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FRAGMENT TYPE DRIVEN SPECTRAL PEAK
RELATED APPLICATIONS

This application claims priority to U.S. Provisional Application No. 63/508,185
filed on June 14, 2023, the contents of which are incorporated herein in their
entirety.

INTRODUCTION

The teachings herein relate to a method for annotating product ion peaks of a mass
spectrum. More particularly, the teachings herein relate to systems and methods
for annotating product ions based on the type of fragmentation used.

The systems and methods herein can be performed in conjunction with a
processor, controller, or computer system, such as the computer system of Figure

L.

Current Spectral Peak Annotation

An accurate understanding of fragment ion types is needed when characterizing
structural features from mass spectrometry data. These structural features include
specifically, for example, the chain double bond position in endogenous lipids or
ionizable lipids of lipid nanoparticles (LNP) where the structure information is
encoded in low signal to noise (S/N) mass spectrometry data. In general,
characterization of such features is needed for the confident and accurate
identification of compounds or compound structure.

Increasingly, information about the fragmentation method used is an important
component in understanding the fragment ion types found. For example, Ducati ef
al., Improved metabolite characterization by liquid chromatography - Tandem

mass spectrometry through electron impact type fragments from adduct ions,
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[0006]

[0007]

[0008]

Analytica Chimica Acta 1150 (2021) (hereinafter the “Ducati Paper™), have
reported that compared to collision-induced dissociation (CID), electron-induced
dissociation (EID) “resulted in additional specific and informative fragments.”
The Ducati Paper highlights additional fragment types produced by a radical-
induced dissociation method.

Unfortunately, current spectral peak annotation methods that determine charge
state and monoisotopic peaks do not consider additional information such as the
fragmentation method or the width of the precursor ion mass filter when
annotating product ion peaks. As a result, conventional peak annotation methods
often include inaccurate fragment ion understanding that complicates compound
structure elucidation and confirmation.

As a result, additional systems and methods are needed for annotating product

ions of a spectrum that include an accurate understanding of fragment ion types.

LC-MS and LC-MS/MS Background

Mass spectrometry (MS) is an analytical technique for the detection and
quantitation of chemical compounds based on the analysis of mass-to-charge
ratios (m/z) of ions formed from those compounds. The combination of mass
spectrometry (MS) and liquid chromatography (LC) is an important analytical tool
for the identification and quantitation of compounds within a mixture. Generally,
in liquid chromatography, a fluid sample under analysis is passed through a
column filled with a chemically-treated solid adsorbent material (typically in the
form of small solid particles, €.g., silica). Due to slightly different interactions of
components of the mixture with the solid adsorbent material (typically referred to

as the stationary phase), the different components can have different transit
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(elution) times through the packed column, resulting in separation of the various
components.

[0009] Note that for singly charged species, the terms “mass™ and “m/z” are used
interchangeably herein. One of ordinary skill in the art understands that a mass
can be found from an m/z by multiplying the m/z by the charge. Similarly, the
m/z can be found from a mass by dividing the mass by the charge.

[0010] In LC-MS, the effluent exiting the LC column can be continuously subjected to
MS analysis. The data from this analysis can be processed to generate an
extracted ion chromatogram (XIC), which can depict detected ion intensity (a
measure of the number of detected ions of one or more particular analytes) as a
function of retention time.

[0011] In MS analysis, an MS or precursor ion scan is performed at each interval of the
separation for a mass range that includes the precursor ion. An MS scan includes
the selection of a precursor ion or precursor ion range and mass analysis of the
precursor ion or precursor ion range.

[0012] In some cases, the LC effluent can be subjected to tandem mass spectrometry (or
mass spectrometry/mass spectrometry MS/MS) for the identification of product
ions corresponding to the peaks in the XIC. For example, the precursor ions can
be selected based on their mass/charge ratio to be subjected to subsequent stages
of mass analysis. For example, the selected precursor ions can be fragmented
(e.g., via collision-induced dissociation), and the fragmented ions (product ions)

can be analyzed via a subsequent stage of mass spectrometry.
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[0013]

[0014]

[0015]

[0016]

Fragmentation Techniques Background

Electron-based dissociation (ExD), ultraviolet photodissociation (UVPD), infrared
photodissociation (IRMPD), and collision-induced dissociation (CID) are often
used as fragmentation techniques for tandem mass spectrometry (MS/MS). CID is
the most conventional technique for dissociation in tandem mass spectrometers.
CID, in-source fragmentation, blackbody infrared radiative dissociation and
IRMPD are examples of thermal-dissociation methods in this description.
Thermal-dissociation methods included herein are non-radical dissociation
methods that do not involve the use of radical formation in the dissociation
process.

ExD can include, but is not limited to, electron-induced dissociation (EID),
electron impact excitation in organics (EIEIO), electron capture dissociation
(ECD), or electron transfer dissociation (ETD). Radical-induced dissociation
methods, mentioned herein, include ExD, UVPD, electron detachment
dissociation (EDD), plasma electron detachment dissociation (pEDD), and

electron photodetachment dissociation (EPD).

Tandem Mass Spectrometry or MS/MS Background

Tandem mass spectrometry or MS/MS involves ionization of one or more
compounds of interest from a sample, selection of one or more precursor ions of
the one or more compounds, fragmentation of the one or more precursor ions into
product ions, and mass analysis of the product ions.

Tandem mass spectrometry can provide both qualitative and quantitative

information. The product ion spectrum can be used to identify a molecule of
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interest. The intensity of one or more product ions can be used to quantitate the
amount of the compound present in a sample.

