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(57) ABSTRACT

A linker comprising both a diazo group and a ketone group
capable of directly conjugating phosphodiester and sulfate
groups on biomolecules using the diazo group, thereby
enabling the functionalization of phosphate and sulfate-
containing biomolecules via oxime bond formation. The
linker is compact and volatile, facilitating easy cleanup by
vacuum, which in turn minimizes sample loss and improves
experimental operations. The linker exhibits high derivati-
zation efficiency and chemoselectivity, accommodating a
variety of functional groups on the biomolecules. By cou-
pling the linker with isobaric mass tags, multiplexed quan-
titative analysis can be achieved for an extensive variety of
lipid classes.
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DIAZOBUTANONE LINKER - ASSISTED
HIGH-THROUGHPUT QUANTITATIVE
ANALYSIS FOR PHOSPHATE AND SULFATE
CONTAINING LIPIDS

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0001] This invention was made with government support
under AG052324 and AG078794 awarded by the National
Institutes of Health. The government has certain rights in the
invention.

BACKGROUND OF THE INVENTION

[0002] Lipidomics is a rapidly expanding field that aims to
characterize the lipidome in biological systems to elucidate
lipid functions and their roles in disease pathogenesis’.
Phospholipids (PL) and glycolipids, the major components
of lipidomes, regulate cell membrane dynamics, serve as
storage depots of energy, and are precursors of bioactive
metabolite®™*, The regulation is determined by lipid chemi-
cal structures and relative abundance between each’.
Recently, the associations between lipidomes and diseases
have stimulated the development of quantitative lipidomics
for discovering disease biomarkers and therapeutic targets®
s. However, high-throughput approaches for quantifying
lipidomes lag behind genomics and proteomics mainly due
to the high diversity in chemical structures and physio-
chemical properties of lipids. Therefore, a high-throughput
strategy that can accurately identify and quantify a broad
range of lipids is crucial for addressing critical biological
questions relevant to lipidomes and lipid regulation.
[0003] Liquid chromatography linked with tandem mass
spectrometry (LC-MS/MS) has become a powerful tech-
nique for profiling lipidomes in complex samples”. Several
strategies, coupled with chemoselective reactions, have been
developed to facilitate the detection of lipids or differentiate
lipid isomers'®*?. However, quantitative strategies for lip-
idomics remain limited. Currently, lipid quantification
mainly relies on label-free methods'?, which might suffer
from analytical variations, long instrument time, and diffi-
culty in preparing numerous isotope-incorporated standards.
Alternatively, stable isotopic labeling, which introduces
light and heavy isotopic reagents into analytes for relative
quantification at the MS1 level*, is restricted to low-plexed
analysis due to increased spectral complexity and limited
availability of isotopic reagents.

[0004] Isobaric labeling is a powerful technique that
enables quantitative analysis of multiple samples in one
experiment’’. This technique has been extensively used in
proteomics and glycomics for high-throughput quantifica-
tion using tandem mass tags (TMT)"'¢, N,N-dimethy] leucine
(DiLeu)’, or aminooxy tandem mass tags (aminoxyTMT)
'8 offering higher quantification accuracy, reproducibility,
and sample throughput. Although several studies have
attempted to utilize isobaric labeling for lipidomic quanti-
fication, typically via amine, carboxylate, or carbon-carbon
double bonds'®?°, it has been difficult to target a wide range
of PL classes in the complex biological milieu or develop a
rapid and highly efficient approach that is crucial for sensi-
tive, reproducible, and large-scale analysis of diverse lipid
classes in complex biological samples.

[0005] Unlike peptides or glycans that have well-estab-
lished bioconjugation via shared functional groups, the
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diversity of chemical structures of lipids presents challenges
for targeting all PL classes. For functional groups shared
among PL classes, such as phosphodiester and aliphatic
groups, only limited reactions have been examined for direct
conjugation for biological applications®'. Diazo reagents
have been reported to have broad and tunable reactivity to
alkylate oxygen, nitrogen, and even carbon, which shows
great potential to conjugate phosphodiesters. However,
selective O-alkylation of phosphodiester for subsequent
labeling is a difficult task due to their poor nucleophilicity
and the presence of more reactive nucleophiles on PL
structures®>. Accordingly, it is desirable to develop com-
pounds and linkers that allow for efficient labeling and
subsequent analysis of a wide range of lipids.

