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ABSTRACT

The work described herein spans two disparate topics: 1) the use of a high resolution and
accurate mass analyzer to facilitate targeted proteomic methods, and 2) the development and
applications of novel instrumentation for high resolution gas chromatography/mass spectrometry.
While disparate, a common theme of a high resolution and accurate mass analyzer, the Orbitrap,
ties the work together into, broadly, a treatise on the benefits of high resolution and accurate mass
measurements in mass spectrometric research.

In Chapter 1, I present an introduction on the Orbitrap mass analyzer and motivate the
need for high resolution and accurate mass measurements in mass spectrometry. [ will discuss
the theory of Orbitrap operation, as well as the practical factors that may enhance or limit its
performance. In Chapter 2, I delve into the field of targeted proteomics with the introduction of
the “parallel reaction monitoring” (PRM) analysis paradigm using a bench-top quadrupole-
Orbitrap LC/MS. While targeted proteomics is usually the domain of low resolution but highly
sensitive mass analyzers, | demonstrate the utility of high resolution with a direct comparison to

the “gold-standard” triple-quadrupole MS-based selected reaction monitoring (SRM) approach.
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This PRM approach has already generated much interest in the proteomics community since its
publication.

In Chapters 3 through 5, I transition to GC/MS, another field dominated by low
resolution and fast scanning mass analyzers. In Chapter 3, I detail the construction and
characterization of a proof-of-principle instrument for high resolution GC/MS built using an
electron transfer dissociation (ETD)-enabled quadrupole linear ion trap (QLT)-Orbitrap MS.
While the performance of this instrument was hindered by its design, the benefits of the Orbitrap
for unambiguous elemental composition assignment to small molecules were clear, and further
development was deemed warranted. In Chapter 4, I detail that further development in the
design and construction of a dedicated, applications-grade bench-top quadrupole-Orbitrap
GC/MS. The application of this instrument to the non-targeted characterization of unknown
metabolites is presented in Chapter 5. Additionally in Chapter 5, I introduce a new method for
data-dependent acquisition termed “molecular-ion directed acquisition”, which aims to maximize

the information content from non-targeted tandem MS in metabolomic studies.

(350 words)
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CHAPTER 1

Introduction

HIGH RESOLUTION AND ACCURATE MASS IN MASS SPECTROMETRY

The benefit of high resolution and accurate mass in mass spectrometry within all fields
can be simply summed up as providing a limit on the number of candidate elemental
compositions for a given mass spectral feature. In a research context, this simple benefit means
significant analytical power. In discovery proteomics, for instance, routine use of high resolution
instruments has increased confidence in protein and peptide identifications through resolved and
accurate mass measurements and charge state determinations,' ™ sped up database searching,’
improved detection of polymorphisms and localization of post-translational modifications,” and
improved quantification through greater resolution of the m/z-domain.”>  Accurate mass
measurements also make possible the analysis of petroleum,”'® coal,'" oils,'? and humic/fulvic
acids.” Likewise, in small molecule GC- and LC-based mass spectrometry, high mass accuracy
and resolution are indispensable when the standard method of identification through spectral
matching fails.'"* Thus, whether in the context of peptide database searching, compositional
analysis of complex mixtures, or manual annotation of unknown metabolites, the goal of the mass
measurement is to generate a unique elemental composition which can be subsequently mapped

to an analyte.
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Regardless of the research question, elemental composition derivation is the first step in
identifying a compound. Beynon explained that if mass can be determined with sufficient
accuracy, the elemental composition can be deduced.”” Thus, theoretically, with infinite mass
accuracy, and the ability to resolve, completely, all relevant masses,'® a unique elemental
composition can always be determined.”” In practical terms, if a measurement is known to 0.1
mmu accuracy (not routinely possible), a unique composition can be determined for molecules
containing the elements C, H, N, O, and S, and having mass less than 500 Da.'® If the element
space or mass of the compound increase, however, mass accuracy alone cannot point to a single
composition; orthogonal filters, such as isotopomer distribution, then become necessary, in
conjunction with high mass accuracy, to limit the number of elemental compositions possible.'”*
We have performed theoretical calculations to demonstrate the effect of mass accuracy

and compound complexity on the number of possible elemental compositions, and motivate the
need for isotopic abundance information (Figure 1.1). In panels (A) — (D), we plot the number of
even-electron compositions residing between m/z 300-301 at mass tolerances from 0.01 mmu
(0.033 ppm) to 1 mmu (3.33 ppm). The four panels show the effect of increasing the number of
elements considered: panel (A) represents peptidic or petroleum-based compounds'® while panels
(B) — (D) are representative of metabolites, environmental toxins, or industrial byproducts.'’?"**
In (A), 0.1 mmu (0.33 ppm) mass accuracy is sufficient to yield a unique elemental composition.
As compound complexity increases from (B) to (D), however, unique elemental compositions are
not always possible. For example, given a mass chosen at random, m/z 300.11651, there are 91,
41, 12, 3, and 1 possible elemental compositions at mass tolerances of 1, 0.5, 0.1, 0.05, and 0.01
mmu, respectively, when considering the case illustrated in (D). Using mass accuracy alone, 0.01

mmu mass accuracy, not currently available with any MS, would be required to determine the

correct elemental composition (C¢H sN3OS").
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In panel (E), we applied an orthogonal isotopic abundance filter on the 91 elemental
compositions from panel (D) with less than 1 mmu mass error. For a mass spectrometer with
10% isotopic abundance error, the count of possible elemental compositions is reduced on
average 4-fold to 19, 12, 4, 1, and 1 at 1, 0.5, 0.1, 0.05, and 0.01 mmu, respectively. With 5%
isotopic abundance error, possible compositions are further reduced to 7, 3, 1, 1, and 1; thus, only
0.1 mmu mass accuracy is necessary to make the correct composition assignment. At 2%, the
correct assignment can be made even at 1.00 mmu mass accuracy. By inclusion of isotopic
distribution accuracy an orthogonal filter, the requirement on mass accuracy to achieve unique
elemental compositions is brought into a range more realistic for currently available mass
spectrometers. Similarly, in a study by Kind,"” isotopic distribution information eliminated over
95% of false candidates. The reduction of candidate compositions was greater for measurements
with 3 ppm mass accuracy and 2% isotope distribution error than for measurements with 0.1 ppm
mass accuracy alone. It should be noted that to achieve high accuracy measurements of mass and
isotopic distribution, high resolution measurements are required to remove background and
isobaric ion interferences. These studies clearly demonstrate the necessity and utility of high
resolution and mass accuracy mass analyzers with low isotopic distribution error in the analyses
of complex or unknown samples.

Numerous high-resolution mass spectrometers exist to address this need, including
magnetic sector,” high-resolution time-of-flight,”® Orbitrap,”’ and FT-ICR instruments.”® While
the FT-ICR is unparalleled in terms of resolving power,” TOFs have the greatest acquisition
rates,”® and isotope ratio measurements are the purview of magnetic sector instrumentation,” the
Orbitrap mass analyzer possesses a high performance mix of these characteristics that make it the

analyzer of choice in this work. The following sections detail how these characteristics of high
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resolution and high mass accuracy manifest, and outline the factors which influence their

robustness.

A BRIEF HISTORY OF THE ORBITRAP ANALYZER

The Orbitrap mass analyzer, a rare new-comer in the field of mass spectrometry™, was
invented by Alexander Makarov less than 15 years ago.’’”* Already, its impact on the broad
fields of research served by mass spectrometry can arguably be described as nothing short of
transformative.”” Since its initial commercialization by Thermo Fisher Scientific in 2005 as a
linear quadrupole ion trap-Orbitrap hybrid MS,* thousands of Orbitrap instruments, of various

configurations, have been adopted by research labs worldwide. Currently, Orbitrap instruments

34-36 37,38
d >

are available in several different hybri and single-stage bench-top configurations that

permit multiple ionization types (ESL* MALDI*’) and numerous ion activation methods (beam-
type*' and resonant excitation CAD, ETD/PTR,* PQD) to be used in conjunction with Orbitrap

mass analysis. The most recent implementations have made substantial gains in scan speed and

37,38

resolution through the use of parallel ion injection and mass analysis schema,” """ advanced image

43-45

current transient processing methods, improved detection electronics,” and a new high-field

3435

Orbitrap design. At its present stage of development, the Orbitrap can achieve mass

35,46 47,48

resolution exceeding 480,000 (relative to m/z 400), mass errors less than 1 ppm, a m/z
range of at least 6000 Th, scan rates exceeding 12 Hz at resolution 12,500 (relative to m/z
400),”*7 a dynamic range (and extent of mass accuracy) exceeding 5,000 and as high as
25,000,** and isotopomer abundance errors typically within 3-10%.>*°

Like all inventions, the Orbitrap was not developed in a vacuum (pun intended).
Although a wholly new mass spectrometer, the Orbitrap’s ancestry can be traced back to the

Kingdon trap®' of the early 1920s and the principles of dynamic orbital trapping in an electrostatic

trap (i.e., without magnetic or dynamic electric fields) proposed by Kingdon.”' In its simplest
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configuration, the Kingdon trap is an end-capped cylinder with a wire stretched along its central
axis.”' Application of a DC potential between the wire and cylinder produces a radial logarithmic
potential between the electrodes that causes ions with sufficient initial velocity to develop stable
orbits radially and axially about the wire,”” thus achieving orbital trapping (as well as axial
confinement by potentials applied to the end-cap electrodes™). The radial logarithmic potential

distribution (®) is given by Equation 1.1:

® =Aln(r)+B

Equation 1.1

where 4 and B are constants with value dictated by the applied voltages, and r is the radial
coordinate. Ions lacking sufficient initial velocity impinge on the central wire and are lost.’

27,52,54-56 -
e 1t was not

While the Kingdon trap found wide-use in ion optical spectroscopy studies,
until a variant of the Kingdon trap by Knight’” in 1981 that the possibility of mass analysis with
an electrostatic orbital trap was realized.

Knight tapered the ends of, and split, the outer cylindrical electrode to induce a
quadrupolar axial trapping potential in addition to the radial logarithmic potential providing
orbital trapping (as in the Kingdon trap).”’ Superimposing the quadrupolar (Equation 1.2) and
logarithmic fields (Equation 1.1) (thereby producing a “quadro-logarithmic” field’") caused
orbital-trapped ions to harmonically oscillate along the length of the central wire electrode. The

quadro-logarithmic potential distribution (Equation 1.3) is given simply by the sum of

Equations 1.1 and 1.2:



T'Z
P=A4(2>- =
(#-3)

Equation 1.2

a2
d=A|z 2+Bln(r)

Equation 1.3

where, again, 4 and B are constants related to the trap’s geometry and applied voltages, and » and
z are the radial and axial cylindrical coordinates, respectively. When Knight applied an RF
voltage between the two halves of the outer electrode, he observed resonances proportional to the
reciprocal of the m/z of the ions when the applied RF frequency was tuned to that of the ion
motion.””*****7 While the observed resonances were broadened, shifted in frequency, and weaker
than expected for the population of ions in the trap, this crude mass analysis led Knight to
hypothesize that the resonances could be improved by redesigning the central electrode, as it was
found distort the intended harmonic axial potential.”’ His proposal was later termed the “ideal
Kingdon trap”.*®

Gillig and colleagues™ confirmed Knight’s proposal through theoretical ion simulations
in 1996. Their calculations revealed that the equipotential lines of a true quadro-logarithmic field
formed a spindle-like central trapping volume (Figure 1.2A). Thus, they suggested that an ideal
Kingdon trap could be fabricated by either 1) using a spindle-like central electrode with shape
given by the quadro-logarithmic equipotential lines, or 2) creating the spindle-like trapping field
] 275859

through fine adjustments in electrode potentials. Gillig, et al. followed the latter pat

Using a wire ion guide FT-ICR cell with “tuned” electrode potentials to approximate the ideal
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Figure 1.2. (A) SIMION plot of the
equipotential lines for the “ideal Kingdon
trap” with end plates at 14 V and wire at -1
V, adapted from Gillig, et al™® The
equipotential line marked as 0 V roughly
corresponds to the trapping stability
boundary, R,, described by Makarov,’
where ions with radii less than R,, are
attracted to the axis and ions with radii
greater than R, are repelled and lost
(assuming positively charged ions). (B)
Equipotential lines of the quadro-
logarithmic Orbitrap field with inner and
outer electrode radii R; and R,, adapted
from Makarov.” An example of a stable
ion trajectory is shown. (C) A three-
dimensional representation of the Orbitrap
device showing the split outer electrode
[not to scale].
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field, they demonstrated improved, high-resolution mass analysis in the context of normal FT-
ICR experiment.”™ Makarov pursued the former, more technically challenging, path.’’

In 2000, Makarov coined the term “orbitrap” to describe his device, which consisted of a
central spindle-like electrode enclosed in a larger “barrel-like” outer electrode (Figure 1.2B-C).’'
In the Orbitrap, ions rotate, and axially oscillate, about a central spindle in “an intricate spiral,”'
where the frequency of the harmonic ion oscillations along the field’s axis is dictated by the
mass-to-charge ratio of the ions.”'”**® Expectedly, the electrostatic potential distribution (U) for

31,34

the Orbitrap (Equation 1.4), as described by Makarov, is quadro-logarithmic like in

Equation 1.3:

- R%))

k r
> +=R;, In [—] —Ur

k
_x .2
U(r,z)—2<z 5 R

Equation 1.4

where £ is the field curvature or axial restoring force, R; is the central electrode radius, R,, is the
characteristic radius (a limit describing the radial boundary of ion trapping), and Ur is the central
electrode voltage. /2 and R,’ are equivalent to the A4 and B terms of the prior expression
(Equation 1.3).

This initial report, using, as proof-of-principle, a pulsed laser ablation or MALDI source
with no external ion accumulation or cooling, demonstrated mass resolution up to 150,000,
isotopic ratios within 5-10%, and root-mean-squared mass errors of only 5 ppm.’' Following
these promising results, the Orbitrap was coupled to a continuous ion source, ESI, and an RF-only
storage device, the c-trap, for accumulation of large ion populations and radial injection into the

Orbitrap, was developed.””**”° These developments ultimately enabled the Orbitrap’s first



10
commercial implementation as a hybrid instrument with a quadrupole linear ion trap front-end,”
and guaranteed the instrument’s adoption into mainstream mass spectrometry”~*** as the first
commercially-viable electrostatic orbital trap.”* Until the Orbitrap, as Makarov remarked,
“dynamic ion trapping in electrostatic fields [had] been regarded [as] little more than a curiosity

of doubtful analytical merit” [emphasis added].””

THEORY AND PRACTICE OF ORBITRAP OPERATION

The geometry of the Orbitrap electrodes (Figure 1.2B-C), and trajectories of ion motion
within the trap, are derived from the equation for the Orbitrap’s quadro-logarithmic potential
distribution (Equation 1.4).*' Since several in-depth treatments of the theory of ion capture and

motion within the Orbitrap exist in the 1iterature,27’3 1,55

only the main relationships governing
mass accuracy, resolution, and/or isotopic distributions will be presented here.

lons are accumulated for Orbitrap mass analysis in a curved RF-only linear quadrupole,
the c-trap, external to the Orbitrap, and then injected radially, within a few hundred nanoseconds,

34954 The jons are

through a slot in the electrode at the inside radius of the curved trap.
accelerated along an S-shaped trajectory and converge as they pass through the entrance to the
Orbitrap.” As the ions enter the Orbitrap, they experience an increase in the electric field
strength as the central electrode voltage rises to its final set-point.*'***> This process is termed

“electrodynamic squeezing”3l,32

and does just that; the radius of the ion cloud, and the rotational
radius about the central electrode, contract with the increase in field strength. This process
prevents collision of the ions with the outer electrode during their initial oscillations, and also
makes “room” for later-arriving ions (those of higher m/2) to enter.**>**> As a result, the length

of the electrodynamic squeezing step (or, rate of the central electrode’s voltage ramp, which

ultimately is the rate-limiting step for Orbitrap scan rate’®) dictates the mass range of ions that
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make it into the analyzer.’'”> Following squeezing, voltages in the trap are stabilized and held
constant, ions develop stable ion trajectories, and image current detection can begin.”’

In terms of cylindrical coordinates (i.e., , z, and ¢, the radial, axial, and angular
coordinates, respectively), stable ion trajectories within the Orbitrap involve simultaneous »- and
@p-motion about the central electrode and simple harmonic oscillations along the z-axis, and meet
the requirement that their radii are less than the characteristic radius, R, (Figure 1.2A4).°">%
Because there are no cross terms of 7/¢p and z in the electrostatic quadro-logarithmic field
(Equation 1.4), an important characteristic emerges: the frequency of oscillatory motion of ions
in the z-direction is independent of their orbital motion in the  and g-directions.”’**** In fact,
only the axial frequency is completely independent of the initial ion position and kinetic energy
(neither the rotational nor radial frequencies share in this independence, and thus, despite being

3161 would result in poor mass resolution if used for

previously proposed for use in deriving m/z,
mass analysis).”! This independence is the crux making the Orbitrap a high mass accuracy and
high resolution mass analyzer; the axial frequency depends only on an ion’s m/z and the constant
3132545560 The

potential between the electrodes and can thus be exploited for mass analysis.

relationship between axial frequency (w;, in rad/s) and m/z is given by Equation 1.5.

Equation 1.5

where m and ¢ are the mass and charge, respectively, and & is related to the field potential.*'
While not used for mass analysis, orbital motion in the » and ¢-directions is nonetheless

critical to maintaining the radial stability of the trapped ions.””*® Just like in the Kingdon trap,
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radial stability is related directly to the initial ion kinetic energy and, in the Orbitrap, is,
importantly, independent of m/z.>> Thus, if ion kinetic energy is suitably matched to the radial
component of the electric field (in an situation analogous to the selection of ions of a given
kinetic energy for transmission in an electric sector with fixed sector radius®), ions of the same
kinetic energy will form a nearly circular, “thin ring” about the central electrode with radius given
by their kinetic energy.*'*® Thus, because ions of different kinetic energies possess different orbit
radii and the Orbitrap can accept a range of initial kinetic energies, the Orbitrap can trap large
payloads of ions and possesses high space charge capacity, relative to FT-ICR and Paul-type
quadrupole ion traps.”*>> The end result is a set of ion rings, each with a given m/z and kinetic
energy, oscillating in the z-direction by nature of their m/z, and displaced radially from the central
electrode by nature of their kinetic energy.

The ensuing axial oscillation of the ions induces an image current on the split outer
electrodes, which is detected as a time-domain transient and amplified by a differential
amplifier,’™ as in FT-ICR.*® The transient is fast Fourier-transformed (FFT) to generate a
frequency-domain spectrum that is translated into m/z-space by Equation 1.5.>'°** The total
detected ion current is the sum of the ion current of each individual species, and has a magnitude
directly proportional to the ion population size, charge, and axial amplitude of oscillation.*"*
Axial oscillations can be detected over 10-100s of thousands of oscillations until ion packets
ultimately de-phase and become undetectable.”® Ion packets might lose coherence due to small
imperfections in the Orbitrap field, both intentional (e.g., the injection slot) and unintentional
(e.g., machining imperfections, or power supply stability), as well as through collisions with
background gas, or space charge effects within or between ion packets.’'****>% Regardless of
the cause, when the axial thickness of an initially coherent packet (ring) of ions de-phases to

approach the axial amplitude of oscillation, the broadened ring will then induce opposite image



13
currents on the both outer electrodes simultaneously that ultimately cancel each other out and
reduce the signal into the noise.’'~*>

The length of time that axial oscillations can continue with coherence ultimately dictates
the upper limit of mass resolution.’'>*>> Since ions of higher m/z are more affected by collisions
with background gas, by nature of their greater collisional cross-sections (and ion kinetic energy
is independent of m/z), mass resolution also decreases as m/z increases (and the maintenance of
high-vacuum is essential).”””"* In contrast to FT-ICR, however, resolution diminishes only as
the square root of m/z,”' rather than as m/z** (i.e., more slowly than FT-ICR, meaning that for a
fixed transient length the resolution of the Orbitrap will eventually exceed that of the FT-ICR

33,34

above some m/z"7"). The experimental mass resolution is given by the following relationship

(Equation 1.6):

m w
— =y = |1

Am Aw 2Aw. |m

Equation 1.6

where m/Am and w/Aw are the mass and frequency resolutions at full-width-half max.’'

While the factors affecting mass resolution also influence mass accuracy,” additional
factors can cause mass measurement errors. Primarily, mass accuracy is limited by the stability
of the voltages applied to the central electrode and deflector electrode (compensating for the ion

54,55

entrance hole). Failure to properly compensate for the fringing fields caused by the ion

entrance hole, for instance, causes ions of the same mass to have different axial frequencies, and
54,55,63,64

thus, leads to decreased resolution, peak splitting, and mass shifts in the mass spectrum.

Additionally, fluctuations in the ambient temperature result in long-term, rhythmic mass
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deviations with a period of about 1 d if externally calibrated.*** At low signal-to-noise, mass
errors are primarily the result of electronic and thermal noise;> these are unchanged for internal
and external calibration.””>* However, since increasing the length of the transient (acquiring at
higher resolution) enhances signal-to-noise (signal increases proportionally to time, but noise
increases with the square-root of time), mass accuracy can be improved in marginal cases by
acquiring at higher mass resolution.*” At a given resolution, the dynamic range over which
accurate measurements can be made has been measured to be about 5000 in the Orbitrap.*’

Just as too few ions decrease mass accuracy, so too will too many ions, while also
affecting isotopic abundances. Large cumulative or individual ion populations can lead to
Coulombic repulsions, or space charge effects, that cause mass shifts, peak coalescence (mutual
phase locking of two ion packets having close m/z-values), diffusion (dephasing due to space
charge interactions), and synchronization (or “self-bunching,”).”* In self-bunching, Coulombic
interactions increase the velocity of slower ions while decreasing the velocity of faster ions to
create a “bunch” that oscillates together, i.e., coalesces’* ", leading to a shift in measured
frequency, and thus m/z.°**> Furthermore, in some cases, the bunched ion beam may decrease
width over time,” or split into two or more sub-beams having disparate de-phasing rates, and
manifest spectrally as split peaks.”” High density sub-beams will de-phase at a slower rate than
their associated, lower density sub-beams, leading to incorrect isotopic ratios.*

For the most part, space charge effects are substantially mitigated by the shielding
provided by the central electrode. Especially when rotational radii are small, ions on one side of
the central electrode are insulated from the ions other side.’® Since these effects are relatively
small, mass measurement deviations due to space charge (or AGC ion target) can often be
calibrated out. Likewise, careful tuning through controlled distortions of the field (to restore the

ideal field) can, in principle, mitigate diffusion and synchronization effects.*® However, with
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current Orbitrap instrumentation, perturbations made to decrease synchronization effects will
affect the device in a m/z-dependent manner; thus, optimization for one m/z value may result in
unchanged or worse performance for other m/z values.”> With the current technology, isotopic
abundance accuracy decreases as resolution/transient length increases, with isotopic ratio errors
ranging from less than 3% at lower resolutions to greater than 10% at higher settings.*”’
Although optimization of the injection parameters and field compensation for the injection hole,
can improve ratios, at the present time, only limiting ion population size and transient length will

. PRI - - 54,63,65
universally maintain isotopic abundance ratios at acceptable levels.” "™

ADVANCES IN ORBITRAP TECHNOLOGY TO IMPROVE MASS ACCURACY, SCAN
RATE, AND RESOLUTION
Mass accuracy. One feature of the using an external RF-only device to accumulate and

trap ions prior to their injection into the Orbitrap for analysis is that custom ion populations can

be formed through multiple fills of the c-trap with different (or the same) ion populations.’”*"#7

" This trait has been exploited in recent implementations of the Orbitrap analyzer to permit

37,67,68

multiplexed analysis of fragmented peptides, improved signal-to-noise in analysis of whole

proteins,” improved quantification,” as well as for the introduction of reference compounds for

47,48

internal mass calibration. The latter strategy, termed “lock-mass”, has permitted robust

internal calibration of each mass spectrum to result in mass errors typically less than 1 ppm.*"*
In one implementation, Olsen and colleagues®’” added, in pre-defined amounts, a known

electrospray ionization background ion, polydimethylcyclosiloxane, to each population of analyte

ions prior to MS and MS/MS analyses. The calibrant population was prepared by accumulating

and isolating the desired ion in the up-stream QLT. This population was then passed to the c-trap,

where it remained until joined by precursor- or product-type analytes ions. The populations were
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then mixed through mutual storage in the c-trap and simultaneously injected into the Orbitrap for
analysis. The authors demonstrate, on average, sub-ppm mass errors, with maximum deviations
less than 2 ppm.*’

A second implementation carried out by Wenger, et al.,*

made use of another key trait of
the c-trap, namely that it acts as a t-piece in the otherwise single-direction ion path of hybrid
Orbitrap instruments. This means that ions can enter the c-trap from the direction opposite the
ESI source, coming from additional sources, such as an NCI source used for generating negative
reagent ions for electron transfer dissociation (ETD),** or other devices (such as a beam-type
CAD collision cell)."  Wenger, et al.** used fluoranthene cations generated by chemical
jonization in the EI/CI source of an ETD-enabled hybrid Orbitrap,** stored a population of these
cations in the c-trap, and then proceeded with the normal scan sequence for MS and MS/MS.
Like Olsen, et al.,"’ this resulted in robust, sub-ppm mass measurement errors for both precursor
and product ions, and near elimination of calibration drift over time. This strategy had the
benefits, however, that it did not require processing of the calibrant ion population in the QLT,
saving a significant amount of time, and that the analyte and calibrant ions were generated by two
different ion sources. The latter benefit eliminated concerns of the stability of the calibrant signal
over the course of a chromatographic run, and between laboratories.*®

Resolution and scan rate. On the mass resolution front, two major technological

34,35
= and

breakthroughs warrant mention: the development of a high-field Orbitrap mass analyzer,
advances in signal processing of Orbitrap transients.”*® Both of these advances also provide
increased instrument duty cycle at the same resolution settings.

Analogous to the quest for larger and larger magnets (with higher field strength) to

increase resolution in FT-ICR MS,*® Orbitrap resolution can also be improved through increases

in field strength.’*** For an electrostatic trap, increases in field strength come in two forms:
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through increasing the voltages applied or through changing the geometry of the trap.** If
Equation 1.4 is solved for £, the field curvature, and then substituted into Equation 1.5, the

following relationship is revealed (Equation 1.7):

q 20r
w, = |—-
M R2 |y (%) —%[R% —R?]
1

Equation 1.7

where Ur is the central electrode voltage, and R,,, R;, and R, represent the dimensions of the trap
(R, characteristic radius; R;, central electrode radius; and R,, outer electrode radius). Equation
1.7 shows that the frequency of axial oscillation increases with 1) the magnitude of the central
electrode voltage (Ur), and with 2) a dimensionally smaller trap or a change in the relative
dimensions of the trap (R./R;).>******* Increased axial frequency, in turn, results in increased
resolution and dynamic range at the same analysis time, increased scan rate at the same resolution
setting, and an increased tolerance to space charge effects.***

In the bench-top Orbitrap incarnations, the former strategy, of increasing Ur, is borne
out.”’”* By increasing the central electrode voltage from 3.5 to 5 kV, resolution per unit time
increased approximately 20%.>” While straightforward, this strategy is increasingly difficult to
scale-up because of problems with maintaining and insulating voltages of such magnitude.
Furthermore, because the frequency only scales as the square root of Ur, it is a rather low “return-
on-investment” strategy.**

Work on the second strategy of modifying the trap’s geometry, led to the development of

the high-field Orbitrap by Makarov and colleagues.*® In the high-field Orbitrap, the central
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electrode radius, R;, is increased from 6 mm to 9 mm, while the outer electrode radius, R,,
remained 15 mm.**** Consulting Equation 1.7, we see that this change reduces the dominance of
the first term of the denominator such that the axial frequency increases by a factor 1.4. In
conjunction with increasing the central electrode voltage as mentioned before, this results in a
factor of 1.7 frequency increase over the standard Orbitrap.”* As a consequence of the increased
field strength and decreased trapping volume, several other modifications were necessary to
maintain performance: 1) the split between the two outer electrodes was increased to reduce the
capacitance in the detector circuit and increase signal-to-noise due to the decreased detected
image current on the outer electrodes because of the larger central electrode, 2) the decreased
trapping volume required larger pumping apertures at the ends of the outer electrode to ensure
proper vacuum in the trapping volume, and 3) the acceleration voltage for injecting ions into the
Orbitrap had to be increased 3-3.5-fold such that a total redesign of the c-trap electronics was
necessary.>
The result of these efforts was an 80% increase in resolution at the same acquisition time,
thus making resolutions greater than 600,000 at m/z 195 and 380,000 at m/z 525 possible at a 3 s
acquisition time.** In comparison to FT-ICR, the high-field Orbitrap overtakes the resolution of a
7T FT-ICR by m/z 280 and of a 15T FT-ICR by m/z 1300 at fixed transient length, and is much
more tolerant of space charge effects.”*>* The authors also notably demonstrated a single-shot
dynamic range of 25,000 and isotopic resolution of intact proteins exceeding 40 kDa.****>*
However, optical alignment, pressure requirements, and tuning parameters were also found to be
more demanding than the standard Orbitrap.**
In tandem with the high-field Orbitrap,** advanced methods for processing the Orbitrap
transient have also been developed that further push the limit of achievable resolution and scan

rate in Orbitrap mass spectrometry.”>**> Known commercially as “enhanced FT”,” this process
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2,

of advanced signal processing (ASP) is based on prior work in the FT-ICR community.
general, Fourier-transformation (FT) of a time-domain transient serves as a base for determining
the frequency, amplitude (magnitude), and phase information from the damped sinusoidal signals
making up the transient.”' With a phase of zero or some multiple of +7/2, FT of a damped cosine
or sine time-domain signal results in pure absorption (A(w)) and dispersion spectra (D(w))
(Figure 1.3A).%7" With any other phase, however, FT results in a linear combination of the
absorption and dispersion spectra (mixed mode spectra, Figure 1.3B) that can be represented by
four types of frequency domain spectra: real (Re), imaginary (Im), magnitude (M) and phase

(9).”" For a complex frequency-domain spectrum F(w), these representation are given by the

following expressions (Equation 1.8):

Re[F(w)] = cospyA(w) + sing,D(w)

Im[F(w)] = —singyA(w) + cos@y,D(w)

M(w) = y (Re[F(@)])? + (Im[F (0)])? = {A(w)? + D(w)?

Im[F (w)]>

¢@(w) = tan™?! (Re[F(a))]

Equation 1.8

where ¢, is the initial phase of all ions, independent of frequency (m/z). The magnitude mode
spectrum is the almost always used in FT-MS,*7'" because the real and imaginary
components generally form asymmetric peaks unless the phase of the peak is 0 or a multiple of
+71/2 (Figure 1.3).”7"7? Since the phase is not generally known for every peak, the magnitude

mode spectrum, which is independent of phase variation with frequency (m/z), is used. However,
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Figure 1.3. (A) Pure absorption and dispersion
spectra resulting from FFT when signal phase is
0° (i.e., pure cosine) at the start of detection. The
corresponding magnitude mode representation is
shown above, as well as ranges (in red) denoting
the peak full-width-half-maximum in comparison
to the absorption mode spectrum. (B) Mixed-
mode spectra resulting from signal phase of 45°
at the start of detection, with corresponding
magnitude mode spectrum shown above.
Magnitude modes spectra are independent of
phase, and are the same in A and B. Adapted
from Beu, et al.’

20
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neglecting the phase information generated by the FT by using a magnitude spectrum results in
reduced resolution compared to the pure absorption mode spectrum by a factor of 2 to 3.5 (as

4371 .
Tt s

seen in the comparison of magnitude and absorption peak FWHM in Figure 1.3A).
obvious then, that if phase information can be used, the higher resolution of real component
spectra can be leveraged.

In Orbitrap mass spectrometry, collisionally cooled ions stored in the c-trap all have
roughly the same phase prior to their injection (and therefore excitation) into the Orbitrap.* This
is fundamentally different from FT-ICR where all ions of all m/z have the same phase at the
conclusion of excitation.” Thus, if the time it takes for ions to travel from the c-trap to the

Orbitrap is known, the phase accumulated during injection (A¢@) can be determined and the

absorption spectrum can be recovered from the real and imaginary components (Equation 1.9):*

A(w) = cos(p(w) — Ap)Re[F(w)] - sin(¢(w) — Ap)Im[F(w)]

Equation 1.9

Fortuitously, a simple phase relationship exists that is independent of m/z in the first-order
approximation. Since time-of-flight (#;,) from the c-trap to the Orbitrap is proportional to the
square-root of m/z and the axial frequency of oscillation (w) is inversely proportional to the
square-root of m/z, m/z cancels out, and the accumulated phase from injection is a constant given

by (Equation 1.10):

L
Ap = w - tiyj = —I = constant

2elV

k

Equation 1.10
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where, L.y is the effect length from c-trap to Orbitrap. Thus, A(w) can be calculated in a
straightforward manner.*

This process has been implemented on the Orbitrap by Lange and colleagues.” In
practice, two factors are critical to achieving high quality spectra: 1) precise synchronization of
the detection event to the exact time injection began, and 2) commencing detection as early as
possible after injection. The former is achieved by extrapolating detected signals back in time
until their phase differences are minimized and considering this minimum to be the start of the
injection/excitation process.”” The latter was achieved through hardware upgrades to the
preamplifier and Orbitrap.*’ By improving the stabilization of the central electrode voltage
following electrodynamic squeezing, the 8-9 ms delay usually imposed before the start of
detection (to protect the pre-amplifier circuit) was reduced to less than 0.6 ms.*>* This advanced
processing, implemented in the new bench-top and hybrid configurations of the Orbitrap mass

35,37
analyzer,™

provides up to a 2-fold increase in resolution at the same transient length, without
sacrificing spectral quality or mass accuracy.”” ASP methods are used in all chapters, except

Chapter 3, to increase resolution and scan rate.

SUMMARY OF WORK PRESENTED HERE

The concepts of mass accuracy, resolution, and isotopic abundance accuracy will play a
major role in this dissertation as I describe the application of the Orbitrap mass analyzer to fields
normally dominated by low resolution mass spectrometers: targeted proteomics, and gas
chromatography/mass spectrometry. In Chapter 2, I report on a new analysis paradigm for
targeted proteomics called parallel reaction monitoring, which utilizes mass accuracy, resolution,
and selectivity of the quadrupole-Orbitrap LC/MS to improve the confidence of targeted

proteomic identifications. Chapters 3 and 4 deal with the development of Orbitrap
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instrumentation for GC/MS; I first describe a proof-of-principle implementation (Chapter 3) and
then, in Chapter 4, introduce a dedicated, applications-grade instrument, the GC/quadrupole-
Orbitrap. Finally, in Chapter 5, I describe the application of the GC/quadrupole-Orbitrap to the
determination of elemental compositions of unknowns in an untargeted metabolomics study of
Arabidopsis thaliana metabolites. Chapter 5 also introduces an advanced data-dependent
acquisition method, MIDA, or molecular-ion direction acquisition, tailored specifically for

derivatized metabolites.
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CHAPTER 2

Parallel Reaction Monitoring for High Resolution and High Mass Accuracy

Quantitative, Targeted Proteomics

SUMMARY
Selected reaction monitoring (SRM) on a triple quadrupole (QqQ) mass spectrometer is currently
experiencing a renaissance within the proteomics community for its, as yet, unparalleled ability to
characterize and quantify a set of proteins reproducibly, completely, and with high sensitivity.
Given the immense benefit that high resolution and accurate mass (HR/AM) instruments have
brought to the discovery proteomics field, we wondered if highly accurate mass measurement
capabilities could be leveraged to provide benefits in the targeted proteomics domain as well.
Here, we propose a new targeted proteomics paradigm centered on the use of next generation,
quadrupole-equipped HR/AM instruments: parallel reaction monitoring (PRM). In PRM, the
third quadrupole of a QqQ is substituted with a HR/AM mass analyzer to permit the parallel
detection of all target product ions in one, concerted high resolution mass analysis. We detail the
analytical performance of the PRM method, using a quadrupole-equipped bench-top Orbitrap MS,
and draw a performance comparison to SRM in terms of run-to-run reproducibility, dynamic
range, and measurement accuracy. In addition to requiring minimal upfront method development
and facilitating automated data analysis, PRM yielded quantitative data over a wider dynamic
range than SRM in the presence of a yeast background matrix due to PRM’s high selectivity in

the mass-to-charge domain. With achievable linearity over the quantifiable dynamic range found
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to be statistically equal between the two methods, our investigation suggests that PRM will be a

promising new addition to the quantitative proteomics toolbox.
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INTRODUCTION
The most widespread protein sequencing technique is the shotgun method. Proteins are
digested into peptides, chromatographically separated, and measured by mass spectrometry
(MS).""® Many types of mass spectrometers are used — quadrupole ion traps (QIT), QIT hybrids
such as the QLT (quadrupole linear ion trap)-Orbitrap or QLT-FT-ICR, and quadrupole time-of-
flight (Q-TOF) hybrids — but, the experiments, from the MS measurement onward, are basically
identical: the masses of eluting cationic peptide precursors are measured in a MS scan, and the
most abundant precursors are selected in series for successive tandem MS events (MS/MS). This
process, called data-dependent acquisition (DDA), continues for the duration of a
chromatographic separation, and constant MS operation in this manner can generate hundreds of
thousands of spectra in days. These spectra are then mapped to peptide or protein sequence

13 Quecessful results can be

databases using highly-evolved database search algorithms.
obtained within just a few days and are nothing short of spectacular: tens of thousands of unique
peptide spectral matches mapping to several thousand unique protein isoforms have become the
norm. While this approach certainly can achieve ultra-high-throughput, it is unfortunately
lacking in sensitivity and reproducibility. Specifically, complete coverage of specific biological
pathways or functional groups is not typical (i.e., all 500 kinases, 1,400 transcription factors,
etc.). Likewise, the overlap of identifications in replicate experiments is low (35-60%)."*">

The limitations of the shotgun method have propelled a recent fervor in targeted
proteomic methods — namely, selected reaction monitoring (SRM, also known as MRM, multiple

reaction monitoring).'®*?'