[0017] A large number of different types of experimental methods or workflows can be
performed using a tandem mass spectrometer. These workflows can include, but
are not limited to, targeted acquisition, information dependent acquisition (IDA)
or data dependent acquisition (DDA), and data independent acquisition (DIA).

[0018] In a targeted acquisition method, one or more transitions of a precursor ion to a
product ion are predefined for a compound of interest. As a sample is being
introduced into the tandem mass spectrometer, the one or more transitions are
interrogated during each time period or cycle of a plurality of time periods or
cycles. In other words, the mass spectrometer selects and fragments the precursor
ion of each transition and performs a targeted mass analysis for the product ion of
the transition. As a result, a chromatogram (the variation of the intensity with
retention time) is produced for each transition. Targeted acquisition methods
include, but are not limited to, multiple reaction monitoring (MRM) and selected
reaction monitoring (SRM).

[0019] MRM experiments are typically performed using “low resolution™ instruments
that include, but are not limited to, triple quadrupole (QqQ) or quadrupole linear
ion trap (QqLIT) devices. With the advent of “high resolution” instruments, there
was a desire to collect MS and MS/MS using workflows that are similar to
QqQ/QqLIT systems. High-resolution instruments include, but are not limited to,
quadrupole time-of-flight (QqTOF) or orbitrap devices. These high-resolution
instruments also provide new functionality.

[0020] MRM on QqQ/QqLIT systems is the standard mass spectrometric technique of

choice for targeted quantification in all application areas, due to its ability to
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[0021]

[0022]

provide the highest specificity and sensitivity for the detection of specific
components in complex mixtures. However, the speed and sensitivity of today’s
accurate mass systems have enabled a new quantification strategy with similar
performance characteristics. In this strategy (termed MRM high resolution
(MRM-HR) or parallel reaction monitoring (PRM)), looped MS/MS spectra are
collected at high-resolution with short accumulation times, and then fragment ions
(product ions) are extracted post-acquisition to generate MRM-like peaks for
integration and quantification. With instrumentation like the TRIPLETOF®
Systems of AB SCIEX™, this targeted technique is sensitive and fast enough to
enable quantitative performance similar to higher-end triple quadrupole
instruments, with full fragmentation data measured at high resolution and high
mass accuracy.

In other words, in methods such as MRM-HR, a high-resolution precursor ion
mass spectrum is obtained, one or more precursor ions are selected and
fragmented, and a high-resolution full product ion spectrum is obtained for each
selected precursor ion. A full product ion spectrum is collected for each selected
precursor ion but a product ion mass of interest can be specified and everything
other than the mass window of the product ion mass of interest can be discarded.
In an IDA (or DDA) method, a user can specify criteria for collecting mass
spectra of product ions while a sample is being introduced into the tandem mass
spectrometer. For example, in an IDA method a precursor ion or mass
spectrometry (MS) survey scan is performed to generate a precursor ion peak list.
The user can select criteria to filter the peak list for a subset of the precursor ions
on the peak list. The survey scan and peak list are periodically refreshed or

updated, and MS/MS is then performed on each precursor ion of the subset of
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[0023]

[0024]

[0025]

precursor ions. A product ion spectrum is produced for each precursor ion.
MS/MS is repeatedly performed on the precursor ions of the subset of precursor
ions as the sample is being introduced into the tandem mass spectrometer.

In proteomics and many other applications, however, the complexity and dynamic
range of compounds is very large. This poses challenges for traditional targeted
and IDA methods, requiring very high-speed MS/MS acquisition to deeply
interrogate the sample in order to both identify and quantify a broad range of
analytes.

As a result, DIA methods, the third broad category of tandem mass spectrometry,
were developed. These DIA methods have been used to increase the
reproducibility and comprehensiveness of data collection from complex samples.
DIA methods can also be called non-specific fragmentation methods. In a DIA
method the actions of the tandem mass spectrometer are not varied among MS/MS
scans based on data acquired in a previous precursor or survey scan. Instead, a
precursor ion mass range is selected. A precursor ion mass selection window is
then stepped across the precursor ion mass range. All precursor ions in the
precursor ion mass selection window are fragmented and all of the product ions of
all of the precursor ions in the precursor ion mass selection window are mass
analyzed.

The precursor ion mass selection window used to scan the mass range can be
narrow so that the likelihood of multiple precursors within the window is small.
This type of DIA method is called, for example, MS/MSAM Tn an MS/MSALE
method, a precursor ion mass selection window of about 1 Da is scanned or
stepped across an entire mass range. A product ion spectrum is produced for each

1 Da precursor mass window. The time it takes to analyze or scan the entire mass



WO 2024/257037 PCT/IB2024/055837

[0026]

[0027]

[0028]

range once is referred to as one scan cycle. Scanning a narrow precursor ion mass
selection window across a wide precursor ion mass range during each cycle,
however, can take a long time and is not practical for some instruments and
experiments.

As a result, a larger precursor ion mass selection window, or selection window
with a greater width, is stepped across the entire precursor mass range. This type
of DIA method is called, for example, SWATH acquisition. In a SWATH
acquisition, the precursor ion mass selection window stepped across the precursor
mass range in each cycle may have a width of 5-25 Da, or even larger. Like the
MS/MSALL method, all of the precursor ions in each precursor ion mass selection
window are fragmented, and all of the product ions of all of the precursor ions in
cach mass selection window are mass analyzed.

However, identifying compounds of interest in a sample analyzed using SWATH
acquisition, for example, can be difficult. It can be difficult because either there is
no precursor ion information provided with a precursor ion mass selection
window to help determine the precursor ion that produces each product ion, or the
precursor ion information provided is from a mass spectrometry (MS) observation
that has a low sensitivity. In addition, because there is little or no specific
precursor ion information provided with a precursor ion mass selection window, it
is also difficult to determine if a product ion is convolved with or includes
contributions from multiple precursor ions within the precursor ion mass selection
window.