SUMMARY OF THE INVENTION

[0006] This invention provides linkers and methods for the
functionalization and labeling of molecules, including but
not limited to phosphate-containing and sulfate-containing
molecules. In an embodiment, the linker comprises both a
ketone functional group and a diazo functional group. Pref-
erably the diazo group is able to react with the molecule (or
an intermediary product formed by the molecule) thereby
attaching the remaining portion of the linker to the molecule,
where the ketone group remains available for further reac-
tions or attachment to isotopic, isobaric, fluorescent, and/or
chemical tags.

[0007] An aspect of the invention provides a linker, pref-
erably a diazobutanone linker, capable of conjugating with
phosphate groups (including phosphodiester groups) and
sulfate groups on biomolecules using the diazo group,
thereby enabling the functionalization of phosphate and
sulfate-containing biomolecules. The linker exhibits high
derivatization efficiency and chemoselectivity, accommo-
dating a variety of other functional groups on the biomol-
ecules. In an embodiment, the linker is made via a relatively
simple two-step process and functionality enables direct
oxygen-alkylation of lipid phosphate and lipid sulfate
groups. The conjugated biomolecule is then reacted through
the attached linker with tagging reagents via oxime bond
formation as known in the art, including but not limited to
isobaric and isotopically labeled tags, thereby generating a
functionalized biomolecule containing a derivatized biomo-
lecule, a linker portion, and tagging reagent, where one end
of the linker portion is attached to the derivatized biomol-
ecule and the second end of the linker is attached to the
tagging reagent. Once labeled with the tagging reagent,
traditional mass spectrometry and associated methods can be
used for the analysis of the functionalized biomolecules. By
coupling the linker with isobaric mass tags, multiplexed
quantitative analysis can be achieved for an extensive vari-
ety of biomolecules and lipids.

[0008] In an embodiment, the present invention provides
a method for functionalizing a biomolecule comprising a
phosphate group or sulfate group, where the method com-
prises the steps of:

[0009] a) contacting the biomolecule with a linker com-
prising a first region having a diazo group and a second
region having a ketone group, thereby reacting the first
region of the linker with the phosphate group or sulfate
group of the biomolecule and generating a conjugated
biomolecule; and

[0010] D) contacting the conjugated biomolecule with a
tagging reagent, thereby reacting the second region of
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the linker to the tagging reagent and generating a
functionalized biomolecule labeled with the tagging
reagent. In an embodiment, reacting the first region of
the linker with the phosphate group or sulfate group of
the biomolecule forms an alkylated phosphate or alky-
lated sulfated group.

[0011] Preferably, the linker has the following formula:

[¢]

Na,
Rl)‘\/

wherein R1 is hydrogen, or an alkyl group or aromatic ring
having 12 carbon atoms or less, having 8 carbon atoms or
less, or having 6 carbon atoms or less. In an embodiment, R1
is an alkyl group having 1 to 12 carbon atoms, 1 to 8 carbon
atoms, 1 to 6 carbon atoms, or 1 to 3 carbon atoms. In an
embodiment, R1 is an aromatic ring having 3 to 12 carbon
atoms, 3 to 8 carbon atoms, 3 to 6 carbon atoms, or 3 to 5
carbon atoms.

[0012] In an embodiment, the linker has the following
formula:
(6] (€]
\)k/“l - HJK/NZ'
[0013] In an embodiment, reacting the first region of the

linker with a phosphate group or sulfate group of the
biomolecule further comprises removing excess amount of
the linker by vacuum. This allows excess amounts of the
linker to be removed without cumbersome separation steps
that may also reduce the yield of the resulting conjugated
biomolecule. Preferably, the linker is volatile at room tem-
perature. In an embodiment, the linker has a boiling point
less than 100° C., preferably a boiling point less than 75° C.,
more preferably a boiling point less than 65° C. (all tem-
peratures at 1 atm).

[0014] In an embodiment, reacting the first region of the
linker with the phosphate group or sulfate group of the
biomolecule has a derivatization efficiency of 85% or
greater, 90% or greater, or 93% or greater.

