ABSTRACT

Structural Analysis of Biomolecules Using lon Mobility and Mass Spectrometry:
Exploration of lon Rearrangements and Conformations

Brett Daniel Harper, Ph.D.

Mentor: Touradj Solouki, Ph.D.

Early diagnosis of diseases is dependent on the development of reliable
physiological and biochemical tests. The most precise medical tests employ analytical
methods to identify specific molecules (“biomarkers”) or molecular signatures
(“biomarker panels”) to monitor physiological responses to disease progression. It is
conceivable that, one day, every disease could be classified by monitoring changes in
biomolecular compositions. To realize this goal, however, it is necessary to develop
highly sensitive tools that are capable of providing structural information about minute
components of complex mixtures at the molecular and biologically relevant levels.
Currently, mass spectrometry (MS) is the most suitable technique for routine and
comprehensive molecular characterization of complex samples such as blood, saliva,
urine, and tissue. Although MS is a promising tool for clinical diagnosis of diseases, ion
rearrangements and presence of structural isomers can limit its utility. In this dissertation,
results from investigations of ion rearrangements and biomolecular structures, using

cutting-edge MS and ion mobility (IM)-MS techniques, are presented.



In Chapter One, the operating principles of various types of mass and IM
spectrometers, and their applications to analysis of biomedical systems, are discussed.
Next, results from isotope labeling, tandem mass spectrometry, and IM-MS are presented
to demonstrate that losses of internal backbone carbonyls from y-type peptide ions are
intermediate steps towards the formation of rearranged fragment ions (Chapter Two). In
Chapter Three, MS, IM-MS, and theoretical modeling data are presented to demonstrate
that collision-induced dissociation (CID) of 5’ phosphorylated DNA can generate
rearranged [phosphopurine]” product ions.

Limited IM resolving powers may hinder adequate characterization of
conformationally similar ions and reduce the accuracy of IM-based collision cross section
(CCS) calculations. In Chapter Four, chemometric deconvolution of post-IM/CID MS
data is used to extract IM drift times (DTs) of IM-unresolved isomers. Extracted DTs are
used to calculate CCSs that are comparable to CCSs calculated from individual analysis
of each isomer using traveling wave and drift tube IM-MS and the superposition
approximation (PSA) molecular modeling. Finally, in Chapter Five, future directions and
preliminary results from application of techniques discussed in Chapters One through

Four to rapid analysis of tissue is presented and discussed.
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CHAPTER ONE

Introduction

Multidimensional Biomedical Mass Spectrometry and Allied Techniques

Mass spectrometry (MS) refers to a variety of analytical tools that are used to
experimentally measure the mass-to-charge ratio (m/z) of ionized molecules and atoms.
Because each element has a unique mass and isotopic distribution, mass spectra can be
thought of as molecular “fingerprints” to identify analytes.' Moreover, using high-
performance instruments and advanced MS techniques, information about molecular
structure(s) and conformation(s) can be obtained. Although there are numerous types of
commercial mass spectrometers available to address a variety of scientific inquiries, all
MS systems are composed of three principal components that are generally housed in a
vacuum or an ultrahigh vacuum (UHV) chamber: (1) ionization source, (2) mass
analyzer, and (3) detector. In the following sections, various types and operating

principles of these three major components of MS systems are presented and discussed.

lonization Sources

The first step in MS analysis, after the analyte introduction, is ionization of the
sample species. lonization is the process of adding (or subtracting) a positive or negative
charge to (or from) a neutral molecule or atom and is commonly achieved in the
ionization source of the mass spectrometer. There are many types of ionization
techniques employed in MS and these ionization types can each be broadly classified as

one of the following two types: (1) “hard” ionization; (2) “soft” ionization.? In



experiments involving “hard ionization”, the precursor molecules being analyzed may go
through highly energetic and extensive ion fragmentation processes and yield a number
of fragment ions.? Soft ionization techniques, on the other hand, are characterized by little
to no fragmentation of the analyte molecules.? Although hard ionization techniques (e.g.,
electron impact ionization (E1)*®) are popular for small molecule (e.g., < 1000 Da)
analysis,” soft ionization techniques (e.g., electrospray ionization (ESI)®® and matrix

assisted laser desorption ionization (MALDI)**

), have become increasingly popular for
analysis of larger biomolecules, such as proteins, deoxyribonucleic acids (DNAs), and
lipids.* In the following section, a brief introduction of electrospray ionization (ESI) and

closely related ionization techniques as well as their biomedical applications are

provided.

Electrospray ionization (ESI). ESI was first described in the literature by Dole et
al. in 1968.° However, the technique was not widely recognized until 1989 when Fenn et
al. demonstrated that ESI could be used to analyze intact macromolecules via MS.’
Fenn’s discovery was a breakthrough in the MS community as it paved the way for
broader biomedical MS applications and was duly recognized with a share of the 2002
Nobel prize in chemistry.*?

Central to the success of ESI is the simplicity of its design and operation (Figure
1.1). To generate ions in ESI, a sample is first dissolved in a suitable solvent (e.g.,
acidified methanol). The solution is then injected through an inert capillary (often with an
inside diameter (1.D.) size of ~ 50 pum) and sprayed in front of the atmospheric pressure
inlet of a mass spectrometer with an electric potential of ~1 kV to ~5 kV (relative to the

MS inlet of the instrument, using positive or negative polarity depending on the negative-



or positive-mode of ionization) applied to the capillary needle. It is presumed that, after
the sample nebulization, ensuing droplets undergo a continuous desolvation and this
process forces charges on the surface of the droplet to come into closer proximity.* At a
certain point (in time and/or space), the Coulombic repulsions of the like charges can
overcome the surface tension of the droplet and yield two (or more) smaller droplets in a
process called Coulomb fission (Figure 1.1, diverging arrows).™® The final steps of charge
deposition on analytes in ESI are still being investigated;"**" however, three models have
been proposed and introduced in the literature to explain the phenomenon: (1) the charge
residue model (CRM), (2) the ion evaporation model (IEM), and (3) the chain ejection
model (CEM).? In the CRM, it is proposed that Coulomb fission keeps occurring until
the solvent is completely evaporated and the charges that were on the surface of the
solvent droplet are deposited on the still-folded analyte (e.g., protein). In the IEM, it is
presumed that analytes are “evaporated” from the surface of the solvent droplet, picking
up a charge as they escape the solvation sphere. The IEM is generally used to explain
ionization of smaller molecules (e.g., pharmaceuticals) rather than larger molecules such
as proteins. The CEM, is similar to the IEM but rather than the molecule escaping (or
“evaporating”) from the droplet at once, it is presumed that a portion or “tail” of the
analyte escapes the droplet and pulls the rest of the analyte out (similar to pulling the
string out of a wound up yo-yo toy). As the analyte is pulled out of the droplet it picks up
charges until it is eventually ejected from the solvent droplet. The CEM can be used to
explain the occasionally observed denaturation of ionized macromolecules.*®

Several advancements and modifications to ESI have been described in the

literature. For example, Cooks et al. developed a technique called desorption ESI (or
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Figure 1.1. Schematic drawing of an electrospray ionization (ESI) source operating in
positive-ionization mode. Detailed discussion of the mechanism and operating principles
of ESI can be found in the main text. Please note: schematic is not drawn to scale.

DESI) which can be used to desorb and ionize molecules from various surfaces (e.g., ink
on paper).”® The principal advantage of DESI is that samples do not have to be dissolved
in an electrospray solvent, but can rather be analyzed in their natural environment.*® One
popular application of DESI is in imaging MS.* In DESI imaging MS, the electrospray
needle is scanned along the surface of the sample (e.g., tissue section) and the individual
mass spectra at each spatial position of the sample are correlated to generate an image
pixel. These individual pixels can then be re-plotted to generate a molecular image of the
sample. For example, the distribution of a specific protein could be imaged in a tissue by
monitoring the m/z value corresponding to that protein at each spatial position in the
tissue.’® The MS image can then be generated by assigning a color scale (e.g., black for
no signal and bright red for high signal intensity) corresponding to the MS signal
intensity at each pixel across the surface of the tissue. DESI has shown promise in several
biomedical applications and was recently used in the first MS guided human brain

surgery.?



In addition to DESI, several other ionization techniques related to ESI have been
developed. For example, in the mid-1990s, Hirabayashi et al. serendipitously developed
sonic spray ionization (SSI) which uses a high-flow sheath gas around a sample capillary
to nebulize aqueous analyte and generate ions, without the use of any high voltage.*
Later, a self-pumping variant of SSI was developed (i.e., Venturi-easy ambient sonic-
spray ionization (V-EASI)),?? which simplified the design of SSI by eliminating the need
for a syringe pump. Although SSI and V-EASI were utilized for MS analysis in recent
years, they are similar to early (i.e., pre-ESI) nebulization-ionization experiments (i.e.,
without any applied voltages).”® #* In these early experiments, however, singly-charge
molecules (e.g., sodium ions (Na’)) were analyzed using ion mobility (IM)
spectrometry®® 2% (IM is a technique related to MS and will be discussed in-detail in later
sections in Chapter One of this dissertation) rather than analyzing multiply-charged ions
(e.g., peptides) using MS (as with SSI and VV-EASI experiments).?" ?* Figure 1.2 shows
mass spectra of singly-protonated sildenafil (Viagra) ions (i.e., [sildenafil + H]" at m/z
475 (top row) and [sildenafil - H]" at m/z 473 (bottom row)) generated using sample
nebulized using a spray pump bottle (herein referred to as spray pump ionization or SPI),
SSI, and ESI. Experimental results indicate that SPI and SSI generate mass spectra that
closely resemble those generated using ESI. However, in this particular example, SP1 and
SSI both showed lower signal intensity than ESI, presumably because fewer charges are
deposited on the initial solvent droplets in SPI and SSI relative to the ESI approach.
Unlike the earliest sample-nebulization ionization findings (with IM) that reported the

23, 24

generation of small singly-charged molecules, we found that large multiply-charged

(e.g., >20 charges) macromolecules could also be formed during the SPI (Figure 1.3).
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Figure 1.2. Mass spectra for 5 pg/mL sildenafil (a cGMP-specific phosphodiesterase type
5 (PDES5) inhibitor) generated from (a) spray pump ionization (SPI), (b) sonic spray
ionization (SSI), and (c) electrospray ionization (ESI) in positive- (top row) and negative-
ion (bottom row) modes collected using an Orbitrap Discovery mass spectrometer
(Thermo Fisher Sci., Waltham, MA, USA). Inset (c, top row) shows the expanded mass
range from m/z 495-500 which includes [Sildenafil + Na]* (m/z 497) generated from ESI.

traditional ESI, these newly introduced ionization methods may prove to be useful for

unique applications such as field-based MS or in resource limited settings.?> %

Mass Analyzers and Detectors

Similar to ionization sources, mass analyzers can also be broadly classified into
several categories including electric field (E), magnetic field (B), and combined electric
and/or magnetic field (e.g.,) analyzers. In addition, depending on the position of the mass
analyzers with respect to other instrumental components (e.g., ionization sources and
detectors) mass spectrometers are often categorized as “spatial” or “temporal”. For
example, in spatially resolved mass spectrometers, the three major components of the

mass spectrometers (i.e., the ion source, analyzer, and detector) are physically located in
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Figure 1.3. (a) SPI mass spectrum (average of 40 pumps/125 scans) of equine heart
myoglobin (Mb) collected using a Synapt G2-S TOF mass spectrometer (Waters
Corporation, Milford, MA, USA). (b) Charge state deconvolution (using MaxEnt1 tool in
MassLynx Software (Version 4.1, Waters Corporation)) of the mass spectrum in (a) was
used to confirm apoMB (16951 Da) and holoMB (17566 Da) identities.

different positions and hence ionization, separation, and detection events are separated in
space. In other words, ions are first ionized, then sorted based on their unique m/z values
in the mass analyzer, and finally detected at the detector (i.e., distinct components are
utilized for each task). Examples of mass spectrometers utilizing spatially resolved mass
analysis approach include electric and/or magnetic sector instruments (where ions are

2128 time-of-flight

separated based on their trajectories in electric and/or magnetic fields),
(TOF) instruments (where ion separation occurs in a field free drift tube),®® and
quadrupole instruments (where ions are separated based on their flight-path stabilities
through four rods with applied direct current (dc) and radio frequency (rf) voltages)®. In
these spatial MS instruments (i.e., sector, TOF, and quadrupoles), the m/z separated ions

are first separated and then hit the detector (generally a variant of an electron multiplier

tube (EMT;*" discussed below)); detectors records the ions’ m/z’s as a function either



magnetic and/or electric field or time to yield mass spectra. Conversely, in temporally
resolved mass spectrometers, ionization, mass analysis, and detection events often take
place in the same physical space but are separated in time. For example, in Fourier
transform-ion cyclotron resonance (FT-ICR) MS® ** and Orbitrap MS,** ions are trapped
or confined, excited, and detected in the ICR or orbital trap cells (using magnetic and/or
electric fields, respectively). For example, once the ions’ cyclotron motions are radially
excited in the ICR cell by applying appropriate range of resonance radiofrequencies to
two “excitation plates”, the two adjacent “detection plates” of the same ICR cell are used
to detect the natural cyclotron frequencies of the trapped ions. Thus, detector electrodes
in each (ICR or Orbitrap) cell are used to measure the cyclotron (ICR) or trapping
(Orbitrap) frequencies of the trapped ions (by measuring the induced current on the
detector electrodes as ions pass by the detection electrodes). These cyclotron (in an ICR
cell) and trapping (in an Orbitrap cell) frequencies are inversely proportional to m/z
values of the trapped ions and accurate characterization of these frequencies provide mass
spectra with high mass measurement accuracies and high mass resolving powers.** ** In
the following sections, the operating principles of TOF and Orbitrap mass analyzers that

were used for collection of the data presented in this dissertation are discussed. A brief

discussion of EMT operation will be included at the end of the TOF section.

Time-of-flight (TOF) MS. In TOF MS, ions’ m/z values are calculated based on
their flight times through a field free drift tube (Figure 1.4).%° The start time for TOF can
be recorded by establishing a pulsed start event (e.g., turning the laser pulse “on” in laser
desorption TOF experiments or time regulation of a pusher electrode for ion acceleration

with a high-voltage). A high-voltage (e.g., ~20 kV) pulse (generally in the nanosecond
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Figure 1.4. Schematic drawing of a linear TOF mass spectrometer. lons (i.e., colored
circles) are shown before (a) and after (b) the TOF push. Lighter ions (e.g., red circles)
will have shorter flight times and hit the detector before more massive ions (e.g., green
circles). Note: schematic is not drawn to scale.

scale peak widths) is applied to the pusher electrode to increase the ions’ Kinetic energies
(Ex in joules) and accelerate the ions through the field free drift tube towards the ion
detector. The field free drift region of the TOF is achieved by applying the same voltage
(i.e., equal potential) to two “grid” electrodes positioned at the beginning and end of the
drift tube (Figure 1.4). Because all of the ions are pulsed into the field free region of the
TOF at the same time (Figure 1.4a), they are considered to have the same start time. In
reality, the assumption that all ions have the same start time is not accurate, as will be
discussed in the description of reflectrons below. However, this assumption is sufficient
for an initial description of the operating principles of TOF MS. lons with smaller mass
(m; in kilograms (kg)) (and/or more charges (z)) “feel” the push more strongly than the

more massive ions (and/or ions with fewer charges) and therefore travel at greater

velocities (v; in meters/second (m/s)) and hit the detector at an earlier time, t (in seconds),



than the heavier ions (which will arrive to the detector at a later time) (Figure 1.4b).
Because the flight path (d; in meters) is constant, m/z values can be easily derived in TOF

MS from fundamental Equations 1.1 through 1.4:%°

Equation 1.1 E, = %
Equation 1.2 E,=qV
Equation 1.3 q = ze

. da
Equation 1.4 V==

Units for Ex and potential energy (Ep) are both in joules; therefore, setting Equations 1.1
and 1.2 equal to one another, substituting ze for q (Equation 1.3, where “e” is the
elementary charge in Coulombs), and substituting d/t for v (Equation 1.4), we get

Equation 1.5:

md?

Equation 1.5 = zeV

Equation 1.5 can be rearranged to yield the TOF equation for m/z (Equation 1.6):%°

2
Equation 1.6 m _ 2eVt

z d?

It should be noted that all values in Equation 1.6 are in Sl units and final mass (m) in m/z
must be converted from kg to Daltons (Da) (or grams per mole) for meaningful utility.

As briefly mentioned above, Equation 1.6 assumes that the start time (and by
extension position) of all ions are the same and that ions with the same m/z experience the
same Ey from the pusher. In reality, some ions will be slightly further from or closer to
the pusher during the pushing event. lons that are closer to the pusher during the pushing
event will “feel” a greater force, and will therefore have greater Ey, than ions with the

same mass and charge positioned further away from the pusher during the pushing event.
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To reduce the Ey spread of the ions, a reflectron can be placed in the ion path.*®
Accelerated ions with higher E, can penetrate deeper into the electric field applied to the
reflectron electrodes than ions with lower Ey. In effect, this can focus ions with the same
m/z so that “slower” ions catch up with the “faster” ions and, ideally, hit the detector at
the same time. A secondary effect of using a reflectron is an increased path length (i.e.,
more time for similar m/z ions to be separated). The more reflectrons used, the lower
the kinetic energy spread, the longer the path length, and therefore the higher the mass
resolving power (i.e., M/AMsgy, Where M and AMsq, refer to the m/z of the ion and peak
width at half height for this m/z, respectively) of the TOF.*> However, because of ion
losses to reflectron grids (and/or other electrodes), having more reflectrons often results
in fewer ions making it to the detector and therefore, reduced sensitivity.*

The most common type of detector used in spatially resolved mass spectrometers,
including TOF MS, is the EMT (or some variant thereof).®* After ion separation in the
mass analyzer, ions hit the EMT cathode, liberating electrons.®* The liberated electrons
then collide with a series of dynodes releasing even more electrons.** Eventually, all of
the liberated electrons (~10° or more liberated electrons per ion striking the cathode)
strike the anode where the current can be measured and recorded as a detection event
(i.e., an ion hitting the detector).?! In TOF MS, the pusher event corresponds to the “start”
time whereas the detector response corresponds to the “end” time, or measured TOF. The
measured TOF for a particular ionized molecule can then be plugged into Equation 1.6 to
calculate the ion’s m/z value. To improve the sensitivity and minimize ion saturation,
multiple EMTs can be combined into a single detector called a microchannel plate

detector.®! Microchannel plate detectors can be stacked to create chevron detectors to

11



further improve detector performance and are often used in high-end TOF MS

instruments.>!

Orbitrap MS. Introduced in 2000, the Orbitrap MS is a relatively recent
development.®* The operating principles of Orbitrap MS are similar to those used in FT-
ICR MS, a predecessor and direct influencer of the Orbitrap MS design. Therefore, it is
useful to first describe the operating principles of FT-ICR MS before discussing Orbitrap
MS.

In TOF MS (discussed above), only electric fields are used to manipulate ions,
and mass analysis is achieved in an electric (and magnetic) field free region. In FT-ICR
MS, on the other hand, both electric and magnetic fields are used to confine ions and
determine their m/z values (Figure 1.5).% Figure 1.5 shows a schematic of a simple ICR
cell consisting of six electrically isolated plates configured in a cube-shaped geometry.*®
The ICR cell is placed in the center of a doughnut shaped superconducting magnet (e.g.,
9 tesla), where the magnetic field lines run through the center of the magnet.>® Trapping
plates are placed perpendicular to the direction of the magnetic field lines and are used to
confine ions in the “z” dimension (i.e., along the magnetic field lines).*

The first step in FT-ICR mass analysis is to “quench” or eject any potentially pre-
trapped ions within the ICR cell (i.e., eject the left-over ions in the cell from the previous
run). lon quenching is achieved by applying a dc voltage to each of the trapping plates
(with the opposite polarity on each plate) which pushes (or pulls, depending on the ions’
polarity) the ions so that they hit one of the trapping plate electrodes and are neutralized
and then evacuated by the vacuum pump(s). Once the ICR cell is cleaned, ions can either

be generated in the ICR cell (e.g., by El or radio frequency ionization (RF1)*®) or
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Figure 1.5. Schematic drawing of a cubic ICR cell. Orbital trajectory of two populations
(e.g., ions represented by filled red circles all have the same m/z) of positively charged
ions where each ion population has different masses and/or charges (i.e., ions represented
by filled red and blue circles have different m/z values). Excitation, detection, and
trapping plates are labeled. Open circles denote where wires are connected to each plate.
Note: schematic is not drawn to scale.

externally (e.g., by ESI, MALDI, SPI, etc.) and transferred into the ICR cell using
transmission multipole rods (e.g., quadrupole, hexapole, or octapole operated in “rf only”
mode).>” Once ions are in the ICR cell, they are confined radially by the high magnetic
field and axially by applying symmetric dc potentials to the trapping plates. Next, ions
are “excited” by applying an rf sweep (or “chirp”) to the two excitation plates. During the
ion excitation event, trapped ions’ trajectories are displaced at 90° to the magnetic field
line; however, because these trapped ions continuously encounter new field lines, they
are continuously deflected by 90° and therefore follow orbital trajectories (Figure 1.5).
The frequency of the ion’s cyclotron motion can be determined using the two opposing
detector plates. As ions pass the detector plates, they induce an image current on the

plates (i.e., by the attraction or repulsion [depending on the polarity of the ions’ charges]

of electrons on the surface of the detector plates) which can be amplified and recorded.
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For isolated and excited ions with a single m/z value, the resulting time-domain signal
resembles a sinusoidal (sin) wave. The frequency of this sin wave is inversely
proportional to the ion’s m/z as can be derived from the fundamental equations below:*®
Equation 1.7 E,, = quB sin 6

where “Fp” is the magnetic force on the ion (in newtons), “B” is the magnetic field
strength in tesla, and “6” is angle between the ion’s trajectory and the magnetic field line
(@ =90° in ICR). Because sin(90°) = 1, we can simplify Equation 1.7:

Equation 1.8 E, = quB

Substituting ze for g (Equation 1.3) we get:

Equation 1.9 E, = zevB

The centripetal force (F¢) of an ion’s cyclotron motion is equal to the product of the ion’s
mass (m; in kg) times its velocity (v; in m/s) squared, and divided by the radius of the

ion’s orbital trajectory (r):

Equation 1.10 F.= %
Given that:

Equation 1.11 w= ;
and:

Equation 1.12 w = 2nf

where “w” is the angular frequency and “f”” is frequency (in Hz), Equation 1.10 can be
rewritten as:

Equation 1.13 F. = mv2nf

Setting Equations 1.9 and 1.13 equal to each other we get:

Equation 1.14 zevB = mv2nf
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Simple rearrangement of Equation 1.14 yields the ICR formula for m/z:*

Equation 1.15 o2

z 2nf

Equation 1.15 shows that an ion’s m/z is inversely proportional to its cyclotron
frequency. However, this equation can only be used successfully if the individual
frequencies for each ion are measurable. In other words, in the presence of two or more
ion population types (i.e., different m/z values and therefore different f), the time domain
signal would be an additive (constructive and destructive) combination of the two or
more individual sin waves. Therefore, much like other types of Fourier transform (FT)
instruments (e.g., FT-infrared spectroscopy (FT-IR) and FT-nuclear magnetic resonance
spectroscopy (FT-NMR)), the resulting complex time domain signals would be difficult
to interpret and might seem devoid of useful frequency information. Following the
example of the NMR approach, in 1974, Alan Marshall and Melvin Comisarow solved
the “messy” time domain issue in ICR MS using FT.* In their technique, dubbed FT-ICR
MS, FT was used to convert the time-domain signal to a frequency-domain signal and
allow accurate assignment of all frequency components (and therefore characterization of
specific ICR frequencies of all ions and determination of their m/z values by using
Equation 1.15).** Due to the multiplexing advantages of FT-ICR MS over the then

38, 39

conventional scanning method of sweeping through individual rf frequencies (or by

changing the magnetic field®*

) to selectively excite individual m/z’s, the time necessary
for mass spectra collection was reduced significantly.*

In 2000 Alexander Makarov reported on the development another FT-MS
instrument based on electric field confinement of ions to orbital trajectories (Figure

1.6).3* The operating principles of the so-called “Orbitrap” are similar to those described

15



#4344 ICR cell.*® In Makarov’s design, as

for the Kingdon trap** and “wire ion guide
illustrated in Figure 1.6, a spindle shaped inner electrode is placed in the center of a
barrel-shaped outer electrode consisting of two electrically isolated halves. lons are
injected off center into the orbital trap perpendicular to the axis of the center electrode
(not shown in Figure 1.6), causing the ions to follow an orbital trajectory around the
center electrode.