As a result, a method of scanning the precursor ion mass selection windows in
SWATH acquisition, called scanning SWATH, was developed. Essentially, in

scanning SWATH, a precursor ion mass selection window is scanned across a
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[0029]

[0030]

[0031]

[0032]

[0033]

mass range so that successive windows have large areas of overlap and small
areas of non-overlap. This scanning makes the resulting product ions a function
of the scanned precursor ion mass selection windows. This additional
information, in turn, can be used to identify the one or more precursor ions

responsible for each product ion.

SUMMARY

According to embodiments disclosed herein, a system, method, and computer
program product are disclosed for annotating product ions of a spectrum.

In one general aspect, a method for annotating product ions of a spectrum can
include: (a) receiving a product ion mass spectrum; (b) receiving a parameter that
indicates the mass spectrum was produced using a radical-induced dissociation
method; (¢) performing at least one charge state mass-to-charge ratio (m/z)
adjustment based on the parameter for at least one product ion peak of the mass
spectrum and comparing the adjustment to one or more other product ion peaks of
the mass spectrum; and (d) annotating the at least one product ion peak based on
the comparison.

In some embodiments, the adjustment can include multiplying the m/z of the least
one product ion peak by an absolute charge, subtracting one or more masses of an
electron from the product, and dividing the difference by a charge adjusted for the
number subtracted electron masses.

In some embodiments, the charge can be 2 or 3.

In some embodiments, the adjustment can include adding or subtracting an m/z of

a hydrogen atom.
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In some embodiments, the method can further include, if the adjustment is equal
to an m/z of at least one other product ion peak of the one or more other product
ion peaks within a first m/z tolerance value, annotating the at least one other
product ion peak in the mass spectrum as having an electron loss.

In some embodiments, the method can further include, if a singly charged
precursor ion was mass filtered to produce the spectrum, before step (c),
annotating each peak of the spectrum as a monoisotopic peak.

In some embodiments, the method can further include performing steps (c)-(d) on
each product ion peak of the spectrum.

In some embodiments, the method can further include, after performing steps (c)-
(d) on each product ion peak of the mass spectrum, analyzing each product ion
peak of the mass spectrum for isotopic peaks and annotating each isotopic peak
found as an isotopic peak.

In some embodiments, the method can further include transforming annotated
peaks into neutral mass peaks.

In some embodiments, the method can further include receiving a parameter that
indicates an energy value that was used by the radical-induced dissociation
method to produce the spectrum.

In some embodiments, the method can further include producing a peak list that
includes an electron loss annotation for one or more peaks of the mass spectrum.
In some embodiments, the radical-induced dissociation method can include
clectron-based dissociation (ExD).

In some embodiments, the radical-induced dissociation method can include

ultraviolet photodissociation (UVPD) or infrared photodissociation (IRMPD).
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In another general aspect, a computer program product can include a non-
transitory tangible computer-readable storage medium whose contents cause a
processor to perform a method for annotating product ions of a spectrum. The
method can include: providing a system including one or more distinct software
modules, wherein the one or more distinct software modules include an input
module and an analysis module; (a) receiving a product ion mass spectrum using
the input module; (b) receiving a parameter that indicates the spectrum was
produced using a radical-induced dissociation method using the input module; (c)
performing at least one charge state mass-to-charge ratio (m/z) adjustment based
on the parameter for at least one product ion peak of the mass spectrum and
comparing the adjustment to one or more other product ion peaks of the mass
spectrum using the analysis module; and (d) annotating the at least one product
ion peak based on the comparison using the analysis module.

In another general aspect, a system for annotating product ions of a spectrum can
include one or more processors that: (a) receive a product ion mass spectrum, (b)
receive a parameter that indicates the spectrum was produced using a radical-
induced dissociation method, (¢) perform at least one charge state mass-to-charge
ratio (m/z) adjustment based on the parameter for at least one product ion peak of
the mass spectrum and comparing the adjustment to one or more other product ion
peaks of the mass spectrum, and (d) annotating the at least one product ion peak
based on the comparison.

These and other features of the applicant’s teachings are set forth herein.
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BRIEF DESCRIPTION OF THE DRAWINGS

The skilled artisan will understand that the drawings, described below, are for
illustration purposes only. The drawings are not intended to limit the scope of the
present teachings in any way.

Figure 1 is a block diagram that illustrates a computer system, upon which
embodiments of the present teachings may be implemented.

Figure 2 is an exemplary plot of a product ion spectrum showing a doubly charged
peak corresponding to a singly charged precursor ion peak, in accordance with
various embodiments.

Figure 3 is an exemplary plot of traces from spectra showing a gain in hydrogen,
in accordance with various embodiments.

Figure 4 is an exemplary plot traces from spectra showing a loss in hydrogen, in
accordance with various embodiments.

Figure 5 is an exemplary diagram of a product ion annotation, in accordance with
various embodiments.

Figure 6 is an exemplary schematic diagram of a system for annotating product
ions of a spectrum, in accordance with various embodiments.

Figure 7 is an exemplary flowchart showing a method for annotating product ions
of a spectrum, in accordance with various embodiments.

Figure 8 is an exemplary schematic diagram of a system that includes one or more
distinct software modules and that performs a method for annotating product ions
of a spectrum, in accordance with various embodiments.