SRM achieves the reproducibility and sensitivity that the shotgun
approach lacks and even offers a route to determine absolute abundance.”’ By offering superior

consistency, completeness, and quantitative accuracy, targeted experiments afford a new avenue

to test and generate biological hypotheses.”” SRM, primarily performed on triple quadrupole
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(QqQ) MS, has emerged as the MS “gold-standard” for targeted proteomics®' and is a broadly
accepted alternative to the traditional multiplexed immunoassay.” Numerous studies have

successfully employed QqQ SRM for both absolute and relative quantitation of analytes in

22-27 28-30

applications ranging from clinical diagnostics to whole systems analyses. The rising
popularity and promise of the SRM technique have also spawned a plethora of new analysis
approaches and software tools. For example, many algorithms and software tools have been
developed to expedite assay development by aiding in the selection of proteotypic peptides,’’
peptide transitions, and instrument parameters (reviewed in Cham Mead, ef al.**). Additionally,

33-39 and

through community effort, several publicly available databases of tandem MS spectra
validated SRM assays'™*' are available to provide empirical guides to transition selection and
assay development. Several groups have also presented elegant solutions to maximize instrument
duty cycle and improve assay specificity. Picotti and colleagues,*” for instance, demonstrated use
of synthetic peptide libraries to accelerate SRM assay development. Likewise, Kiyonami, et al.*®
recently introduced a strategy that boosted SRM bandwidth by restricting the number of
transitions per target acquired before and after target elution. By limiting the acquisition of full
transition sets to a few occasions during peptide elution, this strategy enabled simultaneous
qualitative and quantitative analysis of 6,000 transitions in one hour, a substantial boon to SRM
throughput.

In recent years, discovery-based proteomic methods, such as the shotgun method
discussed above, have been transformed by significant advancements in instrumentation; key
figures of merit, such as sensitivity, duty cycle, mass accuracy, and mass resolution have seen
remarkable improvements.** While these developments have done little to directly curtail the

reproducibility issues that the SRM method so effectively counters, the achievable depth of

proteomic sampling (i.e., analytical sensitivity) within the discovery context continues to improve.
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Central to this evolution is the increased performance, and availability, of high resolution and
accurate mass (HR/AM) instrumentation.** Namely, developments in time-of-flight (TOF)
technology,” and the advent of the Orbitrap mass analyzer in 2005,"* have made fast and

053 with <10 parts-per-million (ppm) mass measurement error

sensitive MS/MS scanning
routine.” For discovery experiments, the ability to acquire MS/MS scans with high resolution
and low-ppm mass errors offers several advantages, including higher confidence sequence

#35 post-translational modification site localization,”® and improved quantitative

identification,
accuracy. Coming from this perspective, we wondered whether the highly accurate mass
measurement capabilities of today’s new-generation MS instrumentation could be leveraged to
provide benefits within the targeted proteomics domain.

Driving our inquiry was the newly-introduced Q Exactive bench-top quadrupole-Orbitrap
MS (QqOrbi),"” which, along with quadrupole-TOF (QqTOF) instrumentation,” possesses a
geometry essentially equivalent to a QqQ, except that the third quadrupole of the QqQ is replaced
by an Orbitrap (or TOF) analyzer (Figure 2.1A-B). The QqOrbi achieves a 12 Hz scan rate at a
resolution of 17,500 for both MS and MS/MS scanning, quadrupole mass filter isolation with
mass windows as small as £0.2 Th, and mass measurement errors typically <l ppm with internal
calibration and <5 ppm with external calibration.”” With these performance characteristics, we
envisioned a targeted proteomics strategy where all products of a target peptide are
simultaneously monitored under conditions that offer high resolution and high mass accuracy.
Operation would be identical to a SRM scan except that all transitions would be co-detected and
distinguished from one another, and from background, by the final mass analysis stage. We call
this mode of operation parallel reaction monitoring (PRM).

The PRM technique has several potential advantages over the traditional SRM approach.

First, PRM spectra would be highly specific since all potential product ions of a peptide, instead
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Figure 2.1. Schematic representation of SRM (A) and PRM (B) as performed on QqQ and
QqOrbi instrumentation, respectively. In SRM (A), each product ion transition (white circle) is
serially monitored (from 1 to 5) one at a time in distinct scans. In PRM (B), all product ion
transitions (1-5, and all possible product ions, shown as black circles) are analyzed/monitored in
one concerted, high resolution and high mass accuracy mass analysis. Q1 and Q3 refer to the first
and third mass-resolving quadrupoles of the QqOrbi (Q1 only) and QqQ, and g2 to the
quadrupole (or cell, in the QqOrbi case) in which beam-type CAD is performed. The isolation
widths employed for each device in both experimental and theoretical data are given below each
device. (C) Theoretical comparison of the rate of correctly identifying a target peptide (as true
positive rate in percent, TPR) from all theoretically possible peptides in the human tryptic
peptidome in SIM and reaction monitoring experiments in which 1, 2, and 3 y-ion transitions
(labeled as 1T, 2T, and 3T, respectively) are monitored for Orbitrap instruments (+5 ppm) and
QgQ (£250 ppm) for the 25 peptides used in this study in their light and heavy forms (50 total).
Count refers to the average number of possible confounding species, including the target peptide,
represented by the boxplots. TPR is calculated as 100/count.
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of just 3-5 transitions, are available to confirm the identity of the peptide.”’”® Second, PRM
could provide a higher tolerance for co-isolated background peptides/species. Since numerous
ions would be available for identification and quantitation purposes, the presence of interfering
ions in a full mass spectrum would be less disruptive to overall spectral quality than interference
in a narrow mass range, especially since high resolution can often separate these ions from the
product of interest. Note that one could extend this concept to a multiplexed PRM scan where the
product ions of several target peptides are co-mingled and detected in a single-scan.”” And third,
since PRM monitors all transitions, one need not have prior knowledge of, or pre-select, target
transitions before analysis. These points suggest another potential advantage of the PRM
approach: elimination of much of the effort required to develop and optimize the traditional SRM
assay.

Given that a QqQ possesses a duty cycle approaching 100% and utilizes electron
multiplier-based detection, which is inherently more sensitive than image current-based detection
(Orbitrap), it is not obvious that the PRM method will afford sensitivity comparable to the current
state-of-the-art SRM approach. However, we postulate that what PRM lacks in sensitivity and
duty cycle might be effectively countered by the selectivity of HR/AM measurement. Here, we
implement PRM on a QqOrbi system and benchmark method performance with triplicate analysis
of 25 isotopically heavy-labeled synthetic peptides spanning a concentration range of 10° under
neat and matrix-containing conditions. We assess key figures of merit, including data quality,
run-to-run  reproducibility/precision, = dynamic  range/sensitivity, and  measurement

accuracy/linearity. Finally, we draw a performance comparison to SRM operating on a common

QqQ platform.
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EXPERIMENTAL PROCEDURES

Materials and reagents. Unless otherwise specified, all reagents used herein were
purchased from Sigma Aldrich (St. Louis, MO). Acetonitrile was purchased from Fisher
Scientific (Fair Lawn, NJ) and formic acid (>99%) from Thermo Fisher Scientific (TFS,
Rockford, IL). Ultrapure water was supplied from a Barnstead Nanopure Diamond ultrapure
water system (resistivity 18.2 MQ-cm; TFS, Dubuque, lowa).

Sample preparation. Twenty-five heavy-labeled hypothetical tryptic human peptides
(Table 2.1) were synthesized by Fmoc solid-phase synthesis, purified by HPLC, and solubilized
in 5% v/v CH;CN/water at a concentration of 5 pmol/uL + 25% with purity >97%
(HeavyPeptides AQUA QuantPro; TFS, Ulm, Germany). All 25 peptides (QqOrbi experiments)
or a selection of 14 of the 25 peptides (QqQ experiments) were mixed and used neat with intact
bovine serum albumin (BSA) carrier protein (200 fmol/uL in 0.1% HCOOH/water) or spiked into
a whole-cell tryptic digest of yeast (1 pg/uL in 0.1% HCOOH/water), prepared as previously
reported,” at the following concentrations (fmol/uL or nM): 0.002, 0.02, 0.2, 2, 20, and 200. A
one microliter aliquot of each sample was subjected to Cg-reversed phase liquid chromatography
prior to mass spectrometry.

Liquid chromatography. For QqOrbi experiments, samples (1 uL) were loaded and
desalted on an 8 cm packed pre-column (75 um ID x 360 pm OD) in 0.2% HCOOH/water (buftfer
A) at a flow rate of 1 pL/min for 10 min. Analytical separation was performed over a 20 cm
packed column (50 pm ID x 360 pm OD) at 300 nL/min with a 60 min gradient of increasing
CH;CN (buffer B, 0.2% HCOOH/CH;CN) using a nanoAquity HPLC and autosampler (Waters,
Milford, MA). Both pre-column and analytical column were packed with Magic C,g-reversed
phase silica (5 um diameter, 100 A pore size; Michrom Bioresources, Auburn, CA) using a

pressure bomb. Following sample loading, buffer B was increased rapidly to 5% over 30 s and



Table 2.1. Peptides and instrument parameters used in this study.
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PRM Parameters

SRM Parameters

# Peptide* Mono. Parent Sched. @ Parent Transition CE (%) Sched.
Mass m/z RT(min) m/z m/z °’" RT (min)
1  GVSAFSTWEk 1118.5488 560.2817 28.0-33.0 560.584 658.646 26 35.0-89.0
805.821
963.977
2 HFLTLAPIk 10466368 524.3257  26.5-31.0
3 ARPAcVDAr 1024.5112 513.2653 0.0-10.0
4  SGWTcTQPGGr 1281.5753 608.7738 13.0-20.0
5 EGQLAAGTCEIVTLDr 1741.8544 871.9345 29.0-36.0 872432 1174.245 30 37.5-89.0
1245.323
1316.402
6 LWSLAEIATSDLk 1476.5364 727.9027 40.0-53.0
7 SEDEDEDEGDATr 1648.8118 739.2755 7.0-14.0
8 DIQFGSQlk 1042.5539 522.2842 23.0-29.0 522.557 540.555 25 29.0-37.5
687.731
815.861
9 HTGTPLGDIPYGk 14366875 682.3584  22.5-27.0
10 NSWGTDWGEk 1215.5330 594.2640 25.5-30.5 594.580 743.708 27 29.0-37.5
800.760
986.971
11 FSDLTEEEFr 1362.7023 641.7949 27.0-31.5 642.134 719.675 28 29.0-89.0
820.762
933.920
12 SFEGTDYGk 1010.4436 506.2291 13.0-20.0 506.491 591.556 25 22.0-29.0
648.608
777.723
13 TLNGIQLAF 9945799 4982972  21.0-265 498544  610.663 26 220-35.0
667.715
781.818
14 AFSQNSVLIk 1113.6274 557.8210 22.5-27.0
15 WPGYLNGGr 10285067 515.2606  26.5-31.0 515532 689.677 25 29.0-89.0
746.729
843.845
16 GALDGEAPr 8944435 448.2290 10.0-20.0 448.441 539.498 23 1.0-29.0
654.586
767.745
17 AETLVQAr 896.4955 449.2550 10.0-20.0 449471 483.478 23 1.0-29.0
596.636
697.741
18 FLNPEWk 940.4898 471.2522 26.5-31.0
19 LEQNPEESQDIk 14537908 7193510  10.0-20.0
20 SEASSSPPVVTSSSHSr 1186.5135 571.2756 10.0-15.0 571.569 583.511 26 1.0-22.0
771.693
870.825
21 APcQAGDLr 996.4686 499.2416 10.0-15.0 499.520 541514 24 1.0-22.0
669.644
829.839
22 TWFQNQr 988.4754 495.2450 20.0-26.0
23 TVFSSTQLcVLNDr 1710.8048 825.4132 31.0-40.0 825.891 899,973 29 37.5-89.0
1129.207
1216.285
24 FSEVSADk 889.4273 445.7209 10.0-17.0 445944 527.513 22 1.0-29.0
656.628
743.706
25 GLYEGTGr 861.4220 431.7183 10.0-20.0

¢ - carbamidomethylcysteine (+ C,H,NO)

r - heavy labeled arginine (*C_"N,)

*All peptides have a charge state (2) of +2, with the exception of peptide #20 (z = +3).

k - heavy labeled lysine ("3C_*N,)
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then shallowly to 25% over 59.5 min, followed by a quick increase to 80% over 1 min. After
holding at 80% buffer B for 5 min, buffer B was decreased over 2 min to 0% and the column was
re-equilibrated at 100% A for 22 min.

For QqQ experiments, similar LC conditions were used with some notable changes. Pre-
column and analytical column were 5 cm and 12 cm in length (75 um ID x 360 um OD),
respectively, and were packed with 3 pm Magic Cg-reversed phase silica. Following sample
loading and desalting as above, buffer B was increased to 5% over 30 s and then to 35% over
59.5 min, followed by a quick increase to 75% over 1 min. Following 5 min at 75% buffer B,
buffer B was decreased over 1 min to 0% for a 23 min column equilibration.

Mass spectrometry. In all experiments, HPLC eluent was introduced into the mass
spectrometer via an integrated electrospray emitter® (pulled in-house via laser micropipette
puller; Sutter Instrument, Novato, CA) operated at 2.0-2.2 kV and coupled to a custom nano-ESI
source. QqOrbi experiments were performed on a quadrupole mass filter-equipped bench-top
Orbitrap mass spectrometer (Q Exactive, TFS, Bremen, Germany). Each sample (6
concentrations x 2 background matrix conditions) was analyzed in triplicate under two mass
spectrometric conditions: 1) PRM with an isolation width of =1 Th, and 2) PRM with an isolation
width of £0.2 Th. Samples were analyzed in order of increasing concentration with an extensive
column wash between each concentration set to minimize carry-over. In all experiments, a full
mass spectrum at 70,000 resolution relative to m/z 200 (AGC target 1x10° 250 ms maximum
injection time, m/z 200-2000) was followed by up to 25 PRM scans at 17,500 resolution (AGC
target 2x10°, 120 ms maximum injection time) as triggered by a scheduled inclusion list (Table
2.1). lon activation/dissociation was performed by beam-type CAD at a normalized collision

energy of 25% in a higher-energy c-trap dissociation (HCD) collision cell. Instrument spectral
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mass accuracy was checked and calibrated after each concentration set (approximately every 1.5
days). PRM parameters were optimized and selected from prior experiments (Appendix 6.1).

QqQ experiments were performed on a TSQ Quantum Discovery Max (TFS, Austin, TX).
Each sample was analyzed in triplicate in order of increasing concentration, targeting a selected
set of 14 peptides in scheduled SRM mode (see Table 2.1 for transitions, collision energies, and
scheduling). For each transition, a 35 ms dwell time, Q1 and Q3 selectivities of 1.0 and 0.7 Th
(FWHM), respectively, and Q2 collision gas pressure of 1.0 mTorr argon were employed.
Collision energies (CE) for each peptide precursor were individually optimized in prior
experiments (data not shown) using the following empirically derived formula as a reference
point: CE = 0.025 x precursor m/z + 12.

Data analysis. PRM data were manually curated within Xcalibur Qual Browser (version
2.2.0.23; TFS, San Jose, CA) and through use of an internally developed script, ElutionProfiler.
Elution Profiler developed in C# with Microsoft Visual Studio 2010 and the Microsoft. NET
Framework version 3.5 (Redmond, WA) and is available on our website at
http://www.chem.wisc.edu/~coon/software.php. Access to data in the proprietary TFS .raw file
format was enabled by the XRawfile Component Object Model (COM) library (XRawfile2.dll,
installed automatically with Thermo Xcalibur). ElutionProfiler used .raw files as input to
generate an extracted score chromatogram (XSC) for each PRM spectrum. The spectral score
was calculated based on all present, sequence-specific b- and y-ions using the following formula

(Equation 2.1):

k
Score = Z(O.ZSSb(n) +8,(m)n

n

Equation 2.1
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where the result of the Dirac delta functions, 8, and J,, is 1 if the ™ ion in the spectrum is a b- or
y-ion with <5 ppm mass error, respectively, and 0 in all other cases. 7 is the product ion number
(e.g., 4 for a y, or by ion), k is the length of the peptide (number of amino acids), and 0.25 is an
arbitrarily-chosen scalar to weight b-ions (not containing an isotopically heavy-labeled arginine
or lysine at the c-terminus) less than equivalently numbered y-ions. XICs were generated using
the summed intensity of all possible - and y-product ions for a particular peptide, extracted at a
+10 ppm mass tolerance. Detection was based on the presence of product ion signals in at least 2
of 3 replicates within +36 min of the expected retention time, mass error within +5 ppm,
chromatographic signal-to-noise >3, and the presence of a combination of product ions in at least
one spectrum with a score meeting or exceeding a peptide-specific threshold equal to the length
of the targeted peptide (k) in all cases.

For each analysis, individual extracted ion chromatograms (XICs) using a 10 ppm mass
tolerance, unless otherwise noted, were generated for all twenty-five peptides. The ICIS peak
detection algorithm was used to calculate peak area-under-the-curve (AUC) and chromatographic
signal-to-noise. Expected retention time and product ion abundances were based on the average
retention time and product ion abundances observed in the most concentrated (200 nM) analysis
within each respective experiment set. In SIM-only analyses, XICs were generated using the
monoisotopic precursor mass. Detection of the targeted peptide was based on the presence of the
intact precursor signal in at least 2 of 3 replicates within +1 min of the expected retention time,
chromatographic signal-to-noise >3, mass error within +10 ppm, and manual spectral verification.

QqQ data were first processed in Skyline®' (version 1.1.0.2905) to calculate composite
peak AUCs after Savitzky-Golay smoothing. Each transition was then manually inspected within
Qual Browser using a £500 ppm mass tolerance and 7-point boxcar smoothing to generate XICs

for each transition. The ICIS peak detection algorithm was employed, as before, for signal-to-
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noise determinations. Target peptide detection was based upon meeting at least 8 of 10
acceptance criteria in at least 2 of 3 replicates. The acceptance criteria were as follows: 1)
appearance of three co-eluting transitions within £2.5 min of the expected retention time, 2-4) an
average individual transition m/z over the elution duration within £500 ppm of the expected m/z,
5-7) an average individual transition relative abundance over the elution duration within £15% of
the expected abundance, and 8-10) an individual transition elution profile with signal-to-noise >3.
In cases where the ICIS algorithm did not detect an elution peak, the transition was assigned a
signal-to-noise of unity.

Raw AUCs were used to calculate run-to-run reproducibility metrics (as percent relative
standard deviation, %RSD) for triplicate sets of peptide measurements. Linearity over the
quantified dynamic range was calculated as the reproducibility (%RSD) of mass spectral response
factors (AUC normalized by concentration). Linearity and reproducibility metrics (%RSDs) were
log-transformed to achieve a normal distribution prior to use in significance calculations.
Significance calculations (Welch’s t-test, paired -test, and one-way ANOVA with Bonferroni
correction for multiple comparisons) used a threshold (a) of 0.05 and were performed in Origin
(version 8.5.1 SR2 b315; OriginLab, Northhampton, MA). For comparison of linearity metrics
within each dataset and between the QqOrbi and QqQ datasets, adjusted %RSD values were
calculated as given by the following equation (2.2) to normalize for the number of concentration

orders-of-magnitude quantified in each dataset and individual experiment:

%RSD

o9 (i1

%RSDyq; =

Equation 2.2
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where [low] and [high] correspond to the lowest and highest (always 200 nM) concentration,
respectively, at which a peptide was detected. Statistical significance calculations for pairwise
comparisons of mean log-transformed %RSD (or adjusted %RSD) values within each dataset and
between the QqQ and each QqOrbi dataset were calculated by Welch’s #-test and pairwise #-test,
respectively, in Origin.

In silico calculations. A script, available at http://www.chem.wisc.edu/~coon/software.
php, was written in C#/.NET using Visual Studio 2010 for all in silico calculations referenced in
the text. The human tryptic peptidome was modeled using the UniProtKB human protein
database (accessed 11 Nov 2011, http://www.uniprot.org/taxonomy/complete-proteomes) with
the following parameters: >1 enzyme terminus, <4 missed cleavages, peptide length of 5-45
amino acids, intact peptide mass of 200-9000 Da, fixed cysteine carbamidomethylation, variable
methionine oxidation, and assumed cleavage of initiator methionine residues. Each of the
20,332,717 unique peptide sequences comprising the human peptidome was assessed for its
potential to interfere in precursor and product ion measurement of the 25 peptide sequences
studied here, in both light and heavy forms (50 total), considering the y-ion transitions monitored
on the QqQ (Table 2.1). For peptides not monitored on the QqQ, equivalent y-ions were chosen.
Intact confounder peptides were considered in charge states from 1-5 (monoisotopic mass only,
isotopes were not considered). Confounder product ions were considered in charge states from 1
to one less the precursor charge state and were of the following ion types: b, y, a, b/y/a — H,0O if
containing amino acids D, E, S, or T, b/y/a — NHj if containing amino acids K, N, Q, or R,
internal fragments, and sequence-specific immonium ions. Interference in all QqOrbi examples
met the following requirements: mass measurement tolerance of =5 ppm and precursor isolation

width of +1 Th. Interference in all QqQ examples met the following requirements: mass
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measurement tolerance of £250 ppm, precursor isolation width (Q1) of +0.5 Th, and product

isolation width (Q3) of £0.35 Th.

RESULTS AND DISCUSSION

Here, we investigate the performance of parallel reaction monitoring (PRM) on a high
resolution and accurate mass (HR/AM) quadrupole-Orbitrap mass spectrometer (QqOrbi) for
targeted, quantitative proteomics with respect to the gold-standard selected reaction monitoring
(SRM) method performed on a triple quadrupole (QqQ) instrument. In PRM, we have substituted
a HR/AM Orbitrap mass analyzer for Q3 within the context of a conventional SRM experiment.
Thus, instead of serially monitoring target transitions over several ion injections and low
resolution mass measurement periods (Figure 2.1A), PRM monitors all product ions of a mass-
selected peptide target in parallel with one ion injection and full mass range Orbitrap mass
analysis (Figure 2.1B). We queried a set of 25 isotopically heavy-labeled synthetic peptides
spanning six orders-of-magnitude in concentration (2 pM to 200 nM, corresponding to 2 amol to
200 fmol on column) with and without peptide background using PRM with isolation widths of
+1 and £0.2 Th. Three technical replicates were performed for each experiment with one
microliter of sample injected on column in all experiments. For comparison, we analyzed 14 of
the 25 peptides using a traditional, optimized QqQ SRM assay. Equivalent experiments and
comparisons were also performed using selected ion monitoring (SIM) on the QqOrbi. While not
described in the body text in detail, interested readers can consult Appendix 6.4-6.6 for more
information.

Theoretical comparison of SRM and PRM. The process of targeting a peptide with
SRM involves two stages of quadrupole mass filtering with tight tolerances for both members of

a precursor-product ion transition. Since all product ion transitions targeted for a given precursor
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peptide (usually 3 to 5) are required to simultaneously elute, the likelihood of mistaking a non-
target peptide or background ion for the targeted peptide is a rare occurrence; hence, SRM is
considered to be a highly specific assay. The proposed PRM method, however, involves only one
stage of quadrupole mass filtering (of the precursor of interest) prior to mass analysis in an
Orbitrap. The Orbitrap, however, by nature of its high resolution and high mass accuracy should
more effectively separate ions of interest from background ions than the electron multiplier-based
detection used in a QqQ. Thus, to motivate our experiments, we asked how PRM compares
theoretically to SRM in terms of specificity. In other words, can the selectivity of Orbitrap
HR/AM mass analysis make up for use of only one stage of mass filtering?

To answer this question, we digested the human proteome with trypsin in silico to yield
over 20 million unique peptide sequences (see Experimental Procedures for details). For our
calculations, we considered these peptides to be potential confounders in the measurement of the
precursor and product ions of the 25 isotopically heavy-labeled peptides targeted in this study, as
well as their 25 corresponding unlabeled peptides (50 total). For each unique confounder peptide,
considered in charge states from 1 to 5, we further generated all possible b, y, a, b/y/a — water,
and b/y/a — ammonia product ions, internal fragments, and immonium ions in charges ranging
from 1 to one less the precursor charge state. We then asked how often, depending on the amount
of evidence required by the assay and the mass analyzer employed, the numerous ions generated
by the confounder population resulted in indistinguishable interference in the measurement of one
of our target peptides. The results of these queries are summarized in Figure 2.1C.

First, we consider a query requiring the least evidence of the targeted peptide, a SIM
experiment. In SIM, an intact target peptide ion is isolated in Q1 and mass analyzed without
further transformation. We begin our theoretical calculations with SIM to explore the effect of

mass accuracy/resolution alone on selectivity. Assuming Q1 isolation widths of £0.5 and 1 Th,
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and mass errors less than +250 and 5 ppm, for the QqQ and QqOrbi, respectively, highly accurate
mass analysis improves the chances of correctly identifying the target peptide (96 = 3%) by
exclusion of a large number of spurious peptides (7151 = 1447, on average). Still, such an
experiment, however, would only produce an unambiguous identification ~1% of the time
(Figure 2.1C). Note, these calculations assume no upfront chromatographic separations and that
all genome-predicted peptides are translated and detectable (i.e., the worst-case scenario).

Though it is obvious that high accuracy mass measurements increase specificity, it is less
clear that this benefit persists in reaction monitoring experiments. To test this, we considered the
number of intact peptides that could potentially be co-isolated with a given target peptide
(assuming +1 and +0.5 Th Q1 isolation windows centered on the target peptide m/z for the
QqOrbi and QqQ, respectively) and then generate at least one product ion (of any type) with a m/z
within £5 ppm (QqOrbi) or £250 ppm (QqQ) of a y-ion transition from the target peptide. As
shown in Figure 2.1C, the specificity of a HR/AM analyzer substantially reduces the number of
spurious peptide ions that can interfere in the correct identification of a target peptide by its y-ion
transitions (shown as the rate of correct target identification, or true positive rate). The inclusion
of 1, 2, or 3 y-ion transitions with high mass accuracy measurement results in approximately a (10
+ 14)-fold, (53 £ 35)-fold, and (112 + 81)-fold greater likelihood of correctly identifying a target
peptide compared to the inclusion of 1, 2, or 3 y-ion transitions at low resolution, respectively.
Even if observation of all three y-ion transitions were required, as is typically the case in QqQ
SRM assays, the likelihood of correctly identifying a target at low resolution and unit mass
accuracy is still less than 1% for the 50 peptides considered here (0.6 = 0.3%). Again, these
calculations do not consider the significant benefit that is achieved by chromatographic separation

and model a worst-case scenario. Even still, the detection of three y-ion transitions at high mass
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accuracy (i.e., <5 ppm mass error) provides nearly unambiguous target confirmation (~1.6 = 1.1
potential confounders) from the background of the entire human peptidome.

These theoretical calculations confirm our guiding supposition that PRM can provide
greater routine specificity as compared to conventional SRM. Whether this result implies greater
overall performance in targeted, quantitative proteomics studies compared to SRM, however,
depends on several additional, but important, factors: whether both analyzers, one image current-
based and the other electron multiplier-based, are capable of detecting the targeted species, and
whether both analyzers can reproducibly and accurately measure the abundance of the targeted
species. Given that PRM relies on an analyzer that is fundamentally less sensitive and slower
than that used in SRM, investigation of these factors will reveal whether selectivity/specificity
can overcome limitations in speed and sensitivity. In the following sections, we empirically
investigate this issue through a systematic analysis of reproducibility, sensitivity, and linearity of
both methods.

Detection criteria for PRM and SRM. The detection criteria we developed for PRM
incorporate the benefits of high selectivity and specificity HR/AM mass analysis, as discussed
above. By making use of full mass range MS/MS spectra and the high specificity of product ions
when measured with high mass accuracy, we developed an automated detection algorithm that
assigned a spectral score to each PRM spectrum based on the presence of b- or y-ions within +5
ppm of expected target-specific product ions using Equation 2.1, and then generated an
“extracted score chromatogram” (XSC) for that peptide. In the design of our spectral score, we
chose to weight b-ions less than equivalently numbered y-ions because all of the peptides targeted
in this study were isotopically heavy-labeled at the c-terminus and analyzed in a background of
endogenous yeast peptides. Thus, y-ions, containing the heavy label, were more specific to our

target peptides than b-ions and were weighted as such. If the target peptides of interest were not
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heavy-labeled, one might consider equally weighting - and y-ions for scoring purposes. A
positive detection event required that, in at least 2 of 3 replicates, the XSC met or exceeded a
peptide specific threshold (equal to the length of the target peptide) within +3¢ min of the
expected retention time (Figure 2.2).

Figure 2.3 shows the application of this score to exemplary data from the peptide
AETLVQAr (#17) under neat and matrix-containing conditions over all 6 peptide concentrations.
The XSCs (grey) are overlaid with XICs (blue) generated using the summed intensity of all b-
and y-ions present in each spectrum. Note that XSCs are used solely for establishing a detection
event and not for quantification as the score is independent of ion intensity. Following a positive
detection event, the target-specific ions that generated the detection event are extracted as an XIC
for quantification. This peptide was detected at concentrations spanning 4 orders-of-magnitude
(from 20 pM to 200 nM) without matrix, and over 3 orders-of-magnitude (from 200 pM to 200
nM) in the presence of yeast matrix.

In Figure 2.3, at high target peptide concentrations (e.g., 20-200 nM), the XSC often
increases above threshold before the XIC shows any noticeable intensity change and stays above
threshold after the XIC intensity has fallen. This characteristic is ascribable to the intensity-
independence of the score, and suggests that high quality Orbitrap spectra, in terms of the
presence of product ions with high mass accuracy, can be acquired independently of ion intensity
above some intensity threshold. At low concentration, especially in the presence of matrix (see
200 pM in matrix), the XSC easily distinguishes nearby, spurious XIC signals from target-derived
signals, demonstrating score specificity. The detection threshold was chosen to ensure that an
accepted score (signifying target detection) would, at least, contain one y-ion with m/z greater
than the precursor m/z. While this threshold does not definitively ensure that a score above the

threshold is entirely specific to only the target peptide, use of the threshold successfully separated
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Figure 2.3. Extracted PRM score chromatograms (XSC, +5 ppm, grey) overlaid with XICs (&5
ppm, blue; 7-point boxcar smoothed) and single-scan PRM spectra for peptide AETLVQAr (#17)
isolated at =1 Th under neat (left) and matrix-containing (right) conditions from 2 pM to 200 nM.
Red dotted line in XSC plots represents the score acceptance threshold (8) for this peptide.
Product ions detected in each spectrum are highlighted and the spectral score is labeled. Yellow
arrows in each XIC/XSC plot indicate the retention time at which the associated single-scan
spectrum was acquired. Hashed area in XIC/XSC plots designates the retention time period
during which peak elution was expected based on the +3c range around the average retention
time observed in 200 nM analyses.
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spurious signals from target-specific signals, agreeing with or being more conservative than
manual interpretation of the data in all cases. Figure 2.4 plots the distribution of the spectral
score for all possible combinations of »- and y-ions arising from an 8§ amino acid peptide, such as
AETLVQAr, by the fraction of the score described by each ion. Example ion combinations are
given at several scores below and above the threshold. Appendix 6 Tables 6.1A-D catalog the
maximum XSC scores measured for each replicate, concentration, and PRM experiment type
(Appendix 6.2).

QqQ SRM experiments were performed to provide a standard for comparison of our
QqOrbi PRM data. QqQ SRM data were analyzed manually based on detection criteria
commonly used in the literature for SRM analyses.* A positive peptide detection event occurred
when 8 of 10 criteria were met in a least 2 of 3 replicates. Originally, we required 10 of 10
criteria to be met in at least 2 of 3 replicates, but relaxed this criterion to improve the
completeness of the dataset and thus our ability to compare it to the PRM dataset. The ten criteria
were: 1) the appearance of three co-cluting transitions within £2.5 min of the expected retention
time (Figure 2.2), 2-4) average transition m/z within £500 ppm of the expected m/z, 5-7) average
transition abundance within +15% of the expected abundance, and 8-10) individual transition
XICs with signal-to-noise meeting or exceeding 3. Peptides, transitions, and other experimental
parameters for SRM are listed in Table 2.1.

Figure 2.5A compares PRM with +1 Th isolation to SRM for the detection of peptide
GVSAFSTWEKk (#1) at 200 pM and 2 nM (200 amol and 2 fmol, respectively, on column) in the
presence of yeast matrix. In PRM, the signals present in the XIC during the entire duration for
which this peptide was targeted are exclusively due to the targeted peptide, even at the lowest
concentration detected (200 pM; XICs at lower concentrations had zero intensity). Numerous

other y-ions (shown in grey) are also present at the 2 nM level, adding confidence to the detection
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Figure 2.4. Distribution of the spectral score (Equation 2.1) for
all possible combinations of b- and y-ions from an 8 amino acid
peptide by the fraction of the score described by each ion.
Example ion combinations are given at several scores below and
above the acceptance threshold (8, vertical dotted line) as
designated by dots at the top (y = 1) of the distribution plot.
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Figure 2.5. (A) Comparison of QqOrbi PRM detection at £1 Th
with QqQ SRM for peptide GVSAFSTWEKk (#1) at 200 pM and 2
nM in the presence of matrix. Transition XICs are shown for the
entire duration over which the peptide was targeted, with a zoom-
in on the relevant time period in the QqQ SRM case (from the
region shaded in grey in the chromatograms at the far right).
Additional y-type product ions present in the PRM data are
shown in grey. XICs were extracted at =5 and £250 ppm for
PRM and SRM, respectively. The maximum spectral score
attained at each concentration in PRM is also labeled. (B) Lowest
concentration detected (as number of attomoles of peptide on
column) for each peptide in neat and matrix-containing
experiments for the 14 peptides targeted in both SRM and PRM.
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and generating maximum spectral scores well above the threshold of 10 for this peptide. By
contrast, transition XICs in the SRM data show numerous background signals throughout the
duration over which the peptide was targeted (far right). At the 200 pM level, while numerous
signals are present in the XICs for each SRM transition, the high level of chemical noise in all
transition channels prevents confident determination of the presence of the target peptide. This
example demonstrates the enhancement of sensitivity that can be achieved via PRM due to the
high selectivity of HR/AM mass analysis, as well as the ease with which determinations of
presence or absence of a peptide target can be made with HR/AM data.

PRM measurement precision. In quantitative studies, high measurement precision is
critical to reliably distinguish differences between two analyses or samples. We assessed the
degree of measurement precision for the PRM method, defined here as run-to-run area-under-the-
curve (AUC) repeatability across technical replicates, for all concentrations and isolation widths.

Overall, PRM exhibited high measurement precision with median percent relative
standard deviation (%RSD) less than 10% in most cases (Appendix 6 Table 6.2A). The main
factors negatively affecting measurement precision (increasing %RSD) were low target peptide
concentrations and individual peptide characteristics. Neither isolation width nor the presence of
matrix resulted in statistically significant differences in precision (a = 0.05; n.b., all discussion of
mean %RSDs and statistical significance refer to log-transformed data). The precision of
measurements at the lowest concentration typically detected in neat PRM, 200 pM, was
significantly lower than at all other (higher) concentrations. In the matrix-containing PRM data,
however, no significant differences in the measurement precision of adjacent concentrations were
observed (Appendix 6 Table 6.2B). When grouped by peptide alone, only very hydrophilic,
poorly-retained peptides, #3 and #7, had significantly decreased measurement precision when

compared to the other 23 peptides (Appendix 6 Table 6.2C).
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We find that PRM measurement precision is consistent with studies reporting run-to-run
precision data in QqQ SRM experiments. For example, in the 2009 multi-laboratory study of
SRM measurement repeatability and reproducibility for peptides spiked into plasma, Addona, et
al* found both intra- and inter-laboratory precision to be similarly less than 15% RSD across the
concentration range studied (1-500 nM). Likewise, precision improved for measurements at
higher target concentrations. Kiyonami and colleagues® also reported similar precision metrics
in their large-scale intelligent-SRM (iSRM) experiments, observing that 80% of the 757 peptides
targeted in yeast exhibited less than 10% RSD. Compared to other studies utilizing HR/AM mass
spectrometers (quadrupole linear ion trap (QLT)-Orbitrap, QqTOF, and QLT-FT-ICR) for
targeted, quantitative measurements,*®® QqOrbi PRM achieved, on average, 2-3-fold better run-
to-run measurement precision.