In orbital traps, a dc voltage is applied to the center electrode to attract the ions
towards the center of the electrode. However, the ions’ translational velocities cause them
to constantly *“overshoot” the center of the spindle shape (similar to how a satellite
always falls towards the center of earth but never hits the earth due to its tangential
velocity). Once the ions have passed the center line of the spindle they are re-attracted to
the center of the spindle and therefore change directions. These cyclic trajectories
continue in such a way that the translational motion of ions moving past the center
electrode induces an image current on the two halves of the outer barrel-shaped electrode.
This image current from the translational motion of ions in the cell (as opposed to the
cyclotron motion in ICR MS) is recorded as a time-domain signal and converted to a
frequency-domain signal using FT. Frequencies of the ions can then be converted to m/z
values, similar to FT-ICR MS.** Orbitrap MS provides high mass-resolving-power (i.e.,
reported M/AMsgy, Of up to ~1,000,000 at m/z ~200 with routine M/AMsgq, 0f ~100,000 at
m/z ~525)* ** without the use of any magnetic fields, making it useful for a wide range

of bioanalytical applications.
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Figure 1.6. Schematic drawing of an Orbitrap mass analyzer’s cross sectional cut. lons
orbit the spindle shaped inner electrode and induce an image current on each halve of the
barrel shaped outer electrodes. The frequency of the induced currents on each of the outer
electrodes is proportional to the ions’ masses. The red line denotes the ions’ (blue circles)
path around the spindle after ion introduction into the trap (ion introduction is not
depicted). Note: schematic is not drawn to scale.
lon Mobility Spectrometry

lon mobility spectrometry (IMS) is fundamentally similar to MS in many ways.
Analogous to MS, IMS uses electric fields to control trajectories of ionized molecules in
the gas-phase.*®° However, whereas MS is used to determine the mass of an ion, IMS is
utilized to determine the collision cross-section (CCS) of an ion and/or as a separations
technique for complex mixture analysis.***® There are several different types of
commercial IMS systems currently available.*® Comparable to the different types of mass
spectrometers discussed in preceding sections, the different types (and designs) of IM
spectrometers also operate on slightly different principles.*® Currently, the two most

commonly used types of IMS instruments for biomedical research are drift time (DT) and

traveling wave (TW) IM spectrometers.*®
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Drift time ion mobility spectrometry (DTIMS). The simplest type of IMS is
DTIMS. In DTIMS, ions are confined radially by a homogenous dc electric-field applied
to a series of ring electrodes.”® lons are gated into the DTIMS cell and a potential
difference is applied between the entrance and exit of the cell to drive the ions through
the drift tube.*® The ions’ flight through the DTIMS cell is impeded by a counter flow of
buffer gas (e.g., nitrogen (N,) or helium (He) gas).*” lons with larger CCSs collide with
more buffer gas molecules and therefore move at slower rates than ions with smaller
CCSs which collide with fewer buffer gas molecules.*® A detector (e.g., EMT) is
positioned at the end of the drift cell and is used to record ions’ drift times (tp’s).*® CCSs
(©2; in m? but generally converted to A? for meaningful utility) can be simply calculated
using Equation 1.16:

KtpFz\T |1 1

NLP mj mpy

Equation 1.16 =

where “K” is a constant, “tp” is the ions’ drift times (in seconds), “F” is the electric field
strength (in VV/m), “T” is the temperature (in kelvin), “N” is the neutral buffer gas number
density (in m™), “L” is the length of the drift region (in m), “P” is the pressure (in torr),
and “my” and “m,” are the masses (in kg) of the neutral buffer gas and ion, respectively.>*

Traveling wave ion mobility spectrometery (TWIMS). In 2004, Giles et al.
developed a fundamentally new type of IMS called TWIMS.>® Figure 1.7 shows a
schematic drawing of the TWIM-MS developed by Giles and coworkers. Analogous to
DTIM spectrometers, TWIM spectrometers consist of a series of ring electrodes.
However, in TWIMS ions are radially confined by applying an rf voltage to the stacked
ring ion guide (where adjacent rings have opposite rf polarities).>* > To move the ions

from the entrance to the exit of the drift cell, a dc voltage is superimposed on the rf
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electric field and scanned along each successive ring creating an electric field “wave”
which propels ions through the drift cell.>* ** Rather than using a counter flow of buffer
gas as in DTIMS, in TWIMS the IM cell is filled with a static buffer gas. lons with
smaller CCSs have fewer collisions with buffer gas (than ions with larger CCSs) and will
“ride” the IM wave, similar to a surfer riding a wave in the ocean.>® >® lons with larger
CCSs undergo more collisions with the buffer gas (than ions with smaller CCSs) and fall
over the back of wave and are slowly moved forward by successive waves.”® ** Like
DTIMS, ions exiting the TWIM cell collide with a detector and the ions’ drift times are
recorded for CCS calculations.

Because of the complex motion of ions in the rf and dc electric fields in
TWIMS,>? >3 there is no simple fundamental formula relating TWIMS tp’s to CCSs (as
there is for DTIMS [Equation 1.16]).>* Although there is no fundamental formula relating
tp’s to CCSs in TWIMS, ions’ tp’s are proportional to their CCSs.>* Using the method
proposed by Ruotolo et al.>! ions’ CCSs can be calculated from TWIMS tp’s by
calibrating the analytes’ measured tp’s with the tp’s of a set of ions with known CCSs.
Although effective, the calibration method currently used for calculating CCSs in
TWIMS is a time-intensive effort as it requires collection and analysis of data for both
analyte and calibrant sets.

Regardless of the type of IM system used, two key advantages of IM are (a) rapid IM
separation (e.g., ms time-scale) and (b) compatibly of IM with MS systems (for
straightforward construction of IM-MS systems).”® The first commercially available
TWIM-MS instrument was the Synapt G1 HDMS IM TOF MS produced by Waters

Corporation. The Synapt G1 HDMS system consists of a modular ionization source (e.g.,
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switchable to ESI, MALDI, etc.) for sample ionization, a quadrupole mass filter for ion
isolation and/or transfer, a “TriWave” (i.e., a traveling wave ion guide (TWIG) trap cell,
IM cell, and transfer cell) for ion accumulation and 1M, and a TOF mass spectrometer for
m/z measurements (Figure 1.7). The reported IM resolving power (i.e., CCC/ACCSspy)
for the Synapt G1 is ~11.°° The instrument configuration of G1 system was later
redesigned (Synapt G2-S HDMS; Figure 1.7) to improve instrumental performance
characteristics. For example, the Synapt G2-S has an IM resolving power of ~44 (four

times the Synapt G1).>® Moreover, the Synapt G2-S has a helium (He) cell placed

”Z-S pray"
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(N, Gas)

Synapt G2-S HDMS

Figure 1.7. Schematic drawing of the Synapt G2-S HDMS IM TOF mass spectrometer
(Waters Corporation). The red line shows the ion path through the instrument from the
“z-spray” ion source to the detector. The red, orange, blue, and green rings correspond to
the trap cell (for collision-induced dissociation (CID) and/or ion accumulation), helium
cell (for collisional cooling), IM cell (for separation of ions based on their CSSs), and the
transfer cell (for CID and/or guiding of ions to the TOF), respectively. Note: instrument
not drawn to scale.
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Despite the higher IM resolving power of the second generation TWIM-MS
instrument (compared to the first generation instrument), isomers with very similar CCSs
may still be unresolved by the Synapt G2-S.°**® To determine if an IM profile
corresponds to two (or more) unresolved isomers, partially IM separated isomers (ions)
can be fragmented to construct and analyze selected IM (SIM) profiles of informative
individual fragment ions.>”*° In this type of experiment, if a particular fragment ion is
generated from a single isomer then the SIM profile for that “diagnostic” ion will
correspond to the IM profile of the unresolved precursor ion.>”

Although SIM profiles of diagnostic fragment ions may reveal the presence of IM
unresolved isomers, this technique cannot be used to extract the individual CID mass
spectra of IM unresolved isomers. Moreover, if fragmentation of the unresolved isomers
generates similar product ions with slight differences in relative intensities, it can be
difficult to determine if there are in-fact unresolved species present. To address these
issues, Zekavat and Solouki used SIMPLe-to-use Interactive Self-modeling Mixture
Analysis (SIMPLISMA),% and a similar approach to gas chromatography (GC)-MS
deconvolution,®® to deconvolute IM profiles and CID mass spectra of IM unresolved
species.®? Later, we improved the data preprocessing algorithm and integrated
SIMPLISMA into an automated IM deconvolution (AIMD) software package for high-

throughput data analysis.>* Figure 1.8 shows a screen shot of the AIMD graphical user

interface. Using this technique, we were able to analyze a variety of biomolecule

54, 56, 62 55, 63, 64

mixtures of known and unknown sample compositions. Moreover, we

recently demonstrated that chemometric deconvolution of IM-MS data is a CID
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Automated lon Mobility Deconvolution (AIMD)
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Figure 1.8. Screen capture of the automated IM deconvolution (AIMD) graphical user
interface showing the deconvoluted IM profiles (red and blue traces) of two isomeric
peptides. Inset shows the convoluted IM profile of the isomeric peptides before
deconvolution.

energy dependent process and that experimental parameters can be optimized for IM de-

convolution of complex mixtures.*®

Mass Spectrometry Analysis of Biomolecules

Although early MS experiments were limited to analysis of small volatile
molecules, > ** % modern MS instruments are capable of routine analysis of large
molecules and complex mixtures.’® These new developments have facilitated high-
throughput methods for elucidating biomolecule identities and structures. In the
following sections, utilities of MS instruments for analysis of protein and oligonucleotide
sequences are presented. In addition, potential challenges associated with structural

analysis of macro molecules and their gas-phase sequencing are discussed.
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Protein analysis. There are currently two primary methods for elucidating the
identities and amino acid sequences of proteins via MS, namely, (1) bottom-up and (2)
top-down proteomics approaches.®”®® In bottom-up proteomics, unknown proteins are
first enzymatically digested (e.g., using trypsin) to generate smaller peptides from the
intact protein.®” " Digestion products are then (generally) injected onto a high-
performance liquid chromatography (HPLC) column for separation prior to MS
analysis.®” " The MS data are then searched against libraries (e.g., MASCOT) of proteins
with known amino acid sequences to identify potential matches based off of scoring
algorithms.®” "

To enhance the sequence-coverage (and therefore match score™) of proteins,
tandem MS (or “MS/MS”) experiments can be performed.®” In MS/MS experiments,
ionized peptides are further fragmented in the gas phase to obtain additional sequence
information by identifying contiguous sequences.®” This process may be repeated several
times where fragment ions can be isolated and further fragmented to yield even higher
sequence-coverage. Multistage MS/MS experiments are differentiated from traditional
tandem MS experiments by using the term “MS™ (where “n” denotes the number of
isolation/fragmentation stages).”

Top-down proteomics approaches are similar to bottom-up approaches; however,
in top-down proteomics the digestion step is skipped and intact proteins are directly
ionized and analyzed using MS.°”®® Similar to the bottom-up approach, the protein is
then isolated and fragmented (viz., by MS/MS or MS") to generate product fragment ions
which can be analyzed to determine the identity and amino acid sequence of the original

protein. ©7%% 73
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The key advantage of top-down over bottom-up proteomics is the ability to
preserve post-translational modifications (PTMs) and (potentially) achieve better
sequence-coverage.’”®® ™ In the bottom-up approach, enzymatic digestion can generate
peptides with low proton affinities (e.g., hydrophobic fragments may have low proton
affinity values).” If this occurs and low proton affinity fragment ions are generated
during the enzymatic digestion, then these sections of the protein cannot be identified
(i.e., because the peptides are not ionized) and therefore the sequence-coverage and
matching score will be reduced.®® Moreover, PTMs attached to these unidentified
peptides, or PTMs that are completely removed from the protein during digestion, will
also be unidentifiable.?” ® Therefore, even if the protein itself is correctly identified, the
biologically relevant protein variant (i.e., from modification) might not be identified. In
the top-down approach, PTMs are preserved in the protein primary structure and, because
the intact protein is ionized, the entire amino acid sequence is (potentially) available for

analysis via MS".769. 73

Currently, the most ubiquitous gas-phase ion fragmentation technique is CID.”>"’
In CID, ions are generally accelerated in between two electrodes (using an electric
potential gradient) and collided with neutral gas molecules (e.g., nitrogen gas (Ny)). If
there is sufficient collisional energy (e.g., ~3.6-3.9 eV or ~83-90 kcal/mol for a C-C
bond),” the ion will fragment. Because the collisional energy is randomized and
distributed throughout the molecule,”*® fragmentation is most likely to occur at the
weakest bond position.?® In proteins, the weakest bonds are generally associated with the

loss of small neutrals or dissociation of the amide bonds between amino acids. Therefore,

CID of protein/peptide ions predominately yields peptide fragment ions via dissociation
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of amide bonds.” 3 Because fragmentation occurs along the peptide backbone, product
fragment ions can be interrogated to provide structural/sequence information.”* ® 77
Although fragmentation of protein/peptide ions generally occurs at the amide

D,’® 8 there are several backbone and side chain positions that

bond positions during CI
can also fragment (from CID or other fragmentation techniques). In 1984 Roepostorff
and Fohlman proposed a simple nomenclature to name peptide fragment ions (Scheme
1.1).% In their nomenclature scheme (Scheme 1.1) fragment ions are named based off of
the number of amino acids in the peptide (denoted by a subscript digit) as well as the
location of the bond dissociation (denoted by the letters: a, b, ¢, X, y, and z; see Scheme
1.1). For example, if a peptide ion fragments at an amide bond the resulting fragment is
called a “y-type” fragment ion if the charge is retained on the C-terminus or a “b-type”
fragment ion if the charge is retained on the N-terminus. Moreover, if the peptide bond

dissociates between the fifth and sixth amino acids (numbered from the N-terminus) and

the charge is retained on the N-terminal fragment, the resulting fragment ion is called

di b]_ C1 A b2 Co as b3 C3 ay b4 Cy

O @)
H H
+H3N J\ N\ N\
~N - é ~ N -1 é
A1) E
1 3 5

XaYa 24 X3Y3 23 X2 Y2 22 X1 Y1 Z1
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Scheme 1.1. Roepstorff and Fohlman’s nomenclature for peptide ion fragmentation.®®
“bs fragment ion”; the subscript number (denoting the number of amino acids in the
fragment ion sequence) is always counted from the terminus that keeps the charge (e.g.,
y-type fragment ions are counted from the C-terminus).
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a“bs fragment ion”; the subscript number (denoting the number of amino acids in the
fragment ion sequence) is always counted from the terminus that keeps the charge (e.g.,
y-type fragment ions are counted from the C-terminus).

Current sequence algorithms assume that all fragment ions are generated from
“normal” Roepstorff-like fragmentation events, such as sequential loss of amino acids
from the N- and/or C-termini.”* However, recent evidence suggests that this may not
always be a good assumption. For example, Solouki and coworkers showed that b-type
peptide fragment ions can adopt (at least) two conformations corresponding to linear and
macrocyclized structures.®® ®” Extensive investigation of b-fragment ions has shown that,
upon CID (e.g., during MS"), macro-cyclized b-fragment ions can reopen at internal
amide bonds to generate peptides with new amino acid sequences that are different than
the sequence of the original protein.?¢1%

Scheme 1.2 shows a hypothetical fragmentation pathway of a peptide with the
amino acid sequence “CORRECTSEQUENCING”. CID of the hypothetical peptide in
Scheme 1.2 could generate a by fragment ion which can macro-cyclize and rearrange to
generate a new linear sequence, “SEQUENCINCORRECT”. The rearranged linear
peptide ion (which has an identical m/z to the original byg fragment ion) can then further
fragment to generate a number of sequence-scrambled fragment ions such as
“INCORRECT” (Scheme 1.2). If these new fragment ion sequences are misconstrued as
accurately representing the original amino acid sequence, then the postulated protein
identity may be incorrect. Misidentification of proteins is an undesired outcome in for
any research study and particularly detrimental for those studies that are focused on

identification of biomarkers for detection of a disease(s) or identification of drug targets.
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Scheme 1.2. Simplified pictorial mechanism for sequence-scrambling of b-type fragment
ions to generate re-arranged product fragment ions with amino acid sequences that are
“incorrect” (i.e., do not match the original amino acid sequence.

Sequence-scrambling of b-type fragment ions has generally been attributed to
susceptibility of the C-terminal (imidazole-terminated) amino acid to nucleophilic attack
by the lone pair of the N-terminal amino group.®8*% On the other hand, y-type fragment
ions are essentially truncated peptides (i.e., with hydroxyl-terminated C-termini).
Therefore, prior to a report from our lab, it was presumed that y-type fragment ions did
not undergo sequence-scrambling.'® However, in 2012 we showed, for the first time, that
y-type fragment ions could also undergo sequence-scrambling, following a mechanism
similar to b-type fragment ion scrambling.!® Other examples of y-type fragment

scrambling have since been reported.” " Detailed mechanism and experimental
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evidence (including MS", IM-MS, and isotope labeling experiments) for y-type fragment

ion sequence-scrambling will be discussed in Chapter Two of this dissertation.

Oligonucleotide analysis. As the resolution and throughput of MS has improved,
analysis of oligonucleotides (e.g., DNA and RNA) via MS has also increased.'®® Similar
to sequencing the amino acid order of proteins, the nucleotide order of oligonucleotides
can also be sequenced using MS.'***2 Similar to CID of peptides, CID of an ionized
DNA precursor ions also generates overlapping fragment ions whose identities can be
used to determine the nucleotide sequence of the original precursor DNA strand.**
Because of the complexity of DNA structures, there are more backbone and side chain
cleavage sites in DNA than there are in peptides or proteins. Therefore, the CID mass
spectra of DNA are generally very complex.'® 1

In 1992 McLuckey et al. proposed a new common nomenclature, based on
Roepstorff and Fohlman’s peptide fragmentation nomenclature,®® for identifying
oligonucleotide fragment ions (Scheme 1.3).*** In McLuckey’s nomenclature, fragment
ions generated from the 5’ terminal (i.e., retaining the charge on the 5’ terminal) are
denoted as a-, b-, c-, or d-type fragment ions (analogous to a, b-, and c-type peptide
fragment ions (Scheme 1.1)) whereas fragment ions generated from the 3’ terminal are
denoted as w-, x-, y-, or z-type fragment ions (analogous to x-, y-, and z-type peptide
fragment ions (Scheme 1.1)).% * Analogous to Roepstorff’s peptide fragmentation
nomenclature, in McLuckey’s oligonucleotide fragmentation nomenclature, the subscript
digit denotes the number of nucleotides in the fragment ion (also numbered from the

terminus that keeps the charge). For example, a fragment ion denoted as “[ws]>™ refers to

a doubly-deprotonated DNA fragment ion (where the charge is kept on the 3’ terminus)
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containing five nucleotides with fragmentation occurring between the fifth and sixth
nucleotides (number from the 3’ terminus) at the sixth nucleotide’s 3’ carbon-oxygen
bond. Side chain bases can be easily lost during fragmentation and are differentiated from
other fragment ions by adding “-B” to the fragment ion name (e.g., “a-B” denotes an a-
type fragment which has lost a base).'** The most commonly observed fragment ions
generated from CID of oligonucleotides are w and a-B type ions which, analogous to b-
and y-type peptide fragment ions, can be used to determine the nucleotide sequence of

the original oligonucleotide.**

3Py € di 3 by Cp dp 33 D5 C3 O

B, B, B B,
O O O

57 HO \O__H__O \O__H__O \O__lu__O\ OH 3
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Scheme 1.3. McLuckey’s nomenclature for oligonucleotide ion fragmentation. Structure
is abbreviated for simplicity. Filled circles denote backbone sugars (deoxyribose or
ribose).™
Justification for the Research Presented in this Dissertation

The goal of the research presented in this dissertation is to improve existing, and
develop new, MS and IM-MS techniques for structural and conformational analysis of
biomolecules. In Chapter Two we use a combination of isotope labeling, MS", IM-MS,

and IM deconvolution to investigate the mechanism of sequence-scrambling in CID of y-

type fragment ions. Specifically, we present evidence suggesting that sequence-
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scrambling of y-type ions proceeds through loss of internal backbone carbonyl groups
prior to loss of internal amino acids.>® Although sequence-scrambling has been of major
interest to the protein/peptide MS community, few groups have investigated unusual
fragmentation pathways for oligonucleotides. In Chapter Three we extend our results
from Chapter Two to demonstrate, for the first time, that w-type DNA fragment ions can
also rearrange upon CID.™® We performed MS/MS experiments on 21 w-type fragment
ions from three different single-stranded DNA sequences on three different mass
spectrometers (i.e., TOF MS, Orbitrap MS, and triple quadrupole MS) and demonstrated
that purine bases can attack the 5’ phosphate group to generate “phosphopurine”

rearranged fragment ions.*™

We also present results from IM-MS and theoretical
modeling to support our proposed rearrangement mechanism.**®

Chapters Two and Three focus on biomolecule primary structures (e.g., sequence
of amino acids and nucleotides) and in Chapter Four we demonstrate the utility of

54, 56, 62, 63 {4 determine accurate

chemometric deconvolution of post-IM/CID MS data
CCSs of IM unresolved peptide isomers. We report that experimentally determined CCSs
for chemometrically deconvoluted IM profiles (using TWIMS) are not statistically
different than CCSs calculated from individually analyzed peptides using both TWIMS
and DTIMS.

In the final chapter of this dissertation, we discuss future directions and
preliminary results from application of the techniques presented in Chapters Two through
Four for the rapid analysis of human and animal tissues (e.g., muscle). Specifically, we

discuss how these techniques can be leveraged for biomarker discovery and investigation

of disease pathophysiologies.
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CHAPTER TWO

Loss of Internal Backbone Carbonyls: Additional Evidence for Sequence-scrambling in
Collision-induced Dissociation of y-Type lons

This chapter published as: Harper, B.; Miladi, M.; Solouki, T., Loss of Internal Backbone
Carbonyls: Additional Evidence for Sequence-Scrambling in Collision-induced
Dissociation of y-Type lons. J. Am. Soc. Mass Spectrom. 2014, 25 (10), 1716-1729.
Abstract

It is shown that y-type ions, after losing C-terminal H,O or NHg;, can lose an
internal backbone carbonyl (CO) from different peptide positions and yield structurally
different product fragment ions upon collision-induced dissociation (CID). Such CO
losses from internal peptide backbones of y-fragment ions are not unique to a single
peptide and were observed in four of five model peptides studied herein. Experimental
details on examples of CO losses from y-type fragment ions for an isotopically labeled
AAAAHAA-NH, heptapeptide and des-acetylated-a-melanocyte-stimulating hormone
(da-MSH) (SYSMEHFRWGKPV-NH,) are reported. Results from isotope labeling,
tandem mass spectrometry (MS"), and ion mobility-mass spectrometry (IM-MS) confirm
that CO losses from different amino acids of m/z-isolated y-type ions yield structurally
different ions. It is shown that losses of internal backbone carbonyls (as CID products of
m/z-isolated y-type ions) are among intermediate steps towards formation of rearranged
or permutated product fragment ions. Possible mechanisms for generation of the observed
sequence-scrambled a-“like” ions, as intermediates in sequence-scrambling pathways of

y-type ions, are proposed and discussed.
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Introduction
Mechanistic understating of protein/peptide fragmentation in the gas-phase is an

essential aspect of mass spectrometry-based proteomics and is gaining growing interest in

84, 116, 117 u

the literature. Normal™, or direct, product fragment ions are generated from

losses of amino acids or amino acid segments from the N- (e.g., x-, y-, and z-type ions %)

and/or C-termini (e.g., a-, b-, and c-type ions ®) upon gas-phase dissociation.®*

88-90 91-94

Conversely, product fragment ion “rearrangement”, or “sequence-scrambling”,
can occur when precursor ions lose internal residues to generate permutated product
fragment ions (with “rearranged” amino acid orders) that do not match their respective
precursor ions’ original amino acid sequences. Presence of sequence-scrambled product
fragment ions in collision-induced dissociation (CID) mass spectra complicates
protein/peptide sequencing and may result in misidentification of proteins’ primary
structures.”