Before one or more embodiments of the present teachings are described in detail,
one skilled in the art will appreciate that the present teachings are not limited in

their application to the details of construction, the arrangements of components,
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and the arrangement of steps set forth in the following detailed description or
illustrated in the drawings. Also, it is to be understood that the phraseology and
terminology used herein is for the purpose of description and should not be

regarded as limiting.

DESCRIPTION OF VARIOUS EMBODIMENTS

COMPUTER-IMPLEMENTED SYSTEM

[0056] Figure 1 is a block diagram that illustrates a computer system 100, upon which
embodiments of the present teachings may be implemented. Computer system
100 includes a bus 102 or other communication mechanism for communicating
information, and a processor 104 coupled with bus 102 for processing
information. Computer system 100 also includes a memory 106, which can be a
random-access memory (RAM) or other dynamic storage device, coupled to bus
102 for storing instructions to be executed by processor 104. Memory 106 also
may be used for storing temporary variables or other intermediate information
during execution of instructions to be executed by processor 104. Computer
system 100 further includes a read only memory (ROM) 108 or other static
storage device coupled to bus 102 for storing static information and instructions
for processor 104. A storage device 110, such as a magnetic disk or optical disk,
is provided and coupled to bus 102 for storing information and instructions.

[0057] Computer system 100 may be coupled via bus 102 to a display 112, such as a
cathode ray tube (CRT) or liquid crystal display (LCD), for displaying
information to a computer user. An input device 114, including alphanumeric and
other keys, is coupled to bus 102 for communicating information and command

selections to processor 104. Another type of user input device is cursor control
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116, such as a mouse, a trackball or cursor direction keys for communicating
direction information and command selections to processor 104 and for
controlling cursor movement on display 112.

A computer system 100 can perform the present teachings. Consistent with
certain implementations of the present teachings, results are provided by computer
system 100 in response to processor 104 executing one or more sequences of one
or more instructions contained in memory 106. Such instructions may be read
into memory 106 from another computer-readable medium, such as storage device
110. Execution of the sequences of instructions contained in memory 106 causes
processor 104 to perform the process described herein.

Alternatively, hard-wired circuitry may be used in place of or in combination with
software instructions to implement the present teachings. For example, the
present teachings may also be implemented with programmable artificial
intelligence (AI) chips with only the encoder neural network programmed — to
allow for performance and decreased cost. Thus, implementations of the present
teachings are not limited to any specific combination of hardware circuitry and
software.

The term “computer-readable medium”™ or “computer program product” as used
herein refers to any media that participates in providing instructions to processor
104 for execution. The terms “computer-readable medium™ and “computer
program product” are used interchangeably throughout this written description.
Such a medium may take many forms, including but not limited to, non-volatile
media and volatile media. Non-volatile media includes, for example, optical or
magnetic disks, such as storage device 110. Volatile media includes dynamic

memory, such as memory 106.
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Common forms of computer-readable media include, for example, a floppy disk, a
flexible disk, hard disk, magnetic tape, or any other magnetic medium, a CD-
ROM, digital video disc (DVD), a Blu-ray Disc, any other optical medium, a
thumb drive, a memory card, a RAM, PROM, and EPROM, a FLASH-EPROM,
any other memory chip or cartridge, or any other tangible medium from which a
computer can read.

Various forms of computer readable media may be involved in carrying one or
more sequences of one or more instructions to processor 104 for execution. For
example, the instructions may initially be carried on the magnetic disk of a remote
computer. The remote computer can load the instructions into its dynamic
memory and send the instructions over a telephone line using a modem. A
modem local to computer system 100 can receive the data on the telephone line
and use an infra-red transmitter to convert the data to an infra-red signal. An
infra-red detector coupled to bus 102 can receive the data carried in the infra-red
signal and place the data on bus 102. Bus 102 carries the data to memory 106,
from which processor 104 retrieves and executes the instructions. The
instructions received by memory 106 may optionally be stored on storage device
110 either before or after execution by processor 104,

In accordance with various embodiments, instructions configured to be executed
by a processor to perform a method are stored on a computer-readable medium.
The computer-readable medium can be a device that stores digital information.
The computer-readable medium is accessed by a processor suitable for executing
instructions configured to be executed.

The following descriptions of various implementations of the present teachings

have been presented for purposes of illustration and description. It is not
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exhaustive and does not limit the present teachings to the precise form disclosed.
Modifications and variations are possible in light of the above teachings or may be
acquired from practicing of the present teachings. Additionally, the described
implementation includes software but the present teachings may be implemented
as a combination of hardware and software or in hardware alone. The present
teachings may be implemented with both object-oriented and non-object-oriented

programming systems.

ANNOTATION BASED ON FRAGMENTATION TYPE

As described above, an accurate understanding of fragment ion types is needed
when characterizing structural features from spectrometry data, especially the data
of low signal to noise (S/N). Increasingly, information about the fragmentation
method used is an important component in understanding the fragment ion types
found. Unfortunately, current spectral peak annotation methods that determine
charge state and monoisotopic peaks do not consider additional information such
as the fragmentation method or the width of the precursor ion mass filter when
annotating product ion peaks.

As a result, additional systems and methods are needed for annotating product
ions of a spectrum that include an accurate understanding of fragment ion types.
In various embodiments, product ion peaks are annotated with respect to their
potential relationships that are given by the fragmentation technique used. This
annotation enables accurate assignment of the fragment spectral peak properties,
such as charge state, isotope index, and fragment ion type. It also leads to an
accurate determination of fragment-neutral masses and compositions that can be

used in a proposed molecular structure or a confirmation of a structure. This
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method helps improve understanding of the MS/MS data by recognizing the
relationships between fragment peaks (based on accurate m/z differences) and
grouping complementary fragment peaks before qualitative analysis.