[0015] An aspect of the invention comprises generating
the linker prior to contacting the linker with the target
molecule. In an embodiment, generating the linker com-
prises the steps of functionalizing a dione to contain a diazo
functional group and treating the functionalized dione with
a basic solution, thereby generating a linker having a first
region having the diazo group and a second region having a
ketone group. Preferably, this step of generating the linker
has a reaction yield of 60% or greater, 75% or greater, or
85% or greater.

[0016] In an embodiment, molecules able to be function-
alized with the linker and subsequently labeled with a
tagging reagent are molecules containing phosphate and/or
sulfate groups. Preferably, the molecules are biomolecules
including, but not limited to, phosphate-containing and/or
sulfate-containing metabolites, lipids, carbohydrates, poly-
peptides, nucleic acids, and combinations thereof. Option-
ally, the molecules include, but not limited to, phosphate-
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containing lipids, phosphate-containing metabolites, sulfate-
containing lipids, sulfate-containing metabolites, and
combinations thereof.

[0017] Tagging reagents suitable for use with the present
invention include any tagging reagent or isotopically labeled
tag able to be attached to the linker after the linker has been
conjugated to the biomolecule, for example, by reacting the
second region of the linker having the ketone group. In an
embodiment, the tagging reagent comprises an aminooxy
group able to form a reaction with the ketone group of the
linker via oxime bond formation. Preferably, the tagging
reagent comprises at least one atom that is isotopically
labeled. Suitable isotopically labeled tagging reagents
include, but are not limited to, tandem mass tags (“TMT”),
dimethylated amino acid tags (such as dimethylated leucine
“Dileu”), and aminooxy tandem mass tags (“ami-
noxyTMT”). Preferably, the tagging reagent is an ami-
noxyTMT since the aminooxy group can efficiently conju-
gate with the ketone group on the linker. Optionally, the
tagging reagent comprises a fluorescent agent (i.e., a fluo-
rophore) or a radioactive tag able to track the presence and
position of a tagged biomolecule.

[0018] In an embodiment, generating the labelled biomo-
lecule by reacting the second region of the linker to the
tagging reagent has a labeling efficiency of 90% or greater,
95% or greater, or 99% or greater.

[0019] After labeling the biomolecule with the tagging
reagent, the labeled biomolecule is able to be analyzed, such
as by mass spectrometry analysis. The mass spectrometry
analysis may include MS1 analysis as well as MS2 analysis
where the labeled biomolecule is fragmented. Additional
tagging reagents having the same mass can be used to label
biomolecules in additional samples. The different samples
are optionally combined, and the relative amounts of the
labeled biomolecules compared. One of the samples may be
a biomolecule present in known amount, allowing the rela-
tively quantitative amounts of target biomolecules from the
other samples to be determined

[0020] In an embodiment, the tagging reagent is an iso-
baric tag comprising a reporter group, a balance group, and
a carbonyl-reactive group, where one or more atoms in the
reporter group, balance group, or both, are isotopically
heavy versions of the atom. In an embodiment, two or more
isobaric tags are added to multiple samples containing the
target biomolecules in order to compare and even quantify
the amount of the target biomolecule in each sample. For
example, in an embodiment the overall masses of the
different tagging reagents are the same, but the mass of the
different reporter groups will be different for each tagging
reagent. As a result, the different samples can be analyzed
using MS1 mass spectrometry and even combined. The
exact mass of identical biomolecules from different samples
presents a single peak at MS1 spectra but after fragmenta-
tion each biomolecule labeled with a different isobaric tag
will generate a fragment having a reporter group with a
different mass that is distinguishable from biomolecules
labeled with a different tag from the different samples.
[0021] In an embodiment, the invention comprises two or
more samples, wherein each sample contains an amount of
the target biomolecule. The biomolecule in each of the two
or more samples is contacted with the linker thereby gen-
erating a conjugated biomolecule in each of the two or more
samples. The conjugated biomolecule in each of the two or
more samples is then labeled with two or more tagging
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reagents (one tagging reagent for each sample), where each
of the two or more samples is labeled with a different
tagging reagent. Preferably, each of the different tagging
reagents comprises a reporter group and a balance group,
where one or more atoms in the reporter group, balance
group, or both, are isotopically heavy versions of the atom.
The reporter group of each of the different tagging reagents
has a different mass due to differently isotopically labeled
atoms in each reporter group, and the balance group of each
of the different tagging reagents has a different mass due to
the differently isotopically labeled atoms in each balance
group. However, the overall total mass of the reporter groups
plus the balancing group for each tagging reagent is the
same. In a further embodiment, the labeled biomolecules in
each of the two or more samples are fragmented and the
resulting fragments are analyzed. Preferably, the reporter ion
intensities of the labeled biomolecule are quantified in each
of the two or more samples, such as through the use of a
known standard.