Generation of sequence-scrambled product fragment ions upon CID of b-type ions

88-90
al..

was first reported by Tang et Gas-phase structural probes (e.g.,

86, 87, 96, 97, 118, 119

hydrogen/deuterium exchange (HDX), ion mobility-mass spectrometry

(IM-MS),% 1122 infrared multiphoton dissociation (IRMPD),% ¥+ 104 123125 435 phage

proton transfer (PT) reactions,'?® and molecular modeling approaches 3+ 12719

) have been
utilized to study the presence or absence of different structures (i.e., oxazolone and
macrocyclic) for b-type ions. Furthermore, mechanistic studies have suggested that
sequence-scrambling in CID of b-type ions occurs through fragmentation of intermediate

macrocyclic structures.” % 9-104
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Although a growing number of reports implicate b-type ions with sequence-
scrambling, fewer studies have explored the possibility and extent of sequence-
scrambling in CID of other types of product fragment ions (i.e., a-, c-, X-, y-, and z-type
ions %). However, there are indications that sequence-scrambling may not be exclusive to
CID of b-type ions. For example, Riba-Garcia et al. demonstrated that [a,]" (n = 4 and 5)
product fragment ions generated from the C-terminal amidated peptide YAGFL-NH,
could have multiple structures.*®® Additionally, IM-MS results by Badman et al. indicated
multiple gas-phase structures/conformers for the [y.]** and [y.]>" (n = 58-64) product
fragment ions of ubiquitin.**®

Recently, we reported that, similar to b ions, CID of m/z-isolated y-type ions
could also yield sequence-scrambled product fragment ions.*® Our experimental results
suggested that sequence-scrambling in CID of y-type ions occurs through loss of H,O or
NH; (for C-terminal amidated peptides) from the C-terminus followed by formation of
macrocyclic b-“like” ions.'® Such macrocyclic structures can reopen at internal amide
bond locations and yield sequence-scrambled product fragment ions.*®

In this chapter, we utilize isotope labeling, MS", and ion mobility to demonstrate
that CID of isolated y-type ions can generate sequence-scrambled product fragment ions
through a-type ion chemistry, via loss of different carbonyl groups from various
backbone positions. Moreover, based on the observed fragmentation patterns, we propose
and discuss possible mechanisms for generation of the observed sequence-scrambled a-

“like” ions as intermediates in sequence-scrambling pathways.
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Materials and Methods

Sample Preparation

Optima grade water, methanol, and acetic acid were purchased from Fisher
Scientific (Pittsburgh, PA, USA). Hexaglycine (Gg) (used as a lock mass in Orbitrap
experiments), pentapeptide (SDGRG), and des-acetylated-a-melanocyte-stimulating
hormone (da-MSH) (SYSMEHFRWGKPV-NH;) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Angiotensin Il antipeptide (EGVYVHPYV), angiotensin Il
(DRVYIHPF), and isotopically (*3C) labeled heptapaptide (AAAAHAA-NH,) were
purchased from CPC Scientific Incorporated (Sunnyvale, CA, USA). The isotopically
labeled (**C) control peptide AAAAHAA-NH, (where “A” indicates a carbon thirteen
(*C) isotope on the alanine side chain (i.e., R group)) was synthesized in-house *** using
a solid-phase peptide synthesis protocol.** Electrospray ionization (ESI) solvent
(methanol (~49.95 %): water (~49.95 %): acetic acid (0.1 %)) and peptide samples were
used without further purification. Micromolar concentrations of analytes (e.g.,

AAAHAA-NH, in ESI solvent) were used for all MS" and IM-MS experiments.

Instrumentation

lon Mobility-Mass Spectrometry. IM-MS experiments were performed using a
Synapt G2-S HDMS (Waters Corporation, Manchester, UK) operated in positive-ion
mode ESI. The time-of-flight (TOF) was operated in sensitivity mode (i.e., “V” mode)
for enhanced detection of low abundance ions. The sample flow rate for ESI was set at
0.2 uL/min (AAAAHAA-NH,) or 0.5 uL/min (da-MSH) using a Harvard Pump 11 Plus

dual syringe pump (Harvard Apparatus, Holliston, MA, USA). The MS scan time was set
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to 1 s. Synapt G2-S HDMS IM-MS data reported in here correspond to an average of 180
scans (AAAAHAA-NH,) or 1800 scans (da-MSH) which provided signal-to-noise ratios
of >3 for all product fragment ions of interest (deconvolution of IM-unresolved da-MSH
product fragment ions [Figure 5] necessitated a large number [i.e., 1800] of scans). For
the isotopically labeled heptapeptide (i.e., AAAAHAA-NH,), the capillary, sampling
cone, and source offset voltages were set at +2.0 kV, +85.0 V, and +35.0 V, respectively.
Harsher source conditions for da-MSH were necessary to generate [yi1 — (NHz + *?CO)]**
(m/z 664), and thus the capillary, sampling cone, and source offset voltages were set at
+4.0 kV, +100.0 V, and +65.0 V, respectively. Source temperature was set to 100 °C for
all ESI TOF experiments. Isolation parameters (i.e., quadrupole RF settings, ion optics,
and m/z-isolation window) were optimized to isolate the first isotope (*C;) peak of [ys]*
(m/z 511) generated from in-source fragmentation of AAAAHAA-NH, and the complete
isotopic packet (due to mass isolation restrictions) of [y1: — (NHs; + *CO)]** (m/z 664)
from da-MSH. Argon gas pressures in the trap- and transfer-cells were both set to ~2 x
10 mbar. Helium (He) gas pressure in the He cell was ~1 bar. Nitrogen (N,) gas
pressure in the IM cell was ~3.5 mbar. Pressure in the TOF region of the instrument was
~1.00 x 10° mbar. In all of the IM experiments, a wave height of +40 V and optimized
wave velocities of ~1250 m/s (AAAAHAA-NH,) and ~1000 m/s (da-MSH) were applied
to the IM stacked ring ion guide assembly.

Product fragment ions from the isotopically labeled peptide (i.e., AAAAHAA-
NH>), were generated prior to IM separation (pre-IM CID) in the trap cell using collision
energies corresponding to a 25 V potential difference between the trap cell exit and

entrance of the helium cell. The potential difference between the exit of the IM cell and
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entrance of the transfer cell was set at 2.0 V to prevent post-IM fragmentation of ions of
interest, except in post-IM CID experiments.

Product fragment ions from da-MSH were generated after IM separation (post-IM
CID) of m/z-isolated [y:11 — (NHz + *2CO)]** (m/z 664) in the transfer cell using collision
energies corresponding to a 40 V potential difference between the exit of the IM cell and
entrance of the transfer cell. The potential difference between the trap cell exit and
entrance of the helium cell was set at 1.2 V to prevent pre-IM fragmentation.

Default manufacture settings were used for all other instrument parameters (e.g.,
trap cell wave velocity (400 m/s) and height (+3.0 V), transfer cell wave velocity (665
m/s) and height (+3.0 V), pusher frequency (~14.5 kHz), and all other ion optic
parameters).

IM-MS data were analyzed using MassLynx software (version 4.1) (Waters
Corporation, Manchester, UK). Chemometric analysis of post-IM CID results for da-
MSH were performed in Matlab 7.0 (The MathWorks Inc., Natick, MA, USA) using a
previously published method ®2. Mass corrected IM drift times (for [ys — (NHs + *CO)]*
(m/z 465) and [ys — (NH; + 2CO)]" (m/z 466) from AAAAHAA-NH,) were calculated
using the method proposed by Ruotolo et al.*** Reported IM profiles for [ys — (NH3 +
3CO)]" (m/z 465) and [ys — (NH5 + *2CO)]* (m/z 466) from AAAAHAA-NH, correspond
to the centroid m/z £ 0.02 mass range, extracted from the CID mass spectra of mono-

isotopically isolated [yes]".

lon trap tandem mass spectrometry. A linear trap quadrupole (LTQ) Orbitrap
Discovery mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) operated

in the positive ion-mode was used to acquire all MS" CID mass spectra. The ESI sample
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flow rate was set to 5.0 plL/min. The mass resolving power (M/AMsgy,) Of the Orbitrap
was set to ~30,000 (at m/z 400). All LTQ Orbitrap mass spectra reported in here
correspond to an average of 30 scans (where each scan is an average of 5 microscans);
these optimized experimental conditions provided signal-to-noise ratios of >3 for all
product fragment ions of interest. The ESI source, metal capillary, and tube lens voltages
were set at +4.55 kV, +50 V, and +145 V, respectively. The LTQ metal capillary
temperature was set at 275 °C. LTQ parameters (i.e., quadrupole RF settings and isolation
window) were optimized to isolate the first isotopic peak of [ys]” (m/z 511) generated
from in-source fragmentation of AAAAHAA-NH,. CID of m/z-isolated ions was carried
out in the LTQ at optimized normalized collision energies *** of 15% to 30%. He gas
(partial pressure of ~1 x 107 torr) was used as the collision gas for LTQ Orbitrap CID
experiments. Protonated hexaglycine (m/z 361) was used as a lock mass for acquisition of
all LTQ Orbitrap mass spectra. Mass measurement errors (MMESs) for all LTQ Orbitrap
experiments were better than ~1.5 ppm. Orbitrap mass spectra were analyzed using
Xcalibur software (version 2.1) (Thermo Fisher Scientific, Waltham, MA, USA).
Instrumental parameters (for the Orbitrap mass spectrometer) for generation of the mass
spectra shown in Figures 2.1 and 2.2, as well as all Appendix A information (i.e., Figures
Al, A2, A3, and Table A.1) were similar to those discussed above and have been
previously reported in detail.’®

All presented IM-MS and MS" experiments were performed a minimum of three
times to ensure the reproducibility of acquired data. Reported IM drift times are the
average of three (n = 3) replicates and confidence intervals are reported at the 95%

confidence level.

38



Nomenclature

Product fragment ion assignments reported in this text reflect the origin of product
fragment ions (i.e., losses from isolated y-ions) and should not be confused with
conventional a, b, and other product fragment ions from protonated molecular ions.
According to current recommendations by the International Union of Pure and Applied
Chemistry (IUPAC), an a-type ion is defined as a “fragment ion containing the peptide
N-terminus formed upon dissociation of a peptide ion at the peptide backbone C-C
bond”.**> Because y-type ions are formed via losses of original N-termini from their
respective precursor peptides (e.g., loss of one or more amino acids(s)), subsequent losses
of H,O/NH3; and CO from y-type ions should not be classified as a-type product ions. To
acknowledge the structural similarity of these product ions (formed by neutral losses
from y-type ions) to a- and b-type ions, we refer to them as a- and b-“like” ions
throughout the text. Further justification and discussion of the nomenclature used in here

can be found in our recent publication.'®

Results and Discussion

In the following sections we present MS and IM-MS data that show loss of
internal carbonyl groups during the CID of m/z-isolated [ys]” generated from protonated
AAAAHAA-NH; heptapeptide. First, we provide MS" CID evidence confirming the loss
of an internal, isotopically labeled backbone carbonyl group (i.e., [ys — (NHz + *CO)]")
following CID of m/z-isolated [ys]* (generated from CID of protonated AAAAHAA-
NHy). Second, we utilize IM-MS to compare the gas-phase structures of [ys — (NH3 +
2C0)1* and [ys — (NH3 + **CO)]", and to probe the potential for [ys — (NHs + *2CO)]* to

be a mixture of different product fragment ions that lose carbonyls from multiple
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locations. Next, we perform MS" using an LTQ Orbitrap mass spectrometer to map
different positions of [ys]” (from AAAAHAA-NH,) that lose carbonyl groups. Finally, to
test the effects of backbone carbonyl losses from y-fragments of other peptides, we
perform post-IM CID on [y:1 — (NH3 + 2C0O)]?* from da-MSH and discuss our findings.
Evidence for Loss of Internal Backbone Carbonyls Following CID of [ys]™ from
Protonated AAAAHAA-NH,

During a recent investigation assessing sequence-scrambling in subsequent CID
of m/z-isolated y-type ions, % we noticed the generation of unusual product fragment ions
corresponding to potential loss of a labeled backbone carbonyl group (from an internal
amino acid) from [y,]" (where n = 4-6). These [y,]" product fragment ions were generated
from CID of a C-terminal amidated heptapeptide AAAAHAA-NH,. For brevity, only
results from CID of m/z-isolated [ys]" are presented in this chapter. Representative CID
mass spectra for m/z-isolated [ys]* and [y]" that indicate losses of internal *3C labeled
carbonyl groups can be found in Appendix A (Figures A.1 and A.2, respectively). Figure
2.1 shows the CID mass spectrum of mono-isotopically isolated [ys]” (m/z 511) generated
from in-source fragmentation of AAAAHAA-NH; (m/z 582) in the LTQ Orbitrap.
Product fragment ions at m/z 465.25674 and 466.26019 (Figure 2.1 inset) correspond to
[ys — (NH3 + **CO)]" and [ys — (NH3 + **CO)]*, with calculated mass measurement errors
(MMEsS) of approximately 0.21 ppm and 0.02 ppm, respectively.

Product fragment ion assignment of [ys — (H.O + '2CO)]" (theoretical m/z
465.27618) was also considered for the ion at m/z 465. However, calculated MME for [ys
— (H,0 + *C0)]"* product fragment ion assignment is approximately 41.48 ppm, which is

far greater than the instrument’s expected MME of < 2 ppm when using an appropriate
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Figure 2.1. LTQ Orbitrap CID mass spectrum of m/z-isolated [ys]* (m/z 511) (generated
from in-source fragmentation of protonated AAAAHAA-NH,). Inset shows the expanded
view of the m/z range from 464 to 468 corresponding to [ys — (NHs + ?CO)]* (m/z 466)
and scrambled product fragment ion [ys — (NH3 + *3CO)]" (m/z 465) (red font).
Experimental (E) and theoretical (T) m/z values as well mass measurement error (MME)
values for select postulated product fragment ion assignments are indicated.

lock mass.*’ Mass measurement error calculations suggest that observed product
fragment ion at m/z 465 should be assigned as [ys — (NHz + *CO)]* (0.21 ppm) and not
[ys — (H20 + CO)]* (41.48 ppm). Furthermore, to confirm that no [ys — (H,O + **CO)]*

is generated, and *CO is lost from an internally labeled backbone carbonyl group, we

performed CID on a control counterpart protonated peptide, AAAAHAA-NH; in the LTQ
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Orbitrap (where “A” indicates a carbon thirteen (**C) isotope on the alanine side chain
(i.e., R group) rather than its backbone).

Figure 2.2 shows the CID mass spectrum of mono-isotopically isolated [ys]” (m/z
511) generated from in-source fragmentation of protonated AAAAHAA-NH, (m/z 582).
Fragmentation patterns for the control peptide were similar to those observed for CID of
[ys]" (m/z 511) generated from in-source fragmentation of AAAAHAA-NH, (Figure 2.1).
Although the product fragment ion at m/z 466 (i.e., [ys — (NHs; + *CO)]*) was observed
in CID mass spectrum of m/z-isolated [ys]” (m/z 511) generated from AAAAHAA-NH,
(i.e., control peptide), there was no peak present at m/z 465. We can draw two
conclusions from CID results of this control peptide (Figure 2.2). First, under our
experimental conditions, AAAAHAA-NH, does not appear to generate a product
fragment ion at m/z 465 through [ys — (H,O + *CO)]" channel; this suggests that
AAAAHAA-NH, should not generate [ys — (H,O + ?CO)]" either. Second, [ys — (NH3z +
3CO)]" (m/z 465.25674) was not present in the CID mass spectrum of [ys]* (m/z 511)
generated from AAAAHAA-NH, (Figure 2.2). Because the control peptide (i.e.,
AAAAHAA-NH,) does not have a *3C label on the Ala carbonyl group, absence of an ion
at m/z 465 is expected and confirms that CO loss is from a backbone carbonyl (rather
than the side chain of Ala). Results from MME calculations and CID of control
AAAAHAA-NH; peptide are in agreement with one another and consistent with the
assignment of [ys — (NH3 + *CO)]" for ions at m/z 465.25674 (Figure 2.1).

To further confirm our findings on CO loss assignment, we examined the CID

mass spectra of y-type ions from other C-terminus free and amidated peptides. For
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Figure 2.2. LTQ Orbitrap CID mass spectrum of m/z-isolated [ys]* (m/z 511) (generated
from in-source fragmentation of protonated control peptide, AAAAHAA-NH,). Inset
shows the expanded view of the m/z range from 464 to 468 corresponding to [ys — (NH3 +
2C0)]" (m/z 466). No product fragment ions were observed at m/z 465.

acid sequence: SYSMEHFRWGKPV-NH,) and [ys]** and [ys]" species of angiotensin 11
antipeptide (amino acid sequence: EGVYVHPV). Results from these experiments are
summarized in Appendix A (Table A.1). CID of m/z-isolated y-type ions of different
lengths and charge states from da-MSH and angiotensin Il antipeptide generated a-“like”
ions, similar to [ys — (NHs + #**C0)]* of AAAAHAA-NH,. Generation of these product
fragment ions suggests that loss of C-terminal H,O or NH3 (from amidated peptides) and

2CO from backbone positions may be a common loss from y-type ions upon CID.
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Consequently, sequence-scrambling following CID of m/z-isolated y-type ions may be
more common than previously assumed. Furthermore, we did not observe any [y, — (H.O
+12C0)]™ (n = 6-12; m = 1, 2, and/or 3) in the CID mass spectra of m/z-isolated y-type
ions from amidated da-MSH. These results support our conclusions from CID of the
control peptide (i.e., protonated AAAAHAA-NH,; Figure 2.2) and reconfirm that the
product fragment ion at m/z 465 in Figure 2.1 is [ys — (NH3 + *C0O)]* and not [ys — (H,O
+ 12CO)]+.

The observed product fragment ion at m/z 465 (i.e., [ys — (NHs + *CO)]" in
Figure 2.1) can only be formed by a loss of an internal *C labeled carbonyl group. Loss
of an internal **CO suggests potential sequence-scrambling. The loss of ammonia (NHs)
(in addition to *CO in [ys — (NHs; + *CO)]") is consistent with our previous results
which suggested that sequence-scrambling in CID of isolated y-type ions occurred
through dissociation of intermediate macrocyclic b-“like” ions.’® Likewise, recent results
by Harrison et al. suggested that protonated C-terminal amidated peptides readily lose
NHj; to form macrocyclic b-type ions which can undergo further fragmentation and result
in sequence-scrambled ions following a similar mechanism.**® There are five non-labeled
carbonyl (*CO) groups in [ys]" of AAAAHAA-NH,, and without a systematic isotopic
labeling, the ion at m/z 466 (i.e., [ys — (NHs + ?CO)]") cannot strictly be assigned as a
sequence-scrambled product fragment ion. In other words, loss of carbonyl groups from
five different locations (e.g., see discussion of Scheme 2.2) could yield product fragment
ions at m/z 466 (i.e., [ys — (NH3 + Y*CO)]"); hence ions at m/z 466 could be a mixture of
different sequence-scrambled and sequence-intact product fragment ion isomers. Based

on the number of possible carbonyl groups in AAAAHAA-NH,, CO losses should
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predominately be of the *2CO type with a lesser probability for **CO losses; as shown in
Figure 2.1 (inset), the observed lower relative abundance for m/z 465 (as compared to the
peak at m/z 466) is consistent with this view. However, reaction thermochemistry,
chemical kinetics for metastable decay, and other variable parameters might also
influence ion dissociation and mass spectral patterns.

Previous studies have demonstrated that imine terminated a-type ions (CO loss
from C-terminus) can undergo macrocyclization and generate sequence-scrambled
product ions.”*"** In this study, however, the ion at m/z 465, i.e., [ys — (NHs +*CO)]*
(Figure 2.1) is generated from the loss of internal **CO (suggesting that scrambling
occurs prior to carbonyl expulsion). Scheme 2.1 shows a proposed mechanism for the
loss of *3C labeled internal backbone carbonyl group from CID of [ys]" (generated from
CID of protonated AAAAHAA-NH,). Loss of NH3 could be initiated via oxazolone ring
formation at the C-terminus of [ys]" (Scheme 2.1, Step 1).1** *?® The oxazolone ring
structure may subsequently reopen following a head-to-tail macrocyclization reaction
(isobaric to macrocyclic b-type ions) (Scheme 2.1, Step 2). Following an
“intramolecular” proton transfer (Scheme 2.1, Step 3), a second oxazolone ring can be
formed at the labeled alanine residue (A) cleaving the A-A amide bond (Scheme 2.1, Step

94,140 the second

4). Similar to generation of sequence-scrambled and normal a-type ions,
oxazolone ring may then rearrange to lose *CO (Scheme 2.1, Step 5-8) and generate the
N-terminal imine sequence-scrambled product fragment ion at m/z 465 (i.e., [ys — (NH3 +

3C0O)]" (Scheme 2.1, Step 6).
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Scheme 2.1. Proposed mechanism for generation of sequence-scrambled [ys — (NH3 +
3C0)]" (m/z 465) product fragment ion from CID of [ys]* from protonated AAAAHAA-
NHo.

CID of isolated protonated molecular ion of AAAAHAA-NH, (i.e., [M + H])
should generate doublet (i.e., loss of *CO and *CO) a-type ions.**> **! Results from CID
of m/z-isolated [M + H]" (m/z 582) are provided in Appendix A, Figure A.3. CID of m/z-
isolated [M + H]® (m/z 582) precursor ions generated [a,]" ions (where n = 5-7)
corresponding to losses of *CO and *CO. Generation of doublet peaks corresponding to
losses of **CO and **CO (and C-terminal NHs) from [M + H]* supports our proposed
mechanism (Scheme 2.1) for generation of a-“like” product fragment ions at m/z 465 and
466 (Figure 2.1).

To further investigate the potential for sequence-scrambling via expulsion of

internal carbonyl groups from CID of y-type ions, we performed IM-MS on product

46



fragment ions [ys — (NHs + 2*CO)]" and [ys — (NH5 + 2CO)]* to probe for the presence of
different gas-phase conformers. Results from IM-MS studies of [ys — (NHz + CO)]"
product fragment ions are presented in the following section.

IM-MS Analysis of [ys — (NHs + *CO)]* and [ys — (NHs + *2CO)]* from Protonated
AAAAHAA-NH,

Previous studies have suggested that sequence-scrambling in CID of b-type ions
occur when product fragment ions cyclize and reopen at various existing internal amide
bonds.”™ % %1% Dye to changes in the sequence-scrambled product fragment ion’s
primary structure, the ion’s secondary and tertiary structures may also be affected.
Assuming that similar mechanisms for b-type ion scrambling are involved in y-type ion
scrambling, it would be reasonable to predict that [ys — (NH3 + *CO)]* (m/z 465) and [ys
— (NHs + CO)]" (m/z 466) might have different structures and conformations and hence
distinguishable ion mobility profiles.

The pre-IM CID mass spectrum of m/z-isolated [ys]” (first isotopic peak at m/z
511) generated from in-source (Synapt G2-S HDMS) fragmentation of AAAAHAA-NH,
is shown in Figure 2.3. Because of the differences in energetics of CID (e.g., collision gas
types and partial pressures) involved, CID of m/z-isolated [ys]” in the Synapt G2-S
HDMS (Figure 2.3a) generated more product fragment ions than in the LTQ Orbitrap
(Figure 2.1). Differences in ESI source conditions (e.g., temperatures and ESI spray
voltage) between the LTQ Orbitrap and Synapt G2-S HDMS could lead to formation of
ions with different initial internal energies. However, collisional and, to a lesser extent,

radiative cooling during ion isolation and ion trapping events should be sufficient to
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thermalize and reduce the internal energy differences of surviving ions and allow
reasonable comparisons between the two experiments.

Under our experimental conditions, single-stage/direct ESI mass spectra or MS!
of AAAAHAA-NH, obtained using either the LTQ Orbitrap or the Synapt G2-S HDMS
system, and in the absence of ion fragmentation (e.g., no applied CID for collisional
excitation) showed similar patterns; this suggested that ions formed in both systems had
comparable initial internal energy contents. For a quantitative comparison of fragment
ions generated in the LTQ Orbitrap and the Synapt G2-S HDMS, it would be necessary to
operate both instruments under identical experimental conditions (source temperature,
spray conditions, collision gas type [i.e., reduced mass], and pressure [i.e., number of
collisions]). Therefore, presence of different isomers under varied experimental
conditions cannot be excluded. However, in IM-MS experiments, analogous to the LTQ
Orbitrap CID results and consistent with the presented data in Figure 2.1, pre-IM CID
MS of mono-isotopically m/z-isolated [ys]" (m/z 511) showed the presence of product
fragment ions at m/z 465 ([ys — (NHs + *CO)]*) and 466 (i.e., [ys — (NH; + *CO)]")
(Figure 2.3a inset).

Figure 2.3b shows the IM profiles for [ys — (NHs + “*CO)]* (m/z 465) and [ys —
(NH; + CO)]" (m/z 466). Under our experimental conditions, the IM profile of [ys —
(NH; + *CO)]" (Figure 2.3b top) showed one major gas-phase conformer (drift time
(DT) = 4.47 (= 0.05) ms) and at least two partially resolved minor conformers at shorter
DTs. The presence of the two minor conformers may be due to differential product

fragment ion folding and/or the existence of alternative fragmentation pathways for
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Figure 2.3. (a) Pre-ion mobility collision-induced dissociation (pre-IM CID) mass
spectrum of m/z-isolated [ys]” (m/z 511) (generated from in-source fragmentation of
protonated AAAAHAA-NH,). Inset shows the expanded view of the m/z range from 464
to 468 corresponding to [ys — (NHz + *CO)]* (m/z 466) and scrambled product fragment
ion [ys — (NH3 + *CO)]" (m/z 465). (b) Mobility profiles of [ys — (NHs + *CO)]* (m/z
465) (top panel) and [ys — (NH3 + *2CO)]* (m/z 466) (bottom panel) generated from pre-
IM CID of m/z-isolated [ys]” (m/z 511).

generation of [ys — (NHs + *CO)]* (m/z 465). Additionally, observed partially resolved
conformers may be the result of multiple protonation sites for [ys — (NHs + *CO)]",
which has been shown to affect the mobility of ions in drift time and traveling wave IM
experiments *** %3 Although we expected to see five conformers for [ys — (NH3 +

2CO)]* (m/z 466) (due to potential loss of *CO from the five non-labeled backbone

carbonyl groups in [ys]"), the IM profile of [ys — (NH3 + *2CO)]* (m/z 466) (Figure 2.3b
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bottom) showed the presence of two overlapping ion populations (DT = 4.19 (+ 0.00") ms
and 4.54 (x 0.00) ms). Please, note that the Synapt G2-S HDMS system reports DTs to
only two decimal places and all replicates yielded the same DT resulting in calculated
standard deviations of £ 0.00 ms. It is possible that five (or more) conformers exist but
are clustered into two groups with similar collision cross sections, which are unresolved
under our experimental conditions. The two populations in the IM profile of [ys — (NH3 +
2C0O)]" suggest the presence of at least two structural conformers (or ion populations)
with different collision cross sections. The observed IM profile (in Figure 2.3b, bottom
panel) is likely the result of losses of non-labeled carbonyl groups from independent
locations (e.g., C-terminal carbonyl and internal carbonyl(s)). Differences in DTs of [ys —
(NH; + *CO)]" (m/z 465) and [ys — (NH3 + ?CO)]" (m/z 466) are statistically significant
at the 95% confidence level (texperimentar = 6.062, and tipe = 4.303, calculated using the

144, 145

case two Student’s t test for unpaired samples ) indicating that, as a consequence of

sequence-scrambling, these two ions have different gas-phase structures.
Post-IM CID of [ys — (NHs + *CO)]* and [ys — (NHs + *CO)]" from Protonated
AAAAHAA-NH,

Ideally, we would have liked to isolate [ys — (NHz + **CO)]" (m/z 465) and [ys —
(NH; + *?CO)]* (m/z 466) prior to IM separation to perform post-IM CID (i.e., CID in the
transfer cell) and search for possible conformation specific product fragment ions.>>% ¢
However, with the existing Synapt G2-S setup, we were limited to one isolation event per

scan prior to the TriWave assembly (i.e., the trap, IM, and transfer cells collectively).>®

148 Hence, isolation of [ys — (NH3 + *CO)]* (m/z 465) and [ys — (NH3 + *CO)]* (m/z

! The Synapt G2-S HDMS system reports DTs to only two decimal places and all replicates
yielded the same DT resulting in calculated standard deviations of + 0.00 ms.
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466) between the trap and IM cells was not possible. Additionally, in-source generation
of [ys — (NH3 + 3CO)]" and [ys — (NH3 + *2CO)]" followed by isolation in the quadrupole
could not be performed due to potential in-source generation of [bs — (**CO)]* and [bs —
(**CO)]" (e.g., Appendix A, Figure A.3, inset b), which have identical masses to [ys —
(NH3 + 2C0)]* and [ys — (NH3 + *?CO)]", respectively. Therefore, we performed CID on
isolated [ys — (NH3 + **CO)]" (m/z 465) and [ys — (NH3 + *2CO)]* (m/z 466) in the LTQ
Orbitrap mass spectrometer; these CID results are presented in the following section.