In various embodiments, this method aids in the accurate annotation of product
ions in radical-driven fragmentation data that yield charged fragments as “open
shell” molecules by loss of an electron. Annotation of isotopic peaks is also
improved, producing an accurate set of monoisotopic peaks.

In various embodiments, knowledge of fragmentation type (class) is used to
determine which ion molecule fragment ion types are in the MS/MS data. The
types are then annotated. The resulting annotation allows the information to be
combined into “a z=0 reconstructed small molecule MSMS” or transformed to a
different data format that serves as an entry point for structure elucidation. This
method gives a more accurate answer with respect to the relative evidence to
support an identified compound.

In various embodiments, the method also uses knowledge of the precursor ion
peaks in the precursor ion mass filter window to determine whether or not isotopic
peaks are in the product ion spectrum. It also determines if isotope patterns are
expected to be skewed and the likely maximum charge state of the product ions.
In various embodiments, as precursor ion type is considered, product ion peaks of
non-protonated precursor ions are consolidated, especially those from alkali metal
precursors.

In various embodiments, an annotation workflow includes one or more of the
following steps. MS/MS XY data, precursor information (e.g., width of precursor
ion mass filter window), and a fragmentation type data are received. Precursor

information can include, but is not limited to, m/z, charge, and ion type including
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isotope index. Fragmentation type can optionally include experimental
parameters, such as collision energy (CE) or kinetic energy (kE) values.

A peak list is obtained from the MS/MS spectrum. The peak list can include, but
is not limited to, values for m/z, height or arca, and peak width at half height. In
various embodiments, any charge state is assumed for the peaks (from 1 to the
precursor ion charge state and its elevation).

A list of possible fragment types in the spectrum is collated. These fragment
types can include, but are not limited to, default (gain or loss of proton(s)), mix of
protons with any alkali metals based on precursor ion charge, isotopes (if isotope
passing through precursor ion mass filter), loss of electron (charge state elevation)
— for radical driven dissociation, loss or gain of hydrogen - radical driven
dissociation.

Initially, all fragment types are assumed to be of the default type. Then,
considering selected fragment charge states, isotope peak relationships are
identified. The charge state is assigned to the fragments that are accompanied by
isotopic peaks in the MS/MS.

Starting from the most intense peak, for each peak in each charge state, each peak
is inspected for the possibility of a relationship to other peaks. The relationships
between peaks and the respective mass errors are tracked.

Any competing relationships are resolved based on associated mass errors. For
example, m/z 153.0898 is related to m/z 154.0978 (-0.26mDa) and not to m/z
154.0882 (9.418mDa).

After the relationships are established, the related fragments are grouped based on
the common neutral mass. A group representative is then used in further analysis.

Charge State Adjustment
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[0079] In various embodiments, relationships to other peaks investigated include the loss
of an electron (charge state elevation) — for radical-driven dissociation and the loss
or gain of hydrogen — for radical-driven dissociation.

Loss of an Electron

[0080] Figure 2 is an exemplary plot 200 of a product ion spectrum showing a doubly
charged peak corresponding to a singly charged precursor ion peak, in accordance
with various embodiments. In plot 200, doubly charged peak 210 is located at
308.3025 m/z and corresponds to singly charged precursor ion peak 220 located at
616.6050 m/z.

[0081] In various embodiments, the following formula is used to find a peak with y m/z
value that is related to a peak of x m/z value and z charge state:

[0082]  y=(x*|z|-n* me)/(zt+n)

[0083] where y = putative m/z of the related peak assuming # electron loss(es) and . =
electron mass, 0.00055 Da.

[0084] For example, in plot 200, the peak of x m/z value and z charge state is peak 220
with an x m/z value of 616.6050 m/z and z charge state of 1. The related peak y
m/z value is then found by applying the above formula:

[0085]  »=(616.6050-1%0.00055)/(1+1)=308.3025.

[0086] Thus, peak 210, which is located at 308.3025 m/z, is likely a related peak with one
lost electron, or a doubly charged version of peak 220.

Loss or Gain of Hydrogen

[0087] Figure 3 is an exemplary plot 300 of traces from spectra showing a gain in
hydrogen, in accordance with various embodiments. The traces in plot 300
represent coeluting compounds (lighter and heavier) that differ by a double bond

(2 hydrogen atoms). Intensities are shown in plot 300 relative to the lighter
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compound, represented by peak 312. Trace 310 represents precursor ion
intensities (TOF MS) of the pure lighter compound. Peak 311 at m/z 781
corresponds to the first isotope of the lighter compound shown by peak 312.
Trace 320 corresponds to the precursor ion intensities (TOF MS) of a mixture of
the compounds. Trace 330 represents product ion intensities (ExD (radical-
driven) MS/MS) of the heavier compound.

Peak 311 of trace 310 has an m/z distance of 1.003 from peak 312 of trace 310.
Peak 321 of trace 320 has an m/z distance of 1.009 from peak 312 of trace 310.
The target m/z distance of a hydrogen difference is 1.0078, for example. In
various embodiments, a tolerance of ~ 0.002 m/z 1s used to accommodate for
measurement crror.

Figure 4 is an exemplary plot 400 of traces from spectra showing a loss in
hydrogen, in accordance with various embodiments. The traces in plot 400 also
represent coeluting compounds (lighter and heavier) that differ by a double bond
(2 hydrogen atoms). However, intensities are shown in plot 400 relative to the
heavier compound, represented by peak 423. Trace 410 represents precursor ion
intensities (TOF MS) of the pure lighter compound. Trace 420 corresponds to the
precursor ion intensities (TOF MS) of a mixture of the compounds. Trace 430
trace represents product ion intensities (ExD (radical-driven) MS/MS) of the
heavier compound. Peak 431 of trace 430 now shows a hydrogen radical loss
relative to peak 423.