PRM dynamic range. On average, PRM experiments yielded quantitative information
between 2-4 concentration orders-of-magnitude (93%), with the majority of experiments resulting
in quantification across 3 orders-of-magnitude (54%, 0.2 to 200 nM; Appendix 6 Table 6.3A,
Figure 2.6). The wider PRM isolation width, +1 vs. £0.2 Th, resulted in improved dynamic
range — neat, 10>* vs. 10*°, and matrix, 10*7 vs. 10** (Appendix 6 Table 6.3B). The presence of
matrix in PRM experiments resulted in a modest depression of the quantifiable dynamic range,
~0.5 orders-of-magnitude (matrix vs. neat, 10** vs. 10°%). While tighter isolation widths slightly
mitigated the effects of matrix-induced sensitivity depression, at the expense of overall sensitivity,
this difference was not significant (Appendix 6 Table 6.3A). These results indicate that,
although an increase in selectivity due to gas-phase enrichment would be expected by tighter
isolation widths, the concomitant decrease in ion transmission at very tight isolation widths (£0.2
Th), in conjunction with Orbitrap detection, results in decreased sensitivity as too few ions are

present for the target signal to exceed the Orbitrap’s thermal noise band. However, with a
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HR/AM analyzer, the wider isolation width, which provides greater ion transmission, but also
higher levels of chemical noise, can be used without a decrease in performance due to the high
selectivity of the mass analysis.

Linearity of PRM measurement response. The linearity of measurement response — or,
measurement accuracy — was calculated as the percent RSD of response factors (AUC normalized
by concentration) over the concentration range for which a peptide was detected. In general,
linearity was not significantly influenced by isolation width or the presence of matrix: mean
neat %RSDs of 37.1 and 36.4, and mean matrix %RSDs of 35.7 and 34.2, were observed in PRM
experiments with £0.2 and +1 Th isolation widths, respectively (Appendix 6 Tables 6.4A-B). If
the lowest detected concentration, associated with lower overall measurement precision (vide
supra), was excluded from each experiment, however, linearity improved and some significant
differences emerged based on the presence of matrix (Appendix 6 Tables 6.4C-F). Surprisingly,
matrix-containing experiments were found to possess greater linearity than their neat counterparts
in all experiments, with %RSDs of 23.2% for neat PRM and 12.0% for matrix PRM (Appendix 6
Table 6.4D).

Due to the truncation of the measured dynamic range observed in the presence of matrix,
we posited that greater linearity in matrix-containing experiments was an artifact of simply
considering a smaller concentration range. Since lower precision on lower concentration
measurements make it more challenging to arrive at an accurate average AUC from only three
replicates, experiments quantifying over a wide dynamic range (e.g., neat experiments) could
have decreased linearity due to low measurement accuracy at the lowest detected concentrations.
To address this, we calculated an adjusted %RSD for each experiment and peptide that accounted
for the dynamic range represented by a %RSD value. The adjusted %RSD separates out

contributions of dynamic range and concentration from the linearity estimate, thereby providing a
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more fair comparison between experiments where the dynamic range quantified is drastically
different. These adjusted linearity values no longer demonstrate the surprising trend observed
above when the lowest concentration was excluded (13.5% Adj. RSD neat vs. 16.6% Adj. RSD
matrix). Using the adjusted linearity metric, PRM was not significantly affected by the presence
of matrix (or isolation width, as before) (Appendix 6 Tables 6.4G-H).

QqQ SRM measurement precision, dynamic range, and linearity. Like the PRM data
described above, the QqQ SRM data, which queried a subset of 14 of the 25 peptides analyzed on
the QqOrbi, also exhibited a high degree of run-to-run measurement precision, typically less than
15% RSD. Unlike in PRM, however, measurement precision, when all peptides and
concentrations were considered together, was significantly greater in the presence of matrix
(Appendix 6 Table 6.5A). Lower peptide concentrations were again correlated with decreased
measurement precision, though only significantly so under neat conditions (Appendix 6 Table
6.5B). Peptides were quantified on average over concentration ranges of 10°* (neat) and 10**
(matrix), and the depression of dynamic range under matrix-containing conditions was
statistically significant. Linearity under matrix conditions bested that under neat conditions with
mean %RSDs of 16.7 and 42.1%, respectively. As in the QqOrbi, the loss of linearity was often
the result of peptide detection at the lowest concentrations. Exclusion of these concentrations
in %RSD calculations revealed no differences in linearity between matrix and neat conditions.
Likewise, if only data over the same dynamic range under both matrix-containing and neat
conditions were considered, effectively truncating the neat data to the concentration range
quantified in the matrix-containing data, linearity differences due to matrix interferences were not
significant. Adjusted %RSDs, however, still exhibited significantly decreased linearity in the
neat case. Mean adjusted %RSDs were 13.0 and 8.0% for neat and matrix data, respectively

(Appendix 6 Table 6.5C).
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We postulate that the adjusted %RSD correction did not completely account for
differences in linearity, as it did in the PRM data, because the SRM detection criteria were not
sensitive enough to detect and exclude data at the lowest detected concentrations in neat
experiments that were skewed due to small amounts of chemical interference. In the matrix-
containing SRM experiments, on the other hand, more abundant matrix interferences were easily
detected and excluded by the detection criteria (Figure 2.7). Detection criteria incorporating
HR/AM data, however, more sensitively detected and excluded aberrant responses and thus,
deviations in linearity were predictable and correctable (as adjusted %RSDs) based on the
detected dynamic range. This same rationale can be applied to the discussion of measurement
precision above: when all neat data were considered, precision was diminished relative to the
matrix-containing dataset due to the inclusion of background-skewed data not excluded by the
detection criteria.
Empirical comparison of QqQ SRM and QqOrbi PRM. To compare between QqQ
SRM and QqOrbi PRM, we only considered the fourteen peptides analyzed in both datasets.
Under neat conditions, run-to-run measurement precision (paired by peptide and concentration)
was no different between QqQ SRM and QqOrbi PRM, regardless of the PRM isolation width
employed. In the presence of matrix, however, SRM demonstrated significantly better
measurement precision compared to both PRM datasets (5.6 versus 11.1% RSD, respectively;
Appendix 6 Tables 6.6A-B). Since neat SRM measurement precision, as discussed above, is
believed to be artificially decreased due to the inclusion of chemical interference, it is likely that
SRM exhibits superior measurement precision under neat conditions as well (Appendix 6.3,
Appendix 6 Table 6.6B).
SRM exhibited greater measurement precision likely due to the higher sampling rate of

the QqQ (almost twice as many scans were acquired compared to the QqOrbi per 90 min
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chromatographic run). The ability of the QqQ to sample more points over a given
chromatographic peak provided a more accurate determination of the peak AUC and, in turn,
greater run-to-run repeatability. The difference in sampling rate between the two methods is due
to the characteristics of the instruments used and, to some extent, necessary aspects of the
experimental design. Since the QqQ is a “beam-type” instrument (as opposed to a scanning
instrument like the QqOrbi), it operates at a duty cycle nearing 100%; this means that there is
very little “down time” where the instrument is not acquiring data. The Orbitrap, conversely, as a
scanning instrument, has inefficiencies inherent to its design. The Orbitrap transients employed
here (required for MS/MS scans of resolution 17,500) were approximately twice the length of the
35 ms dwell times employed in the SRM method. Additionally, whereas the QqQ cycle time was
fixed, the cycle time of the QqOrbi varied based on ion accumulation times, which were
dynamically set based on ion flux. At low sample concentrations, QqOrbi injection times could
reach as high as 120 ms to result in (at most) ~40 ms of inter-scan “down time” where mass
analysis was not occurring. Shorter transients and lower maximum allowable injection times
could be used to match the cycle times of the two methods at the expense of overall performance:
shorter injection times would decrease spectral quality/usability when ion flux is low, and lower
mass analysis resolution would undermine the benefits that high selectivity brings to the PRM
method.

Greater QqQ SRM measurement precision did not translate into greater sensitivity or
linearity compared to PRM. Under neat conditions, SRM quantified a concentration range
spanning 10> per peptide on average. This range is not statistically different from that achieved
with PRM, 10*°, at the wider isolation width. In matrix-containing experiments, however, PRM
quantified over a broader range at both isolation widths (10** and 10*° at +0.2 and +1 Th,

respectively) than did SRM (10*?), and significantly more at the £1 Th isolation width (Table
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2.2). This result is illustrated on an individual peptide basis in Figure 2.5B. For both neat and
matrix containing experiments, the lowest concentration detected for each peptide studied in the
SRM and PRM (£1 Th) experiments is plotted. SRM demonstrates a lower empirical detection
limit than PRM in only one case (peptide NSWGTDWGEKk, neat). As an aside, under matrix-
containing conditions, SRM surprisingly performed no better QqOrbi SIM: SIM quantified on
average over a range of 10** at an isolation width +1 Th, statistically no different from SRM (see
Appendix 6.5-6.6 and Appendix 6 Table 6.6C).

Under neat conditions, PRM demonstrated significantly higher linearity over the
quantified dynamic range compared to QqQ SRM (Table 2.2). Given that PRM under matrix-
containing conditions yielded quantitative data over a wider dynamic range than SRM, we
calculated adjusted %RSDs, as before, to normalize the linearity metric for the dynamic range
detected and permit a fair comparison of the data. With this consideration, PRM linearity was
statistically no different from the linearity exhibited by SRM (Table 2.2). Figure 2.8 plots the
SRM linearity data for each of the targeted peptides as a function of PRM linearity and is
stratified by the presence of matrix and isolation width. This data presentation demonstrates the
effect of using the adjusted linearity metric on mean linearity estimates (shown as vertical and
horizontal lines), as well as the relative distributions of the linearity metrics across the datasets.

With these data, we find that a high resolution and accurate mass MS can acquire data of
similar quality to that collected on a QqQ in a targeted, quantitative proteomics context with 1)
minimal upfront development time, 2) straightforward data analysis, and 3) similar performance
metrics. Our PRM methods were designed and optimized on a method-level, rather than on the
peptide-level as with SRM methods (i.e., optimization of individual collision energies and
transition sets for each target peptide). Thus, the PRM method has fewer parameters that require

optimization (namely, only maximum injection time/AGC target, “global” collision energy, and,



Table 2.2. Comparison of QqQ SRM and QqOrbi
PRM dynamic range and linearity.

PRM
SRM
+0.2Th *1Th
means
ea oraders . . .
Neat #ord 3.3 2.7 35
%RSD 42.09 29.99 27.36
%RSD,, | 12.97 11.80 7.72
atrix oraers . . R
Matrix #ord 2.2 24 2.9
%RSD 16.09 29.98 29.08
%RSD,,, 8.03 13.07 10.49
p values (SRM vs PRM)
ea oraders o - . -
Neat #ord 2.61E-02* 1.89E-01
%RSD 2.33E-02* 8.74E-04*
%RSD,,, 2.38E-01 1.99E-05%
atrix #orders ATE- .77E-
Matrix #ord 5.47E-01 2.77E-03%
%RSD 2.72E-02* 3.08E-02*
%RSD,,, 1.05E-01  5.11E-01

*PRM data show significantly greater linearity or dynamic
range (a = 5E-02).

*SRM data show significantly greater linearity or dynamic
range (a = 5E-02).
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Figure 2.8. Comparison of linearity as %RSD and adjusted %RSD (Equation
2.2) for the 14 shared peptides targeted in QqOrbi PRM experiments (y-axis)
and QqQ SRM (x-axis) under neat and matrix-containing conditions. Solid
horizontal lines and dotted vertical lines represent the mean %RSD value, also
labeled in the plot, of the associated dataset. Data falling in the grey region
demonstrate greater linearity in PRM experiments. Data in the white region
demonstrate greater linearity in SRM experiments.
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optionally, target scheduling) and can be performed with solely knowledge of the mass-to-charge
ratios of the target peptides (and, optionally, the approximate retention time). These
characteristics make PRM amenable to the “walk-up” instrument user who wishes to perform
targeted, quantitative assays on a list of targets in a time-efficient manner — collection of MS/MS
data and optimization of individual transition sets not required. We believe that the data
presented here reflect the analytical performance a typical user might expect for PRM, however
the analysis parameters used here may not represent the optimum conditions for all applications
of PRM and would require application-specific investigation.

In addition to the minimal upfront method development needed to successfully perform a
quantitative PRM assay, a notable aspect of using HR/AM data for targeted proteomics is the ease
with which data can be interpreted and data analysis can be automated. Within the course of this
study, we developed and automated a novel strategy for scoring and detecting low level analytes
in complex, chimeric Orbitrap spectra that allowed sensitive detection of our target peptides
without the expense of selectivity. The specificity of accurate mass measurements and the
resulting paucity of marginal or ambiguous situations in the data (which are difficult to account
for in automated methods) enabled this rather simple algorithm. On the other hand, even using
well-established and optimized detection criteria from the literature for SRM, the SRM detection
criteria were not sensitive enough to successfully detect and exclude data skewed by small
amounts of chemical interference, leading to poor reproducibility and linearity. Furthermore,
with the high specificity of a product ion measured at high mass accuracy for a target peptide (as
demonstrated by our theoretical calculations) and the benefit of full mass-range mass analysis, the
PRM paradigm lends itself well to future development of how targeted, quantitative proteomic
data are analyzed. Through use of theoretical calculations, the high specificity of high mass

accuracy data lays the groundwork for a generalized and statistically-sound detection algorithm
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for reaction monitoring experiments that incorporates probability of correctness measures, as well
as obviates the need for manual curation, ad hoc detection criteria,” “decoy transitions” at the
measurement-level,”’ and the potentially high level of human intervention (and error) that comes
with such detection strategies.

Lastly, our analysis of the analytical performance characteristics of PRM suggests that
targeted HR/AM methods can rival the performance of QqQ SRM in terms of dynamic range,
linearity, and, to a lesser extent, precision. While SRM measurement precision was
approximately 2-fold better (under matrix-containing experiments) likely due to differences in
scan rate between the two mass analyzers, PRM yielded quantitative data over a wider dynamic
range than SRM under matrix-containing conditions. High mass accuracy and high resolution
underlie this result: when high levels of matrix background are present, a single stage of isolation
in combination with highly resolved data is statistically significantly more sensitive than two
stages of isolation in combination with low resolution data, the “gold-standard” method for
quantitative proteomic analyses. Additionally, achievable linearity over the quantifiable dynamic
range was found to be statistically the same between SRM and PRM. Thus, in answer to the
query posed in our theoretical comparison of SRM and PRM, our experimental data suggest that
high selectivity/specificity can overcome limitations in speed and sensitivity to reliably provide
lower detection limits and higher accuracy measurements. We conclude that the proposed PRM
analysis paradigm holds promise as a viable, and accessible, alternative and/or complement to
SRM for the quantitative proteomics toolbox.

In support of our conclusions, a report by Weisbrod, et al.,** published recently,
described a method for data-independent discovery proteomics on an Orbitrap MS that reinforces
the favorable performance of PRM relative to SRM for targeted proteomics. In their “Fourier

Transform-All Reaction Monitoring” (FT-ARM) method performed on a QLT-Orbitrap MS, wide
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swaths of mass-to-charge space (i.e., 100 Th) were accumulated and isolated in the QLT using
broadband waveforms, subjected in bulk to dissociation, and simultaneously mass analyzed to
exploit the HR/AM properties of the Orbitrap. The authors noted the ability to quantify peptides
with FT-ARM, using the product ions generated from in-bulk dissociation, with modest
sensitivity, reproducibility, and precision despite quite significant interferences from other ions
present in the 100 Th isolation swath. This further corroborates that HR/AM mass analysis
enables real, quantitative information to be extracted from highly interference-riddled
measurements with little upfront assay development or optimization. Since PRM involves
significantly less co-isolated interference and uses a quadrupole mass filter-equipped platform
better suited to accumulation and isolation of large quantities of ions (to improve sensitivity),
these findings further support our conclusions that PRM yields high quality quantitative
measurements, comparable to QqQ SRM, while simplifying method development.

Looking forward, the PRM paradigm also enables new modes of analysis that are
currently unavailable on QqQ platforms. Because of the modular nature of hybrid HR/AM MS,
these platforms provide an unprecedented amount of experimental flexibility. Possessing the
capabilities of both high performance quantitative and high-throughput discovery proteomics
instruments, one can envision mixed mode analysis types in which targeted and discovery
experiments are performed simultaneously. For example, when not engaged in profiling an
eluting target species, the instrument could be directed to perform conventional data-dependent or
data-independent MS/MS, thereby maximizing instrument time, sample usage, and data density.
Additionally, because of the high specificity of ions measured at high mass accuracy and
consequently the reduced search space for potentially matching peptides, intelligent data
acquisition strategies are possible that enable on-the-fly database searching, spectral matching, or

spectral scoring (like that used here post-acquisition). Such strategies would enable the mass
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spectrometer to make decisions during acquisition, such as assessing whether a target peptide had
been adequately identified, changing experimental parameters (CAD energies, isolation width,
injection times, etc.) to improve performance for a particular target peptide, or determining its
progress in a chromatographic run to make dynamic modifications to target peptide

68,69

scheduling.
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CHAPTER 3

Development and Characterization of a GC-enabled QLT-Orbitrap for

High Resolution and High Mass Accuracy GC/MS

SUMMARY
We detail the development and characterization of a GC/QLT-Orbitrap hybrid mass spectrometer
capable of high resolution (up to 100,000 at m/z 400) and sub-ppm mass accuracy GC/MS. A
high-duty cycle, innovative scan type, the nested scan, was implemented to synchronize the
Orbitrap acquisition rate and the timescale of gas chromatography (up to 6.5 Hz at resolution
7,500). We benchmark this instrument’s key figures of merit, including resolution, mass
accuracy, linear dynamic range, and spectral accuracy, and demonstrate its performance for two
challenging applications: the determination of polychlorinated dibenzo-p-dioxins (PCDD) and
dibenzofurans (PCDF) in environmental samples, and the profiling of primary metabolites in

Arabidopsis thaliana extracts.
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INTRODUCTION

Since the original descriptions of coupling gas chromatography with mass spectrometry
by Holmes and Morrell' and Gohlke and McLafferty,” gas chromatography/mass spectrometry
(GC/MS) has developed into a mature and ubiquitous analytical technique. As the mainstay of
many industrial quality control facilities and environmental analysis laboratories, the
conventional GC/MS instrument employs an ultrafast (often 20-50 Hz) and sensitive, but low
resolution and mass accuracy mass analyzer: typically, the single quadrupole, the Paul-type or
linear ion trap, or time-of-flight detector”’ Combined with internal retention time and mass
calibration standards, these high-throughput GC/MS instruments are extremely effective tools for
efficient determination of the presence and quantity of well-studied, known components in some
matrix.” Conversely, if the targets of the GC/MS assay are unknown and multitudinous, or
require resolution of fine isotopic structure, retention time and unit mass resolution data alone are
insufficient to yield unambiguous elemental composition assignments or structural
identifications.*

Several theoretical and empirical treatments*” have addressed the mass accuracy and
resolution required to unambiguously assign elemental compositions to unknown compounds.
Theoretically, given infinite mass accuracy, the exact mass is sufficient to uniquely identify
elemental composition.® Practically, however, instrumental limits on mass accuracy, precision,
and resolution require additional constraints to filter out spurious potential elemental
compositions. For example, by constraining the universe of compounds in question to peptides
composed of the 20 common amino acid residues, 1 ppm mass accuracy is adequate to determine
amino acid composition.” For complex crude oil compounds up to 500 Da that contained only C,
H, N, O, and/or S atoms, Kim, et al.” determined that mass accuracy and resolution of 0.1 mDa

was sufficient to yield unique, chemically reasonable elemental compositions. But, for complex
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compounds that contain a wide array of elements in any chemically possible configuration, like
metabolites, even stricter constraints and new filters are necessary. Even with sub-ppm mass
accuracy (i.e., 0.1 mDa for measurements over m/z 100), Kind and Fiehn® report that assignment
of a unique elemental composition is unachievable for small molecule metabolites unless isotopic
abundance information is considered as an orthogonal filter to mass accuracy. Isotope
distribution error is the deviation of experimentally-acquired isotopic intensities from the
theoretically calculated isotopic distribution. In their study, isotopic distribution error, when
applied as a filter on candidate elemental compositions, eliminated over 95% of false candidates.
Furthermore, the reduction of candidate compositions was greater for measurements with 3 ppm
mass accuracy and 2% isotope distribution error than for measurements with 0.1 ppm mass
accuracy alone. These studies clearly demonstrate the need for and utility of high resolution and
mass accuracy mass analyzers for GC/MS capable of measurements with low isotopic distribution
error.

High mass accuracy and resolution analyzers, like the double-focusing magnetic sector
and FT-ICR mass spectrometers, are not new to the GC/MS community. The most established of
these and one of the first to be coupled to GC,' the sector instrument, is currently widely
employed for trace detection of toxic tetra- through octa-substituted chlorodibenzo-p-dioxin and -
furan congeners under EPA method 1613." These instruments typically operate in selective ion
monitoring (SIM) mode at resolutions of ~30,000 with +5 ppm mass measurement accuracy and
~1 s scan speeds.'’ Because the sensitivity of the magnetic sector analyzer falls off precipitously

12 this instrument is not well suited for full mass-range profiling or discovery

at high resolution,
applications. The use of FT-ICR mass spectrometers as GC detectors was first reported in 1980

by Ledford and colleagues'® and developed extensively in that decade.'*" Recently, the Solouki

group demonstrated the breadth of potential applications available to this instrument, from
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2025 However, due to the cost and

petroleomics to the determination of gas-phase basicities.
complexity of the GC/FT-ICR MS, this instrument is exclusively used in the academic research
setting and has yet to be commercialized.

The advent of the Orbitrap and high-field Orbitrap mass analyzers®®*’ has further
expanded the range of high mass accuracy and resolution, Fourier-transform instruments
available. These instruments, capable of sub-ppm mass accuracy with internal calibration,™
resolutions up to 150,000*° and 600,000 (high-field),”” and isotopic distribution error typically
<3-10%,”’ have been extensively developed for use as hybrid®® and standalone’' instruments for
LC/MS*** and MALDI/MS.** Able to collect over a wide mass-range unlike the sector
instrument, and not subject to the extensive maintenance requirements of the FT-ICR, the
Orbitrap mass spectrometer presents a significant opportunity for the field of high-resolution
GC/MS. We report the first adaption of the Orbitrap mass analyzer for GC/MS. Using our
laboratory’s implementation® of electron transfer dissociation (ETD)>> on a quadrupole linear ion
trap (QLT)-Orbitrap hybrid mass spectrometer as a template (where a negative chemical
ionization (NCI) source was coupled to the c-trap via a long transfer octopole), we modified the
NCI source to additionally permit electron ionization (EI) and positive chemical ionization (PCI),
and coupled a gas chromatograph, via a heated transfer line, directly to the ionization region of
the source. Herein, we describe the instrument and software modifications, evaluate the

performance of the GC-Orbitrap, and explore two applications germane to high resolution GC-

Orbitrap mass spectrometry.
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EXPERIMENTAL PROCEDURES
Instrumentation and software modifications. Unless otherwise noted, all experiments
were performed on a prototype ETD-enabled hybrid LTQ Orbitrap mass spectrometer (Thermo
Fisher Scientific, Bremen, Germany; described in McAlister, et al.33) modified to accept a
Finnigan MAT (San Jose, CA) GCQ gas chromatograph and to perform EI, PCI, and NCI.
Instrumentation modification included removal of the vials, transfer and restrictor lines, and
associated heaters and electronics making up the fluoranthene supply system for the NCI source
within the ETD module. The NCI source, hereafter referred to as “the rear source,” was fitted
with a GCQ transfer line and mated to the gas chromatograph. The transfer line temperature was
controlled by an external Omega (Stamford, CT) temperature controller. The geometry of the
transfer line grounded the normally electrically isolated rear source block. To accommodate the
grounded rear source block, a DC voltage was applied to the normally grounded c-trap via an
external power supply. The rear source was configured for EI or CI by exchange of the
appropriate ionization volumes through the vacuum interlock. For CI, methane (99.99%, Airgas
Specialty Gases, Port Allen, LA) was introduced through the make-up gas port of the transfer line.
In addition to hardware modifications, the instrument firmware was modified to enable a
innovative scan function, the nested scan, to synchronize the Orbitrap acquisition rate and the
timescale of gas chromatography separations. The scan sequence optionally allows for internal
calibration provided by ions generated by corona discharge (2.8-3 kV) at the front atmospheric
pressure (AP) ionization source. The AP-generated ions are injected into the QLT where they are
processed by an injection waveform (isolation q, 0.579; waveform amplitude, 0.041; isolation
width, 1.7) to result in a mostly homogenous population of a polysiloxane (m/z 371.10124).%°
The duration of calibrant transfer from the QLT to the c-trap was optimized on a per-experiment

basis to result in a calibrant S/N ~20.
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A typical nested scan with internal calibration, illustrated in Figure 3.1 (top), takes place
in five steps (considering scan B, blue): accumulation of internal calibrant ions from the
atmospheric inlet in the QLT [a], transfer of calibrant ions to the empty c-trap [b], accumulation
of analytes from the GC in the c-trap with the calibrant ions [c], compression and injection of the
analyte/calibrant mixture into the Orbitrap [d], and electrodynamic squeezing and mass analysis
in the Orbitrap [e]. Due to the modular nature of this dual-ion source QLT-Orbitrap instrument,
accumulation of separate ion populations in distinct parts of the instrument (e.g., in the QLT and
the c-trap), and Orbitrap mass analysis can take place simultaneously. The nested scan uses this
fact to layer or “nest” portions of adjacent scans such that very little time elapses between mass
analyses. The “nesting” of three scans (A, B, and C) is illustrated in the bottom portion of Figure
3.1. For example, at line [a], while calibrant ions are accumulating in the QLT for scan B
[segment 1], scan A (green) analytes from the GC are also accumulating in the c-trap. After the
scan A analytes are injected into the Orbitrap just prior to line [b], scan B calibrant ions from the
QLT are transferred to the now empty c-trap [segment 2] and scan B GC analytes begin to
accumulate in the c-trap with the calibrant ions [segment 3] simultaneous with scan A mass
analysis. Thus at line [c], sections of three different scans are occurring: scan A mass analysis,
scan B analyte accumulation in the c-trap, and scan C calibrant accumulation in the QLT. When
scan A mass analysis ends (line [d]), scan B ions are immediately injected [segment 4] into the
Orbitrap for mass analysis [segment 5] and scan C continues on to GC analyte accumulation in
the c-trap (line [e]).
In a second implementation, we adapted a commercial LTQ Orbitrap XL system to
perform similar experiments. Instrumentation and system operation were identical with the
exception of the following improvements: to make use of the high capacity of the XL system’s

HCD cell and improved HCD cell-to-c-trap ion transfer efficiency, GC analytes were stored in
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the HCD cell during accumulation, and internal calibrant ions from the ESI source were injected
after the accumulation of GC analytes rather than before. These changes resulted in a negligible
decrease in the overall scan cycle time, and improved both internal calibrant stability and ion
transfer efficiencies. With the exception of a discussion on improved internal calibrant stability,
no distinction between the two instruments will be drawn below.

Standards. Unless otherwise noted, all chemicals were purchased from Sigma-Aldrich,
St.  Louis, MO. Preliminary experiments and tuning using calibrant compound
perfluorotributylamine (FC-43; Scientific Instrument Services, Ringoes, NJ) were carried out
with a custom-constructed calibration gas probe interfaced to the rear source through the vacuum
interlock. FC-43 was introduced into the source housing by a passive leak controlled with a fine
needle valve and solenoid valve in series. Experiments with high-mass calibrant, 2,4,6-
tris(pentadecafluoroheptyl)-1,3,5-triazine (TPFHST), were carried out via the heated vial inlet of
the unmodified instrument.

Sample preparation and gas chromatography-mass spectrometry. All
chromatography was performed using a GCQ gas chromatograph with a 30 m x 0.25 mm (ID) x
0.25 um (df) Crossbond® 5% diphenyl/95% dimethyl polysiloxane column (Restek Rtx-5SMS,
Bellefonte, PA) and helium carrier gas at 40 cm/s. Unless otherwise specified, all injection
volumes were 1 uL, splitless for 1 min, and thereafter, split 50:1. The septum purge flow was 2.5
mL/min. The injector, transfer line, and source temperatures were 250 °C, 300 °C, and 220 °C,
respectively. A three minute solvent delay was imposed for all runs. Prior to all experiments, the
rear source and instrument ion optics were tuned using FC-43.

Octafluoronaphthalene. Serial dilutions of octafluoronaphthalene (OFN) in isooctane
(Fisher Scientific, Fairlawn, NJ) were made to the following concentrations: 100, 50, 10, 5, 1, 0.1,

0.05, 0.01, 0.005, and 0.001 pg/uL. Triplicate injections, starting with the lowest concentration,



84
were performed by hand for each dilution with a blank solvent injection after every two OFN runs.
The following oven program was employed: 1 min isothermal at 40 °C, 30 °C/min to 250 °C, and
8 min isothermal at 250 °C before rapid cooling to 40 °C. The rear source was configured for EI
(emission current 200 pA, electron energy -70 eV). Mass spectra were acquired from m/z 200-
300 using the nested scan function without internal mass calibration at a 15,000 resolution.

Polychlorinated dibenzo-p-dioxins and dibenzofurans. A mixture of 17 polychlorinated
dibenzo-p-dioxin and dibenzofuran congeners in n-nonane was purchased from Cerilliant (Round
Rock, TX) and used as received. Six microliters were separated using the following oven
program: 2 min isothermal at 160 °C, 25 °C/min refocusing gradient to 220 °C, 2 min isothermal
at 220 °C, 5 °C/min to 310 °C, and 5 min isothermal before rapid cooling to 160 °C. EI was
employed with an emission current of 300 pA and a reduced electron energy (-35 eV). Mass
spectra were acquired from m/z 300-500 at 30,000 resolution using the nested scan function with
internal calibrant supplied by corona discharge (2.8 kV) at the atmospheric pressure inlet.

Skinner List. A semivolatiles mixture containing 33 Skinner List polycyclic aromatic
hydrocarbons was purchased from Restek and used as a 1:100 dilution in dichloromethane. One
microliter (10-20 ng per compound) was separated using the following oven program: 2 min
isothermal at 35 °C, 15 °C/min to 100 °C, 4 min isothermal at 100 °C, 3 °C/min to 310 °C, and 10
min isothermal at 310 °C prior to cooling to 35 °C. PCI was carried out with source housing
methane pressure of 3 x 10™ torr and emission current of 215 pA. Mass spectra were acquired
using the nested scan function from m/z 60-600 at 30,000 resolution with internal calibration.

Arabidopsis thaliana. Whole A. thaliana plants were flash frozen in liquid nitrogen and
macerated to a fine powder by mortar and pestle. Aliquots of 33-54 mg homogenized powder
were extracted as detailed by Fiehn.”” Briefly, each aliquot was combined with cold, degassed

extraction solution (CH;OH/CHCI;y/DI-H,0, 2.5:1:1 v/v/v) and incubated at 4 °C, solids were
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pelleted by centrifugation, and the supernatant was extracted with DI-H,O. The polar and
lipophilic phases were separated by centrifugation and polar phase dried under reduced pressure.
The dried samples were then methoxyaminated, and silylated with N-(z-butyldimethylsilyl)-/N-
methyltrifluoroacetamide (MTBSTFA + 1% TBDMCS, Pierce). Samples sat for 2 h at room
temperature before analysis. The oven program was as follows: 2 min isothermal at 80 °C for, 5
°C/min to 310 °C, and 5 min isothermal at 310 °C before cooling. The rear source was configured
for methane PCI (emission current 130 pA, electron energy -103 eV, source temperature 200 °C,
and source housing methane pressure of 3.5 x 10 Torr). Mass spectra were acquired from m/z
83-1000 using the nested scan function at resolution 30,000 with internal calibration.

Data analysis and spectral accuracy calculations. In all experiments, spectra were queried
by hand in Qual Browser (Thermo Fisher Scientific, version 2.0.7). OFN peak arcas were
integrated automatically using the ICIS peak detection algorithm within Qual Browser (+1 ppm
mass tolerance). Post-acquisition data recalibration using the corona discharge internal calibrant
was performed on a per spectrum basis with a 10 ppm mass tolerance in Recalibrate Offline
(Thermo Fisher Scientific). Spectral accuracy calculations were performed using the MassWorks

software suite (Cerno Biosciences, Danbury, CT).

RESULTS AND DISCUSSION

Instrument modifications and nested scan development. The ultimate goal of this
work was to implement the high resolution and high mass accuracy Orbitrap as a viable mass
analyzer for gas chromatography applications. To meet the demands of the gas chromatographic
time-scale, we set a goal of at least a 4 Hz scan rate at resolution 15,000. In addition to adapting
the instrument to operate in a rear source-centric manner, achieving this goal required a

significant rearrangement of the typical scan sequence employed by this hybrid instrument.



86

We first modified the instrument software to permit: (1) transfer of rear source anions or
cations (produced via EI, PCI, or NCI) into the Orbitrap after injection into the QLT and, (2)
injection of rear source ions directly into the Orbitrap. In both cases, injection times were either
determined by a short pre-scan in the QLT immediately prior to the full scan, or fixed by the user.
As during conventional operation of this instrument, the pre-scan, injection time, and additional
instrument-associated times must all occur during the scan matrix in which ions are analyzed. In
addition to Orbitrap mass analysis times of 123, 223, 423, 823, and 1625 ms for resolutions 7,500,
15,000, 30,000, 60,000, and 100,000, respectively, this requirement adds ~5-500 ms for injection,
depending on source brightness, and some 200 ms of pre-scan and additional instrument-
associated times. Even at the lowest resolution (7,500), the goal of a 4 Hz scan cycle is not
possible with these scan types. Attempts to minimize the scan duration to ensure acquisition of
multiple spectra over a chromatographic peak require a significant trade-off in sensitivity
(available at higher resolutions and longer injection times).

To address these problems, we developed the nested scan, which minimizes scan time
and maximizes scan duty cycle without a trade-off in sensitivity. Here, as described in the
experimental section and illustrated in Figure 3.1, the nested scan layers the steps of one scan—
calibrant accumulation and transfer (line [a], [b]), analyte accumulation (line [c]), injection into
the Orbitrap (line [d]), and Orbitrap mass analysis (line [e])—to perform in parallel with two
other scan cycles. Thus, instead of leaving parts of the instrument idle while others are in use, as
in conventional operation (i.e., postponing accumulation of new ion populations until mass
analysis ends), injection of analyte ions from the GC/rear source into the c-trap, as well as the
accumulation of internal calibrant ions in the QLT, occurs during almost the entire duration of the
previous scan’s mass analysis. Because the Orbitrap control code prevents the start of the next

scan until mass analysis is complete, the length of analyte/calibrant injection/accumulation is tied
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to the length of the mass analysis. The mass analysis length, in turn, is determined by the desired
resolution of Orbitrap acquisition; thus, analyte and internal calibrant accumulation times are
determined directly by the resolution of Orbitrap mass analysis. This link is clearly illustrated by
Table 3.1, where the duration of each scan segment is given at each resolution (all times
determined externally by oscilloscopic measurements). The scan time and rate for the nested
scan with internal calibration ranges from 153 ms or 6.5 Hz at 7,500 resolution to 1644 ms or 0.6
Hz at 100,000 resolution. Resolutions of 15,000 and 30,000 mark the most appropriate settings
for GC analyses as these settings give acceptable scan rates (4.0 and 2.2 Hz, respectively) and
resolution, as well as calibrant and analyte accumulation times sufficient for reasonable signal.
The nested scan duty cycle, in terms of the proportion of total scan time dedicated to mass
analysis, approaches 100% at 100,000 resolution. This figure is significantly greater than that of
conventional scan types because the time required for steps other than mass analysis are
effectively reduced to zero.

Instrument and scan figures of merit. As our aim in developing this instrument was to
achieve high-mass accuracy and high-resolution mass analysis on a gas-chromatographic time-
scale, several figures of merit warrant mention, namely, the internally and externally calibrated
mass accuracy, linear dynamic range, sensitivity, limit of detection, and spectral, or isotopic
distribution, accuracy achievable with this instrument.

Prior to assessing the mass accuracy achievable with the nested scan and polysiloxane
internal calibrant, we first established the baseline optimal mass accuracy achievable using
conventional scan sequences and fluoranthene as internal calibrant.® Figure 3.2A displays a
single scan EI spectrum of FC-43 collected at 30,000 resolution with fluoranthene internal
calibrant (m/z 202.07770). We chose to use fluoranthene as the internal calibrant here to rule out

mass accuracy deviations that may have arisen from the implementation of the nested scan or the
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Table 3.1. Times (ms) and relevant metrics for nested scan sequence components at all available
resolution settings (measured relative to m/z 400).