CID of m/z-Isolated [ys — (NH3 + *C0O)]* and [ys — (NH3 + *2CO)]* from Protonated
AAAAHAA-NH,

The CID mass spectrum of m/z-isolated [ys — (NHs + **CO)]" (m/z 465) (i.e., in-
source CID of [M + H]"-> isolation of [ys]” (m/z 511) = CID of [ys] "= isolation of [ys —
(NH3 + *CO)]" (m/z 465) > CID of [ys — (NH5 + *CO)]") is shown in Figure 2.4a. Due
to presence of potential rearrangements in the original sequence of [ys — (NHz + *CO)]"
(m/z 465), we expected to observe a major portion of its CID product fragment ions to be
scrambled. As expected, all product fragment ions generated from CID of isolated [ys —
(NH; + *CO)]" (m/z 465) can be assigned as rearranged (with respect to the peptide’s
original amino acid sequence: AAAAHAA-NH,) product fragment ions.

Next, we performed CID on m/z-isolated [ys — (NH3 + Y*CO)]" (Figure 2.4b) (i.e.,
in-source CID on [M + H]"-> isolation of [ys]" (m/z 511) = CID on [ys]"=> isolation of
[ys = (NH; + 2CO)]" (m/z 466) > CID on [ys — (NH; + *CO)]* to yield the mass
spectrum in Figure 2.4b). The fragmentation pattern from CID of m/z-isolated [ys — (NH3
+12C0)]" (Figure 2.4b) is considerably different than the fragmentation pattern from CID

of m/z-isolated [ys — (NH3 + **CO)]" (Figure 2.4a). The product fragment ion at m/z 378
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(i.e., [ys — (2NHs + 2CO + A)]*; red font in Figure 2.4b) is unique to the CID of [ys —
(NH; + 2CO)]*. The CID mass spectrum of [ys — (NHz + *CO)]" contains two abundant
sequence-scrambled product fragment ions (i.e., [ys — (NHz + CO + *CsH;N; + A)]*
(m/z 285) and [ys — (NH3 + *2CO + *2CsH;N3)]* (m/z 357)). Results from CID of isolated
[ys — (NH3 + *CO)]" (m/z 465) and [ys — (NH5 + **CO)]* (m/z 466) confirm the IM-MS
data (in Figure 3) and suggest that these product fragment ions have different gas-phase
structures.

Although **CO can be lost from multiple backbone positions, postulated identities
of sequence-scrambled product fragment ions generated from CID of [ys — (NH3 +

2CO)Y* (i.e., [ys — (NH3 + *CO + **CsH/N3 + A)]" (m/z 285) and [ys — (NH3 + 2CO +

In-source [ys]” Isolation CID Isolation
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12 +
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Figure 2.4. LTQ Orbitrap collision-induced dissociation (CID) mass spectra of m/z-
isolated (a) [ys — (NHs + *CO)]" (m/z 465) and (b) [ys — (NH3 + ?CO)]* (m/z 466) at
15% normalized collision energy. Low intensity peaks marked with an asterisk (*)
indicate electronic noise.
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12CsH7N3)]* (m/z 357)) suggest that one of the backbone carbonyls can be lost from the
histidine residue. Adding the chemical compositions of **CO and '?CsH;N; yields
12CH7N30 (i.e., the chemical composition for histidine) suggesting the initial **CO loss
was likely from the histidine residue. Because isotopically labeled alanine (A) does not
have a*2CO in its structure, we can conclude that the His carbonyl group (**CO) was lost
prior to CID of [ys — (NHs + *2CO)]* and the remainder of His (i.e., **CsH;Ns3) was lost
after CID of [ys — (NHs + *2CO)]". These results agree with those reported by Tsaprailis
et al. where it was demonstrated that the His side chain could direct fragmentation at its
C-terminus.**’

Scheme 2.2 shows a possible mechanism for loss of the carbonyl group from His

residue (i.e., [ys — (NHs + *CO)]* (m/z 466)) generated from CID of [ys]* of the

14‘ ﬁ)\ 14‘ })\ 14‘
o C o C o C
N N NT
NH : HjN/ m Ring A Yo NH " o)
l L@ Opening %NH Oj/i /%\J\FDNH
NH HN NN NH HN
San ﬁ%o e

[ys — (NH3)]" (m/z 494) [s — (NH3)]" (m/z 494) [s — (NH3)]" (m/z 494)
Step 4 Step 5 Step 6
O
O})\;‘\lﬁc ) 1(1:
[ys — (NHs + 12CO + 2CoH;N3)]* (m/z 357) +—2— o )B A, N~ .
CID N?\NH Lgss of NH NH, \
[Ys — (NHs + *2CO + *CsHyN3 + A)]" (m/z 285)M iz 466 JNH *HN/\//\/ co OINH e { YN\
Step 9 /KJHW-;Q“ )\ﬂ/ﬁ \(KO =
[ys — (NH3z + *CO)]" (m/z 466) [ys — (NH3)]" (m/z 494)
Step 8 Step 7

Scheme 2.2. Proposed mechanism for loss of a carbonyl (**CO) group from histidine
residue, that is, [ys — (NHs + *CO)]" (m/z 465) in CID of [ys]* from protonated
AAAAHAA-NH,, and generation of subsequent scrambled product fragment ions, that is,
[ys — (NH3 + 2CO + *2CsH/N3 + A)]" (m/z 285) and [ys — (NH3 + *2CO + CsH;N3)]*
(m/z 357).
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isotopically labeled peptide AAAAHAA-NH,. The first three steps (i.e., loss of C-
terminal NHs, head-to-tail macrocyclization, and proton transfer) can occur following a
similar pathway as proposed for the generation of [ys — (NHs + *CO)]" (m/z 465)
(Scheme 2.1, Steps 1-3) and, for brevity, are not shown in Scheme 2.2. Following
macrocyclization of [ys — (NH3)]" (m/z 494), the histidine side chain can form a bicyclic
ring and direct cleavage at the His-Ala amide bond (Scheme 2.2, Step 4) (consistent with
previous reports by Tsaprailis et al. **"). The bicyclic ring can then internally rearrange
(Scheme 2.2, Step 5-7) to expel the carbonyl group (similar to expulsion of CO from

imidazole ring % 4

) and generate the product fragment ion at m/z 466 (i.e., [ys — (NH3 +
2C0)]") (Scheme 2.2, Step 8) containing an imine derived from histidine (denoted as
His’). Upon mass isolation and CID of [ys — (NH3 + *CO)]* (m/z 466), cleavage of the
Ala-His' bond (designated as “a” in Scheme 2.2, Step 8) results in formation of the
observed sequence-scrambled product fragment ion [ys — (NHz + *?CO + 2CsH/N3)T*
(m/z 357) (Scheme 2.2, Step 9). Subsequent cleavage of the Ala-Ala amide bond
(designated as “B” in Scheme 2.2, Step 8) generates the observed sequence-scrambled
product fragment ion [ys — (NH3 + *?CO + *CsH;Na+ A)]" (m/z 285) (Scheme 2.2, Step
9).

Although presence of sequence-scrambled product fragment ions (i.e., [ys — (NH3
+ 12CO + 2CsH;N; + A)]" (m/z 285) and [ys — (NH3 + 2CO + CsH/N3)]* (m/z 357))
generated from CID of isolated [ys — (NH3 + *2CO)]* (m/z 466) suggest that a carbonyl is
lost from the His residue, there are four Ala residues which could also lose *CO and

generate product fragment ions with the same mass as [ys — (NHs + 2*CO)]* (m/z 466).

Identities of the product fragment ions in Figure 2.4b can be used to determine if *?CO is
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lost from Ala residues. For example, the product fragment ion at m/z 423 (Figure 2.4b) is
generated via neutral losses of NHs, **CO, and ?C,HsN from [ys]" (i.e., [ys — (NH3 +
20 + 2C,HsN)T). In this case, addition of *?CO and C,HsN yields the chemical
composition of alanine (i.e., **CsHsNO), suggesting that *2CO is also lost from a “non-
labeled” alanine(s). Due to the presence of four Ala residues in [ys]" of AAAAHAA-NH,
it is not possible to assign this particular 2CO loss to a specific alanine. However,
presence of the product fragment ions at m/z 236 (i.e., [ys — (2NH3 + ?CO + A3)]"), m/z
307 (i.e., [ys — @NH;z + 2CO + A,)]"), and m/z 378 (i.e., [ys — (2NH3 + 2CO + A)]")
suggest that *2CO is likely lost from the C-terminal Ala. Sequential loss of NHz and *2CO
from the C-terminus of y-type ions is analogous to formation of general a-type ions in
CID of protonated peptides/proteins. Therefore, the fragmentation mechanism(s) for
generation of [ys — (NHz + 2CO)]" (m/z 466) loosing C-terminal NH3z and *2CO is likely
similar to those described for formation of a-type ions.'** 18

Based on our MS" results we can conclude that [ys — (NH3 + **CO)]* (m/z 465) is
a rearranged product fragment ion. Additionally, CID of m/z-isolated [ys — (NH3 +
2CO)]" (m/z 466) suggest that *2CO is lost from His and C-terminal Ala residues.
Carbonyl group losses from His and Ala may be representative of the two major gas-
phase conformers observed in our IM-MS results of [ys — (NHs + 2CO)]* (m/z 466)
(Figure 2.3b bottom). In the following section we provide evidence that loss of carbonyl
groups from multiple locations is not limited to y-type ions generated from AAAAHAA-

NHs.
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IM-MS and Post-IM CID Analysis of [y — (NHs + ?CO)** from Protonated Des-
Acetylated-a-Melanocyte-Stimulating Hormone

In our previous study on sequence-scrambling of y-type ions,*® we identified
several a-“like” ions generated from CID of various size and charge state y-type ions
from C-terminus free and amidated peptides (results are summarized in Appendix A,
Table A.1). For example, CID of m/z-isolated y-type ions of different lengths and charge
states from da-MSH (SYSMEHFRWGKPV-NH,) and angiotensis Il antipeptide
(EGVYVHPV) generated a-“like” ions, similar to [ys — (NHs; + 23CO)]" of
AAAAHAA-NH,. These results suggest that backbone CO losses from y-type ions can
occur in peptides of different sizes and amino acid compositions. To further investigate
carbonyl losses from internal backbone positions of y-type ions, we performed IM-MS
analysis on a pentapeptide (SDGRG), angiotensin Il antipeptide (EGVYVHPV),
angiotensin 1l (DRVYIHPF), a pentapeptide (SDGRG), and da-MSH
(SYSMEHFRWGKPV-NH,).

No [y, — (H,O + CO)]" fragment ions were generated from the SDGRG
pentapeptide (data not shown), suggesting that a-“like” fragments (and subsequent
sequence-scrambling) are not formed in CID of all peptides. Based on the evidence from
CID of [y4]" ions from AAAAHAA-NH, (Appendix A, Figure A.2), it is likely that
generation of sequence-scrambled a-“like” ions is not limited to larger size peptides.
Alternatively, generation of a-“like” ions may be mitigated in CID of the SDGRG
pentapeptide due to residue directed (i.e., non-random) fragmentation pathways.*%® 19 128
147,149, 10 £or example, peptides with C-terminal arginine residues (similar to SDGRG

pentapeptide) have been shown to follow different fragmentation pathways than related
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peptides without arginine due to proton immobilization by the basic arginine side
Chain.151' 152

IM-MS results from angiotensin Il antipeptide and angiotensin Il indicated
multiple conformers for [y, — (H,O + *2CO)]" product fragment ions (Appendix A,
Figures A.4 and A.5, respectively), similar to [ys — (NHs + 2CO)]* (m/z 466) from
AAAAHAA-NH,; (Figure 2.3b, bottom panel). Intriguingly, in-source CID of da-MSH
generated [y11 — (NH; + *CO)]** (m/z 664) with a single Gaussian-like IM arrival time
distribution (Figure 2.5a). To investigate the potential for multiple IM unresolved
conformers for [y11 — (NHz + *CO)]** (m/z 664) generated from da-MSH, we performed
post-IM CID and present our findings in this section.

Figure 2.5a shows the post-IM CID (Synapt G2-S HDMS) arrival time
distribution of m/z-isolated [y1: — (NHs + *?CO)]** (m/z 664) generated from in-source
CID of da-MSH (amino acid sequence: SYSMEHFRWGKPV-NH,). There are eleven
backbone (and two side chain (i.e., glutamic acid)) carbonyl groups in the structure of
[yi1 — (NH; + CO)J** (m/z 664) and we expected to observe the presence of several
conformational/structural isomers at different arrival times. However, the IM profile of
[y — (NHs + 2CO)]** (m/z 664) showed a single Gaussian-like distribution (Figure
2.5a). The observation of single Gaussian-like distribution for [y:; — (NHs + 2CO)J*
(m/z 664) may suggest: (i) **CO is lost from a single position yielding one major
conformation/structure or (ii) *CO is lost from multiple locations yielding IM unresolved
structures/conformers. To determine if the ion population at m/z 664 (i.e., [y11 — (NH3 +

12C0)]1*") represented multiple structures/conformers, we applied a previously reported
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chemometric deconvolution approach % ® and assessed post-IM CID mass spectra across
the IM profile shown in Figure 2.5a.

Results from IM profile deconvolution of post-IM CID of m/z-isolated [y;1 —
(NH; + 'CO)]** (m/z 664) are shown in Figure 2.5b, bottom panel. Post-IM CID
deconvolution results (Figure 2.5b) suggest that **CO is lost from multiple locations (in
[y — (NHs + Y*CO)]** of do-MSH) vyielding IM overlapping structures/conformers.
Although deconvolution of post-IM CID data revealed two distinct structural components
for [y. — (NHs + 2CO)J** (m/z 664), existence of additional isomers should not be
disregarded. For example, the deconvoluted IM profile of the early arrival time
conformer (Figure 2.5b, solid line) has a small shoulder at a longer arrival time (AT ~ 6.8
ms), suggesting the presence of an additional conformer(s) with similar fragmentation
pattern(s).

Insets in Figure 2.5b show the deconvoluted CID mass spectra corresponding to
the two deconvoluted IM profiles for [y1; — (NHz + ?CO)]** of da-MSH (Figure 2.5b,
bottom panel). Deconvoluted mass spectrum for the early arrival time conformer (Figure
2.5b, solid line) contained sequence-scrambled product fragment ions (denoted in red
font). For example, ions at m/z 434 ([ys — (2NHs + ?CO + P)]*"), m/z 607 ([y11 — (2NH3 +
2CO + P)I*"), m/z 729 ([y7 — (2NH3 + *CO + P)]"), m/z 866 ([ys — (2NH3 + *CO + P)]"),
and m/z 1214 ([y.1 — (2NH; + CO + P)]*) are all assigned as sequence-scrambled
product fragment ions from the original [y1: — (NHs + CO)]** or SMEHFRWGKPV-
NH, sequence (Figure 2.5b, top left panel). ldentities of sequence-scrambled product
fragment ions in Figure 2.5b, top left panel suggest that the proline residue is directing

the fragmentation process. Site directed fragmentation in the presence of proline, also
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Figure 2.5. (a) Post-IM CID mobility profile of [y:1 — (NH3 + *CO)]** (m/z 664)
(generated from in-source CID of des-acetylated-a-melanocyte-stimulating hormone). (b)
Deconvoluted IM (bottom panel) and mass (top panels) spectra generated via
chemometric analysis of post-IM CID data (see main text for details). The peak labeled
with a double cross bar (¥) at experimental m/z 138.1334 (in mass spectrum of the shorter
arrival time isomer shown in left panel) may correspond to an unusual fragment ion with
formula [**C3H16NsO]" (theoretical m/z 138.1349); however, due to large MME (11 ppm)
we did not label this peak in the figure.

called the “proline effect”, has been well studied and may play a role in sequence-
scrambling of proline containing peptides.’®® ** % | jkewise, the proline effect may
explain why we only observed two major conformers for the deconvoluted post-IM CID
data for [y1; — (NHs; + 2C0O)]** (m/z 664) (Figure 2.5b). In other words, if proline is
involved in directed fragmentation of da-MSH then *2CO groups at some backbone

positions should have a higher probability of being lost than at other backbone positions.
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Residue directed fragmentation mechanism may result in fewer numbers of gas-phase
conformers (e.g., eleven sites for backbone **CO loss) for [y11 — (NHs + 2CO)]** (m/z
664) than initially expected.
The post-IM CID mass spectrum of the longer arrival time conformer for [y:; —
(NH; + Y?CO)]** (m/z 664) (Figure 2.5b, top right panel) showed product fragment ions
corresponding to normal losses (i.e., sequence-intact product fragment ions) as major
fragment ions. Postulated product fragment ion identities in Figure 2.5b (top right panel),
suggest that a backbone carbonyl can be lost from the C-terminal valine residue. For
example, the doubly charged product fragment ion at m/z 629 (Figure 2.5b, top right
panel) is generated via neutral losses of NH3, *CO, and *2C4H1oN from [y11]** (i.e., [y —
(NH; + CO + *2C4HgN)]*). Similar to our discussion of losses from the isotopically
labeled peptide (e.g., Figure 2.4), when we add the chemical composition of **CO and
12C4HgN we arrive at the chemical composition of valine (i.e., **CsHsON). Because there
is only one valine (at the C-terminus) in the amino acid sequence of da-MSH, we can
conclude that one backbone 2CO must be lost from the C-terminal position to yield a
sequence-intact a-“like” product fragment ion, similar to generation of normal a-type
i0n3.140' 148
Chemometric deconvolution results from post-IM CID of [y:1 — (NH; + 2CO)J*
(m/z 664) from da-MSH (Figure 2.5) indicate that IM resolution of currently available
commercial instruments may be insufficient for resolving some isomer populations.
Based on IM results for [y — (NH; + *2CO)]** from da-MSH (Figure 2.5) and
complementary results from IM analysis of b-type ions,®® we suspect that IM analysis of

a-“like” ions from other peptides systems will similarly show unresolved structures,
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which may be misinterpreted as having a single, pure, and sequence-intact isomer. As

previously reported,**®

and is clear from the IM profiles in Figures 2.3, 2.5, and Appendix
A, Figures A.4 and A.5, presence of multiple IM unresolved isomers results in broadened
AT distributions. Therefore, peak width analysis,** along with post-IM CID,%* ® can be
used as a rapid screen for IM unresolved structural isomers and/or sequence-scrambling.
Results from post-IM CID of [y1; — (NHs + CO)]** (m/z 664) from da-MSH
(Figure 2.5) are in line with our observations from isotopically labeled heptapeptide,
AAAAHAA-NH; (Figures 2.1 to 2.4), and suggest that backbone carbonyl groups can be
lost from multiple backbone positions. Furthermore, CID results from both peptides

suggest that loss of internal backbone carbonyl groups is an important step in sequence-

scrambling of y-type ions.

Conclusions

Presented results are in agreement with previous findings on the possibility of
generating sequence-scrambled peptide product fragments in CID of m/z-isolated a-, b-,
and y-type ions 1% 20 133 The Joss of internal carbonyl groups in CID of y-type ions
from the isotopically labeled heptapeptide AAAAHAA-NH, provides an additional
evidence for sequence-scrambling in CID of y-type ions. Sequence-scrambled [ys — (NH3
+ BCO)]* (m/z 465) and [ys — (NH3 + CO)]* (m/z 466) product fragment ions were
observed in CID of [ys]" (generated from CID of protonated AAAAHAA-NH,). IM-MS
results suggest the existence of different gas-phase conformers for [ys — (NHs + **CO)]*
(m/z 465) and [ys — (NHs + CO)]" (m/z 466). Furthermore, MS" CID results on m/z-
isolated [ys — (NH3 + *CO)]* (m/z 465) and [ys — (NH3 + *2CO)]" (m/z 466) reveal unique

fragmentation patterns for each product fragment ion. Moreover, product fragment ions
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generated from CID of m/z-isolated [ys — (NHs + CO)]* (m/z 466) indicate loss of
carbonyl groups from different amino acid residues (i.e., His and non-labeled Ala
residues). Independent carbonyl group losses from His and Ala may be representative of
the two major gas-phase conformers of [ys — (NHs + *2CO)]* (m/z 466) observed in our
IM-MS results (Figure 2.3b bottom). Likewise, post-IM CID results for m/z-isolated [y11
— (NHs5 + 2CO)]** (m/z 664) from do-MSH suggest that carbonyl groups are lost from
both C-terminal (yielding direct product fragment ions) and internal (yielding sequence-
scrambled product fragment ion) positions. Additionally, IM-MS analysis of select y-type
ions generated from da-MSH and angiotensin Il antipeptide suggest that loss of internal
carbonyl groups, and consequently sequence-scrambling, may be a common feature in
CID of y-type ions.

MS" and IM-MS results suggest that loss of internal backbone CO may be a
crucial step in formation of sequence-scrambled product fragment ions from CID of m/z-
isolated y-type ions. For example, sequence-scrambled product fragment ions may be
produced via following pathways: Step 1. Formation of y-type ions - Step 2. CID to
form b-“like” ions - Step 3. Formation of cyclic b-*like” ions - Step 4. Loss of a
neutral CO (from available positions) = Step 5. Loss of different internal amino acids or
fragments (e.g., see Scheme 2.2). Although steps 1-3 and 5 have been previously

reported, %

the proposed intermediate step 4 (i.e., loss of internal backbone carbonyl
group(s)) has not been reported before. Comprehensive characterization of CO losses and
their inclusion as possible steps in structural rearrangements may abate existing

knowledge-gaps in mechanistic understanding of peptide rearrangement pathways.
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Using isotope labeling, ion mobility-mass spectrometry (IM-MS), and tandem
mass spectrometry (MS") we have demonstrated that y-type ions can rearrange to lose
internal backbone carbonyl(s) and yield ions that can serve as intermediate structures in
the sequence-scrambling pathway. Further experiments must be performed to assess
effects of product fragment ion size, charge, and amino acid composition on the extent of

expulsion of internal backbone carbonyls of y-type ions.
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CHAPTER THREE

DNA Oligonucleotide Fragment lon Rearrangements Upon Collision-induced
Dissociation

This chapter published as: Harper, B.; Neumann, E. K.; Solouki, T., DNA
Oligonucleotide Fragment lon Rearrangements Upon Collision-induced Dissociation. J.
Am. Soc. Mass Spectrom. 2015, 26 (8), 1404-1413.

Abstract

Collision-induced dissociation (CID) of m/z-isolated w type fragment ions and an
intact 5’ phosphorylated DNA oligonucleotide generated rearranged product ions. Of the
21 studied w ions of various nucleotide sequences, fragment ion sizes, and charge states,
18 (~86%) generated rearranged product ions upon CID in a Synapt G2-S HDMS
(Waters Corporation, Manchester, England, UK) ion mobility-mass spectrometer. Mass
spectrometry (MS), ion mobility spectrometry (IMS), and theoretical modeling data
suggest that purine bases can attack the free 5’ phosphate group in w type ions and 5’
phosphorylated DNA to generate sequence permuted [phosphopurine]” fragment ions. We
propose and discuss a potential mechanism for generation of rearranged [phosphopurine]

and complementary y-B type product ions.