Peak 411 of trace 410 has an m/z distance of 1.012 from peak 432 of trace 430.

Peak 431 of trace 430 has an m/z distance of 1.006 from peak 432 of trace 430.
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Figures 3 and 4 show how measurable differences in delta m/z are used to
distinguish between an isotope peak and a hydrogen loss in the case of mixed
spectra.

Figure 5 is an exemplary diagram 500 of a product ion annotation, in accordance
with various embodiments. As described above, a peak list is obtained from the

MS/MS spectrum.

Svstem for annotating product ions of a spectrum

Figure 6 is an exemplary schematic diagram 600 of a system for annotating
product ions of a spectrum, in accordance with various embodiments. The system
includes processor 640. Processor 640 represents just one of one or more
processors that can be used in various embodiments. In other words, various
embodiments are not limited to performing the steps described herein with a
single processor. Processor 640 can be, but is not limited to, a controller, a
computer, a microprocessor, the computer system of Figure 1, or any device
capable of analyzing data. Processor 640 can also be any device capable of
sending and receiving control signals and data.

In step (A), processor 640 receives a product ion mass spectrum 641. In step (B),
processor 640 receives a parameter that indicates mass spectrum 641 was
produced using a radical-induced dissociation method. In step (C), processor 640
performs at least one charge state mass-to-charge ratio (m/z) adjustment based on
the parameter for at least one product ion peak of mass spectrum 641 and
compares the adjustment to one or more other product ion peaks of mass spectrum
641. In step (D), processor 640 annotates the at least one product ion peak based

on the comparison.
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[0095] In various embodiments, the adjustment in step (C) includes multiplying the m/z
of the least one product ion peak by an absolute charge, subtracting one or more
masses of an electron from the product, and dividing the difference by a charge
adjusted for the number subtracted electron masses. The charge is, for example, 2
or 3.

[0096] In various embodiments, the adjustment in step (C) includes adding or subtracting
an m/z of a hydrogen atom.

[0097] In various embodiments, if the adjustment in step (C) is equal to an m/z of at least
one other product ion peak of the one or more other product ion peaks within a
first m/z tolerance value, annotating the at least one other product ion peak in the
mass spectrum as having an electron loss.

[0098] In various embodiments, if a singly charged precursor ion was mass filtered to
produce the spectrum, before step (C), processor 640 further annotates each peak
of the spectrum as a monoisotopic peak.

[0099] In various embodiments, after performing steps (C)-(D) on each product ion peak
of the mass spectrum, processor 640 further analyzes each product ion peak of the
mass spectrum for isotopic peaks and annotates each isotopic peak found as an
isotopic peak.

[00100] In various embodiments, processor 640 further transforms annotated peaks into
neutral mass peaks.

[00101]  In various embodiments, processor 640 further produces a peak list that includes
an electron loss annotation for one or more peaks of the mass spectrum.

[00102]  In various embodiments, the radical-induced dissociation method includes

clectron-based dissociation (ExD).
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[00103]  In various embodiments, the radical-induced dissociation method includes
ultraviolet photodissociation (UVPD) or infrared photodissociation IRMPD).

[00104]  In various embodiments, the radical-induced dissociation method includes a
plasma EDD method.

[00105]  In various embodiments, the radical-induced dissociation method includes a
beam-type negative electron-transfer dissociation (ETD) method.

[00106] In various embodiments, the radical-induced dissociation method includes any
UVPD, EPD, ECD, ETD, EDD, pEDD, or EED method.

[00107]  In various embodiments, the system of Figure 6 further includes mass
spectrometer 630. lon source device 632 of mass spectrometer 630 ionizes a
compound 610, producing an ion beam. Ion source device 632 is controlled by
processor 640, for example. lon source device 632 is shown as a component of
mass spectrometer 630. In various altemative embodiments, ion source device
632 is a separate device. lon source device 632 can be, but is not limited to, an
electrospray ion source (ESI) device or a chemical ionization (CI) source device
such as an atmospheric pressure chemical ionization source (APCI) device or an
atmospheric pressure photoionization (APPI) source device.

[00108] Mass spectrometer 630 selects and fragments compound 610 and mass analyzes
product ions of nucleic acid 610 from the ion beam. Mass spectrometer 630
further includes CID device 636, radical-induced dissociation device 635, and
mass analyzer 637. Mass spectrometer 630 produces first spectrum 641 using
radical-induced dissociation device 635, for example.

[00109] In Figure 6, mass analyzer 637 is shown as a time-of-flight (TOF) device. One of

ordinary skill in the art can appreciate that mass analyzer 637 can be any type of
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mass analyzer including, but not limited to, a quadrupole, an ion trap, an orbitrap,
or Fourier transform ion cyclotron resonance (FT-ICR) device.

In various embodiments, the system of Figure 6 further includes a separation
device 620 that separates compound 610 from a sample. As shown in Figure 6,
additional device 620 is an LC device. In various aliernative embodiments,
additional device 620 can be, but is not limited to, a gas chromatography (GC)
device, capillary electrophoresis (CE) device, or an ion mobility spectrometry

(IMS) device.

Method for annotating product ions of a spectrum

Figure 7 is an exemplary flowchart showing a method 700 for annotating product
ions of a spectrum, in accordance with various embodiments.

In step 710 of method 700, a product ion mass spectrum is received.

In step 720, a parameter that indicates the mass spectrum was produced using a
radical-induced dissociation method is received.