Resolution Setting

[#] LB 7,500 15,000 30,000 60,000 100,000

[1] Ipternalcallbrant accumulation in 138 240 440 840 1640
linear trap (ms)

2] Internal ca!lbrant trar)sfer to c-trap; 13 13 13 13 13
accumulation downtime (ms)

[3] GC ana)I){te qccumulathn in c-trap 112 212 412 812 1625
(containing internal calibrant) (ms)
Compression and injection of

[4] analyte/calibrant into orbitrap; 41 41 41 41 41
accumulation downtime (ms)

[5] Orbitrap mass analysis (ms) 123 223 423 823 1625

[6] Mass analysis downtime (ms) 30 30 30 30 30
Scan time (ms) 153 252 453 852 1644
Scan rate (Hz) 6.5 4.0 2.2 1.2 0.6

Duty Cycle (%) 80.4 88.5 934 96.6 98.8
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Figure 3.2. (A) Single-scan electron ionization
spectrum of FC-43 at resolution 30,000 with internal
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recalibration based on m/z 202.07770 for each labeled
peak in (A) plotted for the single scan in (A) (dashed
lines) and one hundred averaged scans (solid lines)
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corona discharge source. This scan was collected several days after external mass calibration and
represents the normal extent of instrumental mass accuracy drift. ~ Without internal calibration,
all major peaks can be confidently identified with masses known to four decimal places. Figure
3.2B shows the effect of mass recalibration based on m/z 202.07770. The mass error (ppm) of
each labeled peak in Figure 3.2A is plotted for the single scan shown in Figure 3.2A and 100
averaged scans prior to recalibration (purple) and after recalibration (blue). Recalibration
corrects for systemic instrumental mass error (~4 ppm prior to recalibration), as well as
minimizes random mass errors, as evidenced, in the recalibrated data, by narrower error bars (£1
standard deviation) and greater adherence of the single scan mass errors to the mean mass errors.
The recalibrated mass errors for the remaining data presented herein (following external mass
calibration) routinely range within =1 ppm of the theoretical mass. Our per scan mass accuracy
results meet or exceed the results of other such studies employing “lock-mass”-type internal
calibration.”*~**

To address concerns that the calibrant ion population delivered by the nested scan cycle
would not be of sufficient robustness to provide effective internal calibration, we evaluated the
nested scan’s internal calibration scheme by tracking the stability of polysiloxane (m/z
371.10124) over the duration of an analysis. Figure 3.3 shows the abundance of the internal
calibrant relative to the analyte elution profile. The average internal calibrant intensity was 1.0 x
10° while the GC analyte intensity ranged up to 3.5 x 10°. On closer inspection (inset, Figure
3.3), however, the population of internal calibrant dropped to zero when high abundance analytes
eluted from the GC, likely due to a loss of ions caused by overfilling the c-trap. While the
internal calibrant mass in neighboring scans can be used for recalibration, recalibration from
within the same scan is more accurate as scan-to-scan fluctuations (e.g. space-charge effects) are

properly accounted for, and is preferred given the constraints of our existing post-acquisition
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recalibration software. In our second implementation, we modified the nested scan cycle to
improve internal calibrant stability by transferring internal calibrant ions from the QLT affer the
payload of ions from the GC had been accumulated in the c-trap. Calibrant stability under this
second configuration was substantially improved, with each scan having a robust population of
calibrant ions irrespective of analyte abundance (Figure 3.4).

In addition to mass accuracy, spectral, or isotopic distribution, accuracy is an important
orthogonal filter for determining the elemental composition of unknown compounds. Spectral
accuracy is a measure of the degree of congruence between an experimentally-acquired isotopic
distribution and a theoretically calculated isotopic distribution. The spectral accuracy obtainable
in a mass spectrum is a characteristic of the mass analyzer used and, to date, only one report
addresses this figure of merit for the Orbitrap analyzer.” In that study, Erve, ef al. determined
spectral accuracy characteristics for ten large natural products (> 600 Da) at all available
resolution settings. Higher resolution settings were correlated with decreased spectral accuracy,
mirroring a trend more extensively studied in the context of FT-ICR MS. Like in FT-ICR,
isotopic distribution errors are believed to arise from destructive and constructive interferences

29,40,41

between oscillators having very small frequency differences (e.g., isotopic peaks), or due to

disparate dephasing rates and loss of cloud coherence among ion clouds of different densities.**
Spectral effects of the former phenomenon, called the “isotope beating” effect, worsen at high
mass, high charge, and overly-short transient times (relative to beat period), while effects of the
latter phenomenon are more apparent at long transient times (>5 s). These phenomena remain
relatively unstudied in the context of Orbitrap mass analysis.

To benchmark the effect of these phenomena on small molecule Orbitrap spectra, we

analyzed a known mixture of semivolatile polycyclic aromatic hydrocarbons (Table 3.2). We

determined the spectral accuracy for each compound using the molecular ion or, if the molecular



Table 3.2. Effect of spectral accuracy on accurate elemental composition identifications in a
known semivolatile polycyclic aromatic hydrocarbon mixture.

Mass Error Rank by Rank by Percent over(+)/under(-) next
Name (ppm) Mass Only’ S.A. (%) S. A. & Mass' best molecular formula
pyridine -0.57 1(1) 94.2 1(1) -
phenol 0.20 1(1) 93.1 1(1) -
1,3-dichlorobenzene 0.67 1(5) 82.3 1(5) 19.5
1,4-dichlorobenzene 0.12 1(4) 81.3 1(4) 17.8
1,2-dichlorobenzene 0.60 1(5) 82.3 1(5) 19.3
indene 0.62 1(1) 98.4 1(1) -
2-methylphenol -0.01 1(1) 97.7 1(1) -
3-/4-methylphenol 0.08 1(1) 97.8 1(1) -
2,4-dimethylphenol 0.31 1(1) 98.3 1(1) -
naphthalene -0.83 1(1) 98.1 1(1) -
quinoline 0.26 1(1) 97.8 1(1) -
1-methylnaphthalene -0.19 1(1) 97.6 1(1) -
dimethylphthalate [1] 0.28 2 (6) 58.8 5 (6) -0.8
dimethylphthalate [2] 1.22 2 (4) 97.7 1(4) 2.6
acenaphthene -0.17 1(2) 98.1 1(2) 8.0
2,4-dinitrophenol -0.15 2(14) 85.1 1(14) 0.1
4-nitrophenol -0.35 1(3) 98.7 1(3) 3.2
fluorene 0.38 2(2) 98.1 1(2) 7.9
diethylphthalate[1] 0.20 2 (6) 96.2 1(6) 1.6
diethylphthalate[2] 0.11 1(3) 97.8 1(3) 1.8
diethylphthalate([3] 0.20 1(3) 97.5 1(3) 3.2
phenanthrene -0.15 1(3) 98.0 1(3) 7.7
anthracene -1.49 3(3) 97.2 1(3) 7.9
di-n-butylphthalate[1] 0.05 1(6) 94.2 2 (6) -0.7
di-n-butylphthalate[2] 0.73 2(2) 97.6 1(2) 3.0
fluoranthene -0.13 1(6) 97.9 1(6) 6.1
pyrene 0.26 1(5) 97.6 1(5) 4.7
benz(a)anthracene -0.12 2(12) 89.1 1(12) 1.4
chrysene -0.25 2(12) 97.5 1(12) 4.8
bis(2-ethylhexyl)phthalate[1] 0.01 1(15) 91.9 6 (15) -0.7
bis(2-ethylhexyl)phthalate[2] 1.61 4 (4) 89.9 1(4) 0.6
benzo(b)fluoranthene -0.15 3(19) 97.2 1(19) 5.0
benzo(k)fluoranthene 0.25 3(16) 97.4 1(16) 5.1
benzo(a)pyrene 0.09 2(13) 96.1 1(13) 2.4
dibenz(a,h)acridine 0.26 3(24) 92.0 1(24) 3.3
indeno(123cd)pyrene -0.82 17 (43) 94.0 1 (43) 3.4
dibenz(a,h)anthracene -0.42 6 (26) 86.1 1 (26) 1.2

'the value encapsulated by parenthesis is the total number of elemental compositions with that particular mass tolerance
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ion was of low abundance, 2-3 fragment ions with the Cerno MassWorks sCLIPS algorithm.***
sCLIPs is a proprietary algorithm that redefines the experimental spectral line-shape as a
mathematical function and then matches the recalibrated spectrum to a theoretical distribution
within a specified mass tolerance. The output of sCLIPS is a percentage describing the
proportion of the experimental line-shape described by the theoretical isotopic profile, where
candidates with higher spectral accuracy are considered to be more likely elemental compositions
for the ion of interest. At the resolution employed (30,000), the spectral accuracies obtained for
ions of sufficient abundance were comparable to those reported by Erve, et al., who employed an
unmodified QLT-Orbitrap and electrospray ionization.” Using mass accuracy alone (after mass
recalibration with the internal calibrant), unique elemental composition assignments were
possible for most lower molecular weight compounds. For compounds that were not uniquely
assigned, the correct elemental composition was typically ranked within the top four hits. Using
both mass and spectral accuracy filters, correct elemental compositions were ranked as the top hit
for all compounds except three phthalate compounds (dimethyl-, di-n-butyl-, bis(2-ethylhexyl)-).
Due to the low abundance of the phthalate molecular ions, these isotopic distributions were
susceptible to interference from the Orbitrap’s thermal noise band, making the inclusion of
spectral accuracy information deleterious to elemental composition assignment of these
compounds. In such cases, the phthalates were identified by top ranking hits for their diagnostic
fragment ions (m/z 163, CoH;O3; and, m/z 149, CgH5O3).45 For all but two compounds, 2,4-
dinitrophenol and a fragment ion of bis(2-ethylhexyl)phthalate, CsHsOs3, the spectral accuracy of
the correct elemental composition bested the second-ranked elemental composition by greater
than 1%. The utility of spectral accuracy information is most apparent for the higher molecular
weight compounds: for example, by mass alone, indeno(1,2,3-cd)pyrene’s elemental composition

was ranked 17 of 43 candidates within 2 ppm. When spectral accuracy information was included,
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this composition was ranked first, surpassing the next ranked elemental composition by 3.4%.
Our results suggest that the spectral accuracy obtainable with this instrument, in tandem with low
mass errors (typically <1 ppm), will help facilitate assignment of small molecule elemental
compositions. Further studies are needed to determine what spectral accuracy is necessary to
consider the top-ranked candidate to be statistically a better candidate than other candidates in the
list.

Next, to assess the limit of detection, sensitivity, and linearity of response for our
instrument, we measured the area under the curve for a triplicate series of 1 pL injections of
octafluoronaphthalene (OFN) in iso-octane, scanning from m/z 200-300. The Orbitrap response
was linear from 10 fg (37 amol) to 100 pg (37 fmol) with 24% RSD of response factors (R* =
0.998) and empirical limit-of-detection (LOD) of 10 fg (S/N 5) (Figure 3.5). The resolution
(20,000) and mass accuracy (<1-3 ppm) of the diagnostic peaks for OFN were unchanged over
the entire concentration range.

In the GC/MS field, the use of OFN to define instrument sensitivity is industry
standard;***" current GC-enabled mass-selective detectors and triple quadrupoles report S/N 300-
500:1 for a 1 pL injection of 1 pg/uL OFN.*” In our analysis, we achieved a depressed average
S/N of 125:1 at 1 pg/uL while maintaining a competitive LOD of 10 fg. The modest sensitivity
of the GC-Orbitrap is primarily attributable to inefficiencies in ion transfer and trapping and, to
some extent, the inherent diminished sensitivity of image current detection. The competitive
LOD, however, is a testament to the enhanced selectivity afforded by high-resolution mass
analysis.” Even at very low analyte concentrations, matrix interferences are easily resolved.
With instrument and firmware optimizations to improve ion transmission and decrease ion loss,
the sensitivity of this instrumental is expected to match that of commercial GC-mass

spectrometers. Additionally, the development of the more sensitive, compact, high-field Orbitrap
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Figure 3.5. Log-log plot of the Orbitrap response, as the average area-under-the-curve
(AUC) over triplicate analyses at each concentration, versus octafluoronaphthalene (OFN)
concentration from 10 fg/uL to 100 pg/uL. Response was linear over the entire range with a
24% RSD and LOD of 10 fg.
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analyzer,””*

capable of single ion detection and accelerated spectral acquisition rates, image
current detection may cease to be a limiting factor for high sensitivity analyses.

Applications. To demonstrate the utility of our GC-enabled QLT-Orbitrap, we chose
two applications for which high resolution GC/MS analysis is critical: the determination of
polychlorinated dibenzo-p-dioxins (PCDD) and dibenzofurans (PCDF), and the profiling of
primary metabolites in Arabidopsis thaliana extracts without isotopic dilution.

PCDDs and PCDFs are persistent environmental toxins, released as the byproducts of
many industrial processes, which contaminate food supplies (e.g., fish) and lead to adverse health
effects in humans and animals.* Seventeen of these compounds are considered particularly toxic
and are monitored routinely as part of EPA method 1613 revision B'® and European Standard
EN1948-1/2/3.% Method 1613 requires the use of a high resolution double-focusing sector mass
spectrometer capable of 10k resolution at +5 ppm mass accuracy, and of monitoring of 12 SIM
windows in 1 s with a S/N > 10. In addition, for each compound, ion abundance ratios must fall
within +15% of expected ratios."” While no attempt was made to meet the full gas
chromatographic requirements of the method, we analyzed seventeen of the most toxic PCDD
and PCDF congeners to benchmark our mass spectral capabilities in the context of the EPA
method. Figure 3.6 shows a GC chromatogram of this mixture and a mass spectrum
corresponding to overlapping elution profiles of the 2,3,4,6,7,8-hexaCDF (HxCDF) and
1,2,3,4,7,8-hexaCDD (HxCDD) congeners. The mass spectrum demonstrates the ability of the
Orbitrap analyzer to fully resolve the isotopic envelopes of both congeners simultaneously (in full
scan mode rather than via SIM) while maintaining mass and spectral accuracy (see Table 3.3). In
a single full-scan analysis, all congeners were identified within 1 ppm mass error with internal
calibration by the exact masses required by the EPA method, >31,000 resolution for all ions, and

well within the £15% QC limits for theoretical ion abundance ratios. These results suggest that,
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Figure 3.6. GC chromatogram demonstrating resolution of the seventeen toxic polychlorinated
dibenzo-p-dioxin (PCDD) and dibenzofuran (PCDF) congeners in a standard mixture (T, tetra; Pe,
penta; Hx, hexa; Hp, hepta; O, octa). The inset is a subsection of a full-scan mass spectrum
corresponding to the overlapping elution profiles of the 2,3,4,6,7,8-HxCDF and 1,2,3,4,7,8-
HxCDD congeners. See Table 3.3 for mass and spectral accuracy characteristics corresponding to
this analysis.
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Table 3.3. Mass accuracy, resolution, and isotopic abundance ratio errors for PCDF and PCDD

congeners.
Elemental Mass Error . Abundance Ratio Error
Congener Substance lon Type . Resolution .
Composition (ppm) Ratio (%)
M C_H,0%Cl -0.780 38800
2378 TCDF 12140y .
M+2 ¢, H,0%cl ¥l -0.873 38600 WN+2) 163
M C.H,0,5C] -0.600 37800
121142 g .
2378 T€oD M+2 C,,H,0,%cl.7Cl 0.410 37700 M/(M+2) 4.96
M+2 C_H.0%CL¥Cl 0.927 36400
12" 3 4
1,2378 PeCDF e CHosa 0010 re30d (M+2)/(M+4) 0.94
M+2 C_H,0%CL¥Cl 0.074 36500
234,78 PeCDF 12 M+2)/(M+4 0.80
€ M4 ¢, H,0%cl¥cl, 0.047 36404 (M+2)/(M+4)
M+2 C.H,0.5C1,¥Cl 0.756 35800
12378 PeCDD S .
€ M+4 C, H.0.5Cl2Cl -0.668 35304 (M+2)/(M+4) 0.07
12° 372 3 2
M+2 C_H,0%Cl.Cl -0.086 34600
123478 HXCDF 122> s .
X M+4 ¢, H.0%cLocl -0.245 34904 (M=2)/(M+4) 181
12" 2 4 2
M+2 C.H,0%cl.7Cl -0.086 34600
123678 HxCDF 1220 s .
X M+4 C_H.0%CLoCl -0.085 35004 (M+2)/(M+4) 230
127 2 4 2
M+2 C._H,0%Cl.¥Cl -0.086 34600
12" 2 5
234,678 HXCDF Moa CHoscr, 0,005 isod (M+2)/(M+4) 0.28
M+2 C,.H,0%Cl¥Cl -0.005 34600
123789 HXCDF 1220 .
X M+4 €, H,0%Cl7Cl -0.005 34904 (M+2)/(M+4) 1.68
127 2 4 2
M+2 C.H,0.5C1.¥Cl 0.121 34000
12,3478 HXCDD 127207 s M+2)/(M+4 1.97
X M+4 c, H,0.5c7cl, -0.043 33804 (M+2)/(M+4)
M+2 C.H,0,5C1.¥Cl -0.865 34100
1,2367,8 HXCDD 12202 s .
X M+4 C,H,0,5C17Cl, -0.860 33704 (M+2)/(M+4) 042
M+2 C._H,0.3C1.¥Cl 0.428 34000
12" 272 5
1,23.7.89 HXCDD Moa o g, oars Sa804 (M+2)/(M+4) 6.27
M+2 C__HO*Cl3"Cl -0.098 33500
1,234,678 HpCDF 12 g .
P M+4 ¢, ,Ho¥clrcl, -0.008 33204 (M+2)/(M+4) 098
M+2 C._HoCl 27C 0,613 33400
1,2,3,4,7,89 HpCDF 12 s M+2)/(M+4 2.03
P M4 ¢, Howcl e, -0.464 33404 (M+2)/(M+4)
M+2 C..HO 3¢l C -0.484 32600
12 2 6
1,234,678 HpCDD Ve el o 0573 22604 (M+2)/(M+4) 3.20
12 2 5 2
M+2 c_osclacl 0516 32200
_— 12 7
OCDF M+4 c,o%clrcl, -0.311 31900 sty 297
M+2 C..0.5¢¥Cl 0.192 31500
— OCDD 1272 7 -2,
M4 c,,0,5¢¥cl, 0.191 31400 (M+2)/(M+4) 2.62
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as a high-resolution GC detector, the Orbitrap is capable of meeting the mass spectral
requirements of this EPA method. An advantage of Orbitrap full-scan analysis over sector
analysis in this method is the flexibility afforded to the operator to choose any isotopic peaks in a
given ion cluster to fulfill the ion abundance ratio requirement, rather than just the particular
isotopes monitored. This is particularly empowering in cases where matrix ions interfere at a
monitored target mass and render the sector data at that mass useless.

As mentioned in the introduction, identifying unknown compounds in complex samples
is significantly more complicated than determining the presence of a known compound with
known chromatographic and mass spectral characteristics. So, in contrast to the previous
example, we analyzed a complex Arabidopsis thaliana whole-plant metabolite extract to gauge
the “discovery” capabilities of this instrument. Using standard protocols,’’ primary metabolites
were extracted from a whole plant macerate by methanol-chloroform extraction,
methoxyaminated and silylated, and analyzed over an hour-long temperature gradient.

As no extensive high-resolution and high-mass accuracy EI spectral databases of
Arabidopsis thaliana metabolites exist in the public domain to our knowledge, elemental
composition determinations were made using a de novo approach, based on the molecular ion,
rather than spectral matching with unit- spectral accuracy of the pseudomolecular ion (and
associated diagnostic ions, vide infra) to determine the resolution libraries (as spectral
appearances can differ significantly, vide infra). To minimize fragmentation and maximize the
abundance of the pseudomolecular ion ([M + H]"), we employed positive chemical ionization
(PCI) and #-butyldimethylsilylation. We then used the accurate mass and elemental composition
of the eluting species. In addition to leaving more of the pseudomolecular ion intact, methane
PCI provides diagnostic molecular ion adduct peaks ([M + C,Hs]" and [M + C3Hs]") that help

pinpoint the pseudomolecular ion. Similarly, #-butyldimethylsilylation of acidic protons directs
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fragmentation toward diagnostic losses of #-butyl- and methyl-groups from the attached silyl
groups, leaving the parent compound intact, and further aiding the localization of the
pseudomolecular ion in the spectrum.™

All four diagnostic peaks and the pseudomolecular ion were used to make manual
assignments of elemental composition. Figure 3.7 illustrates the process by which assignments
were made. For each diagnostic ion, all elemental compositions having the formula
C,H,O.N,S,P,F,Cl,Br,Si, (x = 0-1000) within 1 ppm of the observed mass were determined and
considered regardless of chemical possibility. Theoretical isotope distributions were calculated
for each possible elemental composition (shown in color) at the resolution of data collection and
plotted against the experimental isotopic distribution (shown in black). Each distribution was
qualitatively compared to the experimental distribution and assigned a ‘=" or ‘+’ if the
distribution could or could not be ruled out, respectively, as potentially ‘matching’ the
experimental data. The results of this comparison are given in Table 3.4. Including the [M — ¢-
butyl]” and [M — methyl]" peaks in Figure 3.7 allows all but the purple-based ([M — ¢-butyl]":
C;1H240,NSSi) and red-based ([M — t-butyl]”: C,oH,403NSi,) elemental compositions to be
eliminated. The pseudomolecular ion and [M + C,Hs]" adduct ion provide the discrimination
power to eliminate the purple-based elemental composition (not present due to mass accuracy
constraints) using the second and third isotopic peaks. Removing the contribution of the two
silylations (each composed of C(CH;);Si(CH3), or CsH;sSi) in the remaining red-based elemental
composition ([M + H]": C,4H34,0;NSi,) and adding the two acidic protons originally displaced by
silylation, we can identify this spectrum as arising from the elemental composition, C,HsO;N,
possibly hydroxyglycine, a hydroxylated amino acid intermediate in many biosynthetic

1

pathways,” or a structural isomer. Several other expected metabolites of Arabidopsis thaliana

were similarly identified; however, given the very high complexity of metabolite samples and the
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capability of this instrument to acquire tens of thousands of high quality spectra per
chromatographic separation, there exists a clear need for informatics tools that take high-
resolution, mass accuracy, and spectral accuracy into account for automated, high-throughput
spectral analysis and elemental composition assignment.

Future developments. Two potential shortcomings of the current implementation of the
GC-Orbitrap mass spectrometer merit mention. First, the inability to dynamically control analyte
injection times is perhaps the most apparent weakness of the nested scan. In normal front source-
centric operation of this instrument, automatic gain control (AGC)™ standardizes each mass
analysis to the same target number of charges by adjusting ion injection times to meet the target.
Without this feature, under high ion flux conditions, the nested scan can be subject to overfilling
of and/or space-charge distortions within the c-trap, particularly at the 60,000 and 100,000
resolution settings. Overfilling and space-charge effects would manifest in the mass spectrum as
a loss of high mass ions and systemic loss of mass accuracy. However, at the resolutions with
scan rates suitable for a GC-timescale (7,500-30,000), significant problems due to overfilling of
the c-trap are uncommon. We tested this by tracking the relative intensities of EI fragment ions
of high mass calibrant TPFHST as a function of analyte accumulation time (1-2000 ms) in the c-
trap using a modified version of the nested scan. A constant resolution of 7,500 for Orbitrap
mass analysis was used at all accumulation times to standardize the level of the thermal noise
band. For this mass range, which encompasses the mass range queried in GC experiments, there
was no discernible bias against high mass ions at long accumulation times (data not shown).

Similar experiments with FC-43, however, revealed that selected fragment ion intensities
decreased with prolonged storage in the c-trap or QLT. Here, EI fragment ions of FC-43 were
accumulated in the c-trap for 112 ms (7,500 resolution nested scan) and then held for 0-2000 ms

in the c-trap prior to injection into the Orbitrap or transfer to the QLT for analysis. In both
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analyzers, the abundance of fragment ion C4Fo" (m/z 219) decreased as the abundance of an
oxygen-containing species C3F;CO" (m/z 197) increased. Most other fragment ions were
relatively unchanged (Figure 3.8; top panel). This phenomenon is characteristic of quadrupole

1.7 as the following reaction: C4Fy + H,0 —

ion traps and was described by Creaser, et a
C3F,CO* + 2HF. The background water vapor facilitating this reaction in this system is likely
due to the atmospheric pressure source inlet and low purity nitrogen used in the c-trap.
Corroborating this hypothesis, this reaction was noticeably slowed (Figure 3.8; bottom panel)
when the c-trap was supplied and flushed overnight with ultra-high purity nitrogen. The reaction
of m/z 219 to m/z 197 was more pronounced for ions analyzed in the Orbitrap than the QLT (data
not shown). In addition to its susceptibility to water reactions, m/z 219 is considered a fragile
ion.”**> The heightened decrease in m/z 219 abundance in the Orbitrap is possibly attributable to
a breakdown of this ion during the rather “violent” steps of c-trap compression, injection, and
electrodynamic squeezing within the Orbitrap. The effects of these and other processes result in
different overall spectral appearances for GC-Orbitrap and single-quadrupole EI library spectra,
as illustrated in the comparison of FC-43 spectra in Figure 3.9.

These two issues highlight potential future improvements to the GC-Orbitrap design and
implementation. First, the development of a “predictive” algorithm for proportional adjustment
of analyte accumulation times based on the ion source flux within the context of the nested scan
type is needed to control ion populations and decrease ion loss. Second, the development of a
closed system, lacking an atmospheric pressure inlet, with optimized ion optics is crucial to
reduce background water vapor and improve spectral quality.

We have demonstrated the first-ever modification of a QLT-Orbitrap hybrid instrument
for high-mass accuracy and high-resolution gas chromatography/mass spectrometry. With the

development of a new scan sequence, the nested scan, we have minimized scan times and
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maximized duty cycle without a trade-off in sensitivity to achieve scan rates of 4 and 2.2 Hz at
15,000 and 30,000 resolution, respectively. This marks a significant improvement over
conventional scan cycles and brings the Orbitrap acquisition rate in synch with the timescale of
GC separations for the first time. At these scan rates, mass accuracy less than 1 ppm with internal
calibration and resolution exceeding 100,000 are routinely achievable. In combination with
isotopic distribution information, the GC-Orbitrap facilitates the unambiguous determination of
small molecule elemental compositions, as demonstrated in our analysis of primary metabolites
from Arabidopsis thaliana, as well as meets the mass spectral requirements of challenging EPA
methods. We believe the GC-Orbitrap represents a significant step forward in the field of high-

resolution, high-mass accuracy GC/MS.
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CHAPTER 4

Development of a GC/quadrupole-Orbitrap Mass Spectrometer,

Part I: Design and Characterization

SUMMARY
Identification of unknown compounds is of critical importance in GC/MS applications
(metabolomics, environmental toxin identification, sports doping, petroleomics, and biofuel
analysis, among many others) and remains a technological challenge. Derivation of elemental
composition is the first step to determining the identity of an unknown compound by MS, for
which high accuracy mass and isotopomer distribution measurements are critical. While recent
advances in TOF technology have begun to address the field’s need for high mass accuracy
measurements, the necessity of continued technological development remains. Here, we report
on the development of a dedicated, applications-grade GC/MS employing an Orbitrap mass
analyzer, the GC/quadrupole-Orbitrap. Built from the basis of the bench-top Orbitrap LC/MS,
the GC/quadrupole-Orbitrap maintains the performance characteristics of the Orbitrap (up to
200,000 resolution with low-to-sub-ppm mass errors, scan/injection time pipelining, automatic
gain control), enables quadrupole-based isolation for sensitive analyte detection in challenging
matrices, and includes numerous analysis modalities to facilitate structural elucidation. We detail
the design and construction of the instrument, discuss its key figures-of-merit, and demonstrate its

performance for the characterization of unknowns.
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INTRODUCTION
The success of small molecule analysis, especially metabolomics, by gas
chromatography/mass spectrometry (GC/MS) ultimately hinges on the ability to identify, through
elemental composition annotation and structural characterization, unknown peaks.' As a mature
analytical technique, sample analysis workflows and post-possessing methods for GC/MS are
well-established; analyses typically follow a reproducible, standardized path of spectral
deconvolution and peak identification using retention time and spectral matching to existing, and
immense, spectral reference libraries.™® There is no shortage of software platforms to assist in

4-11

these tasks™ . Even so, in a single GC/MS analysis of a complex sample, often only ~100 of the

d;"'"*!* the rest remain

200-500 observed mass spectral features can routinely be identifie
unknown, along with their potential importance to the research question being studied.

The first, and most critical, step to identifying an unknown is elemental composition
derivation. For this, high mass accuracy mass measurements are key'’ (though not alone
sufficient'®). Fiechn has shown that a simple two step approach of 1) calculation of candidate
compositions from the mass alone, and 2) elimination of false candidates by comparison of
empirical and theoretical isotopomer distributions, is a highly effective tool to nearly
unambiguously determine elemental compositions from high mass accuracy data.'®'” Thus, as
GC/MS has transitioned in recent years from the routine analysis of knowns, to the
comprehensive analysis of complex biological and environmental samples containing
multitudinous unknowns, instrumentation for GC/MS has likewise shifted from low resolution,
unit mass accuracy detectors to state-of-the-art, time-of-flight (TOF) systems.'*"

GC/TOF systems are the highest resolution and mass accuracy GC/MS systems currently
available commercially (excluding magnetic sector instruments, which are not suitable, at high

20,21

resolution, for non-targeted analysis™ ). High-end TOF systems offer good mass accuracy (~10
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ppm) and solid mass resolution (~1-7k), and are, in general, fast scanning (~20 Hz), an important
trait for sampling narrow GC peaks. Two recently introduced systems further this development

with tandem MS capabilities™**

, and mass resolution up to 50,000 through a multi-pass flight
path.”?* While these newer instruments have not yet been vetted in the peer-reviewed domain,
TOF systems, like all mass analyzers, have both strengths and weaknesses. For example, TOFs
possess unmatched acquisition rates (necessary for GCxGC**%) and low isotopomer abundance
error'®*', an important filter for eliminating false elemental formulae. However, though capable
of high repetition rates, TOFs suffer from signal saturation and a limited dynamic range that

limits sensitivity.’*

Likewise, while capable of accurate mass, the precision of mass
measurements can be poor'* (60% RSD**) and the accuracy is dependent upon internal calibration.
For example, in an inter-laboratory comparison by Bristow et al.,”* 24% of participating TOF
instruments had mean mass errors exceeding 10 ppm. By contrast, in this same study, FT-MS
systems, such as the Orbitrap, maintained mass errors of ~1 ppm.

The now-widespread®™*® Orbitrap FT-MS*"** perhaps stands poised to address some of
the limitations of high resolution GC/TOFs. Introduced commercially into the LC/MS market in

2005, Orbitraps routinely measure mass with low-to-sub-ppm mass errors***

(without or with
internal calibration), high resolution (up to 200,000*** and 600,000*), and moderate isotopomer
abundance errors (3-10%)."*® Despite the arguably transformative impact the Orbitrap analyzer
has had in proteomics and related fields, no Orbitrap-based system dedicated to GC/MS has been
developed. Recently, we reported on a proof-of-principle modification of an electron transfer
dissociation-enabled quadrupole linear ion trap (QLT)-Orbitrap®” for GC/MS to assess the merits
of the Orbitrap as a detector for GC.* While a rather crude implementation with several

shortcomings, the performance of the GC/QLT-Orbitrap, with respect to mass accuracy,

resolution, and selectivity in the m/z domain, suggested that a well-designed and optimized
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GC/Orbitrap instrument could be similarly transformative in GC/MS-based fields, especially in
fields like metabolomics that rely on the unambiguous identification of unknowns."'”*

Here, building on the lessons learned in our previous work, we introduce the next
generation of Orbitrap for gas chromatographic applications, the GC/quadrupole-Orbitrap. Using
the bench-top Orbitrap LC/MS**~*® as a base platform, we have developed an applications-grade,
GC/MS that not only enables high mass accuracy and high resolution analysis, but does so at scan
rates amenable to the time-scale of gas chromatographic separations. The GC/quadrupole-
Orbitrap permits a broad cadre of enabling analysis modalities to address the needs of
applications ranging from trace analyses, to the structural characterization of unknown
metabolites in metabolomic analyses, including electron ionization, chemical ionization with any
desired reagent gas, targeted and scheduled SIM, and targeted, scheduled, and data-dependent
MS/MS. Additionally, we have developed an advanced data-dependent acquisition algorithm for
MS/MS of alkylsilylated analytes, molecular ion-directed acquisition (MIDA), which is detailed
in the accompanying article.”’ Herein, we discuss the design considerations for, and construction
of, the instrument; detail optimization of the hardware, electronics, and firmware; and, benchmark

instrument figures-of-merit whilst demonstrating performance in key applications.

EXPERIMENTAL PROCEDURES

Reagents. Unless otherwise specified, all reagents were purchased from Sigma-Aldrich
(St. Louis, MO). Methanol and water (Optima LC/MS grade), and pyridine, methylene chloride,
and iso-octane (GC/pesticide grade), were purchased from Fisher Scientific (Fair Lawn, NJ). All
compressed gases (methane, helium, and nitrogen) were ultra-high purity grade and purchased

from Airgas (Madison, WI).
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Instrument construction. The GC/quadrupole-Orbitrap MS instrument consists of a
single-quadrupole GC/MS (DSQ 1II; Thermo Fisher Scientific, Austin, TX) and a bench-top
Orbitrap MS (Exactive; Thermo Fisher Scientific, Bremen, Germany), coupled together via a
custom adapter manifold, as shown in Figure 4.1A in grey, dark red, and light red, respectively.
Construction proceeded by removing the Orbitrap MS’s atmospheric pressure (AP) inlet and
associated ion optics (including, the source, ion transfer tube, tube lens, skimmer, 90° multipole,
split lens, and transfer octapole), and sealing the AP inlet manifold openings with custom flanges.
The two-stage source turbo-molecular pump was then removed and replaced with a smaller,
turbo-molecular pump (60 L/s; Pfeiffer, Asslar, Germany) to reflect the decreased pumping
requirements after removal of the AP inlet. Into this vacated space, the beam-type CAD collision
cell (HCD cell, for MS/MS) and electron multiplier/conversion dynode (EM) were relocated from
the opposite side of the Orbitrap MS’s c-trap and from the single-quadrupole MS, respectively.
Connections for the EM to the external electrometer and dynode power supply were made via a
custom top-flange. On the opposite side of the Orbitrap MS’s c-trap, the custom adapter
manifold joined the single-quadrupole MS manifold to the manifold previously housing the HCD
cell. The EI/CI combination source, curved pre-filter flatapole, pre-quadrupole lens, and
quadrupole mass filter of the single-quadrupole MS remained as before. The gap between the
quadrupole mass filter of the single-quadrupole MS and c-trap of the Orbitrap MS was bridged
via new ion optic elements: a post-quadrupole lens and curved flatapole of identical design to the
pre-quadrupole devices, custom split lens for ion gating, and long transfer flatapole. The adapter
manifold was fitted with a turbo-molecular pump (210 L/s; Pfeiffer) to bring the number of
isolated pumping stages from source-to-Orbitrap to four (including, the 220 L/s electron
ionization/chemical ionization, EI/CI, source and 300 L/s Orbitrap turbo-molecular pumps).

Electrical connections for the additional ion optics elements were made through feed-throughs
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Figure 4.1. (A) Schematic of the GC/quadrupole-Orbitrap instrument. The DSQ II, adapter, and
Exactive manifolds are colored in grey, light red, and dark red, respectively. lon optic
components and four pumping stages (as grey outward arrows) are labeled. (B) Scan cycle and
AGC modes. Modes are dynamically selected by the instrument. The -2 and -1 modes permit ion
accumulation during mass analysis, scaling the injection time based on two- or one-scan prior,
respectively. Pre-scan mode acquires a dedicated scan between every analytical scan, delaying
ion accumulation until after mass analysis. (C) Scan rate (Hz) as a function of mass analysis
resolution, ASP, and scan mode. (D) Transient length (s) and AGC mode selection as a function
of mass analysis resolution and ASP. (E) Single-scan positive EI FC-43 calibration spectrum.
The average mass error with external calibration was 0.24 ppm (o = 1.04, error,,,; = 1.06, n = 38).
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installed in the adapter manifold. The HCD cell is plumbed directly with ultra-high purity
nitrogen collision gas, which also provides for collisional cooling in the attached c-trap. The
EI/CI source was interfaced to the GC via a heated transfer line. All component parts are labeled
in Figure 4.1A.

Electronics and firmware modifications. Most original electronic boards and power
supplies from both instruments were retained to drive new and original ion optic and vacuum
components. EI/CI source elements (including filament, calibration gas inlet control, heaters, and
lenses) and the EM retained single-quadrupole MS electronic control, except for EI/CI source
lens 2. Control of source lens 2 was redirected to a spare DC output on the Orbitrap MS’s ion
optics supply board. The Orbitrap MS’s electronics retained control over the same components,
where present (e.g., c-trap, Orbitrap, HCD cell), as well as some single-quadrupole MS
components, and all new ion optic devices. The Orbitrap MS’s RF and DC outputs, originally
controlling AP inlet devices, were repurposed to drive the bent flatapoles and pre-/post-
quadrupole mass filter lenses. The split lens electronics were modified to provide a deflection
potential of £50 V, rather than +350V, and drive the new split lens device. Two new circuit
boards were added to the system, a quadrupole RF/DC board (Thermo Fisher Scientific), to
control the quadrupole mass filter, and an additional ion optic DC/RF supply board (Thermo
Fisher Scientific), to provide RF/DC control for the transfer flatapole.