Introduction
The emergence of commercially available electrospray ionization (ESI) sources
and high resolving power mass spectrometers has allowed for routine sequencing of
oligonucleotides via mass spectrometry (MS) based techniques.!® Similar to MS

sequencing of peptides and proteins,”* to sequence oligonucleotides, precursor molecular
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ions are generally first isolated and then fragmented using gas-phase dissociation

155, 156

techniques (e.g., CID,"* *** infrared multiphoton dissociation (IRMPD), electron

155

capture dissociation (ECD),™ etc.). The resulting product fragment ion mass spectra are

then analyzed and interpreted to determine the original nucleotide sequences.****3

A potential drawback of oligonucleotide sequencing by tandem MS (MS")
techniques is the data analysis challenges associated with generation of complex mass
spectra composed of fragment ions from the 3" and 5’ ends, internal fragments (generated

109

from sequential fragmentation), and base losses.” Although CID of oligonucleotides

predominately generates a-B and w type fragment ions (McLuckey’s nomenclature %),
generation of unidentifiable product ions and alternative fragmentation pathways (in CID
and other fragmentation techniques) have also been reported.”"*® For example, Juhasz
et al. reported generation of six unusual/unidentifiable high intensity product ion peaks
from the DNA oligonucleotide, CAC ACG CCA GT;*’ these authors purported that
presence of unidentifiable fragment ions may make MS based de novo sequencing of
some oligonucleotides impractical.”’ Likewise, Nyakas et al. recently described an
unusual fragmentation pathway involving loss of internal [POs]" through formation of a
cyclic intermediate in CID of highly charged DNA oligonucleotides.*®

Because of their potential impact on “top-down” proteomics ®" ® and high
throughput biomolecule sequencing, amino acid “sequence-scrambling” and ion
rearrangements in the gas-phase have drawn much attention.** % 2 Sequence-
scramblings in peptides and proteins are believed to occur through macrocyclization and

subsequent reopening at internal amide bonds to generate product ions with rearranged

amino acid sequences.'® Though the impact of rearrangements on sequence coverage of
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peptides in amino acid sequencing is uncertain,'® ***

positive identification of permuted
fragment ions and mechanistic understandings of their generation could help improve
sequencing algorithms. Despite the number of investigations focused on rearrangement
pathways of peptide ions, there has been a paucity of examples addressing unusual
fragmentation of oligonucleotide ions.

We hypothesized that, similar to CID of peptide fragment ions,® 1% 1% 12 C|D of
DNA fragment ions could also result in generation of secondary fragment ions with
rearranged atomic structures (relative to precursor ion structures). For this study, we
chose to focus on CID of w type fragment ions for two reasons: (a) w type ions (along
with a-B type ions) are the most commonly observed fragment ions in CID of DNA

109-113

ions,"** and are thus often used for sequencing, and (b) w type ions retain all of the

bases in the precursor ion series (unlike a-B type ions which lack nucleobases at various
positions *4).

In this chapter, we report the first experimental evidence for generation of
rearranged fragment ions during CID of isolated w type oligonucleotide ions and 5’
phosphorylated DNA. We performed CID on twenty-one [w,]* (where n = 1-8 and z = 1-
3) fragment ions from three different DNA oligonucleotides. Of the twenty-one studied w
type fragments, ~86 % showed evidence for subsequence rearrangement upon CID. We

also compared our results to CID of a 5’ phosphorylated DNA oligonucleotide which

showed similar results.
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Materials and Methods

Sample Preparation

Imidazole and angiotensin Il antipeptide (amino acid sequence: EGVYVHPV;
used as a lock mass) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Optima
grade methanol and water were purchased from Fisher Scientific (Pittsburgh, PA, USA).
All DNA oligonucleotides (Oligo-1 [ATG CGT CCG GCG TAG A], Oligo-2 [p-GTA
GA; where “p” denotes a 5’ phosphorylation], Oligo-3 [TCG AGG TCG ACG GTA TC],
and Oligo-4 [AGA GTT TGA TCC TGG CTC AG]) were purchased from Integrated
DNA Technologies (Coralville, 1A, USA). Oligo-1, 3, and 4 were chosen based on their
small sizes (i.e., < 20 nucleotides), presence of all four normally occurring DNA bases
(i,e.,, A, G, T, and C) in their sequences, and occurrence of different, non-repeating
nucleotide sequences. Oligo-2 was custom synthesized to be homologous with the
sequence of the [ws]” (where “z” denotes the charge state(s)) fragment ions from Oligo-1.
Micromolar concentrations of oligonucleotides were prepared in a spray solvent
containing 1.0 mM imidazole in a 1:1 mixture of water:methanol. All chemicals and

analytes were used “as is” and without any additional purification or modification.

Instrumentation

lon mobility-mass spectrometry. IM-MS experiments were performed using a
Synapt G2-S HDMS ion mobility-mass spectrometer (IM-MS) (Waters Corporation,
Manchester, England, UK) operated in negative-ion mode ESI. The time-of-flight (TOF)
mass analyzer was operated either in high resolution mode (i.e., “W” mode for IM

experiments in Figure 3 and to distinguish between potential isobaric species) or
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sensitivity mode (i.e., “VV” mode for all other experiments to detect low abundance ions).
The experimental scan time for data acquisition was set at 1 second.

Sample flow rate was set at 5 uL/min (Figure 3.3) or 1.5 uL/min (Figures 3.1 and
3.2, and Tables 3.1 and 3.2) using a Harvard Pump 11 Plus dual syringe pump (Harvard
Apparatus, Holliston, MA, USA). Source temperature was set at 100 °C. The source
voltage was set at -3.0 kV for all IM-MS experiments. The software defined sampling
cone voltage was set at -150.0 V (Figures 3.1a and 3.2, and Tables 3.1 and 3.2), -35.0 V
(Figure 3.1b), or -120.0 V (Figure 3.3). The source offset voltage was set at -35.0 V
(Figure 3.1b) or -150.0 V (all other Figures/Tables). Please note that source conditions
were “softer” for Figure 1b to prevent in-source fragmentation. lon isolation parameters
(i.e., quadrupole rf/dc) were optimized to isolate the isotopic distribution of the ions of
interest.

Post-IM/CID *°? was performed by setting a 40.0 to 50.0 V (Figure 3.1 and Tables
3.1 and 3.2) or 20.0 V (Figure 3.2) potential difference between the IM and transfer cells.
Pre-IM/CID (Figure 3.3) was performed by setting a 30.0 V potential difference between
the trap and helium cells. IM cell wave height and velocity were set at 40.0 V and 750
m/s, respectively, and nitrogen gas (N.) pressure in the IM cell was ~3.5 x 10 bar (N,
flow rate of 90.0 mL/min). Helium gas (used for collisional cooling prior to IM %)
pressure in the helium cell was ~1.4 bar (helium gas flow rate of 180 mL/min). Argon gas
pressures in the trap and transfer cells were both kept at ~2.4 x 10” bar (argon gas flow
rate of 2.0 mL/min). All gas pressures are reported as direct instrument readouts and have

64, 163

not been corrected for geometry or sensitivity factors.'®
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lon trap tandem mass spectrometry. A Linear Trap Quadrupole (LTQ) Orbitrap
MS (Thermo Fisher Scientific, Waltham, MA, USA) operated in negative-ion mode ESI
was used to collect the MS" data in Figure 3.4 and Appendix B, Figure B.2. Mass
resolving power (M/AMsgy) Of the Orbitrap MS was set to the highest resolving power
for the instrument (i.e., ~30,000 at m/z 400). Sample flow rate was set to 20 ul/min. The
sheath and auxiliary gas (N,) flow rates were set to 60 AU and 5 AU, respectively. The
source, capillary, and tube lens voltages were optimized to -5.0 kV, -42.0 V, and -133.7
V, respectively. The metal capillary temperature was set to 275 °C. The entire isotopic
distribution of the ions of interest were isolated and fragmented in the LTQ at normalized
collision energies ** of 30% (Figure 3.4) or 20% (Appendix B, Figure B.2). Wideband
excitation *** was turned off to minimize re-activation of fragment ions. Helium gas was
used as the collision gas for CID (partial pressure of ~1.3 x 10® bar). Due to low
abundance of y-B type ions from Oligo-2, sufficiently high sample concentration (100
uM) was used to collect the data displayed in Figure 3.4. Singly and doubly deprotonated
angiotensin 1l antipeptide ions (m/z 897 and m/z 448, respectively) were used as lock

masses for all LTQ Orbitrap experiments.

Data Analysis

IM-MS data were analyzed using MassLynx software (version 4.1) (Waters
Corporation, Manchester, England, UK). To obtain signal-to-noise ratios of >3 for all
ions of interest, acquired IM-MS spectra were averaged for 5 minutes (Figure 3.1 and
Tables 3.1 and 3.2), 10 minutes (Figure 3.2), or 20 minutes (Figure 3.3). IM profiles
displayed in Figure 3.3 correspond to the centroid m/z £ 0.02 Th, extracted from the

associated mass spectra.
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LTQ Orbitrap MS data were analyzed using Xcalibur (version 2.2) (Thermo
Fisher Scientific, Waltham, MA, USA). The data in Figures 3.4 and Appendix B, Figure
B.2 correspond to the average of 150 scans and 50 scans, respectively, which provided
signal-to-noise ratios of >3 for all ions of interest. Mass measurement error (MME) for
all ions identified using the LTQ Orbitrap were < 2 ppm.

Fragment ions corresponding to “typical” losses were identified using Mongo

Oligo Mass Calculator (version 2.06).'%°

All fragment ion assignments were based on
McLuckey’s nomenclature."** Unless otherwise indicated (viz., figure caption for Figure
3.1a), fragment ion identities were assigned with respect to the original oligonucleotide’s

sequence.

Theoretical Calculations

Theoretical calculations were performed using density functional theory (DFT) at
B3LYP/6-31G(d) level of theory and basis set **® with Gaussian 09 suite of programs
(Gaussian Inc., Wallingford, CT, USA).*’ Thermochemical data are reported as
thermally corrected changes in Gibbs free energies at 298 K (AGagg) and are expressed in

kcal/mol.
Results and Discussion

Fragment lon Rearrangements in CID of w Type and Intact 5 Phosphorylated
Oligonucleotide lons
Figure 3.1a shows the MS" CID mass spectrum of m/z-isolated [ws]* (m/z 802)

generated from in-source CID of Oligo-1 in a Synapt G2-S HDMS system. Under our

experimental conditions, CID of [ws]* generated two unusual product ions at m/z 214 and
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m/z 230 (denoted in red font, Figure 3.1a) which could not be assigned to a known
fragment ion type using conventional nomenclature or fragmentation mechanisms.
Calculated low MMEs for the assigned peaks suggested that chemical compositions of
these observed ions at m/z 214 and m/z 230 might correspond to metaphosphate ([PO3]’)
ion *® plus adenine (i.e., [phosphoadenine]’; ~5.84 ppm) and [POs] plus guanine (i.e.,
[phosphoguanine]’; ~5.96 ppm), respectively. Fragment ion assignments of
[phosphoadenine]” (m/z 214) and [phosphoguanine]” (m/z 230) are further supported by
the presence of complementary fragment ions [ys — A]" (m/z 1390) and [ys — G]" (m/z
1374) in the CID mass spectrum of [ws]* (denoted in red font, Figure 3.1a).

Numerous investigations of peptide ion scrambling indicate that fragment ions

168
)

(e.g., b-type ions; Roepstorff’s nomenclature generated during CID of peptide ions

are themselves rearranged, and that the evidence of such rearrangements (i.e.,
“scrambled” fragment ions) can be observed upon subsequent fragmentation.®3 %4 169173
a similar “scrambling” trend holds true for generation of [phosphoadenine]” (m/z 214) and
[phosphoguanine]” (m/z 230), then the precursor w type ion (i.e., [ws]*) may also be
structurally rearranged. To test this hypothesis, and to determine if [phosphopurines]
(i.e., [phosphoadenine]” and [phosphoguanine]’) could be produced from CID of intact 5’
phosphorylated DNA, we repeated an analogous experiment to that presented in Figure
3.1a on a 5’ phosphorylated oligonucleotide (i.e., Oligo-2) with the same sequence as the
last five nucleotides of Oligo-1 (i.e., p-GTA GA). Figure 3.1b shows the CID mass
spectrum of m/z-isolated doubly-charged Oligo-2 (i.e., [Oligo-2 — 2H]2- at m/z 802).

The CID mass spectrum of [Oligo-2 — 2H]* (Figure 3.1b) is essentially identical

to the CID mass spectrum of m/z-isolated [ws]?* fragment ion (m/z 802) generated from

71



(a) ESI Oligo-1 = In-source CID = Isolate [ws]* = Post-IM/CID > Mass Spectrum

[POq]

t
g
= t
ote T
—= | & o
Eg g %.‘—. =
23
S| @ | &= + 3
281 2. 9L <z
o .C g < T .—2? = L+
n QO S | 1 E‘_.S’,(,‘_,:—-‘ )
Ss=|2z st 000
= I eluy (R
= ?1 x SX23 11 F
n
||l||||| I- L | Inl‘lllh n I.l L l |
v T

450 900 1350
m/z

(b) ESI Oligo-2 - Isolate [Oligo-2 — 2H]* - Post-IM/CID - Mass Spectrum

T
.
e
=
(el @]
L O
© C
T Q.
o w
L O
s -
2T o<
o L
\‘ L L 23
A
|.|I||||| Idl.ﬂlx.m | l \u
: d -

450 900 1350
m/z

Figure 3.1. CID mass spectra of m/z-isolated (a) [ws]*” (m/z 802) generated from in-
source CID of Oligo-1 and (b) doubly-charged intact Oligo-2 ([Oligo-2 — 2H]* at m/z
802). Sequence for both ions is p-GTA GA. Rearranged [phosphopurine]” and
complementary y-B type ions (see discussion in main text) are denoted in red font. Peaks
labeled with a prime sign (e.g., [a's — A] at m/z 810) denote a-B type fragment ions which
were generated from a precursor w type ion.
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in-source CID of Oligo-1 (Figure 3.1a). It should be noted that both [phosphopurines]
and complementary y-B fragment ions (denoted in red font, Figures 3.1a and 3.1b) were
present in both mass spectra, and with comparable fragment ion relative abundances.
Although we cannot eliminate the possibility that Oligo-2 cyclizes/rearranges prior to
fragmentation (e.g., during ionization), results in Figure 3.1b show that the observed
[phosphopurines]” can be generated from the originally linear structures. Therefore, it is
likely that [ws]* (Figure 3.1a) is also a linear structure (i.e., not cyclized). This is
especially important for sequencing efforts as rearranged w type ions could undermine
the validity of MS-based DNA sequencing. Furthermore, results from Figure 1b indicate
that, in addition to w type ions, 5’ phosphorylated oligonucleotides can also generate
[phosphopurines]'.

To confirm the presumed identities of [phosphoadenine]” (m/z 214) and
[phosphoguanine]” (m/z 230), MS" experiments (Figures 3.2a and 3.2b, respectively) were
carried out. As expected, CID of [phosphoadenine]” species generated a high intensity
peak at m/z 79 (corresponding to [PO3]) and a low intensity peak for [adenine] (at m/z
value of 134) (Figure 3.2a). Similarly, CID of [phosphoguanine]” (m/z 230) also
generated a high intensity peak for [POs] (at m/z 79) and a low intensity peak for
[guanine]” (at m/z value of 150) (Figure 3.2b). Data from the MS/MS mass spectra show
that the relative abundance of [adenine] with respect to [PO3] (i.e., [adenine] /[POs] in
Figure 3.2a) is higher than that observed for [guanine]” (i.e., [guanine]/[POs] in
Figure3.2b). These results are in agreement with findings by Pan et al. who demonstrated
that [adenine] is more stable than [guanine] and therefore more likely to be generated

during the CID of deprotonated DNA oligonucleotides.*™
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Figure 3.2. Post-IM/CID mass spectra of (a) [phosphoadenine]” (m/z 214) and (b)
[phosphoguanine]” (m/z 230). Insets are shown at 150x and 250x expansion, respectively.
Peaks marked with an asterisk (*) denote background noise.

Experimental results in Figure 3.2 are further supported by predictions from
theoretical calculations (Scheme 3.1) which suggest that formation of [PO3] (m/z 79) and
a corresponding neutral base (i.e., adenine or guanine; Scheme 3.1, pathways 1 and 3,
respectively) are lower energy dissociation pathways for [phosphopurines] than for the
formation of neutral HPO3; and purine ions (i.e., [adenine]” (m/z 134) or [guanine]” (m/z
150); Scheme 1, pathways 2 and 4, respectively). For example, the AGygg fOr generation
of neutral HPO3 and [adenine]” from [phosphoadenine]” (Scheme 3.1, pathway 2) is 48.07
kcal/mol, whereas, the AG,gg for generation of [PO3] and neutral adenine (Scheme 3.1,
pathway 1) is 22.73 kcal/mol (i.e., AG' = -25.33 kcal/mol, where “AG"” denotes the
difference in AGygg between the two pathways). Similar results were observed for

[phosphoguanine]” pathways (Scheme 3.1, pathways 3 and 4; AG' = -17.49 kcal/mol),

suggesting that generation of [POs]” is a lower energy pathway than formation of
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[guanine]’. Although the general trends between theoretical (Scheme 3.1) and
experimental (Figure 3.2) evidences are in agreement, an in-depth study of reaction
kinetics (e.g., activation barrier(s) to formation and depletion of reactants/products,
charge affinities, stability of transition species, etc.) would be necessary to draw concrete
conclusions. Although useful, these types of calculations are outside the scope of this
dissertation, but may be worth exploring in future studies.

The DNA oligonucleotides used in this study do not contain any non-natural bases
or modified groups. Therefore, presence of peaks corresponding to [phosphoadenine]
(m/z 214) and [phosphoguanine]” (m/z 230), in Figures 3.1 and 3.2, indicates the existence
of reaction channels involving intramolecular rearrangements. In other words, based on
the high mass measurement accuracy (or MME < 6.00 ppm), observed peaks at m/z
214.0137 and 230.0060 (compared to theoretical m/z values of 214.0125 and 230.0074,
respectively) can be assigned to negatively charged [phosphoadenine]” and
[phosphoguanine]” (i.e., exclusively as rearranged fragment ions). Presence of such
rearranged phosphopurine fragment ions may be more prevalent than previously
believed. For example, Schulten et al., observed analogous “phosphourus acid +
nucleobase” ions in a positive-ion mode pyrolysis field desorption (Py-FD)-MS study.'”
In their discussion, Schulten et al. confer that they could not determine how
“phosphourus acid + nucleobase” ions were generated, but assumed it was due to
pyrolysis of starting materials.'”® In the present study, however, negative ions were
generated via CID of ESI generated species; hence, no pyrolysis products were formed.

Similar to CID of [ws]* (Figure 3.1), CID of [w,]* (Wheren=2-4,6,and 7;z=1

or 2) also generated [phosphoadenine]” (m/z 214) and [phosphoguanine] (m/z 230)
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Scheme 3.1. Theoretical pathways for dissociation of [phosphoadenine] (pathways 1 and
2) and [phosphoguanine]” (pathways 3 and 4).

isotopically labeled peptide AAAAHAA-NH,. The first three steps (i.e., loss of C-

species (Table 3.1). Of the studied w type ions from Oligo-1, only [w1] (m/z 330) did not

generate a [phosphopurine]” (Table 3.1). Although structural rigidity of the smaller [w;]

(as compared to large w type ions) may restrict rearrangement reactions, the absence of

m/z 214 ([phosphoadenine]’) in the CID mass spectrum of [w;] is surprising for two

reasons: (a) [wi] contains an adenine in its structure and (b) CID of [w;] from Oligo-1

(Table 3.1, row 4) generates [phosphoadenine]” (m/z 214) and [phosphoguanine]” (m/z

230), suggesting that losses are possible from both positions. These unusual results may

be explained by the existence of other lower energy dissociation pathways for [w;]", such
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Table 3.1. Summary of Precursor w lon Sizes, Charge States, and Presence or Absence of
[phosphoadenine] (m/z 214) and [phosphoguanine]” (m/z 230) Generated from Oligo-1

W, Z m/z 214 m/z 230 *
Oligo-1: ATG CGT CCG GCG TAG A
1 1- x —
2 1- v v
3 1- v v
4 2- 4 4
5 2- v v
6 2- v v
7 2- v v

* “_> Denotes that [phosphoguanine]” generation was not possible due to lack of guanine
in the precursor w type fragment ion sequence.

as those resulting from charge localization.*”* *"®"® For example, Pan et al. demonstrated
that deprotonating a phosphate group enhances the proton affinity, and therefore
cleavage, of the neighboring nucleobase.’™ In the cases of [w,]* fragment ions where n >
2, the negative charge(s) can be distributed to multiple sites in the oligonucleotide,
therefore decreasing the chance of a negative charge being at the 5 terminal phosphate
group. The [wy] fragment ion, however, has only one phosphate group that can be

deprotonated. Thus, according to previously reported findings,"™* *"°

charge localization
to the 5 terminal phosphate group could increase the proton affinity of the neighboring
adenine and direct fragmentation through loss of adenine, rather than generation of
[phosphoadenine] .

To study the conformation(s) of rearranged [phosphopurines]” and check the
possibility of the phosphorus containing group being attached to multiple purine ring

positions (i.e., structural isomers), we acquired ion mobility spectra of [phosphoadenine]

(m/z 214) and [phosphoguanine]” (m/z 230) (Figure 3.3). Presence of multiple structural
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Figure 3.3. IM profiles for [phosphoadenine]- (m/z 214; solid line) and [phosphoguanine]
(m/z 230; dashed line) generated from pre-IM CID of [ws]* (m/z 802) from Oligo-1.
isomers for each [phosphopurine]” would be indicated by presence of multiple IM arrival
time (AT) peaks. IM profiles for [phosphoadenine]” (m/z 214) and [phosphoguanine]
(m/z 230) (Figure 3.3) each showed single IM peaks, suggesting the presence of a single
structure (type) for each ion population. However, it is possible for [phosphopurines] to
have multiple isomers or structures that require higher mobility resolving powers for their
successful separation. Hence, under our current experimental conditions, the IM-MS
results (Figure 3.3) suggest that the phosphorus containing group is attached to purine
bases at only one position.

In addition to experiments in the Synapt G2-S HDMS system (i.e., Figures 3.1-3),
rearranged [phosphopurines]” were also observed in the CID mass spectra of [ws]* from
Oligo-1 in a triple quadrupole MS system (Appendix B, Figure B.1) and [Oligo-2 — 2H]*
in an LTQ Orbitrap MS (Appendix B, Figure B.2). Results from these three different
mass spectrometer types suggest that the [phosphopurine]” fragment ion rearrangement

pathway can be accessed in different MS system types and collisional activation regimes.
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For example, the CID results in Figures 3.1-3 and Appendix B, Figure B.1 were collected
on instruments where collision energy was applied through a voltage potential difference
between two electrodes.®® ** In this type of non-selective collision regime, product
fragment ions continue to undergo collisional activation and fragmentation. Conversely,
in the LTQ Orbitrap (Appendix B, Figure B.2), precursor ions were selectively (i.e., on-
resonance) excited and fragmented in the LTQ which can greatly reduce reactivation (and
further fragmentation) of the product fragment ions.”** ™ Moreover, LTQ Orbitrap
results further support the conclusion that the [ys — G]” (m/z 1374) and [ys — A]” (m/z
1390) ions in Figure 3.1 and Appendix B, Figure B.2 are complementary fragments to
[phosphoguanine] and [phosphoadenine] respectively. In other words, these ions might
be generated from a common fragmentation pathway (i.e., [ws]> = [ys — B]') rather than
from independent losses (e.g., [ws]> = [ys] = [ys - B]).

To further investigate the fragmentation mechanism for complementary y-B type
ions, we performed MS" experiments in the LTQ Orbitrap. Figures 3.4a and 3.4b show
the MS® CID mass spectra of [ys — G]” (m/z 1374) and [ys — A]" (m/z 1390), respectively,
generated from Oligo-2 (i.e., isolate [Oligo-2 — 2H]* (m/z 802) = CID - isolate [ys — G
or A]" (m/z 1374 or m/z 1390) - CID to yield the mass spectra in Figure 4). Observed
fragments, generated from CID of the ions at m/z 1374 (Figure 3.4a) and m/z 1390
(Figure 3.4b), support the fragment ion assignments for [ys — G] and [ys — A].
Furthermore, none of the product fragment ions generated from CID of isolated [ys — G]
or [ys — A] precursors suggest the presence of atomic rearrangements or sequence-
scrambling, further supporting the conclusion that macrocyclization may not be involved

in product ion formation.
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Figure 3.4. CID mass spectra of m/z-isolated (a) [y — G]” (m/z 1374) and (b) [y - A] (m/z
1390) generated from Oligo-2 (p-GTA GA) at 30 % normalized collision energy.
Fragment ions labeled in red font denote peaks which can be used to determine positions
of base losses. Peaks marked with an asterisk (*) denote electronic noise.