In step 730, at least one charge state mass-to-charge ratio (m/z) adjustment based
on the parameter is performed for at least one product ion peak of the mass
spectrum and the adjustment is compared to one or more other product ion peaks
of the mass spectrum.

In step 740, the at least one product ion peak is annotated based on the

comparison.

Computer program product for annotating product ions of a spectrum

In various embodiments, a computer program product includes a non-transitory

tangible computer-readable storage medium whose contents include a program
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with instructions being executed on a processor so as to perform a method for
annotating product ions of a spectrum. This method is performed by a system that
includes one or more distinct software modules.

Figure 8 is an exemplary schematic diagram of a system 800 that includes one or
more distinct software modules and that performs a method for annotating product
ions of a spectrum, in accordance with various embodiments. System 800
includes input module 810 and analysis module 820.

In step (A), input module 810 receives a product ion mass spectrum.

In step (B), input module 810 receives a parameter that indicates the spectrum was
produced using a radical-induced dissociation method.

In step (C), analysis module 820 performs at least one charge state mass-to-charge
ratio (m/z) adjustment based on the parameter for at least one product ion peak of
the mass spectrum and compares the adjustment to one or more other product ion
peaks of the mass spectrum.

In step (D), analysis module 820 annotates the at least one product ion peak based
on the comparison.

While the present teachings are described in conjunction with various
embodiments, it is not intended that the present teachings be limited to such
embodiments. On the contrary, the present teachings encompass various
alternatives, modifications, and equivalents, as will be appreciated by those of
skill in the art.

Further, in describing various embodiments, the specification may have presented
a method and/or process as a particular sequence of steps. However, to the extent
that the method or process does not rely on the particular order of steps set forth

herein, the method or process should not be limited to the particular sequence of
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steps described. As one of ordinary skill in the art would appreciate, other
sequences of steps may be possible. Therefore, the particular order of the steps set
forth in the specification should not be construed as limitations on the claims. In
addition, the claims directed to the method and/or process should not be limited to
the performance of their steps in the order written, and one skilled in the art can
readily appreciate that the sequences may be varied and still remain within the

spirit and scope of the various embodiments.
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WHAT IS CLAIMED IS:

1. A method for annotating product ions of a spectrum, comprising:

(a) receiving a product ion mass spectrum;

(b) receiving a parameter that indicates the mass spectrum was produced using a radical-
induced dissociation method;

(c) performing at least one charge state mass-to-charge ratio (m/z) adjustment based on
the parameter for at least one product ion peak of the mass spectrum and comparing
the adjustment to one or more other product ion peaks of the mass spectrum; and

(d) annotating the at least one product ion peak based on the comparison.

2. The method of claim 1, wherein the adjustment comprises multiplying the m/z of the
least one product ion peak by an absolute charge, subtracting one or more masses of an
electron from the product, and dividing the difference by a charge adjusted for the number

subtracted electron masses.

3. The method of claim 2, wherein the charge comprises 2 or 3.

4. The method of claim 1, wherein the adjustment comprises adding or subtracting an

m/z of a hydrogen atom.

5. The method of any one of claims 1 to 4, further comprising, if the adjustment is equal
to an m/z of at least one other product ion peak of the one or more other product ion peaks
within a first m/z tolerance value, annotating the at least one other product ion peak in the

mass spectrum as having an electron loss.
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6. The method of any one of claims 1 to 4, further comprising, if a singly charged
precursor ion was mass filtered to produce the spectrum, before step (c), annotating each peak

of the spectrum as a monoisotopic peak.

7. The method of any one of claims 1 to 4, further comprising, performing steps (c¢)-(d)

on each product ion peak of the spectrum.

8. The method of any one of claims 1 to 4, further comprising after performing steps (c)-
(d) on each product ion peak of the mass spectrum, analyzing each product ion peak of the
mass spectrum for isotopic peaks and annotating each isotopic peak found as an isotopic

peak.

9. The method of any one of claims 1 to 4, further comprising transforming annotated

peaks into neutral mass peaks.

10. The method of any one of claims 1 to 4, further comprising receiving a parameter that
indicates an energy value that was used by the radical-induced dissociation method to

produce the spectrum.

11. The method of any one of claims 1 to 4, further comprising producing a peak list that

includes an electron loss annotation for one or more peaks of the mass spectrum.

12. The method of any one of claims 1 to 4, wherein the radical-induced dissociation

method comprises electron-based dissociation (ExD).

13. The method of any one of claims 1 to 4, wherein the radical-induced dissociation

method comprises ultraviolet photodissociation (UVPD) or infrared photodissociation (IRMPD).
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14. A computer program product, comprising a non-transitory tangible computer-readable
storage medium whose contents cause a processor to perform a method for annotating
product ions of a spectrum, the method comprising:

providing a system, wherein the system comprises one or more distinct software
modules, and wherein the distinct software modules comprise an input module and an
analysis module;

(a) receiving a product ion mass spectrum using the input module;

(b) receiving a parameter that indicates the spectrum was produced using a radical-
induced dissociation method using the input module;

(c) performing at least one charge state mass-to-charge ratio (m/z) adjustment based on
the parameter for at least one product ion peak of the mass spectrum and comparing
the adjustment to one or more other product ion peaks of the mass spectrum using the
analysis module; and

(d) annotating the at least one product ion peak based on the comparison using the

analysis module.

15. A system for annotating product ions of a spectrum, comprising:
oneg or more processors that

(a) receive a product ion mass spectrum,

(b) receive a parameter that indicates the spectrum was produced using a radical-
induced dissociation method,

(c) perform at least one charge state mass-to-charge ratio (m/z) adjustment based
on the parameter for at least one product ion peak of the mass spectrum and
comparing the adjustment to one or more other product ion peaks of the mass
spectrum, and

(d) annotating the at least one product ion peak based on the comparison.



