H30, ions may
be generated either as the w ions or formed following radical migration, while the other
z+ -C,H30, ions had to be formed subsequent to through-space hydrogen abstraction.
The high frequency of the partial side chain losses of z* ions indicates that, after the
formation of z+ ions in ECD, the radical on the z+ ions will have ample time to migrate
and induce further cleavages, without the need of additional activation. These secondary
fragmentations usually do not depend on the charge location in the peptides. Thus, the
CRF may be a common pathway for partial side chain losses from z« ions, especially in
tryptic peptides which usually have a charge carrier at the C-terminus, that permits the
detection of secondary C-terminal fragments.

This phenomenon has important implications in de novo sequencing. A specific
side chain loss from ze ions does not warrant the assignment of that amino acid at the
cleavage site because the loss may occur at remote sites. For example, in the
differentiation of Leu/lle, it is not sufficient to identify Leu/lle solely based on the mass
difference between the w- and the corresponding z+ ions, because the partial side chain
loss of Leu/lle may not come from the N-terminus of the z+ ions at all [54, 62]. In the
ECD spectrum of the amyloid p peptide (25-35) (Figure 3.2), partial side chain losses of
leucine and isoleucine (CsH; and C,Hs) from zge fragment were observed to occur
several residues away from the backbone cleavage site. In addition, for the partial side
chain losses of the leucine residue from z« ions in the ECD spectrum of the deamidated
form of B2 crystallin peptide (4-14) (Figure 3.3), the backbone cleavage sites were

seven or eight residues away from the C-terminal leucine. Thus, it is important to assign
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the residue as a Xle (meaning either Leu or lle) based on the mass difference between
adjacent backbone fragment ions before looking at the side chain loss peak for
differentiation of Leu and lle residues, and if several different Leu/lle residues exist on
the same peptide, the assignments may be ambiguous. In addition to lle/Leu isomer
differentiation, ECD can also be used to distinguish aspartic acid (Asp) and isoaspartic
acid (isoAsp) based primarily on the presence of diagnostic c+57 and z+-57 ions for
isoAsp containing peptides [206-210]. The Asp/isoAsp result is likely to be less affected
by secondary side chain cleavages as it results from the primary backbone cleavage of
the C,-Cy bond, but for cases where several Asp/isoAsp residues are available in the
same peptide, similar ambiguity to the Leu/lle question discussed above could arise.

It has been suggested that o-hydrogen abstraction proceeds via a stepwise
mechanism [55]. However, in the current study, partial side chain loss of methionine
residue (C,HsS) from zg* ions was observed abundantly (Figure 3.2) with the methionine
residue located at the C-terminus of the amyloid B peptide (25-35), which was seven
residues away from the backbone cleavage site. This suggests that o-hydrogen
abstraction may also proceed through space in a single step and that the abundance of
the CRF fragments is influenced by both the spatial proximity and the sequence
proximity of the amino acid side chain to the backbone cleavage site. Similar through
space hydrogen transfer may also occur in y-hydrogen abstraction leading to the entire
side chain losses from residues distant from the original radical site. This hypothesis is
supported by the presence of a strong peak corresponding to the zge-Trp ion, which is
not only much more abundant than the smaller z.,»-Trp (n=5-7) ions despite the
comparable intensity of the related z+ ions, but also has an intensity higher than that of
any other side-chain losses from zg* ions, even though the threonine and the glutamine
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residues are both closer to the backbone cleavage site than the tryptophan residue. Of
course, one has to take into account the reactivity of the originally formed a radical and
the stability of the radical in its new position, which can also affect the abundance of the
side chain losses. Nevertheless, the abundant distant side chain losses observed in the
present study underscore the importance of gas phase peptide ion conformations in
secondary fragment ion formations in ECD.

In addition, it was found that the w-ions are not always more abundant than the
same side chain losses in longer fragment ions. For example, in Figure 3.1, the most
abundant partial GIn side chain loss was from the zg* ion, rather than the zz* ion, the
latter of which produced wg. This is in contrast with the observation in a previous study
[194], where the intensity of ws ions was found to be consistently at least twice as high
as those resulting from the same side chain loss from larger z,¢ ions, where n26. In that
previous study, ECD was applied to synthetic peptides with mostly glycine residues
which can only induce limited side-chain interactions. In more complicated peptides as
those studied here, gas phase conformations will influence the secondary fragment ion
abundances, even to the extent that could invalidate the criterion for differentiating w

ions from u ions as proposed in earlier studies [63, 194].

3.3.3 Internal fragments associated with B-radical formation on the side chain

from zeions

Four peaks corresponding to internal fragments were found in the ECD spectrum
of the deamidated BB2 crystallin peptide (4-14) (Figure 3.3). Three of them, zg-cg/z7-Cq,
Zg-Co, Z10-CslZg-Cg are even-electron species, and one (zg-ag*) contains a radical. The

internal fragments discussed in this study were labeled by the ion types at both ends,
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with each named after the backbone fragment ion that would have been generated, had
the other end been the uncleaved C- or N-terminus of the peptide. The N-terminal ends
of all these internal fragments result from N-C, bond cleavage, while the C-terminal ends
mimic either a c- or an a-type fragment ion. This suggests that the internal fragment was
generated from a ze ion with its radical initiating the secondary cleavage on the peptide
backbone. Figure 3.7 illustrates the postulated mechanisms for the internal fragment
formation. The ze radical can abstract a hydrogen atom from the B-carbon of the amino
acid side chain to generate a B-radical, which can then induce a-cleavage to generate
the secondary cleavage on the peptide backbone. If the a-cleavage occurs toward the
C-terminal side of the B-radical, it will generate a z-a type internal fragment ion (Fi