Beyond confirming the fragment ion identities, the CID mass spectra in Figure 3.4
can also be probed to determine sites of guanine and adenine losses. For example, CID of
[ys — G] (Figure 3.4a) generated two ions (denoted in red font) at m/z 659 and m/z 794,
which correspond to [w,] and [d3; — (phosphoguanine + H,0)]’, respectively. Presence of
the [w;] (m/z 659) fragment ion suggests that the guanine at position four (from the 5’
end) is not lost. Moreover, presence of the ion at m/z 794 (i.e., [d;3 — (phosphoguanine +
H,0)]) suggests that the guanine at the first position (from the 5’ end) is lost. These two
pieces of information together can be used to conclude that at least a portion of the
[phosphoguanine]- ions observed at m/z 230 in Figures 3.1-3.3, and Appendix B, Figures
B.1 and B.2, are generated from losses of the guanines at the first positions from the 5’

ends of [ws]> and [Oligo-2 — 2H]*. Although the results in Figure 3.4a suggest that a

guanine is lost from the first position, they do not negate the possibility for presence of
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multiple pathways to form a [phosphoguanine] (i.e., from the guanines at positions one
and/or four); in other words, observed ions at m/z 230 could be a mixture of these two
[phosphoguanine]” populations. Similar conclusions can be drawn from the CID mass
spectra of [ys - A]” (m/z 1390) in Figure 3.4b. CID of [ys - A] (m/z 1390) generated two
fragment ions (denoted in red font) at m/z 659 (again corresponding to the [w] ion) and
m/z 730, corresponding to [as — phosphoadenine]” (Figure 3.4b). Identities of these two
ions suggest that adenine is lost from position three; similarly this finding alone cannot be
used to conclusively establish that adenine is not lost from position five as well.

Our MS" and IM-MS results suggest that [phosphopurines] are generated from
atomic rearrangement of Oligo-1 (ATG CGT CCG GCG TAG A) w type ions and intact
5’ phosphorylated Oligo-2 (p-GTA GA). In the following section we provide additional
experimental data that confirm the prevalence of [phosphopurine]” fragment ion
formation (i.e., we show that formation of rearranged [phosphopurine]” fragments are not
limited to CID of w type ions from Oligo-1 and intact Oligo-2).

Fragment lon Rearrangements in CID of w Type lons from Additional DNA
Oligonucleotides

Based on the results from CID of [w,]* (where n = 1-7; z = 1 or 2) from Oligo-1
(Table 3.1), we hypothesized that CID of w type ions from other oligonucleotides should
also generate [phosphoadenine]” (m/z 214) and/or [phosphoguanine]” (m/z 230), assuming
there is an adenine and/or guanine in the nucleotide sequence. To test this hypothesis, we
performed additional CID experiments on fourteen [w,]* (where n = 1-8; z = 1-3) ions
(validation set) generated from two DNA oligonucleotides: Oligo-3 (TCG AGG TCG

ACG GTA TC) and Oligo-4 (AGA GTT TGA TCC TGG CTC AG). These CID results
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are summarized in Table 3.2. Please note that no [ws]” ions were generated from in-
source CID of Oligo-4 and are thus absent in Table 3.2.

Results from CID of [w,]* (where n = 1-8; z = 1-3) ions from Oligo-3 and Oligo-4
confirm our hypothesis that [phosphopurine]” ions can be generated from
oligonucleotides with different sequences. Based on our experimental results, the
precursor ions’ charge state (where z = 1-3) did not have any noticeable effect on
generation of [phosphopurine] ions; however, potential effects of the precursor ion’s
charge state on [phosphopurine]” generation when z > 3 (which were not tested here)
should not be negated. The precursor ions’ sizes did have some influence on
[phosphopurine]” generation. Notably, [phosphopurine]” ions were only formed from
precursor [w,]* ions when n > 2 (i.e., w type ions containing more than one nucleotide in
their sequences), which agree with results from CID of [w;] from Oligo-1 (Table 3.1).

In total, we performed tandem MS experiments on twenty-one w type ions (Tables 3.1
and 3.2) and no [phosphopyrimidine]” product ions were observed in any of the MS"
experiments. Preferential generation of [phosphopurine]” over [phosphopyrimidine]
suggests that the bicyclic nitrogenous ring structure of purines might be essential for
formation of intermediate and/or final product ions and their stability. Based on a
valuable reviewer comment, we also checked the mass spectra for possibilities of purine
interactions with phosphate groups at internal positions, which would be indicated by
presence of y+B type ions; however, under our experimental conditions, these types of
ions were not observed. It is possible that steric hindrance from the next sequential
deoxyribose group may prevent this type of rearrangement (i.e., the rearrangement must

involve a terminal phosphate group). These results confirm our IM and MS" data and are
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Table 3.2. Summary of Precursor w lon Sizes, Charge States, and Presence or Absence of
[phosphoadenine] (m/z 214) and [phosphoguanine]” (m/z 230) Generated from Validation

Set
W, Z m/z 214* m/z 230*
Oligo-3: TCG AGG TCG ACG GTATC
1 1- - -
2 1- - -
3 1- v _
4 2- v -
5 2- v v
6 2- v v
7 2- v v
8 3- v v
Oligo-4: AGAGTT TGATCCTGG CTC AG
1 1- - x
2 1- v v
4 2- v v
5 2- v v
6 2- v v
7 2- v v

* “_ Denotes that [phosphopurine] generation was not possible due to lack of guanine
and/or adenine in the precursor w type fragment ion sequence.

in agreement with the theoretical evidence and allow elucidation of a potential
mechanism for formation of [phosphopurine] ions.

Scheme 3.2 shows a proposed mechanism for generation of [phosphopurine]” (i.e.,
[phosphoadenine]” (m/z 214) and [phosphoguanine]” (m/z 230)) and complementary y-B
type ions (i.e., [yn — A]*? and [y, — G]%Y") from CID of m/z-isolated w type ions. Please
note that the purine base depicted in Scheme 3.2 could either be guanine or adenine and
that nucleobases denoted by a capital “B” could be any nucleobase (i.e., A, G, C, or T).

For succinctness, the oligonucleotide structure in Scheme 3.2 is abbreviated to
three nucleotides and we only show the interaction of a purine at nucleobase position two
(from the 5’ terminus) with the 5’ phosphate group, although purines at other positions

can also follow the same mechanism. The first step in formation of [phosphopurines]
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Scheme 3.2. Proposed mechanism for generation of rearranged [phosphopurine]” and y-B
type ions.

may proceed via a mechanism similar to one recently proposed by Stucki et al. in a study
of homo-DNA oligonucleotides.*® First, a lone pair of electrons from the ether oxygen
(of the deoxyribose sugar) initiates cleavage of the purine base from the sugar backbone
and subsequent nucleophilic attack of the 5’ phosphate group to form a phosphoamide
tetrahedral transition species (Scheme 3.2, Step 1). Next, the phosphoamide tetrahedral
transition species can rearrange to generate [phosphopurine]” (m/z 214 and 230) (Scheme
3.2, Step 2), which may be structurally similar to phosphoimidazole.’***® Finally,
neutralization of the oxonium ion may be achieved by B-elimination of a proton from the

deoxyribose sugar by one of the adjacent phosphate groups (dashed arrows in Scheme

84



3.2, Step 3), moving the pi electrons back to the valence shell of the ether oxygen and

generating complementary y-B type ions (Scheme 3.2, Step 3).

Conclusions

Our experimental and theoretical results indicate that CID of m/z-isolated 5’
phosphorylated DNA oligonucleotide ions can generate rearranged product ions.
Furthermore, CID results suggest that, unlike peptide ion rearrangements,® % 12
oligonucleotide ions do not necessarily need to go through a macrocyclic intermediate to
generate [phosphopurines]’. The proposed mechanism for generation of [phosphopurine]
ions also indicates a previously undefined pathway for formation of y-B type fragment
ions.

The predictability of [phosphopurine]” formation may be leveraged as an
additional probe to determine if an unknown DNA sequence (or fragment ion) contains a
5" phosphate group, assuming its sequence contains an adenine and/or guanine
nucleobase. Moreover, the predictable nature of [phosphopurine]” formation and
incorporation of these fragmentation pathways into existing nucleotide sequencing
software/algorithms could improve data analysis.

Although presence of the two reported [phosphopurine]” ions may be
inconsequential to sequence analysis of oligonucleotides, their presence in the CID mass
spectra of oligonucleotide ions opens up the possibility that other, more consequential,
rearrangements or fragmentation pathways may also exist. The current report gives a

small snapshot of how oligonucleotide ions rearrange upon CID. Additional systematic

studies are necessary to determine the full extent of oligonucleotide ion rearrangements
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(e.g., from CID of intact, a, b, c, d, w, X, y, and z type ions ~) and their effects on

sequencing efforts.
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CHAPTER FOUR

Calculating Accurate Collision Cross-sections of lon Mobility Unresolved Isomers Using
Tandem Mass Spectrometry and Chemometric Deconvolution
Abstract

lon mobility (IM) is an important analytical technique for determining gas-phase
collision cross-section (CCS) and gaining insight into molecular structures and
conformations. However, limited instrumental resolving powers for IM may restrict
adequate characterization of conformationally similar ions, such as structural isomers,
and reduce the accuracy of IM-based CCS calculations. Recently, we introduced an
automated technique for extracting “pure” IM and collision-induced dissociation (CID)
mass spectra of IM overlapping species using chemometric deconvolution of post-
IM/CID mass spectrometry (MS) data [J. Am. Soc. Mass Spectrom., 2014, 23, 1873-
1884]. Here we extend those capabilities to demonstrate how extracted IM profiles can be
used to calculate accurate CCS values of peptide isomers which are not fully resolved by
IM. We show that CCS values obtained from deconvoluted IM spectra match with CCS
values measured from the individually analyzed corresponding peptides. We introduce an
approach that utilizes experimentally determined IM arrival time (AT) “shift factors” to
compensate for ion acceleration variations during post-IM/CID and significantly improve
the accuracy of the calculated CCS values. We discuss details of the proposed IM

deconvolution approach and compare empirical CCS values from traveling wave
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(TW)IM-MS and drift tube (DT)IM-MS with theoretically calculated CCS values using

the projected superposition approximation (PSA).

Introduction

lon mobility-mass spectrometry (IM-MS) is a valuable analytical technique for
analyzing the structure(s) and conformation(s) of gas-phase ions.*®*® IM-MS can be used
to rapidly separate ions based on their gas-phase size and shape, while collision cross-
sections (CCSs) determined from the IM drift time measurement can aid molecular
identification, and can be used to gain insight into the size and folding of molecules.
There is compelling evidence that the structural insights obtained from IM-MS studies
may be relevant to solution-phase structures and chemistry.’***% Several different
commercial IMS and IM-MS systems are available which are capable of determining
CCSs, namely the most prevalent are based on drift tube (DT)IM-MS and traveling wave
(TW)IM-MS technologies.®® % CCS measurements in DTIM-MS are relatively
straightforward because ion drift times (tp) are directly proportional to their CCS. *® 1%
However, in TWIM-MS where a non-uniform field electric field is used, ion CCS values
are proportional to tp*, where “x” is a parameter that must be calculated from analysis of
calibrants with known CCSs.*!

The capability of IM instruments to resolve isomeric species is governed by the
IM resolving power (i.e., arrival time (AT)/AATsgy or CCS/ACCSso0).**%® Continuous
improvements in the resolving power of contemporary instrumentation have extended the
ability to differentiate isomeric systems which exhibit similar CCS values. To improve
IM resolving power, several groups have focused on different strategies including using

162, 202-206

alternative drift gasses or gas modifiers,"***** developing new instruments, or

88



customizing existing systems.>® Although effective, these approaches aimed at improving
the IM resolving power can be complicated and costly to implement. To circumvent
instrumental limitations, some groups have used post-IM fragmentation and assigned IM
profiles of diagnostic fragment ions to IM unresolved precursor ions.>” > 207211 For
example, similar to spectral deconvolution of overlapping gas chromatography (GC)/MS
peaks,®* Clemmer’s group demonstrated that isomers with unresolved drift time
distributions could be differentiated by analyzing extracted ion drift time distributions
(EIDTDs) of unique fragment ions generated from post-DTIM collision induced
dissociation (CID).%" % Recently, Khakinejad et al. demonstrated that EIDTDs from
post-DTIM/electron transfer dissociation data could be used to calculate CCSs of IM
unresolved peptide conformers.?® These post-IM/CID approaches demonstrated that
fragment ions could be used to differentiate unresolved isomers present in a mixed AT,
but to date there have not been any attempts at reconstructing pure AT profiles from
convoluted IM spectra which are suitable for determining CCS values.

Previously, we introduced a chemometric data deconvolution technique® based
on SIMPLe-to-use Interactive Self-modeling Mixture Analysis (SIMPLISMA)® which
allowed the extraction of “pure” IM and post-IM/CID mass spectra for IM unresolved
species. Subsequently, we integrated SIMPLISMA into an automated IM deconvolution
(AIMD) software, which improved speed and accuracy of IM-MS analyses.>* Moreover,
we showed that chemical rank determination techniques, such as principal component

212, 213

analysis and Malinowski’s factor indicator, could be used to identify the number of

IM unresolved species without prior knowledge of the sample composition.>* > 6264
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In this manuscript, we demonstrate another unique utility of chemometric
deconvolution of post-IM/CID MS; specifically, we show that CCSs of IM unresolved
species, such as reverse pentapeptide isomers (i.e., SDGRG and GRGDS) and enkephalin
hexapeptide isomers (i.e., RYGGFM, RMFGYG, MFRYGG, and FRMYGG), can be
accurately calculated. A method is developed which utilizes an AT “shift factor” to
compensate for effects of electric field variations during post-IM/CID, which
significantly reduces differences between mean calculated CCSs for deconvoluted
profiles and CCSs obtained from individually measured analytes. Finally, we compare
our deconvoluted TWIM-MS CCSs for the enkephalin hexapeptide isomers to values
obtained using DTIM-MS and values calculated using projected superposition
approximation (PSA), a contemporary computational approach used to determine

theoretical CCSs.

Materials and Methods

Sample Preparation
Reverse pentapeptide isomers (amino acid sequences: SDGRG and GRGDS) and

poly-Alanine (used as the CCS calibrant)®" 2

were purchased from Sigma-Aldrich (St.
Louis, MO, USA). [Arg0] Met-enkephalin (amino acid sequence: RYGGFM) was
purchased from American Peptide (Sunnyvale, CA, USA). Scrambled sequence
enkephalin hexapeptides (amino acid sequences: RMFGYG, MFRYGG, and FRMYGG)
were custom synthesized by Peptide 2.0, Inc. (Chantilly, VA, USA) and their identities
were confirmed by CID MS analyses (Appendix C, Figure C.1). The reverse pentapeptide

mixture was chosen based on its previous use to characterize the IM resolving powers of
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the Synapt HDMS TWIM-MS instrument.>® The enkephalin hexapeptide isomers were
chosen because they have overlapping IM profiles and their CCSs have not, to the best of
our knowledge, been previously characterized. Optima LC/MS grade acetic acid and
methanol were purchased from Fisher-Scientific (Waltham, MA, USA). Water was
purified in-house using a Direct-Q 3 UV water purification system (EMD Millipore
Corporation, Billerica, MA, USA). Peptides were prepared by reconstituting the
lyophilized powder using a water: methanol: acetic acid (49.95: 49.95: 0.1) solvent
composition at final concentrations of ~1 pM. Peptide mixtures contained approximately

equimolar concentrations of each isomer.

Instrumentation

TWIM-MS experiments were performed as previously described® % 6264 215
using both a Synapt G1 (for the reverse pentapeptide binary mixture) and a G2-S (for the
enkephalin hexapeptide quaternary mixture) system (Waters Corporation, Milford, MA,
USA). Details of the experimental conditions used to collect the TWIM-MS data reported
in this manuscript can be found in Appendix C, Table C.1. Drift tube CCS measurements
were obtained on a commercial ESI-IM-QTOF Agilent 6560 ion mobility-mass
spectrometer (Agilent Technologies, Santa Clara, CA, USA). The method used has been
previously described,?'® %" but briefly, the buffer gas (i.e., nitrogen (N,)) was maintained
at a pressure of ca. 4 Torr and the drift voltages were varied in order to correct for the

non-IM flight time of the ions through the interfacing ion optics. Agilent tune mix was

run with each enkephalin hexapeptide sample as an internal CCS standard.
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Data Analysis

Post-IM/CID MS data were deconvoluted using in-house developed automated
IM deconvolution (AIMD) software.®® All IM arrival times for original raw data (i.e.,
poly-Alanine, individually run peptides, and peptide mixtures) correspond to the
experimental values for the centroid m/z of the monoisotopic (viz., **Ca) peak +0.03 Th
mass range (e.g., m/z 491.22 + 0.03 for singly-protonated SDGRG ([SDGRG + HJ)).
Post-IM/CID MS data analyzed with AIMD software were the average of 10 minutes
(588 scans; reverse pentapeptides) or 1 minute acquisition times (58 scans; enkephalin
hexapeptides) which were sufficient to provide signal-to-noise ratios of >3 for all
deconvoluted ions of interest. All other TWIM data were collected for 1 minute
acquisition time (58 scans), unless otherwise noted. DTIM-MS experiments were
collected for 2 minutes acquisition time (108 scans). All experiments were conducted a
minimum of three times; reported errors are at the 95% confidence level. Experimental
TWIM-MS CCSs were calculated using the method proposed by Ruotolo and
coworkers.”® The Mason-Schamp equation “*® was used to determine experimental CCS

values from ion drift times for all DTIM-MS experiments.

Theoretical Modeling

Theoretical CCSs for enkephalin hexapeptide isomers (i.e., RYGGFM,
RMFGYG, MFRYGG, and FRMYGG) were calculated using a simulated annealing
protocol implemented with the AMBER software.?'® The doubly-protonated enkephalin
isomers were constructed using standard amino acid templates in the xLEaP module such
that protonation sites are at the arginine and N-terminus. Because xLEaP contains amino

acid templates that do not incorporate hydrogens on the C-terminal residues, these were
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constructed manually and subsequently geometry optimized at the Hartree-Fock level
with a 6-31G* basis set using Gaussian 09.2° The enkephalin isomers were then energy
minimized with the sander module, and subsequently heated to 700-800 K over a 10 ps
molecular dynamics simulation. An extended molecular dynamic simulation was run at
700-800 K for 9,000 ps and structural snapshots were saved every 3 ps throughout the
simulation, resulting in 3,000 unique structures. These structures were cooled to 300 K
during 15 ps molecular dynamics simulations resulting in low-energy conformations that
were used for theoretical CCS determination.? %%

A combination of MOBCAL?*%® and projected superposition approximation
(PSA)?27% \vere used to calculate the theoretical CCS values. Helium (He) values were
obtained in MOBCAL using the projection approximation. PSA was then used to
calculate nitrogen (N,) CCS values for a series of low-energy structures (~20) spanning
the entire CCS range for which the structures were obtained. A linear function was
determined from these values to convert the remaining He CCS values to N, CCS values
as previously demonstrated.?! Briefly, it was found that, to a first approximation,
theoretical He and N, CCS values could be directly correlated by a simple linear function
which helps offset the time requirement for generating a large pool of values.?* PSA
CCS values were calculated using the online service hosted by the University of

California, Santa Barbara.?!

Results and Discussion
Figure 4.1 (black) shows the IM profile of an equimolar mixture of two isomeric
reverse pentapeptides (i.e., [SDGRG + H]" and [GRGDS + H]" at m/z 491.22). As

previously reported, the IM resolving power of the Synapt G1 is insufficient to separate
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these two isomeric peptides, while the Synapt G2 is only capable of differentiating the

%3, % Characterization of unknown

doubly-protonated forms of this isomeric mixture.
samples with overlapping IM profiles (such as those shown in Figure 4.1, black IM
profile) would be challenging, as unresolved IM peaks could erroneously be assigned to
single analytes. Particularly in this example, the mixture exhibits a symmetric Gaussian-
like IM profile indicative of what would be obtained from a single analyte. Resultantly,
this would lead to the measurement of a CCS corresponding to a mixture of analytes. In
the following sections, we show that chemometric deconvolution of post-IM/CID MS
data can be used to extract the ATs of IM unresolved isomers which can then be used to
calculate accurate CCS values. Briefly, because of ion acceleration during post-IM/CID,
ATs of deconvoluted IM profiles are shorter than ATs of the individually analyzed
species without post-IM/CID (i.e., obtained under low-energy conditions). Here, we

demonstrate a method to correct, or “zero”, ATs from deconvoluted IM spectra to match

low-energy individually analyzed IM spectra for the purpose of determining the CCS.

[Reverse Peptides + H]*

[SDGRG + H]*
[GRGDS + HJ*

3. 4
Arrival Time (ms)

Figure 4.1. IM profiles of [SDGRG + H]" (green) and [GRGDS + H]" (red) before (black
IM profile) and after (colored IM profiles) IM deconvolution at an IM wave height of 7.6
V and 40 V post-IM/CID acceleration voltage.
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Chemometric Deconvolution

Using our previously reported AIMD software,* the unresolved IM profile in
Figure 4.1 (black IM profile) was deconvoluted to yield extracted IM profiles for
[SDGRG + H]" and [GRGDS + H]" (green and red IM spectra in Figure 4.1,
respectively). To check the validity of the deconvolution, we compared constructed CID
mass spectra for each peptide from deconvolution of the data in Figure 4.1 to CID mass
spectra of individually analyzed peptides (Appendix C, Figure C.2). The degree of
similarity between deconvoluted and pure CID mass spectra were assessed using a

previously described matching score (R) algorithm:?*

Equation 4.1 R=1_ Zm=1¥m=xml

Ym=1(m—x"m)
where n is the total number of fragment ion m/z values, m, and xm and x’m are the
fragment ion intensities (for a given value of m) for pure and deconvoluted spectra,
respectively. R values of 0 and 1 indicate no correlation and a perfect match,
respectively.215 An R value of > 0.75 was considered a “successful” threshold for
deconvolution.?® Calculated R values for all deconvoluted reverse peptide isomer CID
mass spectra were > 0.86. Moreover, cross-validation matching scores (R’) were
calculated by comparing the deconvoluted CID mass spectra for each peptide isomer with
the reference spectrum for the non-matching isomer. The highest calculated R’ value was
~0.46. Validation and cross-validation results suggested that, for each peptide isomer,
deconvolution was successful both in terms of the fragment ions present in each mass

spectrum, as well as relative intensities of those fragment ions.
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Arrival Time Correction Factor and CCS Calculations

Although the match scores (i.e., R values) for all deconvoluted CID mass spectra
(Appendix C, Figure C.2) for the reverse peptides suggest that MS deconvolution is
successful, the degree of match between the ion mobility ATs of deconvoluted and pure
isomers cannot be discerned or quantified from the MS data alone. In-fact, as a result of
electric potential difference used to induce post-IM/CID, ATs extracted from the
deconvoluted post-IM/CID data in Figure 1 did not match the ATs of individually run
peptides (i.e., without post-IM/CID). The higher potential difference between the IM and
transfer cells in post-IM/CID experiments results in faster acceleration of the ions as they
exit the IM cell and pass through the transfer cell and thus leads to faster measured ATs
than what is obtained in low-energy (non-fragmentation) experiments. For example, the
AT of deconvoluted (high-energy) [SDGRG + H]* (labeled at the peak maxima, 3.18
+0.06 ms, of green IM profile in Figure 4.2a) was approximately 22 ms shorter than the

AT for the individually analyzed (low-energy) pure [SDGRG + H]" (labeled at the peak

3.18+0.06 3.40+0.08 3.40+0.08 350+0.09 331+0.06 3.52+0.05
N N N
1
Deconvoluted Individually, AT-corrected
Analyzed Deconvoluted

2 3 _ 4 52 3 _ 4 52 3 _ 4
Arrival Time (ms) Arrival Time (ms) Arrival Time (ms)

Figure 4.2. Normalized IM profiles for (a) deconvoluted, (b) individually analyzed pure,
and (c) AT-corrected deconvoluted [SDGRG +H]" (green) and [GRGDS + H]" (red)
using IM wave height voltage, wave velocity, and post-IM/CID acceleration voltage of
7.6 V, 300 m/s, and 40 V, respectively. AT errors are reported at the 95% confidence
level (Npure = 5 and Ngecon = 4).
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maxima, 3.40 £0.08 ms, of green IM profile in Figure 4.2b); these AT values are
statistically different at the 95% confidence level (data summarized in Appendix C) and
suggest that deconvoluted ATs should only be used for CCS calculations after applying
an appropriate AT correction factor to the deconvoluted IM spectra.

One solution to avoid AT variations would be to run the CCS calibration mixture
at the same post-IM/CID energy as used for deconvolution. However, in cases where the
CCS calibrant is a polymer (such as poly-Alanine used here),® 24 232 233 nost-IM/CID
could generate several isomers with different and/or overlapping IM profiles (e.g., CID of
Alas through Ala, [where n > 5] can generate Ala;.s), or completely fragment the
precursor ion (e.g., Alas is depleted while CID of Ala, [where n > 5] still generates the
Alas fragment ion), and complicate extraction of pure IM ATs. Moreover, if post-IM/CID
were used for the calibration mixture, then the calibration plots would only be valid for
that specific collision-energy. Therefore, multiple calibration profiles would have to be
generated in order to deconvolute several different IM unresolved species at different
collision-energies.?> Hence, it would be advantageous to correct ATs of deconvoluted
IM profiles and fit them to a “conventional” low-energy CCS calibration plot.