The Orbitrap MS’s instrument firmware (written in Python and based on Thermo Q
Exactive firmware version 2.0 Build 146201) was adapted to permit simultaneous control of both
component instruments via a single data system. Communication between the two data systems
was established through a transmission control protocol (TCP) link. Code to control all dynamic
devices (i.e., those that change potential during a scan cycle) was written to permit control

directly via the Orbitrap MS’s firmware and electronics to ensure fast response. Static devices
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controlled by the single-quadrupole MS were programmatically controlled through commands
sent to the single-quadrupole MS via the TCP link. Code was written to enable injection,
automatic gain control, manual and automated signal optimization, ion optic and mass analyzer
calibration, quadrupole isolation, and MS/MS capabilities.

Sample preparation and gas chromatography/mass spectrometry. All GC/MS
experiments were performed using a Trace Ultra gas chromatograph (Thermo Electron, Milan,
Italy) equipped with a CTC Analytics PAL autosampler (Zwingen, Switzerland). Compounds
were separated on a 30 m x 0.25 mm (ID) x 0.25 pm (dy) Crossbond 5% diphenyl/95% dimethyl
polysiloxane column (Restek Rxi-5Sil MS, Bellefonte, PA) using helium as the carrier gas. The
gas chromatograph was interfaced to the quadrupole-Orbitrap instrument (vide supra) via a
heated transfer line. The instrument was characterized, and regularly tuned and calibrated with
perfluorotributylamine (FC-43; Scientific Instrument Services, Ringoes, NJ), introduced into the
transfer line by a calibration gas module. All MS experiments employed advance signal
processing (ASP).

Octafluoronaphthalene.  Solutions of 1 pg/uL octafluoronaphthalene (OFN) were
prepared in iso-octane containing 0%, 1%, 2%, and 5% (v/v) diesel fuel, obtained from a local
gas station. Aliquots (1 pL) were analyzed in triplicate. Samples were injected via splitless
injection (1 min splitless, 50 mL/min split thereafter) via the hot-needle technique at an injector
temperature of 220 °C, and separated at 1.2 mL/min helium using the following oven gradient:
isothermal at 40 °C for 1 min, 30 °C/min to 165 °C, 120 °C/min to 275 °C, and isothermal at
275 °C for 5 min. The transfer line and source temperatures were 275 °C and 220 °C,
respectively. The MS was configured for SIM of a 5 Th window around the OFN monoisotopic

peak at m/z 272 (m/z 269.5 — 274.5) and a scan range of m/z 106-300. EI (-70 eV) was used. A
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resolution of 70,000 (m/Am), relative to m/z 200, was employed with a 250 ms maximum
injection time and AGC (automatic gain control) target of 1E6 charges.

EPA 8270 pesticides analysis. A 25-50 pg/mL working solution in methylene chloride of
93 EPA 8270 semi-volatile organic pollutants was prepared by combination of the following
standards, all obtained from Restek: SV Internal Standard Mix, Benzoic Acid Mix, Revised B/N
Surrogate Mix, 8270 Benzidines Mix #2, 1,4-dioxane, 8270 MegaMix, and Acid Surrogate Mix
(4/89 SOW). The working solution was serially diluted to the following concentrations (amounts
on column in parentheses) in methylene chloride: 25-50 pg/mL (2.5-5 ng), 2.5-5.0 pg/ulL (250-
500 pg), 250-500 ng/mL (25-50 pg), 25-50 ng/mL (2.5-5.0 pg), 5-10 ng/mL (0.5-1.0 pg), 2.5-5.0
ng/mL (250-500 fg), 1.25-2.5 ng/mL (125-250 fg), 0.5-1.0 ng/mL (50-100 fg), 375-750 pg/mL
(37.5-75.0 fg), 250-500 pg/mL (25-50 fg), 125-250 pg/mL (12.5-25 fg), 50-100 pg/mL (5-10 fg),
and 25-50 pg/mL (2.5-5 fg). One microliter each was analyzed in triplicate using EI (-70 eV) at
an injection split ratio of 10:1 (12 mL/min split flow for 1.2 mL/min helium column flow). The
following oven program was used: 1 min isothermal at 80 °C, 25 °C/min to 280 °C, 5 °C/min to
320 °C, and 1 min isothermal at 320 °C. The injector, transfer line, and source temperatures were
270, 280, and 250 °C, respectively. Full scan analyses employed a scan range of m/z 50-450,
resolution of 17,500, an AGC target of 1E6 charges, and a maximum injection time of 250 ms.
Targeted SIM analyses targeted the monoisotopic peak, or most-abundant ion, of all 93 pesticides
with 3 Th isolation windows based on a scheduled inclusion list (Appendix 7 Tables 7.1A-B).
All other parameters were the same as the full-scan analyses except 100 ms maximum injection
times were used.

Structural characterization of an unknown fatty acid methyl ester (FAME). Bacterial fatty
acids were methyl esterified using sodium methoxide in anhydrous methanol at RT for 2 h. The

reaction was quenched with 2 N HC1 and FAMEs were extracted with hexane. For hydrogenation
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experiments, extracted FAMEs were dried under nitrogen, and subsequently hydrogenated in
chloroform:methanol (2:1 v/v) with 5% Pt on charcoal as detailed by Montanari, et al.”*> A
bacterial acid methyl ester (BAME) mix standard, containing 26 FAMEs in methyl caproate, was
used for chromatographic and MS source optimization. Samples in hexane (1 uL) were injected
via the hot-needle technique at various split ratios depending on sample concentration, with an
injector temperature of 250 °C, helium flow rate of 1 mL/min, and the following oven program: 1
min isothermal at 150 °C, 15 °C/min to 250 °C, 1 min isothermal at 250 °C, 80 °C/min to 320 °C,
and 2 min isothermal at 320 °C. The transfer line and source temperatures were 280 °C and
250 °C, respectively. Samples were ionized via EI or positive CI (PCI) using ACN as the reagent
gas (-70 eV). Full-scan analyses employed a scan range of 75-400 Th, resolution of 17,500, AGC
target of 1E6 charges, and maximum injection time of 100 ms. Targeted MS/MS analyses
employed a 5 Th isolation width, normalized collision energy of 25 eV, resolution of 17,500,
AGC target of 1E6 charges, and maximum injection time of 250 ms.

For ACN PCI, 250 um (I.D.) fused silica capillary connected an ACN reservoir (6 mL)
directly to the source of the MS through the heated transfer line. A two-holed ferrule was used to
permit entry of both the GC column and ACN capillary into the transfer line. While the column
extended into the source, the ACN capillary was set back approximately 5 cm from the source to
prevent interference with the GC eluent. A medium-flow metering valve (Swagelok, Solon, OH)
was placed between the reservoir and transfer line to regulate the flow of ACN into the source. A
source pressure of 7.1E-5 Torr, ~0.2 ms reagent injection time (at a 1E6 AGC target), and a m/z
42 (protonated ACN)-to-m/z 54 (1-methyleneimino-1-ethenylium, or MIE) ratio of 5:1 were
found to be optimal for generation of molecular ion MIE-adducts of unsaturated FAMEs.

Analysis of Arabidopsis thaliana polar extracts. Polar metabolite extracts of A. thaliana

were prepared and analyzed as detailed in the accompanying article.”' Briefly, wild-type A.
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thaliana were grown in liquid culture in stable isotope-enriched media (12C14N, 2CBN, BeMN,
and "C"N). Following 12 d growth, plants were harvested, flash frozen, and macerated to a fine
powder. Aliquots of ~250-350 mg power were extracted as reported by Fiehn,> and polar
fractions subjected to methoxyamination, and silylation with either N-(z-butyldimethylsilyl)-N-
methyltrifluoroacetamide (MTBSTFA) or N-Methyl-N-(trimethylsilyl) trifluoroacetamide
(MSTFA) (Thermo Scientific, Bellafonte, PA). Samples were ionized with either EI or methane
PCI using full scan MS or molecular-ion directed acquisition (MIDA)-MS/MS.

Data analysis. Data were manually queried within Xcalibur Qual Browser 2.3.23
(Thermo Fisher Scientific) or processed automatically through processing methods within
Xcalibur Quan Browser (version 2.3.23, Thermo Fisher Scientific). Unless otherwise indicated,
data were extracted with 5-10 ppm mass error tolerances and peak areas (area-under-the-curve,
AUC) determined via the ICIS peak detection algorithm. Regression and statistical analyses were
performed in Origin (version 8.5.1 SR2 build 315, Origin Lab, Northampton, MA). Isotopomer
abundance or ratio errors were calculated as the percent difference from the theoretical
isotopomer abundance or ratio errors expected for a given elemental formula. For EPA 8270
pesticide analysis, the ratio of first isotopomer to the sum of the monoisotopomer and first
isotopomer was used. For Arabidopsis thaliana metabolomic analysis, the percent errors of the
abundances of the first, second, and third isotopomers relative to the monoisotopomer abundance

were used, conforming to the standard used by the Seven Golden Rules Excel macro.'”"

RESULTS AND DISCUSSION
Design considerations. We chose the bench-top Orbitrap (“Exactive”) LC/MS as the
base platform for our GC/quadrupole-Orbitrap (GC/q-Orbitrap) instrument for its potential to

address the shortcomings identified in our earlier work:*’ namely, 1) the presence of an
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atmospheric pressure inlet and high levels of ion-molecule reactions, 2) insufficient scan speed
(maximum 6.5 Hz at 7,500 resolution), and 3) the absence of automatic gain control. In addition
to the bench-top Orbitrap’s design simply being amenable to removal of its AP inlet to eliminate
excess sources of water, numerous technological advances implemented in recent Orbitrap family
instruments also address these shortcomings.

First, a shorter, more efficient ion transmission path, compared to the quadrupole linear
ion trap (QLT)-Orbitrap implementation, decreases the duration of ion injection and, by extension,
the overall duration of ion storage prior to mass analysis. As the duration of ion storage is
directly related to the extent of ion-molecular reactions that occur,™ this aspect also reduces the
potential effects of water remaining in the system (present in bath or carrier gases, adsorbed on
the manifold, etc.) by reducing injection times. Second, the substantial redesign of the bench-top
Orbitrap’s firmware into a modern, object-oriented codebase (using the Python language) permits
dramatically greater scan rates by multiplexing (or, pipelining) ion injection and mass analysis

338 Unlike with the nested scan cycle developed in our earlier work® to multiplex ion

times.
injection and mass analysis, the new design’s ability to “keep time” during mass analysis allows
for the scheduling of ion injection just prior to end of mass analysis, with injection times
determined through automatic gain control calculations that rely on predictive measures.” For
calculated injection times up to the length of the Orbitrap transient, the parallel accumulation of
ions and mass analysis means that ion injection has no effect on instrument duty cycle.
Additionally, scheduling ion injection just prior to the end of mass analysis again minimizes
overall duration of ion storage and thus, extent of water reactions. Third, modifications to the
Orbitrap analyzer, preamplifier detection circuit, and Orbitrap central electrode voltage result in

higher resolution at same transient length, or shorter mass analysis times at the same resolution.

The latter modification, an increased central electrode voltage (from 3.5 kV to 5 kV), itself yields
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20% greater resolution at the same transient length.”® The former modifications enable the
implementation of advanced signal processing (ASP) techniques, which utilize the phase
information present in the real component of the FT of a time-domain signal, in combination with
the magnitude spectrum, to increase resolution 1.8-2x at the same transient length™®. Taken
together, these advancements yield scan rates for the bench-top Orbitrap® and newer sister-
instrument, the bench-top quadrupole-Orbitrap,”® ~3-10x greater than were possible in our
GC/QLT-Orbitrap implementation.

Construction. GC/q-Orbitrap construction is detailed in the Experimental Procedures
section, but will be described in brief here. The GC/q-Orbitrap MS (Figure 4.1A) was
constructed from two component instruments, a bench-top Orbitrap LC/MS (dark red), mentioned
above, and a single-quadrupole GC/MS (grey). The component instruments were joined together
via a custom adapter manifold (light red). The single-quadrupole MS provided the hardware,
electronics, and firmware to interface to a gas chromatograph, to control the various components
of the combination electron ionization (EI)/chemical ionization (CI) source (except source lens 2,
vide infra), to regulate the introduction of calibration and reagent gases, and to permit the
exchange of EI or CI ion volumes through the single-quadrupole manifold’s probe interlock (not
illustrated in the figure). The transfer ion optics, lenses, and mass resolving quadrupole native to
the single-quadrupole MS were retained, albeit under control of the Orbitrap instrument’s
electronics and firmware, to provide transmission of ions from the source and isolation
capabilities. The adapter manifold was coupled at the distal end of the single-quadrupole’s
manifold, connecting the EI/CI source to the c-trap of the Orbitrap instrument via additional
transfer flatapoles and ion lenses. The displaced electron multiplier/conversion dynode (EM), of
the single-quadrupole MS, and HCD cell, of the Orbitrap instrument, were then relocated on the

opposite side of the c-trap to provide the possibility of an additional mass analysis modality, and
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MS/MS capabilities, respectively. Relocation of these devices to the opposite side of the c-trap
was made possible by removal of all ion optics associated with the atmospheric pressure inlet of
the Orbitrap instrument and closure of the inlet with custom flanges. Figure 4.1A labels each
component part, as well as indicates four pumping stages, two of which were added to service the
new adapter region (210 L/s) and the region housing the HCD cell (60 L/s). All devices from the
bent pre-quadrupole flatapole onward to the HCD cell, including lens 2 of the source, are
controlled directly by the Orbitrap instrument’s electronics and firmware. All other devices,
including the EM, are controlled by single-quadrupole’s electronics and firmware, and are set
through commands sent from the Orbitrap instrument to the single-quadrupole MS via a TCP link.
Optimization of ion gating. lons were initially gated within the EI/CI source using lens

2, as is done in the unmodified single-quadrupole instrument. The communication lag between
the single-quadrupole and Orbitrap MS (inherent to the TCP link) prevented use of the single-
quadrupole’s electronics to control any fast-switching devices, such as source lens 2, where
voltages rapidly change during the course of a scan. Thus, to ensure precise ion gating, source
lens 2 was rewired directly to the Orbitrap instrument’s pre-existing split-gate electronics. While
the split-gate electronics provided a precise ion gating waveform as measured by oscilloscope
(with mean slew rates of 2.75 and 0.92 V/us on the rising and falling edge of the gating
wavefunction, respectively, and only 10 ps deviation between set and actual ion injection times),
systematic investigation of the actual ion flux obtained per millisecond of ion injection indicated
substantial non-linearity in the flux obtained for short injection periods. That is, a 1 ms injection
duration repeated 10 times yielded less ion signal than a single 10 ms injection. Specifically, for
injection times of 100 ps, only 60-74% of the expected ion flux was observed at the detector

(Figure 4.2).
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To localize this phenomenon to the ion gating process, the effects of secondary ion gating
and of trapping of ions within the c-trap were first ruled-out. Using an oscilloscope, secondary
ion gates (i.e., those that “close” after the primary gate, source lens 2, closes) were found to
switch potential and settle long enough before/after the primary gate switched to rule out any
interaction of the secondary gates in the observed nonlinearities (3.0-3.8 ms and 2.2-5.0 ms on the
leading and falling edge of the primary gate pulse, respectively). To study the effect of c-trap
trapping, we engaged the EM installed at the far end of the HCD cell. Whether ions were passed
directly to EM without trapping in the c-trap, or trapped in the c-trap and then passed to the EM
for detection, the non-linearity observed at short injection times during normal operation persisted.
These results suggested that the method of ion gating was the likely culprit, with the hypothesis
being that ions remaining in the rather lengthy gating region (~10 mm) of source lens 2 were
being ejected, or otherwise “lost,” when the gate closed. As injection times decrease, the
proportion of ions residing in the gating region at any given time, relative to the total transmitted
population, increases. Thus, loss of the ions in the gating region when the gate closes has a
disproportional effect on measured signal if ion injection times are short, leading to the observed
non-linearity in ion flux at short injection times.

To help resolve this issue, a custom split lens device with a gating region of ~1.5 mm was
fabricated and installed between the post-quadrupole bent flatapole and the transfer flatapole, as
shown in Figure 4.1A. The split lens consists of two opposing semi-circular plate lenses, one of
which is held at a suitable voltage for ion transmission, while the other pulses between the same
transmission voltage (during ion injection) and an attractive deflection voltage (to end ion
injection by deflecting the ion beam). With this configuration, non-linearity in the actual ion flux
obtained at short injection times, relative to longer injection periods, decreased, albeit mass

dependently, such that the percent of expected transmission actually observed was ~90% or



130
greater for ion injection times above 100 ps (Figure 4.2). In other words, the use of the split lens
improved ion transmission at short injection times (100 ps) between 26.4-48.4% for ions ranging
between 69-414 Th, relative to ion gating with source lens 2.

A side-benefit of the previous analysis was the observation that most of the ion optic
elements in the instrument transmitted ions in a mass-dependent manner, as was observed with
the split lens above. These devices included the pre- and post-quadrupole bent flatapole DC
offsets, the pre- and post-quadrupole lenses, the quadrupole mass filter DC offset, the split lens,
and the transfer flatapole DC offset. As a result, the firmware was modified to set ion optic
voltages in a mass-dependent manner based on the first mass, in full-scan analysis, or the mean
mass, in SIM or MS/MS modes employing quadrupole isolation. Calibration procedures were
written to build calibration curves for each mass-dependent devices by ramping the DC offset in
question over a range of values for a wide-range of ions in the calibration spectrum. Typical DC
and RF set points for positive EI ion transmission are shown for each device in Figure 4.3.

Duty cycle optimization and reduction of ion-molecular reactions. While the main
benefits (e.g., high scan speed and automatic gain control (AGC)) of the scan cycle-related
advances implemented on the bench-top Orbitrap MS were realized without additional
modifications, the instrument scan cycle did require optimization to account for the increased
reactivity of ions produced by electron-based methods, compared to ions generated by
electrospray ionization in LC/MS. To motivate the discussion of the optimization process, the
scan modes available on the GC/q-Orbitrap need be explained. Four scan modes are possible;
three are depicted in Figure 4.1B, while the fourth, not shown, is fixed injection time scanning
(with AGC off). The dynamic scanning modes include: the standard “pre-scan” AGC mode (1)

where a dedicated, low resolution and short injection time pre-scan is acquired to determine the
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appropriate injection time for the current analytical scan, and two predictive AGC scan modes
utilizing the intensity observed in the ultimate (-1) or penultimate (-2) analytical scan to scale the
injection time for the current analytical scan. As illustrated in Figure 4.1B (not to scale), the
predictive AGC scan modes make use of the aforementioned injection time/mass analysis
pipelining to result in increased scan rates relative to the “pre-scan”-only scan mode. In practice,
both duty cycle and spectral quality are maximized by allowing the instrument to dynamically
select the appropriate scan mode based on a set of selection rules (Figure 4.1C-D). The selection
rules depend on the current speed of acquisition (as influenced by transient length/resolution, ion
target, and ion flux). At high acquisition rates, the penultimate mode is suitable since the
spectrum used for injection time prediction was acquired relatively recently, i.e. still relevant to
the current analysis. At lower acquisition rates, the ultimate or even pre-scan mode might be the
most suitable depending upon the relevance of the ultimate scan to the current analysis.

These predictive AGC modes (-1 and -2) were developed and optimized for LC-based
applications and have been successfully employed in the proteomics literature.”**>>’  When
implemented on the GC/q-Orbitrap, however, it was immediately apparent from spectra of the
common GC/MS calibration compound, perfluorotributylamine (FC-43), that ions were being
stored longer than expected based on their calculated injection times in the predictive scan modes.
Specifically, the relative abundances of two ions within the FC-43 spectrum, m/z 219 ([C4Fo]")
and its water reaction product (less 2HF), m/z 197 ([C4F;0]"), were found to be drastically
different between pre-scan (high m/z 219:197 ratio) and predictive AGC modes (low m/z 219:197
ratio) (Figure 4.1E, in red). Together, these two ions serve as a hydrometer for the measurement

of the level of background water vapor present in the system*™*

(Figure 4.4). However, since
the concentration of water vapor in the instrument, at any given time, can be considered to be

constant, the m/z 219:197 ratio change between scan modes can only suggest that the ions have
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longer to react with background water in the predictive modes, i.e. that the ions are being stored.
Careful accountancy of the duration of events in the predictive mode scan cycles revealed that ion
injection was occurring, during pipelining, an additional 28-31 ms prior to end of the mass
analysis; thus, ions were injected for the AGC-determined period and then stored in the c-trap for
~30 ms prior to injection into the Orbitrap. This additional time was added intentionally in the
design of the predictive AGC modes for LC-based instruments to ensure that all devices had
completely settled prior to injection of the stored ion packet into the Orbitrap. For the already
hydrated, often peptidic, analytes germane to LC/ESI-MS, this excess storage in the c-trap has no
effect on the ion population. Despite paying a slight penalty in duty cycle (~4.3 ms added per
scan), removal of this additional stabilization time was critical to reducing ion/molecule reactions
resulting from trapping in the c-trap and obtaining high quality spectra.

Scan rate and resolution. As shown in Figures 4.1C-D, the penalty incurred by
eliminating the stabilization period did not preclude achievement of the scan rates expected with
the bench-top Orbitrap MS. Scan rates of 13.6 Hz at 17,500 and 7.3 Hz at resolution 35,000 are
possible using a dynamically selected scan mode (“mixed”) and ASP. Additionally, use of ASP
permits the use of pipelined scans up to resolution 130,000 (512 ms transient) compared to only
resolution 60,000 (400 ms transient) without ASP. If one considers a scan rate of 4 Hz to be the
absolute minimum for practical application of this technology on GC-time scale, the GC/q-
Orbitrap is amenable to analyses requiring resolution up to 100,000 (4 Hz with “mixed” scan
mode and ASP). Compared to the previous GC/QLT-Orbitrap implementation, this amounts to a
5.7x increase in resolution available for analysis if at least a 4 Hz scan rate is required.

The acquisition rates of the GC/q-Orbitrap are comparable to those demonstrated in
commercial literature for recently introduced, high-resolution TOF and Q-TOF instrumentation

from LECO**® and Agilent***, respectively. In the LECO application notes, acquisition rates of
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2-3%%% 6% and 207 spectra/second were demonstrated for mass analysis resolutions between 25-
50,000 (relative to m/z 219). Similarly, for the Q-TOF instrument, acquisition rates averaged ~6
Hz in both MS and MS/MS modes at mass analysis resolutions between ~13-15,000 (relative to
m/z 272).** To our knowledge, no reports utilizing these instruments have been published within
the peer-reviewed domain.
Spectral figures-of-merit and quality. In addition to serving as a hydrometer, the FC-
43 calibration spectrum provides insight into several other figures-of-merit governing overall
spectral quality, as well as the basis for all calibration procedures (including, calibration of ion
transmission, mass accuracy, isotopomer distribution accuracy/analyzer injection parameters,
ASP, quadrupole isolation, and analyzer mass accuracy dependencies on c-trap RF amplitude,
resolution/transient length, and ion space charge) First, the single-scan FC-43 spectrum in
Figure 4.1E highlights the instrument’s typical mass accuracy and precision, demonstrating
externally calibrated mean mass errors of 0.24+1.04 ppm for 38 routinely-observed ions (error,s
=1.06 ppm). Second, routine 1-2 ms ion accumulation times at an ion target of 1E6 (i.e., for the
injection of 1E6 charges) indicates overall efficiency in the generation and transmission of ions.
Third, a full distribution of ions spanning the mass range from m/z 69-614 with significant
representation from fragile or reactive ions (m/z 219, vide supra, m/z 502, and m/z 614), attests to
the “gentleness” of the injection path, the absence of unexpected mass discrimination issues, and,
as mentioned previously, low-to-expected levels of background water vapor (a 3:1 ratio of m/z
219:197 is typical for GC-trapping instruments).
While these specifications are tailored to the FC-43 calibration spectrum, high quality
FC-43 calibration spectra also imply that spectra of compounds of analytical interest should share
in this quality. That is, spectra collected on an instrument that is calibrated to minimize

ion/molecule reactions, mass discrimination, and the harshness of ion transmission should
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similarly demonstrate little evidence of those adverse effects, to the benefit of spectral quality.
For GC/MS, however, one of the primary methods of chromatographic feature annotation is to
match experimental spectra against large reference databases of EI spectra’. As such, spectra
quality is, in practice, dictated by the extent of the match between experimental spectra and the
reference spectra. In Figure 4.5, experimental single-scan spectra of decafluorobiphenyl (panel
A) and hexachloroethane (panel B) are juxtaposed with unit-resolution reference spectra from the
NIST database’ (in red). Both experimental spectra faithfully reproduce the expected ions and
relative abundances present in the reference spectra with no obvious additional or missing ions.
The slight left-shift of the experimental spectrum relative to the reference spectrum is due to the
negative mass defect of halogenated compounds; in the library spectrum, negative, or positive,
mass defects are lost due to peak centroiding to the nearest nominal mass, and mass analysis with
unit-mass accuracy analyzers. The GC/q-Orbitrap spectra, on the other hand, possess a maximal
mass error of 1.46 ppm, allowing knowledge of the mass defect to be used in conjunction with
accurate mass to facilitate spectral annotation. For comparison with Chapter 3, Figure 4.6
compares experimental and NIST reference spectra for FC-43.

While, upon manual inspection, the spectra generated by the GC/q-Orbitrap generally
match their associated reference spectrum very well (as in Figure 4.5), incompatibility between
the collected Orbitrap data and the NIST matching algorithm, or the library search function
within Xcalibur Qual Browser, has, as yet, prevented successful automation of spectral matching.
For a reason that remains unresolved, during the library searching process, the most abundance
ions are deleted from or shifted to different m/z’s within the Orbitrap spectrum prior to match
score calculations against candidate reference spectra. This error thus prevents the matching
process from yielding any useable results. Future development of custom spectral matching

software tailored to these data should resolve this issue.
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Figure 4.6. Comparison of the GC/q-Orbitrap (black) and
NIST (red) FC-43 calibrant spectra. The NIST spectrum
was collected by a single-quadrupole instrument in which
water reactions (and thus the production of m/z 197) are
negligible.
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Quadrupole isolation. A quadrupole mass filter was included in GC/q-Orbitrap design

to boost instrument sensitivity in targeted and trace analyses. The quadrupole enables
experiments such as targeted SIM, targeted MS/MS, or data-dependent MS/MS. While both SIM
and MS/MS improve sensitivity for target analytes under high background conditions by
enhancing analyte signal-to-noise, the latter also facilitates target identification (targeted MS/MS)
and structural elucidation (targeted or untargeted MS/MS). For the purpose of enhancing S/N in
trace analyses, two competing processes must be reconciled. First, in order to accumulate ion
populations greater than the detection threshold of the analyzer, the target analyte must be
efficiently transmitted through the quadrupole, with wider isolation widths usually yielding
higher transmission efficiency. Second, in order to successfully exclude matrix background and
accumulate target ion populations of sufficient magnitude in the allotted time, tighter isolation
windows are indicated. In practice, a compromise must be reached between the two processes
based on the quadrupole device’s efficiency of target ion transmission. Transmission curves for
the GC/q-Orbitrap are plotted in Figure 4.7A for four stable ions from FC-43. Here, the percent
transmission relative to RF-only quadrupole transmission (q = 0.706) of each ion was measured
as a function of isolation width (from 50 Th, to the minimum width for the device, 0.4 Th). A
low ion target of 1ES charges was employed to prevent space-charge effects. At unit resolution
(1 Th isolation width, vertical dotted line), isolation transmission efficiency is between 35-75%
relative to RF only. While even higher transmission at smaller isolation widths is always desired,
given the specifications of this quadrupole, transmission was determined to be acceptable. Indeed,
in an analysis of 94 EPA 8270%-regulated semi-volatile organic compounds (5 ng on column and
an ion target of 1E6), transmission was found not fall off at the rate expected in Figure 4.7A. For
example, for the isolation of 4-chlorodiphenyl ether’s pseudomolecular ion (M + H]', 205.0415

Th, methane PCI) (Figure 4.7B), a 40% loss in transmission was expected as the isolation width
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Figure 4.7. (A) Quadrupole isolation transmission efficiency. Transmission relative to RF-only
(q = 0.706) operation is plotted for four stable FC-43 ions as a function of measured isolation
width using an AGC ion target of 1E5 charges, 17,500 resolution, and <100 ms injection times.
The black circles represent expected transmission for 4-chlorodiphenyl isolated from width 1 to
4 Th in panel B. (B) Isolation of the pseudomolecular ion of 4-chlrodiphenyl (m/z 205.0415) at
widths from 1 to 4 Th as part of a targeted SIM analysis of 94 compounds using methane PCI.
An ~40% loss in transmission from 4 to 1 Th was expected based on A. (C) Chromatographic
and spectral performance in an analysis of 1 pg octafluoronaphthalene (OFN) in 0-5% v/v diesel.
Chromatographic peak areas (denoted “A”) and spectral signal-to-noise demonstrate the ability
of high resolution/high mass accuracy to maintain performance even at 5% diesel. (D) Response
curves (peak area versus amount on column) for 6 of 94 compounds (neat) targeted by scheduled
SIM (3 Th) over 6 orders-of-magnitude. (E) Response curves for 6 of 94 compounds analyzed
in full scan mode over 6 orders-of-magnitude. Regression and linearity data for D and E are
available in Table 4.1.
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was decreased from 4 to 1 Th, yet no loss in signal was observed. In general, however, targeted
analyses are performed on samples containing high levels of chemical background in which the
target analyte is a very small percentage, not on pure standards as used to benchmark quadrupole
transmission efficiency above. Thus, in Figure 4.7C, 1 pg of octafluoronaphthalene (OFN) was
analyzed neat, as well as in increasingly complex diesel fuel matrices. In SIM mode with a 5 Th
isolation window around the molecular ion of OFN (m/z 272), 1 pg of OFN was detected at all
diesel concentrations with spectral S/N exceeding 1400 and 300 at 0% and 5% diesel (v/v),
respectively, despite chromatographic disturbances and numerous background ions present in the
isolation range at 5% (v/v) (see spectra at right). In other experiments where the mass filter was
not used (data not shown), no OFN (1 pg) could be detected in the presence of 1% (v/v) diesel.
While the quadrupole mass filter successfully eliminates matrix background falling outside of the
isolation window, it is the mass selectivity provided by high mass accuracy and high resolution
(here, 70,000) mass analysis that enables the differentiation of the ion of interest, with m/z
verified by high mass accuracy, from co-isolated, and therefore co-enriched, background.

Linear dynamic range and sensitivity. Again using the 94 compound EPA 8270 mix,
the achievable linearity, dynamic range, and sensitivity for analysis of these compounds were
assessed through replicate injections at amounts ranging from 5 fg to 5 ng, neat, on column. Both
full-scan and scheduled targeted-SIM analyses were performed. Figure 4.7D-E shows response
curves for 6 of the 94 component compounds. Linearity (as measured as the percent relative
standard deviation of response factors, i.e., area-under-the-curve normalized by concentration) is
enhanced in the targeted SIM analyses compared to the full-scan analyses, where peak areas are
underestimated at high concentrations. In the SIM data, the average %RSD of response factors (a
measure of both accuracy and precision) was 31.5%, and 26.5%, if the data for 5-10 fg in the 2,4-

dichlorophenol dataset were excluded. Linear regression of the data (a measure of precision)
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resulted in adjusted R” values greater than 0.99 in all cases, suggesting high correlation to a linear
model. Responses were typically detected down to 5-10 fg on column for chromatographically
well-behaved compounds. In the full-scan data, the average %RSD of response factors was 105%.
Linear regression analysis resulted in the adjusted R values, again, greater than 0.99, except for
N-nitrosodimethylamine (0.95). In contrast to the SIM data, compounds were typically detected
to the ~75-100 fg on column. These data reflect the benefit of quadrupole mass filtering (SIM) in
maintaining linearity over a wide dynamic range and extending detection limits. Summary
metrics for both datasets are presented in Table 4.1.

Isotopomer abundance accuracy. Second in importance only to accurate mass,
isotopomer abundances, peak shapes, and/or isotopic fine structure (at very high resolution) can
serve as important orthogonal filters for candidate elemental compositions for a particular m/z-
value. Typically, the ratio of the first isotopomer to the sum of the mono- and first isotopomers’’,
or the relative abundances of the first through third isotopomers'’, relative to theoretically
expected ratios or abundances, are used to assess isotopomer abundance accuracy. Using the
ratio-based method, in Figure 4.8A, isotopomer ratio errors for the 91 of the 94 EPA 8270
analytes are plotted as a function of monoisotopomer abundance, extracted at a tolerance of 5
ppm, for a full scan analysis of 5 ng on column at resolution 17,500. An average error of -2.77 +
4.96% was observed for all 91 compounds (error,,s = 5.65%). Only extracted monoisotopomer
peaks with areas less than 1E9 exhibited an isotopomer ratio error outside £5%. These results are
on par with data presented by Abate and colleagues.’”! For a set of 144 trimethylsilylated
metabolites analyzed by GC/TOF instrumentation, isotopomer ratio errors of 2.6 + 2.5% and 2.1
+ 2.6% for the M + 1/M and M + 2/M ratios from molecular and [M - CH;]" ions were obtained.
They likewise observed decreased isotopomer ratio accuracies for low abundance ions. It should

be noted, however, that Orbitrap isotopomer abundance accuracy is inversely related to mass
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analysis resolution. Thus, analyses using resolutions greater than the 17,500 used in this study
would likely exhibit lower isotopomer abundance accuracy. Our and other’s prior data indicate
that isotopomer distribution errors reach ~10% at resolution 100,000.***

These data indicate that the GC/q-Orbitrap, with the combination of very high mass
accuracy, high resolution, and isotopomer abundance errors that are on average less than 5%, will
be a powerful tool for the determination of unique elemental composition for mass spectral
features of interest. In the accompanying article,”' this hypothesis is borne out in the ability to
uniquely assign elemental compositions to over 80 putative Arabidopsis thaliana metabolites and
analysis artifacts. For that set of assignments, the distribution of mass and isotopomer abundance
errors are displayed in Figure 4.8B. Again, isotopomer abundance errors are on average less than
5%, with median errors less than 2.5%. Mass errors average about 2.5%.

Tools for structural characterization of unknowns. The previously discussed figures-
of-merit, while providing evidence that the GC/q-Orbitrap will excel in the assignment of
elemental composition to mass spectral features, and provide reasonable sensitivity for trace
analyses, do not address capabilities of the instrument for structural elucidation. Identification in
GC/MS requires comparison of retention time and fragmentation pattern against authentic,
preferably internal, reference standards. For a true unknown, a reasonable structural hypothesis is
required to guide the purchase and/or synthesis of potential reference standards. While El-based
full-scan spectra are typically rich with ions from which structural inferences can be made, this
process can be prohibitively difficult, especially for low-level analytes or analytes that co-elute
with other species. As such, alternative analysis modalities can be beneficial to elucidate
structure. Numerous such analysis tools have been implemented on the GC/q-Orbitrap
instrument, including alternative ionization types (positive or negative chemical ionization with

any reagent gas, e.g., methane, acetonitrile (ACN), isobutane, acetone, etc.), targeted-MS/MS
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(and targeted-SIM), and advanced data-dependent MS/MS capabilities. Figure 4.9 provides
examples of these analysis modes, and the accompanying article’ explores the use of advanced
data-dependent acquisition in detail.

Figure 4.10 presents a unifying example of how all of the aforementioned analysis
modalities can be used in concert to characterize an unknown, here an unknown fatty acid methyl
ester (FAME) produced from a bacterial source. The EI spectrum of the unknown in Figure
4.10A reveals that the unknown has a molecular ion mass of 310.28663 Th, corresponding to an
elemental formula of CyyH350,. While the EI spectrum is indistinguishable from the unknown’s
cyclic and monoenoic isobars, methyl methylene-octadecanoate (C18:1 CFA) and methyl
nonadecenoate (C19:1), the unknown elutes nearly 30 s prior to these isobars. From the
chromatogram of the sample (not shown), the unknown is found not to “run with” with any
expected FAME present in a bacterial acid methyl ester mix (a standard mix containing many of
the fatty acids synthesized by bacteria). The nearest chromatographic peak to the unknown is that
of octadecanoate (C18:0) (C 9H330,, [M]™ 298.28663 Th). Neither EI, nor methane PCI, were
found to yield any insights into the structure of the unknown, even with use of MS/MS following
isolation of the [M + H]" in methane PCI analyses.