PCT/IB2024/055837

WO 2024/257037

1/8

bod

oLl

1422

cll

TOHLNOD
HOSHNO

J0IA3d
1NdNI

AV1dsId

20l 0
>

'

«

snd

JOVHOLS
ASId

’

—=

oLl

NOY

AWVY

2

801

?

901

¥OSS300¥d

1441




WO 2024/257037

220

PCT/IB2024/055837

2/8

400 500 600

300
FIG. 2

M/Z

b
$

200

O TR A

i

it Bt VPt 6T,

100

3
R

3
y
?-

PEREREVRT S

N A A A BT

ALISNALNI



PCT/IB2024/055837

WO 2024/257037

3/8

G'¢8l

] 00€
€ 'Old e
Z/IN
0¢8.L g18. 0°18.L
oce
600°L
oce
lce
< €00’}
oLe

(33>

12S9°08.

cle

G'08.

ALISN3LNI



PCT/IB2024/055837

WO 2024/257037

4/8

8/9G¢8.

[A%74

ecy

v 'Old 7

ZIN
G'¢8l 0'¢8L G182 0'18.

900°L
LEY

clo’l

ocy

oLy
(384

744

G'08.

ALISN3LNI



WO 2024/257037 PCT/IB2024/055837
5/8

s Veraves:

4o &%igﬂrwm

B

Alterns
7

Vg

o222

SAgnenpnt

Fragmenttype 3

WY WL WAL MET ML ST NN R

3
o
N
o By
b

RYYSISINIIIINITIINT FINIIIIIIIIIIIIY:
o .
c3

500

FIG. 5



PCT/IB2024/055837

WO 2024/257037

6/8

(472

(« ZIN

(v)

9 'Ol 7

ALISN3LNI

09

H31JNVHVd
NOILVININOVYA
a30NAanNI-voIavy

€9 (@

ZIN

ALISN3LNI

NOSINVYdINOD ANV
INAWLISNrav Mvad
D)

0€9

0c9

ZIN

NOILV.LONNYV Mv3d
(Q)

ALISN3LNI




WO 2024/257037 PCT/IB2024/055837

7/8

( START )

RECEIVE A PRODUCT ION MASS SPECTRUM

RECEIVE A PARAMETER THAT INDICATES THE MASS SPECTRUM WAS
PRODUCED USING AN ALTERNATIVE RADICAL-INDUCED DISSOCIATION
METHOD

PERFORM AT LEAST ONE CHARGE STATE MASS-TO-CHARGE RATIO (M/Z)
ADJUSTMENT BASED ON THE PARAMETER FOR AT LEAST ONE PRODUCT ION
PEAK OF THE MASS SPECTRUM AND COMPARE THE ADJUSTMENT TO ONE OR

MORE OTHER PRODUCT ION PEAKS OF THE MASS SPECTRUM

ANNOTATE THE AT LEAST ONE PRODUCT ION PEAK BASED ON THE
COMPARISON

700 /

FIG. 7

o\
710

o
720

730

740



PCT/IB2024/055837

WO 2024/257037

8 "Old

V\ 0os8

JTNAON JTNAON
< SISATVNY <> 1NdNI <
®
o
0c8 oL8



INTERNATIONAL SEARCH REPORT

International application No

PCT/IB2024/055837

A. CLASSIFICATION OF SUBJECT MATTER
INV. H01J49/00

ADD.

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

HO1lg

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

spectrometry",
AMSTERDAM, NL,

pages 106-117, XP029107038,
ISSN: 0003-2670, DOI:
10.1016/J3.ACA.2014.10.053
figure 2

gearch"

ANALYTICA CHIMICA ACTA, ELSEVIER,

vol. 854, 4 November 2014 (2014-11-04),

section "2.4 Data analysis and database

_/__

Y NARDIELLO DONATELLA ET AL: "Strategies in 1-15
protein sequencing and characterization:
Multi-enzyme digestion coupled with
alternate CID/ETD tandem mass

Further documents are listed in the continuation of Box C.

|:| See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

W

e

wy

g

later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

document of particular relevance;; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

document of particular relevance;; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

document member of the same patent family

Date of the actual completion of the international search

20 September 2024

Date of mailing of the international search report

10/10/2024

Name and mailing address of the ISA/
European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk
Tel. (+31-70) 340-2040,
Fax: (+31-70) 340-3016

Authorized officer

Cornelussen, Ronald

Form PCT/ISA/210 (second sheet) (April 2005)

page 1 of 2




INTERNATIONAL SEARCH REPORT

International application No

PCT/IB2024/055837

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

Y MATTHIAS. MANN ET AL: "Tnterpreting mass
spectra of multiply charged ions",
ANALYTICAL CHEMISTRY,

vol. 61, no. 15,

1 August 1989 (1989-08-01), pages
1702-1708, XP055032591,

ISSN: 0003-2700, DOI: 10.1021/ac00190a023
section "II. Averaging Algorithm"

Y Anonymous: "Interpreting Electrospray
Mass Spectra",

18 July 2005 (2005-07-18), pages 1-2,
XP093206292,

Retrieved from the Internet:
URL:https://www.ionsource.com/tutorial/spe
ctut/spec5.htm

the whole document

1-15

Form PCT/ISA/210 (continuation of second sheet) (April 2005)

page 2 of 2




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - claims
	Page 30 - claims
	Page 31 - claims
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - wo-search-report
	Page 41 - wo-search-report