To correct for the change in ATs caused by post-IM/CID acceleration voltage, we
ran the reverse pentapeptide mixture at low collision energy (i.e., 4 V; which is
insufficient to induce CID) and high collision energy (i.e., 40 V) and calculated the
difference in AT (herein referred to as the AT “shift factor”). We then added this shift
factor (of ~0.13 ms) to ATs of deconvoluted IM profiles to generate corrected-1M
distributions (Figure 4.2c, discussed in-detail below); note that similar shift factors can be

applied to all ions exiting the IM cell. Garmon-Lobato et al. presented a similar strategy
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for aligning low- and high-energy IM profiles;®®* however, their approach was not
focused on characterizing ions with similar CCSs, such as those presented in this
manuscript, or calculating CCSs from the resulting aligned spectra.?**

The magnitude of the AT correction can be estimated from known parameters of
the experiment. Experimentally measured ATs in the Synapt G1 (and G2-S) instruments
are the summation of four ion transit times which includes: (1) IM drift time, (2) time
spent in the transfer cell, (3) TOF MS flight time, and (4) time spent traveling across the
interface between each of these instrument regions.”> ** % IM drift times should not
change significantly between low- and high-energy experiments because the electric
fields (i.e., traveling wave, entrance and exit lenses, and radio frequency confinement
voltages) and IM pressure, which govern ions’ mobilities through the IM cell, are the
same in both sets of experiments.”® * Differences in TOF (in the field free vacuum
region of the MS) for precursor and product ions generated between the IM and transfer
cells (i.e., prior to TOF) is on the order of 1 to 30 ps,?*® which is one to two orders of
magnitude smaller than the AT difference (e.g., ~0.13 ms for the reverse pentapeptides)
between deconvoluted IM profiles and individually analyzed pentapeptides in Figures
4.2a and 4.2b, respectively. Nevertheless, the TOF difference constitutes a lower limit for
expected AT shifts between the high- and low-energy experiments.

In addition to different TOF, the time spent in the interface region between IM
and transfer cells is also decreased during post-IM/CID (as compared to low-energy
experiments) due to a larger potential difference between these two cells. Moreover,
increased Kkinetic energy of fragment ions (as a result of post-IM acceleration) entering

the transfer cell may result in a shorter time to traverse the transfer cell. In the Synapt G1,
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the center-to-center spacing between ring electrodes (e.g., between the IM and transfer
cells) is ~1.5 mm and the length of the transfer cell is ~100 mm.*® > Based on the

physical geometry and electric fields of the instrument,*® 2%

ions will spend a
considerably longer time in the transfer cell than in the region between the IM and
transfer cells or in the TOF mass spectrometer. Therefore, we can approximate a
maximum AT shift factor to be equal to the maximum amount of time an ion can spend
in the transfer cell. The transfer cell is operated at lower pressure than the IM cell and
ions therefore travel with the traveling wave rather than falling over the wave as they do
in M. 146:194.201. 235 Tharefore, assuming an ion entering the transfer cell had insufficient
kinetic energy to overtake the traveling wave in the transfer cell, and ignoring phase
effects of the traveling wave, the maximum amount of time an ion could spend in the

transfer cell (tyanster) Would be equal to the length of the cell (d;) divided by the transfer

cell wave velocity (v;):>*

Equation 4.2 tiransfer = e

vt

For a cell length of 100 mm (0.1 m) and transfer cell wave velocity of 248 m/s (as
used in our experiments), the maximum time an ion should spend in the transfer cell
(under our experimental conditions) is ~0.40 ms. Based on these simple estimations,
under our experimental conditions we should expect shift factors between ~0.10 x 10
ms (minimum TOF variation for fragment and precursor ions)®*® and ~0.40 ms
(maximum transfer cell time).

In this study, we introduce a simple approach to calculate AT shift factors that can
be used to correct the experimentally measured AT values obtained under high (post-1M)

collision energy conditions. We show that the proposed approach provides CCS values
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for individual components of convoluted mixtures (at high post-IM collision energy
conditions) that are statistically indistinguishable from individually measured CCS values
(under low energy ion transfer conditions) from pure samples of the same species. Future
studies could improve the current experimental approach by deriving a formula to express
the impact of the electric potential differences between the IM and transfer cells on ions’
drift times in the transfer cell. These values could then be subtracted from the measured
ATs and therefore eliminate the need for measuring the AAT between low- and high-
energy experiments. However, we note here that while it would be desirable to determine
corrected AT values a priori, such efforts would be challenging as the traveling wave
complicates mathematical derivation by introducing new variables including wave phase,

height, and velocity.?®®

AAT = 0.13 ms
rh

40 V post-1IM/CID No post-IM/CID

3 4
Arrival Time (ms)

Figure 4.3. Unresolved IM profiles of an equimolar mixture of [SDGRG + H]" and
[GRGDS + H]" (m/z 491.22) using IM wave height and velocity of 7.6 V and 300 m/s,
respectively, without post-IM/CID (black IM profile) and with post-IM/CID at 40 V
acceleration voltage (blue IM profile). The arrival time shifts (AAT =0.13 ms) to a
shorter value, due to post-IM/CID acceleration voltage.
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Figure 4.3 shows the observed shift in IM AT for the binary reverse pentapeptide
mixture at 4 V (black IM profile) and 40 V (blue IM profile) post-IM/CID collision-
energies. The measured shift factor for 7.6 V IM wave height was consistently 0.13 ms
across eight trials (i.e., four low-energy (4 V) and four high-energy (40 V)). The
calculated shift factors vary as a function of wave height ranging from 0.12 ms to 0.18 ms
for wave heights of 7.0 V to 8.0 V. Experimentally determined AT shift factors (i.e., 0.12
ms to 0.18 ms) are within the estimated ~0.10 x 102 ms to ~0.40 ms range discussed
above. Deconvoluted IM profiles were then corrected by adding AT shift factor time (i.e.,
0.13 ms) as shown in Figure 4.2a to yield the time-corrected IM profiles in Figure 4.2c.
ATs for individually measured peptide isomers and AT-corrected deconvoluted IM
profiles at wave height of 7.6 V were statistically indistinguishable at the 95% confidence
level (Appendix C, summary of statistical tests). Because of the approximations involved
in the deconvolution process (e.g., peak centroid identification)®* and CCS dependent
post-IM ion velocity, adding a single “linear” correction factor is not expected to improve
all AT values identically. For example, the average corrected-AT value for GRGDS (3.52
ms, from the red IM profile in Figure 4.2c) is closer to its individually measured value
(3.50 ms, from the red IM profile in Figure 4.2b) than the corrected-AT for SDGRG
(3.31 ms, from the green IM profile in Figure 4.2c) is to its individually measured value
(3.40 ms, from the green IM profile in Figure 4.2b). However, based on the
aforementioned statistical justifications, corrected-deconvoluted ATs (as labeled in
Figure 4.2c) were sufficient for use in CCS calculations (e.g., CCS results from AT

corrected deconvolution and pure IM peak analyses agreed at the 95% confidence level).
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Table 4.1 shows a summary of CCS calculations for the reverse pentapeptide
mixture. The calculated CCS of the reverse pentapeptide mixture (i.e., 210.5 * 3., A%
where the subscript digit is the first insignificant figure) is comparable to the
mathematical average CCS (~211 A?) of individually measured [SDGRG +H]" (209.; +
3.1 A% and [GRGDS + H]* (212.; + 3.5 A?) (Table 4.1). Our calculated CCSs for
individual [SDGRG + H]" and [GRGDS + H]" (from pure samples) are within the 3%
error range of the previously reported values for the same peptide samples calculated
using DTIM-MS.%’ Slight differences in CCS measurements may be due to several

238, 239

factors including (but not limited to) differences in IM cell humidity, mixture of

gasses between the trap/transfer and IM cells (i.e., changing the reduced mass and

average drift gas polarizability), 24 237 240-242

accuracy and precision of calibrants’
CCSs,?" and/or other experimental condition variations.’®> CCSs of deconvoluted
[SDGRG + H]" and [GRGDS + H]* without AT corrections were 204.q + 3., A% and 209.5
+ 3.1 A?, respectively (Table 4.1) Uncorrected CCSs were not statistically different than
the individually measured values for both peptides at the 95% confidence interval
(Appendix C, summary of statistical tests); however, at the 90% confidence interval, the

uncorrected CCS for [SDGRG + H]" was significantly different than the corresponding

pure CCS (supporting information, summary of statistical tests). By comparison,

Table 4.1. Experimental CCSs for Two Reverse Pentapeptide Isomers

Identit Mixture Pure Decon. Corrected Decon.
y CCS(A%)* CCS(A)*  CCS (A)* CCS (A?)*
[Reverse pentapeptides + H]" o L .
(mixture) 210533,
[GRGDS + H]* — 212.,+ 3.3 2095+ 3., 212, £ 4.6
[SDGRG + H]" — 209., + 3, 204.9 + 3.9 208.;+ 4.,

* Errors are reported at the 95% confidence level (Nmixtures = 24, Npure = 25)
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calculated CCSs for the AT-corrected deconvoluted IM profiles for [SDGRG + H]" and
the AT correction approach) are not statistically different than the CCSs of individually
[GRGDS + H]" were 208.5 + 4., A* and 212.; + 4.5 A? respectively (Table 4.1); these
calculated CCSs (after applying measured peptide isomers at the 90% and 95%
confidence levels (Appendix C, summary of statistical tests).

Our results indicate that CCSs of IM-unresolved reverse sequence peptide isomers
(i.e., SDGRG and GRGDS) can be accurately calculated using chemometric
deconvolution and AT correction using a Synapt G1 system. In the next section, we
extend those results to demonstrate the utility of IM-unresolved CCS calculations on a
four-component IM-unresolved enkephalin isomer mixture (i.e., RYGGFM, RMFGYG,

MFRYGG, and FRMYGG) using a higher IM resolving power Synapt G2-S system.

Application of IM-unresolved CCS Calculations Using a Synapt G2-S System
Clemmer and coworkers demonstrated that by using LC-IM-MS they could
identify ~82% of isomers in an approximately 4000-component combinatorial peptide

library.>** For complex mixture analyses, such as performed by Clemmer,?*®

it is unlikely
(although not impossible) to have more than two LC/IM unresolved isomers. However, to
test our approach in a “worst case scenario” we analyzed a mixture of four constitutional
isomeric enkephalin hexapeptides with unreported CCSs and limited our data collection
times to one minute (as opposed to 10 minutes as used for the reverse pentapeptides or 45
minutes as used for our previously reported four-component mixture results®®). Results

were compared to calculated theoretical CCS values (i.e., using PSA) and experimentally

derived DTIM-MS CCS values.
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Figure 4.4 shows the IM profile for a doubly-protonated (m/z 365.67) four-
component enkephalin hexapeptide mixture before (black IM profile) and after (colored
IM profiles where the orange, purple, cyan, and gray IM profiles correspond to
RYGGFM, RMFGYG, MFRYGG, and FRMYGG, respectively) IM deconvolution at IM
wave height of 22 V and wave velocity of 1300 m/s. The enkephalin isomer mixture
(Figure 4.4, black IM profile) yielded a bimodal IM distribution which could erroneously
be characterized as corresponding to two components. Deconvolution, R and R’ match
scoring, and AT corrections were performed as discussed in the preceding sections.
Calculated R and R’ values for all deconvoluted CID mass spectra for the enkephalin
hexapeptides were > 0.83 and < 0.37, respectively. For brevity, only final CCS values for
the enkephalin hexapeptides are discussed in this section. Examples of deconvoluted and
pure CID mass spectra for enkephalin hexapeptide isomers can be found in Appendix C,

Figure C.1.

[Enkephalin Hexapeptides + 2H]*

[RMFGYG + 2H]* [MFRYGG + 2H]*

) [FRMYGG + 2H]*
[RYGGFM + 2H]*

4 6

5
Arrival Time (ms)

Figure 4.4. IM profiles of [RYGGFM + 2H]** (orange), [RMFGYG + 2H]* (purple),
[MFRYGG + 2H]* (cyan), and [FRMYGG + 2H]** (gray) before (black IM profile) and
after (colored IM profiles) IM deconvolution at IM wave height voltage, wave velocity,
and post-IM/CID acceleration voltage of 40 V, 1300 m/s, and 22 V, respectively.
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Table 4.2 shows a summary of CCS calculations for the enkephalin isomer
mixture. Similar to the reverse pentapeptide mixture (Table 4.1), the calculated CCS for
the late-AT profile in the enkephalin hexapeptide mixture (i.e., without deconvolution;
296.5 + 7.0 A% is close to the mathematical average (i.e., ~298 A?) of the CCSs of the
four individually run enkephalin isomers (i.e., [RYGGFM + 2H]** (292.; + 6.4 A?),
[RMFGYG +2H]** (299.¢ + 7.1 A%, [MFRYGG + 2H]** (299., + 7.1 A%, and [FRMYGG
+ 2H]*" (301.5 + 7.0 A?)) (Table 4.2). In other words, if the late-AT IM profile in Figure
4.4 were (incorrectly) identified as a single component, then the calculated CCS (i.e.,
296.5 + 7.0 A% would be close to the average of the CCSs of the individual IM
unresolved constitutional isomers that contribute to the late-AT IM peak. Likewise, the
calculated CCS for the early-AT profile in the enkephalin hexapeptide mixture (i.e.,
without deconvolution; 288.5 + 6.5 A% at the 95% confidence level (Appendix C,
summary of statistical tests) is statistically indistinguishable from the CCS of the first

eluting enkephalin hexapeptide (i.e., [RYGGFM + 2H]*"; 292.; + 6.9 A?).

Table 4.2. Experimental CCSs for Four Enkephalin Hexapeptide Isomers

Mixture Pure Decon. Corr. Decon. Drift Tube

|dentity ccs (A)* ccs(A)*  ccs(A)*  CCS(A)*  CCS (AY)*

[Enkephalins + 2H]**
(mixture; early AT 288.5+ 6.5 — — — —
Peak)

[Enkephalins + 2H]**
(mixture; late AT 296.9+ 7. — — — —

Peak)
[RYGGFM + 2H]* — 292.,+6.9 285.;%6. 288.5+£9 285.23%0.5;
[RMFGYG + 2H]* — 29957, 292,%*6. 295, %94 296.1,£0.3
[MFRYGG + 2H]* — 299.,+7., 2934+6.,9 296.5+ 10, 298.9;+ 0.4,
[FRMYGG + 2H]* — 301s+7, 297,%7., 300.,%+10; 303.75+0.4,

*Subscript digits denote the first insignificant figure. Errors are reported at the 95% confidence
level (TWIMS: Nnixtures = 24, Npure = 23 (FRMYGG) or nyye = 24 (all others); DTIMS: n = 24 (for
each peptide))
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Similar to IM results from analyses of the reverse pentapeptides, CCSs calculated
using the AT-corrected deconvoluted IM profiles were statistically indistinguishable from
the corresponding individually analyzed peptides (Table 4.2). Although results for neither
raw nor AT-corrected deconvoluted IM data were statistically different from the results
obtained for the individual peptides, average CCSs for the corrected-AT deconvolution
results were closer to the average CCSs for the individually run peptides. For example,
calculated CCS for the individually measured [FRMYGG +2H]** was 301.5 + 7.0 A?
which is closer to the calculated CCS for the AT-corrected deconvoluted data of 300.; +
10.; A? than to the estimated CCS value of 297.; + 7., A? for deconvoluted raw data.
These results suggest that AT-correction improves CCS calculations (both for data from
Synapt G1 and G2-S instruments) and can be applied to data from complex mixtures
containing more than two IM-overlapping components.

To further demonstrate the accuracy of CCS values calculated from AT-corrected
deconvoluted IM profiles, we ran the same enkephalin peptide isomers on an Agilent
Technologies DTIM-MS and measured their individual experimental CCSs. Results from
DTIM-MS measurements are summarized in Table 4.2, column six. CCS values
calculated from traveling wave and drift tube type instruments are in close agreement.
Moreover, CCSs derived from AT-corrected post-TWIM/CID MS deconvoluted data are
not significantly different than CCSs derived from the individually analyzed peptides run
on the DTIM-MS instrument (95% confidence interval using the Type 2 Student’s t-test
for unequal variance).

The number of significant figures in CCSs calculated using TWIM-MS (Tables

4.1 and 4.2) were limited by the number of significant figures (viz. accuracy) in the
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literature (calibrant) CCSs. Therefore, TWIM-MS CCSs are reported to three significant
figures where as DTIM-MS CCSs (which are not limited by calibrant CCSs) are reported
to four significant figures. It should be noted that all experimental errors reported in this
manuscript were calculated by propagating error through each step of CCS calculations.
For DTIM-MS measurements there is only error in the recorded DTs and in the DT
correction (i.e., to compensate for time outside of the IM portion of the instrument). For
TWIM-MS measurements, on the other hand, there is error in calibrant and analyte DTs
(and error in “shift factors” used for AT-correction) as well as error in fitting parameters
and exponential calibration factors derived from calibrant DTs. TWIM-MS calibration
errors were calculated using the “LINEST” (i.e., linear least squares fit and errors)
function in Microsoft Excel. While propagation of error calculations can be time
consuming, they more accurately represent the precision of IM measurements and
underscore the importance of developing a calibration independent TWIM-MS CCS
equation. Nevertheless, our results suggest that CCSs of IM unresolved isomers can be
calculated using deconvolution of post-IM/CID MS data that are not statistically different
than individually analyzed peptides on both TW and DTIMS.

In addition to the drift tube CCS values obtained for the enkephalin isomers,
theoretical CCS values were determined for an ensemble of conformations resulting from
molecular dynamics simulations. Although PSA is considered preliminary for nitrogen
CCS determination, good agreement is observed between experimentally measured
(DTIM-MS) CCS values (vertical lines) and the conformational space plots in Figure 5.
Root mean squared deviation (RMSD) clustering representative conformations for each

of the isomers that fall within the experimental range (experimentally determined CCS
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Figure 4.5. Computational results for calculating theoretical CCS values of the four
enkephalin hexapeptides including (a) [RYGGFM + 2H]**, (b) [RMFGYG + 2H]**, (c)
[MFRYGG + 2H]**, and (d) [FRMYGG + 2H]**. Solid vertical lines on each plot
represent the AT-corrected deconvoluted TWIM-MS CCS values and the associated 95%
confidence intervals are indicated with dashed lines; line colors match the corresponding
deconvoluted IM profiles for Enkephalin hexapeptides in Figure 4.4. RMSD clustering
representative conformations for each isomer are also included.

value plus or minus the 95% confidence interval) are also shown in Figure 4.5.2° The
structure of [RYGGFM + 2H]?" in Figure 4.5a shows increased flexibility with the two
glycine amino acids in the middle of the peptide chain. The other three isomers have
more similar CCS values as seen in the ion mobility traces in Figure 4.4. The one internal
glycine gives [RMFGYG + 2H]** in Figure 4.5b some flexibility. Both [MFRYGG +
2H]* in Figure 4.5¢c and [FRMYGG + 2H]** in Figure 4.5d have the two glycine amino

acids on the end of the peptide chain reducing flexibility in the other four bulkier amino

acids. The interaction of the positive arginine residue with the c-terminus carboxylate
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group in Figure 4.5d extends the structure by pushing out the tryptophan and
phenylalanine benzene rings of [FRMYGG + 2H]*" resulting in the largest conformation.
Additional RMSD clustering representative conformations from the experimental range

of the four isomers are shown in Appendix C, Figure C.3-C.6.

Conclusion

We presented a method to calculate the CCSs of IM unresolved isomers using a
modified version of the protocol proposed by Ruotolo et al.>* To accurately measure
CCSs of unresolved isomers, it was necessary to calculate IM AT “shift factors” that
could be added to the ATs of chemometrically deconvoluted IM profiles. Use of these
shift factors improved the measured CCS values as compared to CCSs obtained from
pure analytical standards run on both TWIM-MS and DTIM-MS instruments. Moreover,
CCSs calculated using IM-deconvoluted data matched closely with theoretical space plots
constructed using PSA. Although we utilized TWIM-MS instruments in this report for
convolution experiments, the proposed time-corrected deconvolution technique is not
limited to TWIM-MS and AT shift factors can be calculated for any IM-MS instrument
capable of post-IM/CID. Moreover, the reported protocol could also be utilized in other
MS techniques that exploit post-IM/CID*® to determine the presence of unresolved

species and extract CCS information from subsequently deconvoluted spectra.
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CHAPTER FIVE

Conclusion and Future Directions
Overview of Dissertation

Chapter One

Chapter One introduced the operating principles and applications of mass
spectrometers and allied technologies (e.g., ion mobility spectrometry (IMS)). Briefly,
mass spectrometry (MS) is a technique which uses magnetic and/or electric fields to
manipulate ionized gas-phase molecules’ trajectories to measure their masses.
Furthermore, we discussed how collision-induced dissociation (CID) and IMS can be
leveraged to gain insight into the structures and conformations of biomolecules.
Moreover, we introduced peptide fragment ion sequence-scrambling and chemometric
data deconvolution of IM-unresolved isomers.

Chapter One also introduced a simple-to-use ionization technique, spray pump
ionization (SPI), which can be likened to early nebulization-ionization IMS
experiments.? 2* Nebulization-type ionization techniques, such as SPI, have fallen out of
favor because of the availability of more efficient ionization methods’ (e.g., electrospray
ionization (ESI)); however, the simplicity of nebulization-type ionization techniques
suggest that these simple-to-use techniques might be useful in resource limited settings
(e.g., testing pharmaceutical integrity in the developing-world).” Our preliminary results
suggest that SPI could be used to rapidly test for presence or absence of some pesticides

in food products.” For example, Figure 5.1 shows the SPI mass spectra of corn husk with

111



(a)4x10‘- [Sucrose + K]* () 2x10* [Sucrose + K]*
LT
3 10" 4] NN =
& X §2x10 )\HJ\W)\H/\ s
221110‘- [Sucrose + Na]* & 1x10*{ [Atrazine + H]* g
g \ g -
S1x10* S 5x10°; Y

(] . . . L . . 0 ) ..l l N
100 200 300 400 3500 100 200 300 400 500
m/z m/z

Figure 5.1. SPI mass spectra of corn husk (a) without and (b) with atrazine pesticide
treatment. Corn husks were directly placed in the spray pump bottle which contained
0.1% acetic acid in methanol spray solution. Data was collected using a Synapt G2-S

HDMS TOF mass spectrometer.

and without treatment with the pesticide atrazine. The spectra in Figure 5.1 were genera-
ted by placing the corn husk directly in spray pump bottles containing acidified methanol
and nebulizing the mixture in front of a mass spectrometer. Although these results are
promising, the primary disadvantage of nebulization-type ionization techniques is poor
ionization efficiencies (e.g., see discussion of Figure 1.2 above). Future studies could

focus on improving the sensitivity of SPI, such as using an atmospheric pressure ion

funnel®*2*® like the one shown in Figure 5.2.

Figure 5.2. CAD rendering of an atmospheric pressure ion funnel***?*® for enhancing the
sensitivity of SP1 MS.
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Chapter Two

Sequence-scrambling of peptide fragment ions is a well-documented phenomenon
that occurs as a result of gas-phase cyclization and reopening at internal amide bonds
during CID.™ #1% |n 2012, we reported experimental evidence suggesting that, akin to
b-type fragment ions, y-type fragment ions can undergo sequence-scrambling during
CID.**® In Chapter Two of this dissertation we presented evidence further confirming the
propensity for y-type fragment ions to sequence-scramble, and identified a previously
unknown intermediate step in the sequence-scrambling pathway.>® Specifically, we
showed that, upon CID, y-type peptide fragment ions, can lose internal backbone
carbonyls (COs) from different positions and yield sequence-scrambled product fragment
ions. We supported our proposed mechanism using results from isotope labeling, tandem
mass spectrometry (MS"), and IM-MS experiments. Moreover, we utilized chemometric
deconvolution®® of IM-unresolved des-acetylated-a-melanocyte-stimulating hormone
(do-MSH) (SYSMEHFRWGKPV-NH,) fragment ions to demonstrate that some ions
with a single-m/z and Gaussian-like IM distribution may in-fact correspond to mixtures of
rearranged and sequence-intact fragment ions. Future studies may focus on the effects of
amino acid sequence, charge state, and fragment ion size on the extent of internal

carbonyl loss and potential implications for protein/peptide sequencing.

Chapter Three

Whereas Chapter Two focused on unusual rearrangement pathways in CID of
peptide fragment ions,> Chapter Three extends those results to investigate a novel
rearrangement pathway in CID of deoxyribonucleic acid (DNA) fragment ions.**> We

demonstrated that CID of m/z-isolated w type fragment ions and an intact 5’
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phosphorylated DNA oligonucleotide could generate rearranged product ions. Eighteen
out of twenty-one (~86%) studied w type ions of various nucleotide sizes, sequences, and
charge states, generated rearranged product ions upon CID. Our experimental results and
theoretical modeling data indicated that purine bases (i.e., adenine and guanine) could
attack the free 5’ phosphate group in w type ions (and 5’ phosphorylated DNA) to
generate rearranged [phosphopurine]” fragment ions. Analysis of unusual oligonucleotide
fragmentation pathways has not been frequently investigated and there are many
unanswered questions that should be addressed. For example, the data presented in
Chapter Three of this dissertation only focused on analysis of w-type fragment ions and
5" phosphorylated DNA and did not address potential rearrangement pathways of other

fragment ion types (e.g., a-B, ¢, d, w, X, y, and z type fragment ions***

) or ribonucleic
acid (RNA) ions. Moreover, potential effects (positive or negative) of rearrangements on
MS-based oligonucleotide sequencing efforts are currently unknown. Therefore,
identification of DNA rearrangements could potentially open up a previously

unrecognized field of oligonucleotide analysis.