Following hydrogenation of the bacterial FAME sample, however, the retention time of
the unknown was found to shift to higher m/z and yield the EI spectrum in Figure 4.10B. This
spectrum indicates that the unknown is monoenoic, as the molecular ion mass increased to
312.30228 Th, corresponding to the addition of 2 hydrogens for a hydrogenated composition of
CyH40O,. While again distinct in spectrum and retention time from to its saturated isobar,
nonadecanoate (C19:0), the EI spectrum of the hydrogenated unknown has characteristic
fragment ions that suggest a methyl branch at carbon 11.°”° This spectrum also matches well

with the reference spectrum of methyl 11-methyl-octadecanoate (11-methyl-C18:0). From this
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Figure 4.9. Analysis modes enabled on the GC/q-Orbitrap. (A) Examples of full scan spectra of
1,2-diphenylhydrazine (as azobenzene) in EI, methane PCI, and acetonitrile PCI and NCI modes.
(B) Scheduled targeted SIM (4.2 Th isolation width) analysis of 94 EPA 8270 compounds.
Extracted ion chromatograms for targeted ions present in the red region of the chromatogram are
shown on the bottom left. The SIM spectra for two co-eluting species, 3-nitroaniline at 13.63 min
and acenaphthene-d;, (in light and dark red, respectively), are shown on the bottom right. The
SIM spectrum for 3-nitroaniline is contaminated with a fragment of acenaphthene-d;o. (C)
Scheduled targeted MS/MS (4.2 Th isolation width) of 3-methylphenol in an analysis of 94 EPA
8270 compounds. The effect of increasing collision energy (from 10 to 150 eV) on the
distribution of fragment ions is shown.
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Figure 4.10. Identification of an
unknown fatty acid methyl ester. (A)
EI mass spectrum of the unknown. (B)
El mass spectrum of the unknown
following hydrogenation, indicating
that the unknown is monoenoic (2 Th
mass shift with hydrogenation), and
has a branched structure based on
characteristic fragments @ and b. The
proposed structure of the hydrogenated
unknown is depicted above. (B)
Acetonitrile PCI MS and MS/MS
spectra.  The MS spectrum shows
several molecular ion  adducts,
including [M+MIE]". The [M+MIE]"
ion was isolated and fragmented at 25
eV to generate the MS/MS spectrum.
The characteristic o and o ions localize
the double bond. The proposed
structure of the unknown is shown
above.
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information, the unknown is known to possess the general structure of methyl 11-methyl-
octadecenoate (11-methyl-C18:1), however the location of the double bond remains unknown.

To localize the double bond, a custom apparatus was set up on the GC/q-Orbitrap to
enable PCI with ACN as the reagent gas. In ACN PCI, the reactive species generated by
ionization of ACN, I- methyleneimino-1-ethyenylium (MIE) or H,C=N=C=CH,, covalently
adducts to the double bonds of unsaturated FAMEs to produce a distinct ion, corresponding to [M
+ MIE]’, in the MS spectrum. Isolation and collisional dissociation of the [M + MIE]" ion results
in diagnostic fragment ions that permit unambiguous localization of double bonds within the
FAME.®"** The ACN PCI MS spectrum, plotted in the top panel of Figure 4.10C, shows the [M
+ MIE]+ ion of the unknown at m/z 364.32101 with elemental composition, C,3H4,O,N. Targeted
MS/MS of this ion reveals diagnostic a and w ions that correspond to fragmentation allylic to the
double bond (plus a transferred proton). These ions successfully localize the double bond to
position 12. Thus, the structure of the unknown can be tentatively assigned as methyl 11-methyl-
12-octadecenoate (11-methyl-12-C18:1). While synthesis and side-by-side analysis of this
compound (pending) will be required to confirm this assignment, this vignette demonstrates,
through a combination of EI, ACN and methane PCI, full scan MS, SIM (not discussed), and
targeted MS/MS, the flexibility of the GC/q-Orbitrap to resolve intractable structural

characterization and identification challenges.

CONCLUSION

We have described the construction, optimization, and evaluation of a new addition to the
GC/MS field, the GC/quadrupole-Orbitrap. This applications-grade, bench-top instrument is the
first-ever applications-grade Orbitrap-based instrument dedicated for GC/MS. The

GC/quadrupole-Orbitrap robustly generates, transmits, manipulates, and detects EI/CI-generated
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ions supplied by a GC in four modes: full scan, SIM with quadrupole isolation, ‘all ion
fragmentation’-MS/MS with beam-type CAD in the HCD collision cell, and MS/MS with both
quadrupole isolation and beam-type CAD. With a dynamic, multiplexed ion injection and mass
analysis scheme with automatic gain control, this instrument boasts a 23 Hz (32 ms transient with
advanced signal processing (ASP)) or 11 Hz (without ASP) duty cycle at resolution 10,000 (at
m/z 200) and resolution 200,000 analysis at 1 Hz (with ASP) or 0.7 Hz (without ASP), all while
maintaining low-to-sub-ppm mass errors. Through optimization of scan cycle timing and water
sources in the system, ion-molecule reactions are present at levels below those of most GC-ion
trap instruments, and resulting spectra match well to reference library spectra. Use of the
quadrupole mass filter enables low-femtogram detection limits for common pollutants, with a
linear dynamic range spanning 6 orders-of-magnitude. Lastly, the high signal-to-noise, high mass
accuracy, and high resolution data generated by this instrument facilitates chemical formulae
annotation of unknown spectral features, and enables structural characterization through flexible
analysis modalities.

The GC/quadrupole-Orbitrap leaves much room for future development to enhance the
capabilities of the instrument for isolation, AGC, and scan speed. For instance, an upgrade of the
current mass quadrupole to a high resolution quadrupole rod set with true hyperbolic rods (as
opposed to round rods) will provide superior isolation resolution and transmission down to +0.1
Th isolation widths. Enabling and integrating the electrometer into the current AGC calculations
should improve the fidelity of ion injection calculations. And lastly, upgrade of the Orbitrap to
the high-field, 20 mm diameter (d20) inner-spindle, Orbitrap mass analyzer will, in combination
with advanced signal processing, permit a ~3.5x increase in duty cycle at the same resolution, or
significantly higher resolution at the same transient length. Ultra-high resolution (200,000) will

then be possible on a GC timescale, ~3.5 Hz with ASP, with fundamentally higher sensitivity.
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With the performance metrics of the current, and future, systems exceeding those of any
commercially-available GC/MS, the GC/q-Orbitrap has potential to increase the rate of success
for annotation and identification of unknowns in analysis of complex biological or environmental
samples. By enabling researchers in diverse fields to extract closer to the full story from their
GC/MS analyses, the GC/q-Orbitrap has promise to bridge the fundamental technology gap in

accurate mass and high resolution instrumentation that exists in small molecule analysis.
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CHAPTER 5

Development of a GC/quadrupole-Orbitrap Mass Spectrometer,
Part II: New Approaches for Unambiguous Elemental Composition Assignment

and Structural Characterization in Untargeted GC/MS-based Metabolomics

SUMMARY
Identification of unknown peaks in gas chromatography/mass spectrometry (GC/MS)-based
untargeted metabolomics remains an intractable issue. Identification of these peaks is necessary
to permit discovery of novel or unexpected metabolites that may elucidate disease processes
and/or further our understanding of how genotypes relate to phenotypes. Here, we introduce two
new technologies and an analytical workflow that can facilitate the identification of unknown
peaks. First, our newly-introduced GC/quadrupole-Orbitrap mass spectrometer provides high
mass accuracy, high resolution, and high sensitivity analysis on the fast-GC timescale. Second,
with an “intelligent” data-dependent algorithm, termed molecular-ion directed acquisition
(MIDA), implemented on this instrument, we maximize the information content generated from
unsupervised MS/MS and SIM by directing the mass spectrometer to target the ions of greatest
information content, that is, the most-intact ionic species. We combine these technologies with
BC- and ""N-metabolic labeling, multiple derivatization and ionization types, and heuristic
filtering of candidate elemental compositions to achieve: 1) structurally-rich MS/MS of intact ion
species for structural elucidation, 2) knowledge of carbon and nitrogen content for every ion in
MS and MS/MS spectra, 3) relative quantification between alternatively labeled samples, and 4)

unambiguous annotation of elemental composition for all queried features.
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INTRODUCTION

Broadly, the goal of metabolomics is to characterize, through identity and abundance, all
low-molecular-weight metabolites present in a biological system. As with other members of the
‘omics’ family, approaches for mass spectrometry (MS)-based metabolomics can be of two
varieties: targeted and untargeted (akin to the “shotgun” or “discovery” approaches of the
proteomics domain). Targeted approaches are geared toward obtaining absolute quantification of
a limited set of known metabolites against internal, authentic reference standards, which
simultaneously confirm endogenous metabolite identity. Untargeted approaches, however,
attempt comprehensive analysis of the metabolome through unbiased investigation into all
detected mass spectral features in a given analysis." Both the advantage and disadvantage of the
untargeted approach is the generation of data for metabolites previously unknown to the
experimenter and/or metabolomics community; if such data can be correctly interpreted, and the
identity of the originating metabolites determined, the prospect of discovering novel, or
unexpected, metabolites that can elucidate the link between genotype and phenotype, or provide
disease biomarkers, awaits.? Interpretation of these data, however, is anything but trivial, and
despite its centrality to the metabolomics experiment, spectral interpretation and identification
remain the most challenging aspects of the analysis.’

The challenges hampering spectral interpretation and identification in metabolomics are
manifold. First, the targets of a metabolomic analysis are often chemically indistinct from the
reagents used to prepare the metabolomic extract. As a result, many, and sometimes most,
detected mass spectral features are not of metabolic origin, but rather originate from the reagents,
side reactions, or contaminants associated with sample preparation, chemical noise, or sample
degradation occurring at some point in the experimental workflow.* 1In liquid chromatography

(LC)/MS-based metabolomics, for example, less than 10-20% of detected mass spectral features
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in a given analysis are thought to be of biological origin.’ Similarly, within the derivatization-
based gas chromatography (GC)/MS metabolic platform, multiple MS peaks per analyte, due in
part to incomplete derivatization, and multiple analytes per MS peak, due to degradation and side
reactions, further complicate matters;* thus, in a typical GC/MS study, only 5-15% of mass
spectral features can be assigned metabolomic identity.® Separating the features of interest from
those that are spurious is necessary not only to improve analytical depth’ and drive understanding
of the metabolome, but also to prevent erroneous biological conclusions based on non-metabolic
signals.* Second, every analyte that reaches the ionization source will further generate numerous
ionic species due to various processes (adduction, in-source fragmentation, rearrangements,

etC.lO’“

), as well as the its inherent isotopic structure. Depending on the ionization type and
chemical nature of the analyte, it can be challenging to group ions arising from the same analyte
and obtain accurate readouts of the mass, isotopomer abundances, and overall intensity in
congested spectra containing multiple co-eluting species.® And third, even for features of
metabolic origin with clean mass spectra, true unknowns and novel derivatives of known analytes
cannot be annotated via database searching. Rarely does the database searching approach provide

1215 g urthermore,

unique identification for even known metabolites present in the database.
without reliable MS peak annotation, the gold-standard of identification against an authentic
reference standard is not possible, and interpreting MS/MS fragmentation of a true unknown to
gain structural insight is a daunting, if not impossible task requiring a high level of expertise.

In vivo stable isotope incorporation techniques show promise in addressing many of these
challenges.” Stable isotope labeling (SIL), via metabolic, tagging, and dynamic exchange
approaches, has long been used by the proteomics community for structural elucidation and

quantification.'®"” Though only recently fully adopted by the metabolomics community, several

groups have used metabolic labeling with stable isotopes (generally, °C and "N) in untargeted,
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mostly LC/MS-based, studies.*'®*’ The SIL approach offers a means of discriminating between
true metabolite signals and the spurious background discussed above; true metabolites will show
paired mass spectral features, whereas background and contaminants will appear as singletons.
Furthermore, the m/z difference between all paired features denotes the number of carbons (or
nitrogens, etc.) present in the feature and, by extension, the metabolite. This information
facilitates elemental formula annotation by dramatically reducing the number of candidate
formulae possible for a given mass.”***  Additionally, if MS/MS is employed, spectral
interpretation and structural elucidation is greatly aided by at least partial knowledge of the
elemental formula of each fragment ion. Lastly, SIL provides an internal standard for every
metabolite to assess recovery,” and provide relative quantification.'®*'*> While these topics have
been well-studied within the LC/MS-based untargeted metabolomics domain in a wide-variety of
biological systems, to our knowledge only one group,”’” has utilized this technology to assist
identification in GC/MS-based applications. There are, however, several reports of stable isotope
labeling for the study of metabolic flux (“fluxomics™***) using GC/MS.***

Another strategy to reduce candidate elemental compositions is through filtering using a
set of heuristic rules developed by Kind and Fiehn."* The so-called Seven Golden Rules apply a
number of chemical rules (SENIOR, LEWIS, etc.), elemental ratios, and elemental probabilities,
and evaluate the accuracy of the experimental mass isotopomer abundance distribution.”® In
conjunction with a mass spectrometer having high mass and isotope ratio accuracy, these rules
allow assignment of the correct formula 98% of the time for compounds present in a database."
The Seven Golden Rules strategy is straightforward for LC/MS-based metabolomics studies,
where soft electrospray ionization (ESI) generally results in an abundant, intact pseudomolecular
ion (M + HJ]', [M + Na]’, [M + KJ', etc.). By contrast, most GC/MS-based studies utilize

electron ionization (EI) at -70 eV, a hard ionization technique, to make use of the immense EI
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spectral libraries available.” When annotating a true unknown, the use of standard EI can hinder
the calculation of an elemental composition by the above, or any other, method because
molecular ions are generally of very low abundance or absent altogether. In addition to various
techniques such as lower electron energies,'® high-mass range ion optics tuning,’* and cold-EI
using supersonic molecular beams,* pseudomolecular and/or nearly intact ions can be enhanced

10,11

through softer ionization types, like methane or ammonia chemical ionization (CI), and

through use of alternatives to trimethylsilyl (TMS) derivatization.'*~*

While some metabolites can be analyzed by GC/MS without derivatization (such as those
contained in plant essential oils’” or other volatile organic compounds™), the vast majority of
metabolites require derivatization prior to GC/MS to enhance their volatility, reduce the polarity

of their functional groups, and improve their chromatographic separation.’*'

Silylation is, by
far, the most popular method of metabolite derivatization, with TMS derivatization by N-Methyl-
N-(trimethylsilyl)trifluoroacetamide (MSTFA) the most oft-employed.”’ One alternative, fert-
butyldimethylsilyl (fBDMS) derivatization, has become increasingly popular for the purpose of
structural elucidation, due to EI spectra that are dominated in the high-m/z range by abundant [M

15,36,39,42

- t-butyl]” ions (resulting from preferred loss of the /BDMS ¢-butyl moiety). Numerous

groups have demonstrated the comprehensive profiling of BDMS-derivatized metabolites,

. - - - . 15,3643
including uncommon ones, with use of unit-resolution mass spectrometers. >

Using softer
ionization, such as methane or ammonia positive CI (PCI), both TMS- and tBDMS-derivatized
compounds produce relatively high abundance pseudo-molecular [M + H]" ions compared to EI
at -70 eV,*** in addition to the aforementioned [M - t-butyl]” ion (for fBDMS), [M - CH;]", and

chemical ionization adducts.'"*

While CI can show biases against certain analyte classes,
depending on the reagent gas used,'" in general, the resulting pattern of intact, or nearly intact ion

species can greatly improve identification of intact analyte masses, MS feature annotation, and
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structural elucidation of unknowns through strategies such as Seven Golden Rules and
MS/MS. "+

In this report, we introduce two new technologies that hold promise to further facilitate
unambiguous assignment of elemental composition in untargeted, GC/MS-based metabolomic
analyses. The first, our newly-introduced GC/quadrupole-Orbitrap mass spectrometer (see
accompanying article’®), enables highly flexible GC/MS analysis with high mass accuracy,
resolution, sensitivity, and scan speed. The second, an “intelligent” data-dependent acquisition
paradigm for untargeted metabolomics, termed “molecular-ion directed acquisition” or MIDA,
maximizes the information content arising from data-dependent MS/MS and SIM by directing the
instrument to sample the ions of greatest information content. Using polar metabolites from
Arabidopsis thaliana extracts as a model system, we combine these technologies with *C- and
N-in vivo metabolic labeling to enable MS and MS/MS-level annotation and relative
quantification, the use of multiple derivatization and ionization conditions, and heuristic rules-
based filtering of molecular formulae. We demonstrate the unsupervised, consistent acquisition
of structurally-rich MS/MS for intact ion species from nearly all MS features over multiple
analyses, knowledge of the carbon and nitrogen content in all MS and MS/MS peaks, and finally,

unambiguous assignment of elemental compositions for all queried features.

EXPERIMENTAL PROCEDURES

Reagents. Unless otherwise specified, all reagents were purchased from Sigma-Aldrich
(St. Louis, MO). Methanol and water (Optima LC/MS grade) and pyridine (GC grade) were
purchased from Fisher Scientific (Fair Lawn, NJ). All compressed gases (methane, helium, and

nitrogen) were ultra-high purity grade and purchased from Airgas (Madison, WI).



164

Stable isotope metabolic labeling, plant growth, and tissue harvest. Stable isotope-
labeled growth media variants were prepared by adding the following, per liter, to 1X Murashige
and Skoog M059 solution: 1.5mL 1 M CaCl,, 0.75 mL 1 M MgSO,, 0.825 g NH4;NO;, 0.96 g
KNO;, 0.5 g MES, and 10 g D-glucose. For SN-labeled plants, NH;NO; and KNO; were
substituted with *’NH,'*’NO; and K'°NO;. For “C-labeled plants, D-glucose was substituted with
BC-labeled D-glucose. For "*N/"C-labeled plants, both substitutions were made. Stable isotope-
labeled salts and D-glucose were obtained from Cambridge Isotope Laboratories (Andover, MA).

Wild-type Arabidopsis thaliana Columbia seeds (Lehle Seeds) were grown in liquid
culture. Briefly, 30 mg of sterilized seeds were added to autoclaved, cooled medium in magenta
cubes (Nalgene, Rochester, NY), and stratified in the dark at 4 °C for 48 h, after which the
magenta cubes were placed at RT under continuous light, shaking at 100 rpm, for 12 d.

Tissue was harvested by removing the plant tissue from the magenta cube with forceps,
spinning vigorously for 5 s, flash freezing in liquid nitrogen, and macerating in a pre-frozen
mortar and pestle. The tissue powders (‘*C'*N, *C"°N, “C"N, and “C"’N) were immediately
collected in separate, pre-frozen 50 mL conical tubes and stored at -80 °C.

Extract preparation and derivatization. Aliquots of ~250-350 mg homogenized
powder were extracted as detailed by Fiehn.*” Briefly, each aliquot of macerate was combined
with cold, degassed extraction solution (CHCl;/CH;0H/H,0, 1:2.5:1 v/v/v), and 200 ng each of
internal standards glycerol-dg (Isotec, Miamisburg, OH), benzoic-ds acid (Isotec), DL-alanine-
2,3,3,3-ds, and glycine-">C,. The samples were incubated with agitation at 4 °C, followed by
sonication in ice. Solids were pelleted by centrifugation, and the supernatant was extracted with
H,0. The aqueous polar and organic lipophilic phases were separated by centrifugation. The
upper polar phase was dried under reduced pressure, and subsequently subjected to

methoxyamination (20 mg/mL O-methoxyamine HCI in pyridine, 90 min, 30 °C) and silylation
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with either N-(¢-butyldimethylsilyl)-N-methyltrifluoroacetamide (MTBSTFA + 1% TBDMCS; 30
min, 70 °C) or N-Methyl-N-(trimethylsilyl) trifluoroacetamide (MSTFA 1% TMCS; 30 min,
37 °C) (Thermo Scientific, Bellafonte, PA). Samples were incubated for 2 h at RT prior to
GC/MS analysis.

For relative quantitation studies, *C'*N and "“C'"*N samples were first mixed in a 1:1
(v/v) ratio to assess the overall concentration difference between the two samples. Using this
information, the samples were mixed again in a concentration-adjusted 1:1 ratio. Serial dilutions
of the *C'*N sample into the '>*C'*N sample were performed from the 1:1 mix to generate 1:2, 1:5,
1:10, and 1:20 "C"*N:"*C"*N mixes.

Gas chromatography. All GC/MS experiments were performed on a Trace Ultra gas
chromatograph (Thermo Electron, Milan, Italy) equipped with a CTC Analytics PAL autosampler
(Zwingen, Switzerland). Samples (1 pL) were injected via the hot-needle technique at a split
ratio of 1:20, 1:50, or 1:100, and injector temperature of 230 °C. Compounds were separated on a
30 m x 0.25 mm (ID) x 0.25 pm (df) Crossbond 5% diphenyl/95% dimethyl polysiloxane column
(Restek Rxi-5Sil MS, Bellefonte, PA) with helium carrier gas (1 mL/min) using one of the
following oven programs: (1) 5 min isothermal at 50 °C, 80 °C/min to 80 °C, 10 °C/min to
275 °C, 80 °C/min to 320 °C, and 10 min isothermal at 320 °C; or (2) 5 min isothermal at 70 °C,
5 °C/min to 320 °C, and 5 min isothermal at 320 °C. The gas chromatograph was interfaced to
the source of the mass spectrometer (vide infra) via a transfer line held at 250 °C.

Mass spectrometry. All experiments were performed on a GC/quadrupole-Orbitrap
mass spectrometer developed in-house through collaboration with Thermo Fisher Scientific
(Bremen, Germany). The design, construction, and characterization of this instrument are
described in detail in the accompanying article®®. Briefly, a standalone Orbitrap MS (Exactive,

Thermo Fisher Scientific) was coupled to a single-quadrupole GC/MS (DSQ II) through a custom
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adapter manifold mounted in place of the Orbitrap instrument’s HCD collision cell, connecting
the DSQ’s quadrupole to the Orbitrap’s c-trap via two flatapoles and added split lens for ion
gating. The atmospheric pressure inlet and associated ion optics of the Orbitrap MS were
removed, and the HCD cell and DSQ detector setup, consisting of a conversion dynode and
electron multiplier, were fitted on the opposite side of the c-trap. Instrument firmware (based on
Thermo Q Exactive firmware version 2.0 Build 146201) and electronics were subsequently
extensively modified to permit simultaneous control of both component instruments via a single
data system.

The GC/quadrupole-Orbitrap’s ionization source was configured for either electron
ionization (EI) or methane positive chemical ionization (PCI) (electron energy -70 eV, source
temperature 200 °C, 2 mL/min methane reagent gas, when applicable). Unless otherwise noted,
full scan MS mass spectra were acquired at a resolution (m/Am) of 17,500 (relative to m/z 200),
an automatic gain control (AGC) target of 500,000 charges, maximum injection time of 100 ms,
and scan range of 70-850 Th. The instrument was routinely tuned and calibrated using FC-43
calibration gas supplied through a calibration gas module. Mass accuracy was checked, and
calibrated if necessary, approximately every 24 h.

Molecular-ion directed acquisition (MIDA). The quadrupole-Orbitrap’s Python-based
firmware was further modified to enable MIDA (pseudocode available in Appendix 8.1). Prior
to an experiment, the algorithm was informed of the ionization type in use (methane PCI or EI),
the sample derivatization reagent employed (MSTFA or MTBSTFA), the mass tolerance to be
used by the algorithm in parts-per-million (ppm), the minimum signal-to-noise of mass spectral
peaks to be considered as the initial peak in a spectral pattern, the member of the pattern to
subsequently target by MS/MS or SIM, the number of targets per MS spectrum to subsequently

target, and the duration of time to exclude targets from MS/MS or SIM analysis. These
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parameters were accessible to the user via the status tree of the instrument’s Tune application.
Typical parameters employed for MIDA were as follows: mass tolerance of 10 ppm; minimum
S/N of 100; [M + H]" or [M - t-butyl]" target ion for methane PCI and EI, respectively; 1 target
per MS spectrum; and, no dynamic exclusion of targets (0 s exclusion). MS spectra were
acquired with the parameters listed in the previous section. MIDA MS/MS scans were acquired
with an isolation width of 5 Th, normalized collision energy of 25 eV, resolution of 17,500, AGC
target of 500,000 charges, maximum injection time of 100 ms, and scan range of 65-850 Th.
MIDA SIM scans used the same parameters as MS/MS scans except that the isolation width and
scan range were 20 Th in order to capture the entire isotopic envelope of interest. All other
method-specific parameters were taken from the associated instrument method file used for the
MS analysis.

Data analysis. Manual curation of chromatograms and mass spectra, isotopic
distribution simulations, and calculation of elemental compositions were performed with Xcalibur
Qual Browser 2.3.23 (Thermo Fisher Scientific) and an in-house developed application MetabID.
Unless otherwise indicated, a mass tolerance of 5 ppm was used. MetablD is the offline version
of the MIDA algorithm, written in C#/.NET in Visual Studio 2010 (Microsoft, Redmond, WA)
with the C# Mass Spectrometry Library (available at https://github.com/dbaileychess/CSMSL).
The program processes each spectrum in one, or a set of MS or MIDA MS/MS analyses, using
the same parameters as the online algorithm discussed above. Following processing, it displays
the top-scoring pattern match for each spectrum overlaid on an extracted chromatogram of
targeted ion intensities, as well as outputs the data in a tabular format. The data display permits
facile identification and exclusion of background ions picked for MS/MS, supplies a short-list of
potentially interesting spectra for manual annotation, and, when metabolically-labeled samples

are processed together, allows instantaneous assignment of the number of carbon and nitrogen
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present in each pattern target. MetablID also facilitates the assessment of the algorithm accuracy
rate for determining the correct target ion in a given spectrum by submitting a set of 100 high-
scoring spectra to the user for confirmation.

Candidate elemental compositions were generated within a mass tolerance of 5-10 ppm
using the element constraints, Cy.150Ho-15000-50N0-5050-50P0-50510-10, and subsequently filtered using
the Seven Golden Rules' program (available at http:/fiehnlab.ucdavis.edu/projects/
Seven Golden Rules/), which was modified for #-butyldimethylsilylated compounds, when
applicable. If batch mode of the Seven Golden Rules program was employed, neutralized masses
of interest were submitted along with their isotopomer abundances. The program automatically
calculated appropriate element constraints in the calculation of candidate compositions. The
isotopomer abundance error tolerance was set to 15% if all three isotopes were present and higher
if isotopes were not present. Filtering by the number of carbon and nitrogen present was
performed on the final list of candidates produced by the Seven Golden Rules program.

Relative quantification of C'*N:"*C"N samples was performed on the [M - t-butyl]"
(ED) or [M + H]/ [M - t-butyl]" (CI) isotopomer cluster(s) for 28 randomly selected compounds
using a “consensus spectrum” comprising the isotopomer intensities of each member of the
cluster averaged over the first half of the peak elution profile (to accommodate isotope swing™*).
The approximate contribution of each species to the isotopomer cluster was determined by the

method of least squares for over-determined systems.* Given the system,

Ax =b

Equation 5.1
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where 4 is an m x n matrix of theoretical isotopomer abundance distributions for n chemically-
distinct species present in the isotopomer cluster at m m/z values, and b is a m-dimensional matrix
of solutions (i.e., the experimentally measured abundance at each m/z value of the cluster). An

approximate solution is given by

x = (ATA)"1ATh

Equation 5.2

where x is an n-dimensional matrix of relative proportions of each species comprising the
experimental isotopomer cluster. 4" denotes the matrix transpose of the matrix 4. Since the
incorporation of "*C in the A. thaliana model was not 100%, every isotopomer cluster was
considered to contain species having 1 or 2 fewer "°C than the fully-incorporated species. The
contributions of these species were summed to produce the full contribution of the *C"*N sample
relative to the "*C'*N sample.

All software and data (as Thermo .raw files) referenced in the text will be publicly

available on our website (http://www.chem.wisc.edu/~coon/).

RESULTS AND DISCUSSION

Molecular-ion directed acquisition (MIDA). MIDA is an ‘intelligent,” data-dependent
acquisition (DDA) method for directing real-time tandem mass spectrometric events. In
traditional, intensity-based DDA, an intensity filter is used to determine the targets of subsequent
MS/MS scans.™® In GC/MS, where significant fragmentation occurs upon ionization (in both EI
and CJ), triggering MS/MS events based on the most-intense species in the spectrum often results

in the fragmentation of low-m/z, low-information content ions. As a result, most use of MS/MS
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in GC/MS analysis relies on targeted, scheduled methods, like selected reaction monitoring
(SRM), which are not amenable to untargeted “discovery” or profiling applications.” Thus, to
maximize the information content from untargeted MS/MS analysis and establish a “chain-of-
evidence” between a precursor and its fragment ions, necessary for the structural elucidation of
unknowns,” the instrument must be directed at preferred analytical targets, such as the
molecular/pseudomolecular ion, or otherwise most-intact ionic species, of each analyte.

The spectral processing algorithm employed by MIDA directs the instrument to these
ions by exploiting the expected adducts that form during the methane PCI ionization process, as
well as the characteristic fragmentation patterns of derivatization reagents commonly employed
in metabolomics studies. We have developed templates, collectively comprising the mass
differences resulting from fragmentation of, and adduction to, the molecular ion species, for the
following combinations of ionization and derivatization: 1) methane PCI with /BDMS
derivatization, 2) methane PCI with TMS derivatization, and 3) EI with tBDMS derivatization.
Shown in Figure 5.1A, members of each template have a set mass difference, as denoted by the
arrows, from a “template initiator” ion, the lowest m/z member of the template. To ensure the
specificity of the MIDA algorithm for its intended target, most members of a template must be
present for the template to be considered complete (denoted as solid lines). However, since the
particular chemistry of the analyte will dictate the presence of certain ions, some template
members are not required for a template to be considered complete (shown as dotted lines); this
ensures adequate sensitivity of the algorithm. Any required member of the template can be
targeted by the subsequent MS/MS analysis, as specified by the user. For the combination of
methane PCI and fBDMS, for example, the template is made up five ions, three required ions ([M
- C4Ho]’, [M - CHs]', and [M + H]"), and two optional species ([M + C,Hs]" and [M + C3Hs]").

The template initiator ion, [M - C4Hy]", and the [M - CH3]" (Am = 42.04695 Da) ion correspond
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Figure 5.1. Molecular-ion directed acquisition (MIDA). (A) Templates for each combination of
ionization and sample derivatization type. Mass differences between the template initiator ion
(left-most ion) and each template member are shown by black arrows. Required members of the
template are denoted by solid lines, optional members by dotted lines. For each
ionization/derivatization type, the associated template(s) are scanned over each scan to identify
the analyte species designated below. Any required member of a template can be isolated
MS/MS or SIM. (B) The MIDA process includes four steps: 1) acquisition of an MS scan; 2)
analysis of the MS spectrum using the appropriate template, and scoring of the matching
templates to identify the best scoring template (boxed in red); 3) acquisition of a MS/MS or SIM
scan on the target member of the highest scoring template, [M — t-butyl]” at m/z 417; and 4)
acquisition of further MS/MS or SIM scans in order of decreasing template match scores (not
shown), or acquisition of the next MS scan. (C) Section of a MIDA-MS/MS analysis showing
the MS profile (black), and full elution profiles of MS/MS scans (red) of the [M — ¢-butyl]" of
selected analytes. (D) Detail of the starred peak in C showing the MS profile (black) and MS/MS
profiles for the [M — t-butyl]” of two species (light and dark red). The inset shows the elapsed
time for MS/MS (light red), and MS (black) scans over the first analyte. The overall acquisition
rate is 8.1 Hz.
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to the loss of a #-butyl and methyl moiety, respectively, from the fBDMS groups derivatizing the
molecule. The remaining three ions result from proton transfer and adduct formation reactions

during methane PCI:

M + CHZ (or C,HY) - [M + H]* + CH, (or C,H,)

Equation 5.3

and

M + C,HZ (or C3HY) - [M + CyHs]* (or [M + C3Hs]h)

Equation 5.4

respectively, with mass differences, from the initiator, of 58.07825, 86.10955, and 98.10955 Da.
The two adduct ions can be of low abundance, or not present, depending on the overall abundance
of the analyte, and, thus, are optional in this template. The species to which each template
member corresponds for this and other templates are shown at the bottom of Figure 5.1A.

The steps of the MIDA process are explained by the example in Figure 5.1B. Prior to
the start of a GC/MS analysis, the user: 1) informs the instrument of the template in use by
specifying the ionization method and sample derivatization type (here, PCI and tBDMS); 2) sets
the member of the template to target (M - C4Ho]"); and, 3) establishes the mass error tolerance
(10 ppm) and S/N threshold (100) to enforce for matching the templates to the acquired MS
spectra. Following the acquisition of MS spectrum #6327 at 22.28 min (step 1), the on-board
instrument computer then scans the user-selected template over the MS spectrum (step 2). At

each potential “template initiator” ion with S/N greater than the S/N threshold of 100, the
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spectrum is queried for m/z values falling within 10 ppm of each member of the template. If all
required members of the template are found, a dot product-based score (explained below) is
calculated based on the m/z and intensity of each template member. In step 2, we see all of the
completed templates for MS spectrum #6327 stratified by score and m/z, with the highest-scoring
template (initiating with m/z 417) correctly corresponding to the [M - C4Ho]" through [M +
C;Hs]" ions of the current analyte (asparagine — 3TBS). In step 3, the instrument is then directed
to acquire MS/MS spectrum #6328 on the user-selected template member, ([M - C4Ho]"), of the
highest scoring template match, on m/z 417. The instrument then proceeds to target other
templates, in order of decreasing score, if multiple data-dependent events are specified, or
acquires the next MS spectrum, if there are not (step 4). Due to the time constraints of gas
chromatography, as well as its high separation efficiency, a single MS/MS event (top 1) without
any dynamic exclusion of previously selected ions was found to be both necessary and sufficient.
This process repeats throughout an analysis to yield MS and MS/MS data for nearly all eluting
analytes present in the sample. The section of a MIDA analysis shown in Figure 5.1C illustrates
that for each peak, the targeted ion of the template is profiled over the entirety of its elution (red
traces; n.b., only a selection of MS/MS traces are shown for clarity).

The algorithm to score the templates was empirically developed, and is based on a dot-
product of the m/z and intensity of each member of the template. Initially starting as a straight
dot-product score, it was heavily weighted in the m/z-domain to promote the selection of the
correct series of ions. The scores for templates utilizing methane PCI and EI are given by the

following equations (5.5, 5.6), respectively:
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Equation 5.6

where I; and M; are the S/N and m/z, respectively, of the ™ member of # total template members.
The EI score was weighted more heavily in the m/z-domain, and multiple templates were
developed (as seen in Figure 5.1A, all of which are scanned over each MS spectrum), because EI
spectra contain fewer ions that can direct the algorithm to the correct species in each spectrum.
For EI with /BDMS derivatization, the algorithm is generally targeted at the [M - C4Ho]" ion,
which is characteristically the most abundant ion in the high-m/z range of the spectrum (usually
>5% of base peak'®), using the presence of a [M - CH;]" ion and, occasionally, the molecular ion.
A template defined by two peaks does not provide high specificity within a spectrum, especially
with the rather common mass difference of 42 Da (C;Hg). Thus, to ensure accuracy, a greater
bias in the m/z-domain and additional templates with specificity to certain classes of analytes
were required.

To assess the accuracy of the algorithm, we employed a “crowd-sourcing” technique. An
offline version of the MIDA algorithm analyzed a MIDA analysis, post-acquisition, and
submitted a selection of approximately 100 spectra per analysis to the user to manually annotate
as correct or incorrect. For each template, two separate researchers graded three analyses and the

accuracy results were averaged. This approach to assessing accuracy was necessary because no
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“gold-standard,” other than manual annotation, exists for the analysis of these spectra in the
absence of library reference spectra. Using this technique, the MIDA algorithm had an accuracy
rate of 93.6% and 91.3% for BDMS derivatization with methane PCI and EI, respectively. The
accuracy rate fell slightly, to 88.3%, for TMS derivatization with methane PCI.

Another important consideration of any such “real-time” algorithm is the amount of
overhead or inter-scan time required to recall the previous mass spectrum, run the algorithm, and
report the results back to the instrument to set up the next scan. Given the fast time-scale of the
GC/MS analysis, lengthy calculations are contraindicated, and can result in missing the targets of
MS/MS analysis once determined, or missing the elution of analytes altogether. Using timing
statements embedded in the online algorithm and scan counting, we estimated the time required
for each stage of the MIDA process. If the time required to accumulate ions is ignored by forcing
1 ms injection times (a realistic situation only during high ion flux conditions when mass
analysis-injection time multiplexing (pipelining) is employed), MIDA (utilizing 17,500 resolution
for both MS and MS/MS scans) proceeds at a rate of 9.3 Hz (108 ms per scan), while regular
DDA is approximately 16% faster, proceeding at 11 Hz (91 ms per scan). As a point of reference,
MS-only acquisition runs at 13 Hz (77 ms), 16% and 28% faster than DDA and MIDA,
respectively.

The rather surprising time requirements of MIDA do not originate from the algorithm
itself, but from the process of recalling all of the peaks in previous MS spectrum following its
acquisition. Once the peaks are recalled, the analysis of the spectrum and setup of the subsequent
scan were found to take about 390 ps. Supporting this, if the MIDA algorithm was supplied with
a randomly generated spectrum produced in silico, MIDA proceeded at an increased rate of 10.3
Hz, thus, requiring only 6.7 ms longer per scan compared to regular DDA. We hypothesize that

the inefficiency of recalling peaks from the prior MS spectrum is due to the use of built-in
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software functions that pass information from the base firmware, where the spectrum resides, to
the software scripting level (Python), where the MIDA algorithm resides. During DDA based on
intensity, the function is called only once to pass information for the highest-intensity peak in an
intensity-ordered list. In MIDA, because every peak in the spectrum is required, this same
function has to be called for every peak in the spectrum (perhaps 1000 times for a complex
spectrum) in order of intensity before the collected peaks can be reordered by m/z for the MIDA
algorithm. Modification and optimization of the functions to pass spectral information tailored to
the needs of the MIDA algorithm (to, perhaps, pass spectral information in bulk) would likely be
a simple fix to this issue.

Despite the lengthier scan cycle of MIDA, relative to DDA, Figure 5.1D demonstrates
that the attainable duty cycle, even when ion accumulation times are factored in, is sufficient to
properly capture the elution profile of two close-eluting species (black), as well as sample both
analytes’ molecular ion species with MS/MS (light and dark red). In the inset, details of the scan
times and overall scan rates are given for the first, less intense, analyte (light red). Each MS/MS
scan averaged about 173 ms (about 65 ms of which were attributable to additional ion
accumulation time), while each MS scan averaged about 74 ms in length (ion accumulation times
greater than the length of the mass analysis were negligible in this case). Overall, this
corresponded to a duty cycle of 8.1 Hz. For the more abundant second analyte (dark red), the
time required for MIDA clearly decreases.

While “intelligent” data-dependent and decision tree-based acquisition methods have

been developed and utilized within the proteomics domain®*?

, no such methods relying on real-
time spectral analysis have been developed for small molecule analysis likely due to the great

chemical diversity encompassed therein. However, several methods for data-dependent

acquisition based on criteria other than intensity have been developed for small molecules
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(though only used on LC/MS instruments), including neutral loss-,”* mass defect-,”* and isotope
pattern-dependent acquisition.”®>® In the latter, which is most similar to the MIDA approach, the
instrument is directed to target for MS/MS ions having distinct, user-selected isotopic patterns
resulting from the presence of natural isotopes (Cl, Br, etc.) or incorporated stable-isotope labels
(°C, PN, *H, etc.). To the best of our knowledge, ions demonstrating the correct isotopic pattern
are simply selected in order of decreasing intensity. This has been used successfully to perform
data-dependent MS/MS on chlorine and bromine-containing drugs,”® and glutathione conjugates
containing *C-labels.’**” All of these methods are specific for certain classes of molecules (those
having chlorine or exhibiting a certain neutral loss, etc.), and cannot be applied in a generic
manner, which is required for untargeted metabolomics and a feature of MIDA. Additionally, all
of these methods are geared toward LC/MS applications where the use of soft ionization
generally results in the presence of intact precursor ions, which can be subsequently targeted for
MS/MS. Outside of the domain of peer-reviewed literature, one report exists where the pattern of
methane-PCI adduct ions was used to select pseudomolecular ions for MS/MS on an ion trap-
based GC/MS.”

MIDA with metabolic labeling for untargeted metabolomics and structural
elucidation. To assess the utility of MIDA in an untargeted, metabolomic profiling context, the
benefits of a high resolution and accurate mass instrument, the structural information gained by
intelligent acquisition of MS/MS spectra, and the advantages of metabolic labeling for assigning
elemental compositions were combined to study polar metabolites from Arabidopsis thaliana.
Identical polar fraction extracts of A. thaliana grown under four metabolic labeling conditions
were analyzed: natural abundance (‘*C'*N), "*C-enriched (*C"N), ""N-enriched ("*C"°N), and
both C- and "“N-enriched (*C'°N). Using both derivatization and ionization conditions,

samples were analyzed using MIDA-MS/MS or full-scan MS. Figure 5.2 depicts typical data
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acquired by this analysis strategy. MS spectra from either full-scan MS or MIDA-MS/MS
analysis immediately allow assignment of the number of nitrogens and carbons comprising the
underivatized molecule (Figure 5.2A). Using MIDA-MS/MS, in Figure 5.2B-C, the algorithm’s
recognition of fragmentation/adduction patterns, rather than specific m/z or intensity values,
permits the acquisition of MS/MS spectra of the [M - CH;]" of each differentially-labeled species
over its entire elution period in four separate runs. Comparison of these MS/MS spectra again
allows immediate assignment of the number of nitrogens and carbons present in each fragment
ion. This powerful information, along with high mass accuracy m/z measurements, substantially
reduces the number of potential elemental composition candidates for a given peak and facilitates
its structural characterization, as shown by the suggested structures for eight peaks in the
spectrum in Figure 5.2C.

With this set of spectral data in-hand for a given analyte, as well as isotopomer
abundance information for the ion targeted by MIDA-MS/MS, the workflow illustrated in Figure
5.3 was developed to generate unique elemental compositions assignments and tentative
identifications for each putative metabolite. Using the spectral data discussed above, a list of
candidate elemental compositions within +5 ppm of the MIDA-targeted ion was generated using
lax constraints on the number of carbon, nitrogen, oxygen, hydrogen, sulfur, phosphorus, and
silicon allowable in the candidate compounds. This initial list was filtered for the presence of
silicon (required given the sample preparation and the templates used by the MIDA algorithm),
and then subjected to further attrition by the Seven Golden Rules'* using a 15% isotopomer
abundance error (IAE) threshold. This set of heuristic filters for molecular formulae employs the
LEWIS and SENIOR chemical rules, accuracy of isotopomer abundance patterns, elemental
ratios (H/C and [N, O, P, SJ/C), elemental ratio probabilities, the presence of derivatizable

functional groups, and the presence of elemental formulae in the PubChem database



. 1.65E6
A |Mebutl gy e 1956 B mcHy
417.24293 145928856 5 o066 Ms/Ms
CN, N
[M+H]*
47531927
C4N2
TZC“N
1 L
L l-jl TZCISN /i \
13CI4N /
I [\
I 1 1 T I 1
400 440 480 520 2225 2230

/Z Time (min)

CH*«; _*H?k\um,tﬁ
b A

m/z 156 m/z286 m/z 302 [M-CH,}*
H H
S 1 ﬁ;"“ﬂ*fh
m/z116 m/z186 m/z 327 [M-OTBSJ*
156.12014 1.21E5
CN 1.02E5
286.16483 | | 302.19587
cN| | eN
272.18545
ON
258.16989 .
174.13065 N M-CH.J
CN 327.19168 459.28856
2
170.09930 | 186.09415 N, CN,
GN CN
116.05239 230.13898
CN C,N
220.11819 442.26122
CN . CN
204.10471 [M-OTBS]
CN 34322223
: C4N2
j l IJCMN
LAl
127715
T T N M
HCMN |
T T T T 1
100 200 300 400

m/z

179

Figure 5.2. Typical MIDA-MS/MS with
metabolic labeling data. (A) Partial MS
spectrum showing [M — t-butyl], [M —
CHi]", [M + HJ', and methane PCI adduct
ions (unlabeled) for asparagine — 3TBS
under 4 different metabolic labeling states.
Comparison of the m/z shifts of similar ions
between the 4 states allows assignment of the
number of carbons and nitrogens in each ion.
(B) Profiles of the MIDA- MS/MS of [M-
CH;]" over the entire elution profile of
asparagine — 3TBS for all 4 labeling states.
(C) MS/MS of asparagine — 3TBS [M-CH;]"
ion from all four labeling states. Comparison
of the m/z shifts of similar ions between the 4
spectra allows assignment of the number of
carbon and nitrogen in each fragment ion.
Above, structures proposed using the
knowledge of the number of carbons and
nitrogens are shown as red circles or red
letters, respectively, for 8 ions in the MS/MS
spectrum. The MS/MS spectrum confirms
the structure of asparagine — 3TBS.
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Figure 5.3. Workflow for spectral annotation
and structural confirmation. From top to
bottom, first, the ion type selected by MIDA
for MS/MS, the m/z, the abundance of the
first — third isotopomers, and the number of
carbons and nitrogens present are noted from
the MS spectrum. Candidate formulae are
then generated within +5 ppm tolerance of
the neutralized mass of the ion, and filtered
for Si to result in a list of 21 formulae (out of
41). Candidates are submitted for filtering
by the Seven Golden Rules with a 15%
isotopomer abundance error (IAE) threshold.
All 21 formulae meet the 15% threshold, 14
meet a 10% threshold, 7 at 5%, 3 at 2%, and
1 at 1%. All formulae meeting the 15%
threshold are made intact by addition of C4Hg
(shown in the second level under the
formulae meeting the 2% IAE threshold).
Silylation groups are removed from the intact
formulae, as shown in the third level under
the formulae meeting the 2% IAE threshold.
The de-silylated formulae are re-filtered by
the Seven Golden Rules. The 6 formulae
present in PubChem are further filtered by
the number of nitrogen and carbon present in
the analyte (4 carbons and 1 nitrogen) to
yield a single formula, C4H;NO,4, which is
confirmed using the MS/MS spectrum, and
tentatively identified as aspartate — 3TBS.
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(http://pubchem.ncbi.nlm.nih.gov/). The resultant list was filtered for compositions meeting the

15% IAE threshold, and then each elemental composition was adjusted to be fully intact. In other
words, using the example to the right of the workflow in Figure 5.3 where the spectral
information from a neutralized [M - C4Hs]" molecule (419.23 Da) was used to generate the initial
list of candidates, each remaining candidate with less than 15% IAE was made ‘intact’ by adding
C4Hg to each formula (to account for the loss of #-butyl, less one hydrogen which was already
added to neutralize the initial ion). Thus, the composition C;gH;NO,Si3 became C,,H49NO,Sis.
The intact candidates were then stripped of their /BDMS groups to reveal a list of native (but
possible methoxyaminated) molecules (Cy,H49NO4Si; with loss of 3 tBDMS became C,H;NOy).
After resubmission to the Seven Golden Rules (with a 100% IAE threshold), the remaining
elemental compositions that were present in the PubChem database were filtered by the number
of carbons and nitrogens known to be present from the spectral data. If no matching compounds
were found and methoxyamination was suspected (note, the =N-O-CH; moiety added by
methoxyamination did not contain °C or "N and, thus, was “invisible” by our metabolic labeling
method), the compounds were de-methoxyaminated by subtraction of NCH; and re-filtered for
nitrogen and carbon. The remaining candidate (or rarely, candidates) was (were) then confirmed
by annotation of the associated MS/MS data.

Using this strategy, we have made confident elemental composition assignments and
suggested plausible identifications for over 80 compounds, some of which we successfully
identified as artifacts of the analysis (e.g., hydroxylamine, and portions of the benzoic and
carbonic acid populations). Table 5.1 shows a selection of the identified compounds from
analyses using TMS derivatization and methane PCI. The mean mass error for annotated mass
spectral features was 2.4 ppm (¢ = 2.1 ppm, median = 2.5 ppm); the mean percent error for

isotopomer abundances (including, first, second, and third isotopomer abundance errors) was
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Table 5.1. Selected compounds tentatively identified by our workflow in methane PCI with
TMS derivatization analyses showing the reduction of candidates with each filtering step (see
Figure 5.3).

#by #Pub- #N Native Proposed

RT lon m/z #C #N MS/MS Mass Chem &#C Formula ID

8.15 [M-CH3]+ 174.05840 3 0 TRUE 1 1 1 C3H403 pyruvicacid

8.31 [M-CH3]+ 234.11611 nfa n/a TRUE 10 1 n/a H3NO hydroxylamine

8.93 [M-CH3]+ 218.10275 3 1 TRUE 2 1 1 C3H7NO2 alanine

933 [M+H]+ 235.08182 2 0 FALSE 9 2 1 C2H204 oxalicacid

938  [M+Hl+  176.07407 2 0 FALSE 3 0 1 C2H203 glyoxylicacid

945 [M-CH3]+ 220.08219 1 0 TRUE 2 0 1 CH203 carbonicacid
10.52 [M+H]+ 262.16547 5 1 TRUE 6 2 1 CSH11NO2 valine
10.85 [M-CH3]+ 189.08734 1 2 TRUE 5 3 1 CH4AN20 urea
1099 [M-CH3]+ 179.05241 7 0 TRUE 3 2 1 C7HE02 benzoicacid
11.22  [M-CH3]+ 262.14713 2 1 TRUE 4 2 1 C2H7NO ethanolamine
11.25 [M+H]+ 315.10260 0 0 TRUE 29 7 1 H304P phosphate
11.28 [M-CH3]+ 260.14987 6 1 TRUE 4 2 1 C6H13NO2 leucine
11.30  [M-CH3]+ 293.14190 3 0 TRUE 9 3 1 C3H803 glycerol
11.58 [M+H]+ 276.18144 6 1 TRUE 6 2 1 C6H13NO2 isoleucine
11.61 [M+H1+ 196.07900 6 1 FALSE 2 2 1 C6H5NO2 nicotinicacid
1164 [M-CH3]+ 244.11824 5 1 TRUE 3 1 1 C5HINO2 proline
11.70  [M-CH3]+ 245.06599 4 0 FALSE 7 2 1 C4H404 maleic acid
11.75 [M-CH3]+ 276.12620 2 1 TRUE 17 8 1 C2H5NO2 glycine
11.85 [M-CH3]+ 247.08178 4 0 TRUE 7 2 1 C4H604 succinicacid
1205 [M-CH3]+ 307.12089 3 0 TRUE 18 4 1 C3H604 glycericacid
1234  [M-CH3]+ 245.06572 4 0 TRUE 19 5 1 C4H404 fumaricacid
1245 [M-CH3]+ 306.13719 3 1 TRUE 10 3 1 C3H7NO3 serine
1279  [M-CH3]+ 320.15303 4 1 TRUE 13 3 1 C4HINO3 threonine
1361  [M-CH3]+ 320.15340 4 1 TRUE 27 7 1 C4HINO3 allothreonine
13.87 [M-CH3]+ 349.13159 5 0 FALSE 32 9 1 C5H805 citramalicacid
14.09 [M-CH3]+ 335.11585 4 0 TRUE 29 7 1 C4HeB05 malate
1436 [M-CH3]+ 267.08654 7 0 FALSE 10 1 1 C7H603 hydroxybenzoic acid
14.48 [M+H]+ 350.16327 4 1 TRUE 23 7 1 C4H7NO4 asparticacid
1450  [M+H]+ 27412904 5 1 TRUE 7 2 1 C5H7NO3 pyroglutamicacid
14.55 [M-CH3]+ 33215310 5 1 FALSE 15 4 1 C5HSNO3 hydroxyproline
1461 [M-CH3]+ 30415744 4 1 TRUE 21 7 1 C4HONO2 4-aminobutyricacid
1491  [M-CH3]+ 322.11348 3 1 FALSE 44 n 1 C3H7NO2S cysteine
1494 [M-CH3]+ 409.17171 4 0 FALSE 66 18 1 C4H805 threonicacid
15.62 [M-CH3]+ 333.18443 5 2 TRUE 14 5 1 C5H12N202 ornithine
1567 [M-CH3]+ 348.14728 5 1 TRUE 24 7 2 C5HONO4 glutamicacid
15.75 [M+H]+ 310.16485 9 1 TRUE 10 2 1 C9H11NO2 phenylalanine
16.23 [M-CH3]+ 333.14831 4 2 TRUE 20 7 1 C4H8N203 asparagine
1692 [M-CH3]+ 419.20368 5 2 TRUE 56 13 1 C5H10N203 glutamine
17.00 [M-CH3]+ 361.23460 4 2 FALSE 15 6 1 C4H12N2 putrescine
17.21 [M+H]+ 43616378 6 0 TRUE 189 1 1 C6HE07 2-oxalosuccinicacid
17.39  [M-CH3]+ 347.16298 5 2 TRUE 47 12 1 C5H10N203 glutamine
17.75 [M-CH3]+ 447.18690 7 0 FALSE 104 22 1 C7H1005 shikimic acid
17.85 [M-CH3]+ 46516041 6 0 TRUE 157 23 1 C6H807 citrate
17.92 [M-CH3]+ 358.18007 6 3 TRUE 17 6 1 C6H11N302 arginine [-NH3]
1814 [M-CH3]+ 42214991 6 0 TRUE 75 1 1 C6HBO7 2-(glycoloyloxy)succinicacid
18.45 [M+H]+ 22911627 10 2 FALSE 6 1 1 C10H8BN2 beta-indole-3-acetonitrile
18.53 [M-CH3]+ 431.17790 4 4 TRUE 86 19 1 C4AHEN403 allantoin
18.87 [M-CH3]+ 356.16388 6 3 FALSE 23 7 1 C6HIN302 histidine
18.92 [M+H]+ 363.23144 [} 2 FALSE 17 5 1 C6H14N202 lysine
19.09 [M-CH3]+ 38216870 9 1 TRUE 35 7 1 C9H11NO3 tyrosine
19.16 [M-CH3]+ 449.1659 6 0 TRUE 127 22 1 C6HBO6 ascorbic acid
1947 [M-CH3]+ 43518698 6 0 FALSE 90 19 1 C6H1005 1,6-anhydroglucose
20.54 [M+H]+ 613.30795 6 0 FALSE 384 45 1 C6H1206 inositol
2061  [M-CH3]+ 441.16231 5 4 FALSE 109 3 1 C5H4N403 uricacid
21.67 [M+H]+ 421.21588 11 2 TRUE 55 11 1 CTTH12N202 tryptophan
2192 [M-CH3]+ 353.12384 11 0 TRUE 41 9 1 C11H1205 sinapicacid
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2.9% (o = 2.9%, median = 1.7%) (Figure 5.4A). While isotopomer abundance accuracy suffered
for low abundance compounds, or when the ion used for annotation contained interference from
other ion species or chemical noise, mass errors were independent of abundance (Figure 5.4B).
While authentic reference standards for each of these putatively identified compounds would be
required for their confirmation, and for the identification of structural isomers, the metabolic
labeling approach concomitant with accurate mass measurements, adequate isotopic abundance
accuracy, and structural information from MS/MS spectra, leaves little room for ambiguity. In all
cases but three, knowledge of the number of nitrogens and carbons present in the parent molecule
permitted a unique result among compounds present in the PubChem database. In the first case,
the two remaining compositions for a derivatized [M - CH;]" ion at m/z 348.14728, containing 5
carbons and 1 nitrogen, were CsHoNO,, corresponding to amino acid glutamic acid, and CsHN,
corresponding to 2,4-pentadiynenitrile, a compound thought to be formed in the atmosphere of

Saturn’s moon Titan or in the interstellar medium.*

Occam’s razor, the MS/MS spectrum, and
the unlikelihood of 2,4-pentadiynenitrile’s derivatization with four TMS groups, make glutamic
acid the clear choice in this case of ambiguity. Similarity, in the second case (or, rather, set of
cases), analysis of several mass spectral features having a derivatized [M - CHs]" ion at m/z
554.26355 containing 6 carbons and no nitrogens resulted in two compositions remaining after
filtering, C¢H;,06 — 5 TMS, 1 MeOX (likely corresponding to several isomers of glucose) and
CsH40, — 6 TMS, 1 MeOX, of which only the former was chemically possible. The third case
was similarly unambiguous: C¢H0O4 — 3 TMS, an expected fragment of a di-/tri-saccharide,
following cleavage of the glycosidic bond, versus C¢H, — 4 TMS, which is not chemically
possible.

The success of the SIL strategy is mirrored by the results of the only other study utilizing

this technology to aid identification of unknown spectral features in GC/MS-based metabolomics.
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Figure 5.4. (A) Boxplots of mass error in parts-per-million and isotopomer
abundance error (IAE) in percent for all annotated mass spectral features (n
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average IAE for all isotopomers. (B) Relationship of mass error and IAE
with the spectral signal-to-noise (S/N) of the annotated feature. Mass
accuracy is independent of spectral S/N, while IAE increases for low S/N

features.
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Herebian and colleagues” studied the metabolome of Corynebacterium glutamicum, a species of
bacteria used for the industrial-scale production of glutamic acid,®’ through both *C and "N
metabolic labeling. Using this strategy, they were able to re-classify several compounds,
previously considered part of their C. glutamicum metabolite library, as artifacts introduced
during sample preparation. Additionally, several hitherto unidentified MS peaks were elucidated
using nitrogen and carbon counts, as well as knowledge of the number of methoximes and TMS
groups  present (via  further experiments with  d;-methoximes, do-TMS, and
ethyldimethylsilylation®). However, unlike in this study, where a unique elemental formula was
obtained in nearly all cases, Herebian et al. could not arrive at a unique result, or found no result,
in several cases. We believe that the use of high mass accuracy instrumentation and heuristic
filtering of candidate elemental compositions in this study were the features that enabled
unambiguous elemental formulae annotation.
Relative quantification via metabolic labeling and MIDA-SIM. Besides attempting to
catalog and annotate, with elemental composition and putative identifications, all components in a
given metabolomic extract, metabolomic studies are also concerned with identifying components

> In the absence of an

that differ in abundance between two or more biological conditions.”
authentic internal reference standard, this might be accomplished by comparing peak areas
between separate analyses of two biological conditions.** If the two conditions are differentially
metabolically labeled, however, samples can be mixed, analyzed simultaneously, and relative
quantitative information gathered for each analyte within the same analysis, while retaining the
enhanced ability to assign elemental composition using the knowledge of number of carbon and
nitrogens present in each peak. This strategy would obviate concerns of incomparability between

separate analyses due to variations in analysis conditions or instrument performance.

Additionally, such an approach permits relative quantification of numerous, natural-abundance
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samples against a common, metabolically labeled sample, enabling large-scale relative
quantification experiments.’

To establish feasibility of this approach for small molecule metabolites with GC/MS, the
BC'""N-labeled TBS-derivatized sample was serially diluted into the '*C'*N-labeled TBS-
derivatized sample at five different ratios (1:1, 2:1, 5:1, 10:1, and 20:1 12C14N:13C15N), and the
mixes analyzed with methane PCI and EI (initially, with full scan MS only). For approximately
28 compounds in each analysis, the '*C/"°C ion pair cluster, corresponding to the [M - C4H,]" of
each compound, was manually extracted. The method of least squares for over-determined
systems® was then employed to estimate the relative contribution of each species present in the
extracted ion cluster based on the theoretical isotopomer abundance distributions for each species
in isolation (Figure 5.5). In this study, it was not sufficient to simply use the peak heights of the
12C- and "*C- monoisotopic peaks for relative quantitation as has been previously reported.”’ Due
to the native metabolites (i.e., without the addition of TBS groups) under study having only
between 1 and 11 carbon atoms, incomplete incorporation of °C in the *C'*N-labeled sample,
and the nature of EI and Cl-based fragmentation, the obtained ion clusters for each pair were
greatly overlapped, and may have contained as many as 5 different species in EI and 6 different
species in CI.  As a result, the height of a given “*C'*N-monoisotopic peak might contain
contributions from ions less 1 or 2 hydrogens (mostly applicable in CI). Additionally, if very few
carbons are present in the native metabolite, the *C'*N isotopomer cluster might contain
contributions from the *C'*N-sample ions containing 1 or 2 "*C (due to incomplete incorporation).
Likewise, the height of the monoisotopic peak of the *C'*N sample always contains contributions
from [M - C4,Ho]" ions having incomplete incorporation of °C. In all cases, it was assumed that
[M - C4Ho]" ions with 1 and 2 unincorporated carbons were present in the *C'*N sample; the

contributions of these species were summed to arrive at the total *C"*N-[M - C4H,]" ion
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Figure 5.5. Process for determining the approximate contribution of each species in an
experimental isotopomer distribution by the method of least squares for over-determined systems.
(A) An experimental distribution containing 4 distinct species (n) has ions at 9 m/z values (m).
The abundance at each m/z makes up the m-dimensional solution matrix, . Each of the 4 species
has a theoretical abundance distribution given by their elemental formulaec. The theoretical
abundance of the n species at all m m/z values makes up the m x n-dimensional matrix 4. (B)
Equation relating the matrix of theoretical distributions for the 4 species and the matrix of
experimentally measured abundances at the 9 m/z values. The combination of these 4 theoretical
distributions in some proportion, denoted by the matrix x, yields the experimental distribution.
(C) The formula for the least squares approximation of the matrix x. Solving for x yields a matrix
describing the approximate contribution of each of the n species in the experimental cluster.
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contribution. On the other hand, [M - C4Hy] ions less 1 or 2 hydrogens were not considered part
of the '*C'*N [M - C4H,]" ion contribution. Once the [M - C4H,]" contribution for both samples
was established, we normalized the *C/">C ratio to the ratio obtained in the 1:1 mixture analysis
for that compound. The results of this experiment under EI full-scan conditions are shown in
black in Figure 5.6 (for CI full-scan data, see Figure 5.7).

It is important to note that, with complex isotopic clusters such as these, knowledge of
the elemental formula of the compound is critical to performing relative quantitation.
Determining the contribution of each species in the cluster requires that the theoretical
isotopomer abundance distribution is known, which in turn requires knowledge of the elemental
composition of the peak. Given that the '2C/"*C pair also serves to assist assignment of elemental
composition by signifying the number of carbons present in the analyte, the two samples act as
internal standards for each other (in the sense of aiding both identification and quantification).
We note that this approach is unlikely to have the accuracy or precision of identification or
quantification via an authentic internal reference standard due to the aforementioned problem of
incomplete incorporation. With this caveat, the data, while showing slight overestimation of
mixing ratios, especially at large dilution ratios (i.e., 20:1), provides sufficient accuracy and
reproducibility to detect and make reliable estimates of the relative abundance of analytes
between two samples.

One trend in these data is that the accuracy of relative quantitation decreases with lower
abundance analytes and as the dilution ratio increases (Figure 5.7), a well-known phenomenon in
relative quantification.”” Indeed, in an analogous experiment, Giavalisco and colleagues”
demonstrated slightly better quantitative accuracy and precision using LC/FT-ICR-MS-based
relative quantification of various ratios of mixed "“C'*N and “C"’N-labeled 4. thaliana extracts.

One explanation for this discrepancy, besides the obvious differences of instrumentation, is that
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the abundance of the pseudomolecular ion will have greater S/N when soft ionization techniques
(ESI) are employed, which will in turn yield better quantitative accuracy. One method of
increasing S/N is to selectively enrich the population of interest in the gas-phase via selected ion
monitoring (SIM). Using a wide 20 Th isolation window to capture the entire >C/"*C ion pair
cluster, we modified the MIDA algorithm to trigger a SIM scan on the algorithm-selected [M -
C4Ho]" ion, rather than perform MS/MS. We first quantified the S/N enhancement for isolated
ions relative to the preceding full scan, finding the average enhancement over ~116k
measurements to be 1.8-fold (= 3.4-fold). In accordance with our hypothesis, relative
quantification accuracy and precision also improved relative to full-scan quantification, as seen in
red in Figure 5.6. These data indicate that gas-phase enrichment through the untargeted MIDA-
SIM approach can improve relative quantification by reducing some of the quantification bias
resulting from insufficient analyte signal. Furthermore, incorporation of a MIDA-SIM scan into
the MIDA-MS/MS workflow described above ensures high quality data for both identification

and relative quantification purposes for nearly all analytes across multiple samples.

CONCLUSION

Due to the chemical diversity represented by the metabolome (compared to the polymeric
natures of the genome and proteome), unknown peak annotation and their subsequent structural
elucidation in untargeted GC/MS-based metabolomics remain intractable issues. According to
Fiehn, these gaps must be bridged through advances at all stages of the analysis if GC/MS is to
realize its full potential within the metabolomics toolbox.** Herein, we have detailed the
development and use of two such technologies and an analysis workflow that help to address this
need in a data-driven manner. Our newly-introduced GC/quadrupole-Orbitrap mass spectrometer

provides high resolution, high mass accuracy, and high sensitivity MS data that permit the
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reliable use of strict filters for candidate elemental formulac. Additionally, stable-isotope
labeling, in conjunction with our Molecular-ion Directed Acquisition (MIDA) approach for
MS/MS, guarantees not only information-rich MS/MS spectra for intact, or nearly-intact ionic
species, but also immediate readout of the number of carbons and nitrogens present in each
precursor and product ion species. Taken together, these data-driven approaches permitted
unambiguous assignment of elemental composition to all queried MS features in this study.
While we did not employ the standard methods of chromatographic deconvolution, retention
index correlation, and spectral database searching, our technology and analysis workflow are
complementary to all existing approaches and can be easily incorporated into any standard

workflow to further advance the tools available to the GC/MS-based metabolomics community.
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CHAPTER 6

Appendix to Chapter 2:
Parallel Reaction Monitoring for High Resolution and High Mass Accuracy

Quantitative, Targeted Proteomics

SUPPLEMENTAL RESULTS AND DISCUSSION
6.1. PRM parameter evaluation

To determine the optimal isolation parameters for PRM analyses, we performed triplicate
data-dependent MS analyses of a tryptic yeast digest using isolation widths ranging from +0.2 to
+1 Th on the QqOrbi (Figure 6.1). From these experiments, we elected to employ two isolation
conditions in our PRM characterization. The first isolation width, 0.2 Th, was utilized because
it represents the highest-achievable quadrupole isolation resolution (i.e., highest selectivity) on
the QqOrbi platform. The second isolation width, £1 Th, was selected since this isolation width
netted the greatest average number of peptide-spectrum matches (PSMs), was comparable with
1solation conditions down to £0.4 Th, and was similar to isolation conditions used for SRM on the
QqQ. In similar experiments, we determined AGC target values and maximum injection times
for PRM based upon the analysis conditions resulting in the greatest number of PSMs. The AGC
target value range examined for MS/MS scans spanned 1x10° to 1x10°; maximum injection times
were examined in the range of 30 to 250 ms. For our characterization of PRM, an MS/MS AGC

target of 2x10° and maximum injection time of 120 ms were selected.
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Figure 6.1. Average number of peptide-spectrum
matches for triplicate data-dependent (top 10) analysis
of a tryptic yeast digest at isolation widths from +0.2
to 1 Th. These data were used to determine the
optimum parameters for the characterization of PRM.
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6.2. Detection criteria for PRM and SRM.

Tables 6.1A-D catalog the maximum XSC scores measured for each replicate,
concentration, and PRM isolation width, as well as demonstrate some aspects of the data which
were taken into account in our data analysis. In several cases, especially in neat analyses, XSCs
at the lowest concentrations for a given peptide showed no noise (score of zero for the entirety of
the XSC) but the first detectable concentration did not meet the acceptance threshold. These non-
threshold meeting concentrations were accepted, along with the first threshold-meeting
concentration, and used in batch data comparisons (e.g., all neat versus all matrix-containing
data) but not in comparisons of individual experiments. Two peptides, TVFSSTQLcVLNDr
(#23) and SGWTcTQPGGr (#4), under matrix-containing conditions, had XSCs that exceeded
threshold at all 6 peptide concentrations (from 200 nM to 2 pM) but were only detected at the top
4-5 concentrations (200 nM to 200 pM or 20 pM, respectively) in the equivalent neat experiments.
These concentrations were excluded, despite exceeding the threshold, due the high likelihood that

they contained spurious signals from co-isolated peptide or matrix ions.

6.3. Empirical comparison of QqQ SRM and QqOrbi PRM.

As discussed in the Results and Discussion section on QqQ SRM measurement precision,
dynamic range, and linearity, we believe that neat SRM measurement precision is artificially
depressed due to the inability of the SRM detection criteria to exclude data skewed by small
amounts of chemical interference at the lowest detected concentrations (Chapter 2 Figure 2.7).
In the comparison with QqOrbi PRM, this supposition results in the unlikely situation of PRM
demonstrating similar measurement precision to SRM in the neat case, but being outperformed by
SRM in the matrix-containing case. We hypothesize, given appropriately-sensitive detection

criteria, that SRM would exhibit superior measurement precision in the neat case as well. To
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support this hypothesis, we extracted only the neat SRM data that had corresponding matrix-
containing measurements from the SRM dataset. This extracted set of neat SRM data is thus
truncated to the dynamic range quantified under matrix-containing conditions and therefore
excludes the problematic lower concentrations believed to be skewed by chemical noise.
Comparing this truncated neat SRM data to neat PRM data (after pairing by concentration and
peptide), we then found that neat SRM exhibits superior measurement precision compared to +0.2
Th neat PRM dataset, and to both PRM datasets when the data were not paired (Table 6.6B).
This analysis suggests that, if appropriately-sensitive SRM detection criteria are utilized, SRM
possesses measurement precision superior to PRM under both neat and matrix-containing

conditions.

6.4. QqOrbi SIM detection criteria.

Positive target peptide detection in SIM was based on the following criteria: the presence
of the monoisotopic mass of the intact target peptide in at least 2 of 3 replicates within 1 min of
expected retention time (based on the average retention time observed in 200 nM analyses;
Chapter 2 Figure 2.2), chromatographic signal-to-noise greater than 3, and mass error within
+10 ppm for all precursor-derived ions observed. We did not require the observation of isotopes
of the precursor or that isotopes, when present, were of the appropriate abundance relative to the
monoisotopic peak.

Figure 6.2A shows representative extracted ion chromatograms (XICs, £5 ppm) and
single-scan spectra for peptide SFEGTDYGk (#12) isolated at £2 Th under neat and matrix-
containing conditions. In the absence of matrix (left), this peptide is observed at all six
concentrations with very few interfering ions. At the lowest two concentrations, 20 and 2 pM,

nearby chemical interferences are easily resolved from the ions of interest due to the high
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resolution of the mass analysis. In the presence of matrix (right), the peptide is observed over a
considerably-reduced three orders-of-magnitude in concentration. While analytically, SIM is not
amenable to analysis of samples containing high levels of matrix, this expected result
demonstrates an important characteristic of high resolution and accurate mass MS data: the
combination of high mass accuracy and high resolution provides sufficient selectivity to make the
determination of the presence or absence of a target species nearly a binary event. In other words,
in many cases, a target species is either present and correctly identified, 1, or absent, 0, with
marginal, or possibly correct, cases (that is, between 0 and 1) occurring very rarely. This binary
property, a characteristic of PRM data as well, results in data that are easily processed via
automated detection algorithms. The paucity of co-isolated chemical noise falling within +5 ppm
of the target ion at the lowest three concentrations (2-200 pM) lies in stark contrast to the large
amount of chemical noise present if the same data were treated as having low mass accuracy with
mass measurements reliable to £250 ppm (Figure 6.2B). At low mass accuracy, the binary

quality of the data, as described above, is lost.

6.5. QqOrbi SIM measurement precision, dynamic range, and linearity.

As in our analysis of QqOrbi PRM in the main text, we assessed the effect of matrix and
isolation width on SIM measurement precision, dynamic range, and linearity. SIM measurement
precision, unlike PRM precision, was significantly lower in the presence of matrix than in its
absence (Table 6.2A). Similar to PRM however, SIM measurement precision was independent
of isolation width, but did show a significant dependence on target peptide concentration. The
SIM data exhibited two concentrations where significant deviations in precision were present: the
first, due exclusively to neat experiments at the lowest concentration studied, 2 pM, and the

second in the mid-concentration range due to the contribution of matrix-containing experiments,
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Figure 6.2. (A) Extracted SIM ion chromatograms (XIC, £5 ppm; 7-point boxcar smoothed) and
single-scan (unless otherwise noted) spectra for peptide SFEGTDYGk (#12) under neat (left)
and matrix-containing (right) conditions from 2 pM to 200 nM (corresponding to 2 amol to 200
fmol on column with 1 pL injected in every experiment). Target peptide-associated signals in
each spectrum are highlighted (in bold stroke). Black arrows in XICs indicate the retention time
at which the associated spectrum was acquired. In matrix-containing conditions from 2 pM to
200 pM, spectra shown are an average of 36 scans as designated by the ranged labeled in the
associated XIC. (B) Comparison of relative noise levels of high and low mass accuracy XICs
for peptide SFEGTDY Gk (#12) isolated at £2 Th under matrix-containing conditions from 2 pM
to 200 nM. Low resolution/mass accuracy XICs (£250 ppm, right) were generated from the
same data as the high resolution/mass accuracy XICs (£5 ppm, left) by simply changing the
extraction mass tolerance.
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which typically yielded results only at the top 3 concentrations (2, 20, and 200 nM) (Table 6.2B).
In conjunction with our PRM results, these results demonstrate that the precision of replicate SIM
measurements, compared to PRM on the same platform, is significantly adversely affected by
matrix interferences and low quantities of peptide loaded on column.

The quantified dynamic range observed in SIM experiments fell into two categories much
like measurement precision did above: a 10> dynamic range (42%) category arising almost
exclusively from matrix-containing experiments (93%), and a >10* dynamic range category
(46%) made up of only neat experiments. All measurements over a dynamic range of 10’
resulted from neat SIM experiments (Chapter 2 Figure 2.6). Matrix interferences resulted in a
~2.5 order-of-magnitude truncation in the quantifiable dynamic range (10"’ versus 10**, matrix
versus neat, for both isolations taken together). Furthermore, tighter isolation widths did not
mitigate the extent of sensitivity depression: the mean loss of sensitivity due to matrix
interferences at +1 Th was 2.5 versus 2.4 orders-of-magnitude at + 2 Th (Tables 6.3A-B). All
things being equal (i.e., comparing =1 Th isolation widths between SIM and PRM), in the
presence of matrix, PRM resulted in a significantly greater quantifiable dynamic range compared
to SIM (10> versus 10*°) and was significantly less susceptible to matrix effects (0.6 versus 2.5
orders-of-magnitude of lost sensitivity; Table 6.3B). Under neat conditions, however, PRM was
significantly less sensitive than SIM (10* versus 10*%).