Chapter Four

Chapters Two and Three discussed MS analysis of primary structures (i.e.,
sequences of amino acids (Chapter Two) and nucleic acids (Chapter Three). In Chapter
Four we progressed beyond the characterization of primary structures and developed a
technique which could be used to investigate higher order (i.e., secondary through
quaternary) structures. Specifically, we used in-house developed automated IM
deconvolution (AIMD) software® (see discussion of Figure 1.8 above) to extract IM

profiles of IM-unresolved constitutional isomers (similar to results discussed in Chapter
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Two>” for analysis of IM-unresolved “a-like” peptide fragment ions (Figure 2.5)). Arrival
times (ATs) of extracted IM profiles were then used to calculate accurate collision cross-
section (CCS) values. CCS values obtained from deconvoluted IM spectra were not
statistically different than CCS values measured from the individually analyzed peptides
using both traveling wave (TW)IM-MS and drift tube (DT)IM-MS. Moreover, we
introduced an approach to determine IM AT “shift factors” to compensate for post-
IM/CID ion acceleration variations and further improve CCS calculations. To date, we
have utilized TWIM-MS for all of our IM-MS deconvolution studies.>*>® ®#%* Fyture
studies could utilize DTIM-MS and chemometric deconvolution for analysis of IM-
unresolved data to improve throughput of CCS calculations by eliminating the need to

collect and analyze calibration data.*

Future Applications

All of the experiments discussed in this dissertation have focused on addressing
fundamental MS questions, such as mechanisms and existence of rearrangement
pathways and development of improved CCS calculations. These research endeavors
were the necessary and required steps for successful characterization of complex sample
mixtures and addressing biomedical research needs. Therefore, the next step in this
research area is to apply the knowledge we have learned from these studies, and the
techniques developed, to answer biomedically significant questions. Arguably, one of the
most significant biomedical applications of MS is biomarker discovery.®*’ Traditionally,
MS-based biomarker discovery has been relegated to gas chromatography (GC) or liquid
chromatography (LC)-MS experiments.?*® These approaches, however, have two primary

limitations. First, traditional GC and LC runs can be time consuming (e.g., >30 minutes
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in many cases), which limits the throughput of analysis.?*® Second, for large
biomolecules, LC-MS cannot be used to analyze secondary through quaternary structures.
Therefore, if the biomarker has the same primary structure as a normal biomolecule but a
different folding pattern (e.g., prions), then it may not be identified. Using the techniques
discussed in Chapters Two through Four, specifically using IM-MS, we should be able to
identify biomarkers without the need for GC or LC, even if they correspond to
conformational variations. To demonstrate the utility of these techniques for rapid
biomarker analysis we analyzed the total cellular extract of fresh bovine cricoarytenoid
muscle.

Bovine cricoarytenoid muscle cellular extracts were prepared by first flash
freezing the tissue with liquid nitrogen (LN,) and crushing the frozen tissue using a
ceramic mortar and pestle to lyse the cells. Next, the defrosted-liquefied tissue was
centrifuged at 20xG for 5 minutes at 4°C to pellet connective tissue, unlysed cells, and
other large material. The supernatant was then removed and placed in 50 kDa centrifuge
cutoff filters (EMD Millipore, Darmstadt, Germany) and centrifuged at 10xG for 10
minutes at 4°C to remove large proteins, residual connective tissue, and unlysed cells.
Following filtration, samples were desalted using Cig ZipTips (EMD Millipore). Finally,
purified biomolecules were dissolved in ESI solvent (i.e., water (49.95): methanol
(49.95): acetic acid (0.1)) and directly analyzed using a Synapt G2-S HDMS IM-mass
spectrometer (Waters Corporation, Milford, MA, USA).

Figure 5.3a and b, show the total summed (five minutes data collection) direct
infusion ESI mass spectra of bovine cricoarytenoid muscle extract before and after

desalting with C1g ZipTips, respectively. Use of ZipTips increased signal intensity by
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about an order of magnitude for some proteins (e.g., Figure 5.3c and d). The spectra in
Figure 5.3 correspond to the total cellular extract of bovine cricoarytenoid muscle.
Without separation (e.g., LC) to reduce sample complexity, presence of high abundance
proteins in muscle (e.g., myoglobin [Mb]) suppresses signal intensity of lower abundance
biologically relevant molecules. Rather than using LC to fractionate the cellular extract,
we utilized IM which separates molecules in < 14 ms. Figure 5.4 shows a heat map of IM

arrival time versus m/z for the same (desalted) sample in Figure 5.3b, generated using

(a) Raw Extract (b) Desalted with C18 ZipTip

o] | E 3x10°
e
2 2 2
2 = a 2x10
L 1xae° k<
= &+ £ a0® 3
galt, S & &
O lLI C:‘——- T 1 0 l_'_|_"—|_|
500 750 1000 1250 1500 500 750 1000 1250 1500
m/'z m/z
¥
Y ; Y
Tz z_\'_ng
EIp. 4
©) £ + (d)
s x [Mb+18H]8*
3x10°7 s )
210 2x10°1
3 2x10°; 210"
C C 5| "
% 1X105' % 8x10 [Mb+17H+K]8
" 5a0 a0y
: : . 0 . . .
90 945 950 955 90 945 950 955
m/z m/z

Figure 5.3. Total summed mass spectra before (a and c) and after (b and d) desalting and
protein concentration using Cyg ziptips. Panels (c) and (d) show the zoomed in mass
spectra (from m/z 940 to 955) of the area highlighted by red boxes in (a) and (b),
respectively corresponding to the 18+ charge state for bovine myoglobin extracted from
cricoarytenoid muscle.
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DriftScope software (Waters Corporation). From the spectra in Figure 5.4 we can identify
the presence of numerous unique ions from the cricoarytenoid muscle extract.

Using the data analysis tools in DriftScope we can remove high intensity proteins
or contaminants to identify low intensity biomolecule ions. For example, Figure 5.5
shows the ESI summed mass spectra of desalted cricoarytenoid muscle extract before (a
and c¢) and after (c and d) removing the polyethylene glycol (PEG) and Mb series
highlighted in Figure 5.4. Removal of high intensity PEG and Mb signals revealed the
presence of multiple proteins which could not be previously identified. For example,
Figure 3c and d show the zoomed in mass spectra from m/z 938 to 952 before and after
PEG and Mb removal in DriftScope. After removal of the Mb peak in Figure 5.5¢, the
presence of several, otherwise unobservable, proteins can be identified in the mass

spectrum (Figure 5.5d).
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Figure 5.4. DriftScope (Waters Corporation) heat map of IM arrival time versus m/z for
total bovine cricoarytenoid muscle extract. Color scale: black - blue - white; where
black is the lowest (i.e., zero) ion intensity and white is the highest ion intensity. Area
outline in red and green correspond to polyethylene glycol (PEG; a ubiquitous polymer)
and myoglobin (Mb) series, respectively.
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Figure 5.5. ESI mass spectra of bovine cricoarytenoid muscle extract before (a and c) and
after (c and d) removing the PEG and Mb series highlighted in Figure 2. Panels (c) and
(d) show the zoomed in mass spectra (from m/z 938 to 952) of the area highlighted by red
boxes in (a) and (b), respectively showing the presence of numerous proteins that were
suppressed by the high intensity Mb peak.

Preliminary results from analysis of bovine cricoarytenoid muscle extract suggest
that we can successfully extract, purify, concentrate, and analyze abundant proteins using
the proposed technique. Using IM we are able to significantly reduce the amount of time
necessary for sample characterization to a few minutes. Rapid tissue processing and

examination using the proposed technique will enable high-throughput clinical
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pathological analysis of normal and diseased thyroids, which could potentially be used to
direct treatment and save lives. Moreover, using our in-house developed and commercial

software, we are able to identify isomeric and low abundance biomarkers that cannot

otherwise be identified.
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APPENDIX A

Loss of Internal Backbone Carbonyls: Additional Evidence for Sequence-scrambling in
Collision-induced Dissociation of y-Type lons

Table A.1. Summary of experimental m/z values, mass measurement errors (ppm), and
identities of a-“like” product fragment ions generated from CID of m/z-isolated [y,]™ (n
=6-12; m =1, 2, and/or 3) species of des-acetylated-a-melanocyte-stimulating hormone

and [ys]** and [ys]* species of angiotensin Il antipeptide in the LTQ Orbitrap from
(JASMS, 2013, 24, 1755-1766)

Isolated y Fragment  Identity of Fragment lon  Experimental m/z Error (ppm)

Des-acetylated-a-melanocyte-stimulating Hormone (SYSMEHFRWGKPV-amidated)
[y12]** [y12 — (NH3 + CO)J** 497.584 0.26
[yul* [yi1 — (NHs3 + *?CO)]** 443.229 0.09
[yu]** [yi1 — (NH; + “CO)** 664.340 0.42
[yio)** [yio — (NHs3 + **CO)]** 620.824 0.45
[yo]?* [yo — (NH5 + CO)]** 555.304 0.14
[ys]** [ys — (NH3 + *CO)]** 327.524 0.09
[y-]" [y7 — (NH; + *CO)]* 422.253 0.00
[ye]* [ys — (NH3 + 2C0O)]** 348.719 0.17

Angiotensisn 1l Antipeptide (EGVYVHPV)
[yl [y — (NHs + *CO)]* 724.414 0.52
[ys]** [ys — (NH3 + *C0O)]** 284.666 0.18
[ys]* [ys — (NH3 + *CO)]** 285.158 0.04
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S

Figure A.1. LTQ Orbitrap collision-induced dissociation (CID) mass spectrum of m/z-
isolated [ys]” (m/z 440) (generated from in-source fragmentation of protonated
AAAAHAA-NH,). Inset shows the expanded view of the m/z range from 393.5 to 396.5

corresponding to [ys — (NH3z + 2CO)]" (m/z 395) and rearranged product fragment ion [ys
— (NHs + BCO)]" (m/z 394).
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In-source [y.]" (AHAA-NH,) Isolation, _ CID » Fragments
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Figure A.2. LTQ Orbitrap collision-induced dissociation (CID) mass spectrum of m/z-
isolated [ys]" (m/z 369) (generated from in-source fragmentation of protonated
AAAAHAA-NH,). Inset shows the expanded view of the m/z range from 322 to 325

corresponding to [ys — (NHs + *CO)]* (m/z 324) and rearranged product fragment ion [y
— (NHs + CO)]" (m/z 323).
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Figure A.3. LTQ Orbitrap collision-induced dissociation (CID) mass spectrum of m/z-
isolated protonated molecular ion of AAAAHAA-NH, (m/z 582). Insets show the
expanded views of the m/z ranges from (a) 393 to 396 corresponding to [as]” ([bs —
(**CO)]*) (m/z 395) and rearranged product fragment ion [as]" ([bs — (3CO)]") (m/z 394),
(b) 464 to 467 corresponding to [as]* ([bs — (**CO)]") (m/z 466) and rearranged product
fragment ion [as]" ([bs — (*CO)]") (m/z 465), and (c) 535.5 to 538.5 corresponding to
[a7]" ([b7 = (*CO)]") (m/z 537) and rearranged product fragment ion [a;]" ([b; = (*CO)]")
(m/z 536).

Please note the change in ratios of **CO to **CO losses as a function of fragment

ion size (Figure A.3, insets). In smaller a-type ions, there is a higher probability of losing
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the 3CO (or the entire labeled alanine (i.e., A)) because fewer unlabeled backbone
carbonyl groups are available. Because the precursor peptide contains five isobaric
alanines, there are (at least) two possible pathways for generation of the a-type ions in
Figure A.3. Pathway I: Isolation of [M + H]* (m/z 582) = CID - Generation of Normal
a-Type lons. Pathway I1: Isolation of [M + H]" (m/z 582) > CID > Generation of y-
Type lons > Gas-phase Rearrangement - Generation of a-“Like” lons via main text
Scheme 1 and/or 2. Results from CID of m/z-isolated y-type ions (Figure 2.1, A.1, and
A.2) suggest that pathway Il may contribute to the CID mass spectrum of protonated
molecular ions. Therefore, sequence-scrambling through gas-phase dissociation of y-type

ions should not be negated.

Isolation Pre-IM IM IM

In-source [y;]" (EGVYVHPV) CID  Spectrum

40 45 50 55 6.0 65
Arrival Time (ms)

Figure A.4. Synapt G2-S HDMS ion mobility (IM) profile showing multiple structural
isomers for [y; — (H,O + ?CO)]* (m/z 724) generated from pre-IM CID of [y;]* (m/z 770)
from angiotensin Il antipeptide (amino acid sequence: EGVYVHPYV).
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Figure A.4 shows the selected IM profile for m/z 724 generated from pre-IM CID
of m/z-isolated [y;]* (m/z 770) from angiotensin 1l antipeptide. Specifically, product
fragment ions from [y;]* of angiotensin Il antipeptide were generated prior to IM
separation (pre-IM CID) in the trap cell using collision energies corresponding to a 38 V
potential difference between the trap cell exit and entrance of the helium cell. The
potential difference between the exit of the IM cell and entrance of the transfer cell was
set at 2.0 V to prevent post-IM fragmentation of ions of interest. The IM profile in Figure
A.4 corresponds to the average of 2400 scans. All other instrument parameters were kept
similar to those used for IM-MS analysis of des-acetylated-a-melanocyte-stimulating

hormone (see the experimental section of Chapter Two for details).

i + Isolation Pre-IM IM IM
In-source [ys]" (DRVYIHPF) oD > Spectrum

30 35 40 45 50 55
Arrival Time (ms)

Figure A.5. Synapt G2-S HDMS ion mobility (IM) profile showing multiple structural
isomers for [ys — (H,O + *2CO)]* (m/z 630) generated from pre-IM CID of [ys]* (m/z 676)
from angiotensin Il, human (amino acid sequence: DRVYIHPF).
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To generate the IM profile in Figure A.5, product fragment ions from [ys]* of
angiotensin Il were generated prior to IM separation (pre-IM CID) in the trap cell using
collision energies corresponding to a 30 V potential difference between the trap cell exit
and entrance of the helium cell. The potential difference between the exit of the IM cell
and entrance of the transfer cell was set at 2.0 V to prevent post-IM fragmentation of ions
of interest. IM profile corresponds to the average of 1200 scans. Source offset was set to
85 V. Nitrogen (N) gas pressure in the IM cell was ~4.0 mbar. IM wave velocity was set
to 500 m/s. All other instrument parameters were kept similar to those used for IM-MS
analysis of des-acetylated-a-melanocyte-stimulating hormone (see the experimental

section of Chapter Two for details).
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APPENDIX B
DNA Oligonucleotide Fragment lon Rearrangements Upon Collision-induced
Dissociation

Appendix B Experimental

Triple Quadrupole Mass Spectrometer

Triple quadrupole mass spectrometry (MS) experiments (Figure B.1) were
conducted using a Waters Xevo TQ-S (Waters Corporation, Manchester, UK). Sample
flow rate was set at 10 uL/min. Cone and desolvation gas (nitrogen [N2]) flows were set
at 150 L/min and 1000 L/min, respectively. Nebulizer gas (N,) pressure was set at 7.00
bar. Desolvation and source temperatures were set at 500 °C and 150 °C, respectively.
The software defined capillary, sampling cone, and source offset voltages were set at -2.5
kV, -80.0 V, and -50.0 V, respectively. lon isolation parameters (i.e., quadrupole rf/dc)
were optimized to isolate the isotopic packet of [ws]* (m/z 802) generated from in-source
CID of pET Upstream DNA. lons of interest were mass isolated in the first quadrupole
(Q1) and fragmented in the ScanWave™ collision cell by setting a 25.0 V potential
difference between Q1 and the analyzing quadrupole (Q3). Collision gas (argon) flow
was set at 0.18 mL/min. The mass spectrum in Figure S1 corresponds to the average of
299 scans (5 minutes run time). Data were analyzed using MassLynx software (version

4.1) (Waters Corporation, Manchester, UK).
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Linear Trap Quadrupole Orbitrap Mass Spectrometer

Orbital trap MS experiments in Figure B.2 were conducted using a Linear Trap
Quadrupole (LTQ) Orbitrap Discovery MS (Thermo Fisher Scientific, Waltham, MA,
USA). Sample concentration was 1 x 10° M. Doubly-charged Oligo-2 (i.e., [Oligo-2 —
2H]) at m/z 802 was mass isolated in the LTQ and collisionally excited using a
normalized collision energy *3* of 20%. Fragment ions generated in the LTQ were then
sent to the Orbitrap for high mass accuracy analysis. All other instrument conditions were

the same as those reported for Chapter Three, Figure 3.4.

ESI > In-source CID > Isolate [ws]> > CID ->Mass Spectrum

'
o
™

=
t

]

[phosphoadenine]
™ [phosphoguanine]

_E/

| | Py

250 500 750
m/z

Figure B.1. CID mass spectrum of m/z-isolated [ws]* (m/z 802) generated from in-source
CID of Oligo-1 using a Waters Xevo TQ-S (Waters Corporation, Manchester, England,
UK). Only [phosphopurine]  ions (red font) and precursor [ws]? ions are labeled.
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ESI = Isolate [Oligo-2 — 2H]* > CID >Mass Spectrum

[ys - GI [ys- Al

Ex: 1374.2527 Ex: 1390.2493
[phosphoguanine] Th: 1374.2538 Th: 1390.2488
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Figure B.2. CID mass spectrum of m/z-isolated [Oligo-2 — 2H]* (m/z 802; sequence: p-
GTAGA) using a Linear Trap Quadrupole (LTQ) Orbitrap Discovery MS (Thermo Fisher
Scientific, Waltham, MA, USA). Instrument low mass limit of m/z 220 (for MS"
experiments) prevented the inclusion of [phosphoadenine]” (m/z 214) in the CID mass
spectrum; however, complementary [ys — A] was observed at m/z 1390, suggesting that
[phosphoadenine] was also formed but not detected. Experimental (Ex) and Theoretical
(Th) masses as well as mass measurement errors (MME, reported in ppm) for
[phosphoguanine]” and complementary y-B ions are labeled. Insets for m/z ranges
corresponding to [phosphoguanine]” (m/z: 299.9 to 230.1) and complementary y-B ions
(m/z: 1360 to 1400) are shown at ~1000x and ~100x y-scale expansions, respectively.
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APPENDIX C

Calculating Accurate Collision Cross-sections of lon Mobility Unresolved Isomers Using
Tandem Mass Spectrometry and Chemometric Deconvolution

Table C.1. Instrumental Operating Conditions for lon Mobility-Mass Spectrometry (IM-
MS) Experiments

Experimental Parameter Synapt G1 . Syr]apt G2-S .
(Reverse Pentapeptides) (Enkephalin Hexapeptides)
Time-of-Flight (TOF) “V” Mode “V” Mode
IM Wave Velocity 300 m/s 1200-1700 m/s (100 m/s steps)
IM Wave Height 7.0-8.0V (0.2 V steps) 400V
Nitrogen (N.) Pressure: Trap Cell* ~1.8 x 10” bar ~1.6 x 10” bar
Nitrogen (N,) Pressure: Transfer Cell* ~1.8 x 10” bar ~1.9 x 10” bar
Nitrogen (N.) Pressure: IM Cell* ~5.3 x 10 bar ~3.8 x 10° bar
Helium (He) Pressure: He Cell* — ~1.4 bar
Post-IM Acceleration_ Voltage 40V 40V
(Low-energy Experiments)
Post-IM Acceleration Voltage 400V 220V

(High-energy Experiments)

*All gas-pressures are reported from direct instrument readouts without correcting for sensitivity*®*

or geometry factors® 1%
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Summary of Statistical Tests Discussed in Chapter Four
ATs for pure and deconvoluted IM profiles (Figure 4.2):
SDGRG: type 2 Student’s t test for equal variance, Npyre = 5, Ndecon = 4, teaic = 5.17, tose, =

2.365

GRGDS: type 2 Student’s t test for equal variance, Npyre = 5, Ndecon = 4, teaic = 2.81, tosg,
2.365

ATs for pure and AT-corrected deconvoluted IM profiles (Figure 4.2):

SDGRG: type 2 Student’s t test for equal variance, Npyre = 5, Ndecon = 4, teaic = 2.14, tos,
2.365

GRGDS: type 2 Student’s t test for equal variance, Npure = 5, Ndecon = 4, tcaic = 0.542, tosos
=2.365

TWIM-MS CCSs calculated using pure and deconvoluted ATs (Table 4.1):

SDGRG: type 2 Student’s t test for equal variance, Npyre = 25, Ngecon = 24, teac = 1.986,
toses = 2.012, tgge, = 1.678

GRGDS: type 2 Student’s t test for equal variance, Npyre = 25, Ngecon = 24, teac = 1.436,
toses = 2.012, tgge, = 1.678

TWIM-MS CCSs calculated using pure and corrected-deconvoluted ATs (Table 1):
SDGRG: type 2 Student’s t test for equal variance, Ngecon = 24, Npure = 25, teac = 0.331,
toses = 2.012, tgge, = 1.678

GRGDS: type 2 Student’s t test for equal variance, Ngecon = 24, Npure = 25, tearc = 0.00546,
toses = 2.012, tgge, = 1.678

TWIM-MS CCS of early AT conformer and pure [RYGGFM + 2H]* (Table 2):
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type 2 Student’s t test for equal variance, Neariyat = 24, Nrvcerm = 24, teac = 0.841, tosy, =

2013, toge, = 1.679
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Figure C.1. Deconvoluted (top row) and pure (bottom row) CID mass spectra of (a)
[RYGGFM + 2H]*, (b) [RMFGYG + 2H]*, (c) [MFRYGG + 2H]** and (d) [FRMYGG
+ 2H]**. Deconvoluted CID mass spectra (top row) correspond to the deconvoluted IM
profiles in Fig. 4 of the main text. Select fragment ions are labeled. Please note that
fragment ion intensities (e.g., [a:]* from [RMFGYG + 2H]** in (b)) for some
deconvoluted m/z values (top row) are different than the respective fragment ion
intensities in the pure CID mass spectra (bottom row). Slight intensity differences
between the deconvoluted (top row) and pure (bottom row) CID mass spectra can be
observed for fragment ions that belong to two or more IM unresolved peptide isomers.**
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Figure C.2. Deconvoluted post-IM/CID mass spectra from a mixture of (a) [SDGRG +
H]" (green) and (b) [GRGDS + H]" (red) (corresponding to the deconvoluted IM profiles
in main text Fig. 1) compared to the individually analyzed post-IM/CID mass spectra for
(c) pure [SDGRG + H]" and (d) pure [GRGDS + H]". Select high relative intensity ions
are labeled in (a) and (b).
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¥

47.5%* 21.6% 16.3%
10.7 keal/mol 10.2 keal/mol 2.5 keal/mol
288.8 A2 290.4 A2 283.7 A2

9.3% 5.4%
3.4 keal/mol 27.5 keal/mol

288.9 A2 296.1 A2

Figure C.3. Theoretical structures from within the experimental CCS range for
[RYGGFM + 2H]*". Each structure is annotated with the percentage of conformations it
represents from RMSD clustering analysis, its theoretical relative energy, and theoretical
CCS value. The most populous conformation was shown in Figure 5 in the manuscript.
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08.3%% 0.6% 0.6%
-50.9 keal/mol -32.4 kcal/mol 17.9 keal/mol
295.0 A2 299.9 A2 303.5A

0.4% 0.1%
17.7 keal/mol 13.9 keal/mol
304.3 A2 299.3 A2

Figure C.4. Theoretical structures from within the experimental CCS range for
[RMFGYG + 2H]*". Each structure is annotated with the percentage of conformations it
represents from RMSD clustering analysis, its theoretical relative energy, and theoretical
CCS value. The most populous conformation was shown in Figure 5 in the manuscript.
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43.5%* 21.8% 18.6%
10.6 keal/mol 13.9 kcal/mol 8.9 keal/mol
296.3 A2 296.1 A2 3013 A2

13.4% 2.6%
6.3 keal/mol 16.9 kceal/mol
300.5 A2 304.2 A2

Figure C.5. Theoretical structures from within the experimental CCS range for
[MFRYGG + 2H]*". Each structure is annotated with the percentage of conformations it
represents from RMSD clustering analysis, its theoretical relative energy, and theoretical
CCS value. The most populous conformation was shown in Figure 5 in the manuscript.
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X,

82.1%* 16.8% 0.6%
-48.7 keal/mol -40.9 keal/mol -44.9 kcal/mol
303.4 A2 309.4 A2 292.8 A2

0.4% 0.1%
-44.9 keal/mol -48.1 keal/mol
307.9 A2 309.8 A2

Figure C.6. Theoretical structures from within the experimental CCS range for
[FRMYGG + 2H]*". Each structure is annotated with the percentage of conformations it
represents from RMSD clustering analysis, its theoretical relative energy, and theoretical
CCS value. The most populous conformation was shown in Figure 5 in the manuscript.
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