In SIM experiments, like in PRM, the linearity of measurement response (accuracy) was
not significantly influenced by isolation width or the presence of matrix: mean %RSDs
employing =1 and +2 Th isolation widths, respectively, were 34.0 and 32.3%, neat, and 36.1 and
34.1%, matrix (Tables 6.4A-B). Linearity improved and significant trends based on presence of
matrix in SIM experiments emerged upon exclusion of the lowest detected concentration

(associated with lower measurement precision) from each experiment (Tables 6.4C-F).
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Calculation of adjusted %RSDs to account for the disparate concentration ranges quantified in
neat and matrix-containing SIM experiments revealed that, while linearity in PRM was
unaffected by the presence of matrix, the presence of matrix in SIM experiments had a
significantly detrimental effect on the linearity of measurement response: at =1 Th, 7.9% RSD
neat versus 17.5% RSD matrix, and at £2 Th, 8.6% RSD neat versus 17.2% RSD matrix (Tables
6.4G-H). Isolation width did not cause significant deviations in linearity using adjusted %RSDs.
Thus, in addition to yielding a greater quantifiable dynamic range and possessing superior
resistance to matrix effects, by this analysis, PRM is also correlated with greater measurement
accuracy/linearity in the presence of matrix interference compared to SIM.

The observation that SIM was more susceptible to matrix interference than PRM was
expected given the nature of the two methods and, to a lesser extent, the wider isolation widths
employed in SIM experiments (used to observe multiple isotopes from the target peptide). SIM,
much like SRM, results in spectra with information spanning only a narrow mass-to-charge range,
much less information than is generated in PRM. Thus, the presence of just one matrix ion in a
SIM spectrum can be much more detrimental to data interpretation than the presence of a high
level of matrix in a PRM spectrum, even with the high mass accuracy (<5 ppm mass error) and
moderately high mass resolution employed here (17500 at m/z 200). While a higher resolution
mass analysis might improve the selectivity of SIM by resolving matrix ions away from the ions
of interest (of course, at the high cost of decreased instrument duty cycle), PRM will likely
always produce superior results in the presence of matrix since the probability of matrix ions
interfering with all, or even the majority of, PRM product ion channels is much less than in a SIM
spectrum.

A potential concern of PRM is that it is less sensitive than SIM under neat/low

background conditions. Fundamentally, PRM, which requires ions to be transported slightly
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further (in a QqOrbi) and splits the available charge into numerous product ion channels, will
result in more ion losses and lower signal-to-noise spectra compared to SIM where the intact
species is analyzed directly. Despite this fundamental disadvantage, the dynamic range and
sensitivity of PRM can be tailored to a particular application through experiment-specific
optimization of AGC targets, maximum injection times, isolation widths, and, to a limited extent,

mass analysis resolution.

6.6. Empirical comparison of QqOrbi SIM and QqQ SRM.

As in our comparison of SRM and PRM, we only considered the fourteen peptides
analyzed in both datasets, paired by peptide and concentration, in our comparison of SIM and
SRM. Table 6.6C summarizes the results of the comparison of SIM and SRM dynamic range
and linearity. Under neat conditions, SIM, at both isolation widths, quantified over a wider
dynamic range and demonstrated greater measurement accuracy (using the adjusted %RSD
metric) than did SRM. However, under matrix conditions, SRM demonstrated greater linearity
compared to SIM due to high levels of matrix interference. Despite SIM’s susceptibility to
matrix interferences, however, SRM did not outperform SIM under matrix conditions with regard
to dynamic range: SIM quantified over a dynamic range of, on average, 10*° and 10" at +1 and
+2 Th, respectively — statistically no different from SRM. This result suggests that, when high
levels of matrix background are present, a single stage of isolation in combination with highly
resolved data (SIM) is statistically equivalent, in terms of sensitivity, to two stages of isolation,

dissociation, and low resolution mass analysis in combination (SRM).
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Table 6.2A. QqOrbi measurement precision by batch

category.
Mean Median
Category n %RSD  9%RSD
All data 810 15.0 7.8
All neat 484 13.5 6.4
All matrix 326 17.1 9.9
PRM neat 213 15.3 7.3
PRM matrix 179 14.1 9.2
SIM neat 271 12.2 6.1
SIM matrix 147 20.9 11.4
PRM +0.2 Th 181 16.8 8.7
PRM +£1Th 211 13.0 7.5
SIM £1Th 211 15.9 7.0
SIM +2Th 207 14.5 8.2
All PRM 392 14.7 8.2
All SIM 418 15.2 7.3

Welch’s t-test on log-transformed data

testing... Category 1 Category 2 p-value
Matrix All neat All matrix 2.98E-06
Matrix PRM neat PRM matrix 4.20E-01
Matrix SIM neat SIM matrix 4.91E-08
Isolation width  PRM £0.2Th ~ PRM £1Th 5.77E-02
Isolation width ~ SIM +£1Th SIM+2Th 8.73E-01
Experiment type All PRM All SIM 4.87E-01
Experimenttype PRM +1Th SIM+1Th 7.79E-01
Experiment type PRM neat SIM neat 1.91E-02

Experiment type

PRM matrix  SIM matrix 6.74E-03

Bold p-value signifies statistically significant comparison (a =
5E-02). Bold category signifies significantly greater
measurement precision.
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Table 6.2B. QqOrbi measurement precision by concentration.

Conc

Mean

One-way ANOVA p-values

(nM) %RSD sD with Bonferroni correction
All 0.002 30 315 175
0.02 72 176 195 '_@}
02 123 147 180 7302
2 187 170 226 ‘;:wr‘
20 198 117 205 Z0E0E — \ .
200 200 131 213 : =008 \
PRM 0.002 2 196 18
0.02 26 304 249
0.2 71 179 150 I -4E—10% ‘E -
50—\
2 93 110 13.1 oy, \
20 100 121 222 92E0 06! .
200 100 144 266 —ar— 1
SIM 0.002 28 323 17.9
002 46 104 103 — e
0.2 52 104 207 FT5E03Y
2.6E-07
2 94 230 279 ;:—‘1 s
20 98 112 187 2.0E—g32E - \
200 100 1 1.9 14.2 , : : 1.9E'07 I ‘I
PRM 0.002 n/a n/a n/a
Neat 0.02 22 324 244
0.2 4 171 174 S
2 47 108 17.1 156503 :
20 50 111 250 13605 :
200 50 147 230 =570 \
PRM 0.002 2 196 1.8
Matrix 0.02 4 196 282
0.2 27 193 103
2 46 112 73
20 50  13.1 192 ! — .
200 50 141 300 — =3
SIM 0.002 28 323 17.9
Neat 0.02 46 104 103
0.2 47 74 81 r T3E02 \
2 50 83 140 ‘;%T\
20 50 105 233 B7ET2 \ .
200 50 125 149 . ETI=0A 1
SIM ) 0.002 n/a n/a n/a
Matrix 0.02 nfa  n/a n/a
0.2 5 386 245
2 44 396 304
20 48 120 124 —iET
L adli o
200 50 112 135 . . B0} '
Conc (hM) 0002 002 0.2 2 20 200

Only p-values for significantly different comparsions shown (a = 5E-02). ANOVA
performed on log-vtransformed data.
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Table 6.2C. QqOrbi measurement precision by peptide.

. Mean Mean Mean
Peptide n %RSD 3P N orsp SP | N opsp SP
All Neat Matrix
1 33 80 79 20 78 92 13 82 58
2 31 119 110 19 97 100 12 154 119
3 20 392 237 10 415 260 10 369 224
4 35 87 113 19 66 102 16 112 123
5 32 117 89 18 139 84 14 89 91
6 29 126 101 19 143 119 10 94 43
7 26 773 524 14 805 519 12 736 549
8 33 123 118 20 100 111 13 158 123
9 27 119 120 17 144 143 10 77 44
10 33 164 191 21 119 112 12 243 269
11 3 105 98 22 105 106 14 107 89
12 34 139 209 21 128 190 13 156 244
13 34 147 137 21 138 117 13 162 168
14 33 145 137 20 129 148 13 170 121
15 34 116 139 21 86 81 13 163 195
16 33 123 128 | 20 97 92 13 162 166
17 34 118 142 21 108 151 13 135 132
18 34 150 148 21 148 174 13 152 99
19 36 93 145 20 60 86 16 133 191
20 36 115 146 22 84 145 14 164 140
21 35 107 100 19 61 55 16 162 114
22 34 152 233 21 94 108 13 245 338
23 34 123 178 | 19 139 201 15 103 148
24 32 144 169 20 150 203 12 135 95
25 32 108 160 19 100 163 13 119 16.1
One-way ANOVA with Bonferroni correction
. # Significant Significant

Category Peptide Com%arisons* Pgeptides

All 3 23/24 1-2,4-6,8-25

All 7 23/24 1-2,4-8,8-25

Neat 3 18/24 1-2,4,8,10-12,14-17,19-25

Neat 7 23/24 1-2,4-8,8-25

Matrix 3 6/24 1,4-5,9,23,25

Matrix 7 22/24 1-2,4-6,8-21,23-25

Only statististically significant comparisons (a = 5E-02) are listed; %RSD of the

listed peptide is significantl
measurement precision). A

k3

reater in all comparisons (decreased
VA performed on log-transformed data.

*Number of significant comparisons out of the total number of comparisons.
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Table 6.3A. QqOrbi dynamic range by batch category.

Category n Mean SD
All data 200 29 1.2
All neat 100 3.7 1.1
All matrix 100 2.2 0.7
PRM neat 50 3.0 0.8
PRM matrix 50 24 0.7
SIM neat 50 4.4 0.8
SIM matrix 50 1.9 0.6
PRM +0.2Th 50 2.4 0.7
PRM +1Th 50 3.0 0.8
SIM +1Th 50 3.2 1.4
SIM +2 Th 50 3.1 1.4
All PRM 100 2.7 0.8
All SIM 100 3.2 1.4
Welch’s t-test
testing... Category 1 Category2 p-value
Matrix All neat All matrix 1.19E-23
PRM neat PRM matrix 6.34E-04
SIM neat SIM matrix 1.17E-30
Isolation width  PRM +0.2Th PRM x1Th 7.41E-05
SIM£1Th SIM 2 Th 7.81E-01
Experiment type All PRM All SIM 4.81E-03
PRM +£1Th SIM£1Th 3.91E-01
PRM neat SIM neat 2.01E-14
PRM matrix  SIM matrix 2.88E-04

Bold p-value signifies statistically significant comparison (a =
5E-02). Bold category signifies significantly greater number

of concentration orders-of-magnitude quantified.
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Table 6.3B. QqOrbi depression of dynamic range by experimental

characteristics.

. 1-sample t-test
Category Comparison Mean SD (Ho: n=0)
PRM +0.2Th neat vs. matrix 040 0.58 2.01E-03
PRM +1Th neat vs. matrix 0.60 0.58 2.53E-05
SIM£1Th neat vs. matrix 252 1.00 5.02E-12
SIM£2Th neat vs. matrix 244 1.08 4.59E-11
PRM neat +1Th vs. £0.2Th 068 0.95 1.45E-03
PRM matrix 1Th vs. £02Th 048 0.51 8.75E-05
SIM neat +2Th vs. +1Th -0.12 0.33 8.30E-02
SIMmatrix  +2Th vs. #1Th -0.04 0.20 3.27E-01
Neat =1 Th PRM vs. SIM -1.20 0.58 2.31E-10
Matrix£1Th  PRM vs. SIM 072 0.94 7.79E-04

Welch'’s t-test

Category 1 Category 2 p-value
PRM +1Th (neat vs. matrix)  SIM #1 Th (neat vs. matrix) 4.59E-10
PRM +0.2 Th (neat vs. matrix) PRM +1 Th (neat vs. matrix) 2.27E-01
SIM 1 Th (neat vs. matrix) SIM £2 Th (neat vs. matrix) 7.88E-01

Bold p-value signifies statistically significant comparison (a = 5E-02).
Bold category signifies significantly greater number of concentration

orders-of-magnitude quantified.
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Table 6.4A. QqOrbi measurement accuracy by batch

category.
Mean
Category n %RSD SD
All data 214 34.6 20.1
All neat 115 353 18.1
All matrix 99 33.7 224
PRM neat 65 36.9 20.6
PRM matrix 51 323 225
SIM neat 50 33.3 14.0
SIM matrix 48 35.2 223
PRM +0.2Th 57 35.1 20.1
PRM +1Th 59 34.6 229
SIM +1Th 49 35.1 17.3
SIM +2 Th 49 334 19.8
All PRM 116 349 215
All SIM 98 34.2 18.5

Welch’s t-test on log-transformed data

testing... Category 1 Category2 p-value
Matrix All neat All matrix 7.99E-02
PRM neat PRM matrix 9.71E-02
SIM neat SIM matrix 4.42E-01
Isolation width  PRM +0.2Th  PRM +1Th 8.33E-01
SIM£1Th SIM 2 Th 3.72E-01
Experiment type All PRM All SIM 8.82E-01
PRM +1Th SIM£1Th 4.89E-01
PRM neat SIM neat 7.28E-01
PRM matrix SIM matrix 5.87E-01

Bold p-value signifies statistically significant comparison (a =

5E-02). Bold category signifies significantly greater linearity

(lower %RSD).
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Table 6.4B. QqOrbi measurement accuracy by individual

experiment.
Mean
Category n %RSD SD
Neat PRM £0.2 Th 32 37.1 16.6
Neat PRM £1Th 35 36.4 234
Neat SIM+1Th 26 34.0 12.0
Neat SIM +2Th 26 323 15.5
Matrix PRM £0.2 Th 28 35.7 27.7
Matrix PRM £1Th 28 34.2 25.0
Matrix SIM +1 Th 25 36.1 21.1
Matrix SIM +2 Th 25 34.1 23.0
Welch’s t-test on log-transformed data
testing... Category 1 Category 2 p-value
Matrix Neat PRM £0.2Th  Matrix PRM £0.2Th  2.75E-01
Neat PRM =1 Th Matrix PRM +1Th 5.24E-01
Neat SIM +1Th Matrix SIM =1 Th 6.25E-01
Neat SIM +2 Th Matrix SIM +2 Th 5.70E-01
Isolation width Neat PRM+0.2Th  NeatPRM +1Th 5.85E-01

Neat SIM =1 Th Neat SIM 2 Th 3.86E-01
Matrix PRM +0.2 Th Matrix PRM 1 Th 9.49E-01
Matrix SIM £1 Th Matrix SIM £2 Th 5.59E-01
Experiment type Neat PRM £1Th Neat SIM £1 Th 6.81E-01
Matrix PRM+1Th  Matrix SIM +1Th 6.66E-01

Bold p-value signifies statistically significant comparison (a = 5E-02). Bold
category signifies significantly greater linearity (lower %RSD).




Table 6.4C. QqOrbi measurement accuracy by batch

category, excluding lowest detected concentration.

Mean
Category n %RSD SD
All data 203 21.2 16.7
All neat 112 264 17.0
All matrix 91 14.8 13.9
PRM neat 62 23.2 16.8
PRM matrix 47 12.0 8.8
SIM neat 50 30.3 16.6
SIM matrix 44 17.8 17.5
PRM +0.2Th 54 18.3 11.6
PRM +1Th 55 184 17.7
SIM +1Th 47 244 15.8
SIM +2 Th 47 24.6 20.3
All PRM 109 18.3 149
All SIM 94 245 18.1
Welch’s t-test on log-transformed data
testing... Category 1 Category2 p-value
Matrix All neat All matrix 6.45E-13
PRM neat PRM matrix  6.49E-08
SIM neat SIM matrix 6.26E-07
Isolation width  PRM +0.2Th  PRM +1Th 8.81E-01
SIM£1Th SIM 2 Th 9.01E-01
Experiment type All PRM All SIM 3.01E-02
PRM +1Th SIM£1Th 9.67E-02
PRM neat SIM neat 1.97E-04
PRM matrix SIM matrix 2.31E-01

Bold p-value signifies statistically significant comparison (a =
5E-02). Bold category signifies significantly greater linearity

(lower %RSD).
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Table 6.4D. QqOrbi measurement accuracy by individual experiment,

excluding lowest detected concentration.

Mean
Category n %RSD SD
Neat PRM +0.2 Th 31 22.2 10.7
Neat PRM £1Th 33 239 20.7
Neat SIM 1 Th 26 29.5 104
Neat SIM £2 Th 26 30.8 20.8
Matrix PRM £0.2 Th 26 14.0 111
Matrix PRM +1 Th 26 125 9.0
Matrix SIM £1Th 23 18.0 18.2
Matrix SIM £2 Th 23 171 16.4
Welch’s t-test on log-transformed data
testing... Category 1 Category 2 p-value
Matrix NeatPRM £0.2Th  Matrix PRM+0.2Th 1.05E-03
Neat PRM £1Th Matrix PRM 1 Th 1.44E-04
Neat SIM +1 Th Matrix SIM £1 Th 3.26E-04
Neat SIM +2 Th Matrix SIM £2 Th 2.86E-04
Isolation width Neat PRM+£0.2Th  Neat PRM +1Th 8.64E-01
Neat SIM +1Th Neat SIM +2 Th 7.81E-01
Matrix PRM £0.2 Th Matrix PRM £1 Th 7.72E-01
Matrix SIM £1Th Matrix SIM £2 Th 9.64E-01
Experiment type Neat PRM £1Th Neat SIM +1Th 3.90E-03
Matrix PRM £1Th  Matrix SIM +1Th 4.93E-01

Bold p-value signifies statistically significant comparison (a = 5E-02). Bold
category signifies significantly greater linearity (lower %RSD).
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Table 6.4E. QqOrbi measurement accuracy by batch category,
statistical comparison of all data versus data excluding lowest
detected concentration.

Welch'’s t-test

Comparison p-value
All data 2.16E-16
All neat 5.29E-06
All matrix 2.25E-14
PRM neat 3.52E-06
PRM matrix 4.81E-10
SIM neat 1.79E-01
SIM matrix 3.71E-06
PRM +0.2 Th 5.10E-07
PRM =1 Th 3.10E-07
SIM +1Th 6.55E-04
SIM +2Th 5.76E-03
All PRM 5.61E-13
All SIM 1.18E-05

Bold p-value signifies statistically
significant comparison (a = 5E-02).
Data excluding lowest concentrat-
ion demonstrates greater linearity
(lower %RSD) in all comparisons.
T-test performed on log-transform-
ed data.




222

Table 6.4F. QqOrbi measurement accuracy by individual
experiment, statistical comparison of all data versus data
excluding lowest detected concentration.

Welch's t-test

Comparison p-value
Neat PRM +0.2 Th 1.37E-04
Neat PRM +1Th 3.22E-03
Neat SIM +1 Th 1.18E-01
Neat SIM +2 Th 5.41E-01
Matrix PRM +0.2 Th 5.07E-05
Matrix PRM +1Th 2.74E-06
Matrix SIM £1Th 3.88E-04
Matrix SIM £2 Th 1.32E-03

Bold p-value signifies statistically sig-
nificant comparison (a = 5E-02). Data
excluding lowest concentration de-
monstrates greater linearity (lower
%RSD) in all comparisons. T-test per-
formed on log-transformed data.
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Table 6.4G. QqOrbi measurement accuracy, as
adjusted %RSD, by batch category.

Mean

Category n Adj. %RSD SD
All data 214 13.9 15.2
All neat 15 1.4 13.5
All matrix 99 16.7 16.6
PRM £0.2Th 57 15.6 15.8
PRM +1Th 59 14.1 212
SIM+1Th 49 12.6 8.9
SIM +2Th 49 12.8 10.5
All PRM 116 14.8 18.7
All SIM 98 12.7 9.7
Welch’s t-test on log-transformed data
testing... Category 1 Category2 p-value
Matrix All neat All matrix 4.28E-04
Isolation width  PRM +£0.2Th  PRM +1Th 1.13E-01
SIM +1Th SIM £2 Th 5.64E-01
Experiment type All PRM All SIM 4.55E-01
PRM +1Th SIM +1Th 5.74E-01

Bold p-value signifies statistically significant comparison (a =
5E-02). Bold category signifies significantly greater linearity
(lower adjusted %RSD).




Table 6.4H. QqOrbi measurement accuracy, as adjusted %RSD, by

individual experiment.

Mean

Category n Adj. %RSD SD
Neat PRM £0.2 Th 31 144 9.2
Neat PRM £1Th 34 134 21.8
Neat SIM +1Th 25 79 33
Neat SIM +2 Th 25 8.6 8.0
Matrix PRM +£0.2 Th 26 171 21.2
Matrix PRM +1Th 25 15.0 209
Matrix SIM £1Th 24 17.5 10.2
Matrix SIM £2 Th 24 17.2 1.1
Welch’s t-test on log-transformed data
testing... Category 1 Category 2 p-value
Matrix Neat PRM+£0.2Th  Matrix PRM £0.2Th  8.91E-01
Neat PRM +£1 Th Matrix PRM +1Th 6.29E-01
Neat SIM +1 Th Matrix SIM £1 Th 8.96E-06
Neat SIM +2 Th Matrix SIM £2 Th 9.91E-04
Isolation width Neat PRM+0.2Th  NeatPRM +1Th 1.01E-01
Neat SIM 1 Th Neat SIM £2 Th 6.57E-01
Matrix PRM £0.2 Th Matrix PRM +1 Th 5.33E-01
Matrix SIM £1 Th Matrix SIM £2 Th 6.17E-01
Experiment type Neat PRM £1Th Neat SIM 1 Th 9.81E-02
Matrix PRM £1Th  Matrix SIM £1Th 6.21E-02

Bold p-value signifies statistically significant comparison (a = 5E-02). Bold
category signifies significantly greater linearity (lower adjusted %RSD).
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Table 6.5A. QqQ measurement precision by batch

category and individual experiment.

Mean
Category n %RSD SD
All data 105 12.4 21.0
All neat 60 17.5 26.3
All matrix 45 5.6 53

Welch’s t-test on log-transformed data

testing... Category 1 Category 2 p-value

Matrix All neat All matrix 1.19E-03

1-sample t-test on peptide/conc. matched log-
transformed data (Hg: p=0)

Comparison n Mean SD  p-value

neat vs. matrix 45 0.9 5.0 1.87E-01

Bold p-value sn?mﬁes statistically significant comparison
(a=5E-02). d category signifies significantly greater
measurement precision.
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Table 6.5B. QqQ measurement precision by concentration.

Conc i Mean sD One-way ANOVA p-values
(nM) %RSD with Bonferroni correction
Neat 0.002 n/a n/a n/a
0.02 5 777 375 T7EG3
0.2 13 314 240 3.45-102E - .
2 14 110 102 37602\ J8.1E-03)
20 14 43 3.4 9.8E-07 A4 5.5;—05 \
6.3E-11
Matrix 0.002 n/a n/a n/a
0.02 n/a n/a n/a
0.2 5 124 8.0
2 12 56 47
20 14 4.6 5.6
200 14 4.0 1.6 . ; r—saaEos 1\ .
Conc (nM) 0.002 0.02 0.2 2 20 200

Only p-values for significantly different comparsions shown (a = 5E-02). ANOVA
performed on log-vtransformed data.
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Table 6.5C. QqQ measurement accuracy and dynamic range by

batch category and individual experiment.

Mean
Categor n SD
gory %RSD
All data 28 29.1 15.2
All data* 26 16.1 73
All neat 14 42.1 10.0
All neat* 14 15.7 9.3
All matrix 14 16.4 43
All matrix* 12 16.6 4.2
All neat (order-matched) 14 16.2 10.8
All matrix (order-matched) 14 16.1 4.1
All neat (Adjusted %RSD) 14 13.0 29
All matrix (Adjusted %RSD) 14 8.0 34
Neat (orders) 14 3.3 0.6
Matrix (orders) 14 3.2 0.5
Paired t-test on log-transformed data
Category 1 Category 2 p-value
All neat All matrix 1.20E-07
All neat* All matrix* 3.20E-01
All neat (orders matched) All matrix (orders matched) 3.10E-01
All neat (Adjusted %RSD) All matrix (Adjusted %RSD) 4.83E-05
Neat (orders) Matrix (orders) 1.97E-05
Welch’s t-test on log-transformed data
Category 1 Category 2 p-value
All data All data* 2.04E-04
All neat All neat* 5.42E-06
All matrix All matrix* 8.90E-01

Bold p-value signifies statistically significant comparison (a = 5E-02).
Bold category signifies significantly greater linearity (lower %RSD) or
or dynamic range. *denotes exclusion of lowest concentration data.

227



Table 6.6A. Comparison of QqOrbi PRM and QqQ measurement

precision data by batch category and individual experiment.

Batch Category n Mean %RSD sD
All QqQ data 105 124 21.0
All QqOrbi PRM data 229 12.1 13.6
QqQ neat 60 17.5 26.3
QqOrbi neat PRM 124 12.9 16.1
QqOrbi neat PRM £0.2 Th 56 143 16.7
QqOrbineat PRM £1Th 68 11.8 15.7
QqgQ matrix 45 5.6 5.3
QqOrbi matrix PRM 105 11.1 9.8
QqOrbi matrix PRM 0.2 Th 49 11.6 9.2
QqOrbi matrix PRM +1 Th 56 10.6 104
QqQ neat (matrix-matched) 45 6.5 6.6
Welch's t-test on log-transformed data
Category 1 Category 2 p-value
All QqQ data All QqOrbi PRM data 1.17E-02
QqgQ neat QqOrbi neat PRM 9.85E-01
QqgQ neat QqOrbi neat PRM £0.2 Th 6.05E-01
QqgQ neat QqOrbineat PRM £1Th 6.79E-01
QqQ matrix QqOrbi matrix PRM 1.02E-05
QqQ matrix QqOrbi matrix PRM +0.2Th  1.33E-05
QqQ matrix QqOrbi matrix PRM +1Th 1.68E-04
QqQ neat (matrix-matched) QqOrbineat PRM 9.21E-04
QqQ neat (matrix-matched) QqOrbineat PRM £0.2Th 8.25E-04
QqQ neat (matrix-matched) QqOrbineat PRM £1Th 1.20E-02

Bold p-value signifies statistically significant comparison (a = 5E-02).
Bold category signifies significantly greater precision (lower %RSD).
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Table 6.6B. Comparison of QqOrbi PRM and QqQ measurement
precision data by peptide and concentration-matched category for

individual experiments.

Peptide/Concentration- n Mean o Paired
matched Category %RSD t-test p-value
QqQ neat 54 128 18.7 1.21E-01
QqOrbi neat PRM £0.2 Th 54 134 150

QqQ neat 60 175 263 1.06E-01
QqOrbi neat PRM 1 Th 60 8.3 74

QqQ matrix 42 54 54 1.65E-05
QqOrbi matrix PRM £0.2 Th 42 110 8.6

QqQ matrix 45 5.6 53 2.23E-03
QqOrbi matrix PRM £1Th 45 8.8 6.5

QqQ neat (matrix-matched) 44 6.4 6.6 3.79E-03
QqOrbi neat PRM £0.2 Th 44 122 149

QqQ neat (matrix-matched) 45 6.5 6.6 6.05E-01
QqOrbi neat PRM 1 Th 45 6.9 5.9

Bold p-value signifies statistically significant comparison (a = 5E-02).
Bold category signifies significantly greater precision (lower %RSD).
Paired t-test performed on log-transformed data.
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Table 6.6C. Comparison of QqQ SRM and QqOrbi

SIM dynamic range and linearity.

SRM SIM
+1Th +2Th

means

Neat #orders 3.3 48 47
%RSD 42.09 30.48 26.78
%RSD,, | 12.97 6.41 5.69

Matrix # orders 2.2 2.0 1.9
%RSD 16.09 32.06 31.86
%RSD,,, 8.03 15.70 17.02

p values (SRM vs SIM)

Neat #orders 7.18E-08* 1.13E-07*
%RSD 8.43E-03* 1.95E-03*
%RSD,,, 1.38E-06* 1.49E-06*

Matrix # orders 2.72E-01  1.65E-01
%RSD 6.86E-03* 1.01E-02*
%RSD,,, 2.84E-03* 1.14E-02*

*SIM data show significantly greater linearity or dynamic

range (a = 5E-02).

*SRM data show significantly greater linearity or dynamic

range (a = 5E-02).
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CHAPTER 7

Appendix to Chapter 4:

Development of a GC/quadrupole-Orbitrap Mass Spectrometer,

Part I: Design and Characterization
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SUPPLEMENTAL TABLES

Table 7.1A. Inclusion list for targeted SIM experiments.

Analyte Target m/z Start (min) End (min)
1,4-Dioxane 88.05 0.00 1.80
N-Nitrosodimethylamine 74.05 1.60 1.90
Pyridine 79.04 1.60 2.00
2-Fluorophenol 112.03 2.00 2.50
Phenol-d6 99.07 2.50 2.88
Phenol 94.04 2.50 2.88
Aniline, Bis(2-chloroethyl)ether 93.06 2.70 2.95
2-Chlorophenol 128.00 2.86 3.00
1,3-/1,4-/1,2-Dichlorobenzene 145.97 3.00 332
1,4-Dichlorobenzene-d4 149.99 3.04 3.18
Benzylalcohol 79.05 3.13 322
2-/4-/3-Methylphenol 108.06 3.22 3.45
Bis(2-chloroisopropyl)ether 121.04 3.25 3.35
N-Nitroso-di-n-propylamine 113.11 3.33 3.46
Hexachloroethane 200.84 3.46 3.56
Nitrobenzene-d5 128.06 351 3.59
Nitrobenzene 123.03 3.51 3.60
Isophorone 82.04 3.60 3.82
2-Nitrophenol 139.03 3.80 3.90
2,4-Dimethylphenol 107.05 3.80 3.90
Benzoic acid 105.03 3.82 421
Bis(2-chloroethoxy)methane 93.01 3.92 3.99
2,4-Dichlorophenol 161.96 3.99 411
1,2,4-Trichlorobenzene 179.93 4.10 4.19
Naphthalene-d8 136.11 4.16 4.26
Naphthalene 128.06 4.18 4.28
4-Chloroaniline 127.02 4,22 4,32
Hexachlorobutadiene 224.84 4.30 4.50
4-Chloro-3-methylphenol 142.02 4.50 4,82
2-/1-Methylnaphthalene 141.07 4.78 5.02
Hexachlorocyclopentadiene 236.84 5.00 5.09
2,4,6-/2,4,5-Trichlorophenol 195.92 5.07 5.23
2-Fluorobiphenyl 172.07 5.18 5.30
2-Chloronaphthalene 162.02 5.27 5.40
2-Nitroaniline 138.04 5.37 5.50
1,4-/1,3-/1,2-Dinitrobenzene 168.02 5.50 5.80
Dimethylphthalate 163.04 5.57 5.70
2,6-Dinitrotoluene 165.03 5.65 5.71

Acenaphthylene 152.06 5.71 5.80




Table 7.1B. Inclusion list for targeted SIM experiments, continued.

Analyte, cont'd.

Target m/z Start (min) End (min)

3-Nitroaniline

Acenaphthene-d10

Acenaphthene

2,4-Dinitrophenol

4-Nitrophenol

2,4-Dinitrotoluene

Dibenzofuran
2,3,5,6-/2,3,4,6-Tetrachlorophenol
Diethylphthalate
4-Chlorophenylphenylether
Fluorene

4-Nitroaniline
4,6-Dinitro-2-methylphenol
N-Nitrosodiphenylamine (diphenylamine)
1,2-Diphenylhydrazine (azobenzene)
2,4,6-Tribromophenol
4-Bromophenylphenylether
Hexachlorobenzene
Pentachlorophenol
Phenanthrene-d10

Phenanthrene, Anthracene
Carbazole

Di-n-butylphthalate

Fluoranthene, Pyrene

Benzidine

Pyrene-d10

p-Terphenyl-d14
3,3"-Dimethylbenzidine
Benzylbutylphthalate
Bis(2-ethylhexyl)adipate
3,3'-Dichlorobenzidine
Benz(a)anthracene, Chrysene
Chrysene-d12
Bis(2-ethylhexyl)phthalate
Di-n-octylphthalate
Benzo(b/k)fluoranthene, Benzo(a)pyrene
Perylene-d12
Indeno(1,2,3-cd)pyrene, Benzo(g,h,i)perylene
Dibenz(a,h)anthracene

138.04 5.80 5.88
162.13 5.84 5.92
153.07 5.89 5.96
184.01 5.92 6.00
139.03 5.96 6.06
165.03 6.03 6.09
168.06 6.06 6.14
231.88 6.11 6.30
149.02 6.25 6.38
204.03 6.35 6.47
165.07 6.35 6.47
138.04 6.41 6.49
198.03 6.44 6.52
169.09 6.50 6.58
182.08 6.55 6.64
329.77 6.60 6.80
247.98 6.80 6.95
283.81 6.93 7.09
265.84 7.09 7.31
188.14 7.24 7.40
178.08 7.33 7.52
167.07 7.52 7.85
149.02 7.85 8.25
202.08 8.25 8.90
184.10 8.60 8.74
212.14 8.70 8.90
244.20 8.89 9.24
212,13 9.24 9.51
149.02 9.37 9.49
129.05 9.47 9.85
252.02 9.85 10.12
228.09 10.05 10.75
240.17 10.06 10.50
149.02 10.10 10.23
149.02 10.75 11.30
252.09 11.30 13.00
264.17 12.30 13.50
276.09 13.50 16.00
278.11 13.50 14.85
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CHAPTER 8

Appendix to Chapter 5:
Development of a GC/quadrupole-Orbitrap Mass Spectrometer,
Part II: New Approaches for Unambiguous Elemental Composition Assignment

and Structural Characterization in Untargeted GC/MS-based Metabolomics

SUPPLEMENTAL EXPERIMENTAL PROCEDURES

8.1. Pseudocode for Molecular Ion-Directed Acquisition (MIDA) logic
if last scan was MS1 scan:

{

Get list of mass differences specified by the pattern(s) selected by the
user;
Get all peaks from MS1 spectrum with S/N > 3;
Sort peaks by ascending m/z;
for each pattern to match against the spectrum:
{
for each peak in the spectrum:
{
Get the current peak;
if the current peak's S/N > user's S/N threshold:
{
Populate lists with minimum values and maximum values for each
mass "bin" specified by the members of the pattern given
the current peak's m/z and user-selected mass error

tolerance;



235

Save the minimum and maximum value of the first member of the
current pattern;

// The next member of the pattern must fall between the

// current minimum and maximum.

Add the current peak to temporary list of matched pattern
members;

Calculate the initial score:

{

if the ionization type is EI:

score = (intensity / 2) * (current peak's m/z * 5);
else:
score = (intensity / 2) * (current peak's m/z * 3);

}

for each peak with an m/z > current peak m/z:

{

Get the peak;

if the peak's m/z < current minimum:

{
// The bin has not yet been reached.

Continue to the next peak in the list;

else:

if the peak's m/z > current maximum:

{

// The bin was passed over.
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if the current bin number is < required number of

bins:

// The pattern is incomplete.
Discard the temporary list of matched pattern
members;

Break out of loop;

else:

// There are enough members to make a pattern, so

// check the next bin.

Increment the bin;

if there are still bins left in the pattern:
Update the current minimum and maximum;

Continue to next peak in the list;

else:

// There are no more bins, save the temporary

// list.

Add the temporary list of peaks in pattern to
a master list of patterns for this spectrum
if the score of this pattern is not already
in the master list;

Break out of loop;
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else:

// The peak is inside a bin.

Add the peak in the bin to the list of temporary
pattern members;

Update score:

{

if the ionization type is EI:
score +=

(intensity / 2) * (current peak's m/z

else:

score +=

(intensity / 2) * (current peak's m/z * 3);

}

Increment the bin;
if there are no bins left in the pattern after

incrementing:

// There are no more bins, save the temporary

// list.

Add the temporary list of peaks in a pattern to a
master list of patterns for this spectrum if
the score of this pattern is not already in
the master list;

Break out of loop;
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else:

Update the current minimum and maximum;

if we break out of the loop AND there are still bins left from the

last peak AND the minimum number of required bins has been met:

// Special case of pattern falling a very end of the peak list,

// save the temporary list.

Add the temporary list of peaks in a pattern to a master list
of patterns for this spectrum if the score of this pattern
is not already in the master list;

for each temporary pattern added to the master list of patterns:
Add the target peak of the pattern (the one selected for MS/MS

or SIM as specified by the user) to a list of targets;

}

Sort the list of targets by the score of the pattern from which the

target was derived;
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for each data-dependent event (e.g. ddTopl = 1, ddTop5 = 5):

{

if there are target peaks found by the preceding algorithm:
{

Set up a new SIM or MS2 scan using the highest scoring target peak

m/z;

else:

// No targets were found by the algorithm, do normal data-

// dependent mode.

Set up a new MS2 scan using the most intense peak in the spectrum;

Add the new scan as the next scan in the instrument scan queue;