[0022] A further embodiment comprises labeling target
biomolecules within three or more samples with three or
more tagging reagents; labeling target molecules within four
or more samples with four or more tagging reagents; label-
ing target molecules within five or more samples with five
or more tagging reagents; labeling target molecules within
six or more samples with six or more tagging reagents;
labeling target molecules within seven or more samples with
seven or more tagging reagents; and labeling target mol-
ecules within eight or more samples with eight or more
tagging reagents.

[0023] An aspect of the invention provides a kit is for
multiplexed analysis of a target biomolecule. In an embodi-
ment, the kit comprises a linker and two or more tagging
reagents, where the linker has the following formula:

[¢]

Na,
Rl)‘\/

where each tagging reagent comprises a reporter group, a
balance group, and a carbonyl-reactive group wherein one or
more atoms in the reporter group, balance group, or both, are
isotopically heavy versions of the atom. The reporter group
of each tagging reagent has a mass different than the reporter
groups of the other tagging reagents, the balance group of
each tagging reagent has a mass different than the balance
groups of other tagging reagents, and the overall mass of the
reporter group plus the balance group for each tagging
reagent is the same. Within the linker, R1 is hydrogen, or an
alkyl group or aromatic ring having 12 carbon atoms or less,
having 8 carbon atoms or less, or having 6 carbon atoms or
less. In an embodiment, R1 is an alkyl group having 1 to 12
carbon atoms, 1 to 8 carbon atoms, 1 to 6 carbon atoms, or
1 to 3 carbon atoms. In an embodiment, R1 is an aromatic
ring having 3 to 12 carbon atoms, 3 to 8 carbon atoms, 3 to
6 carbon atoms, or 3 to 5 carbon atoms.

[0024] Preferably, each tagging reagent comprises an ami-
nooxy group able to form a reaction with a ketone group in
a conjugated biomolecule to be labeled. In an embodiment,
the linker has the following formula:
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(6] (6]

N, or JK/NZI
\)k/ - %

[0025] An aspect of the invention provides a functional-
ized compound or labeled biomolecule, including but not
limited to functionalized lipids and metabolites. In an
embodiment, the invention provides a compound compris-
ing the formula:

(¢} O—Rs,
o o
o7 |2\O\)\ ~
A K
Ry
[0026] where,
[0027] R1 is an alkyl group or an aromatic ring having

12 carbon atoms or less, preferably 8 carbons, or less or
6 carbons or less;

[0028] R2isPorS;

[0029] R3 and R4 are, individually from each other,
hydrogen, a linear or branched hydrocarbon, a lipid, an
aliphatic group, or comprises polar functional group;
and

[0030]
In an embodiment, R1 is —CH,—.

[0031] Preferably, R3 is an aliphatic region or part, pref-
erably having the formula:

RS is a tagging reagent.
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[0032] Preferably, R4 is a head group having the formula:

ff\/\@/
KA

NH, OH

OH, OH,

¢}

(I)H OH
HO OH, or
OH H

wherein when R2 is S R4—H.

[0033] In an embodiment, a target biological molecule in
two or more samples is labeled and subsequently analyzed
using the tagging reagents of the present invention, where at
least one sample is a biological sample taken from a patient
before a treatment is administered to the patient, and one or
more samples are biological samples taken from the patient
at one or more time periods after the treatment has been
administered to the patient. The sample taken from the
patient may include, but is not limited to, a fluid sample
(such as blood), cell sample, or tissue sample (e.g., tissue
biopsy). In an embodiment, the treatment is the administra-
tion of a drug or therapeutic which may result in the increase
or decrease of a biological molecule or metabolite.

[0034] Currently, there are no commercial tag reagents
available that can enable isobaric labeling for multiplexed
quantitative lipidomics due to the extensive diversity in lipid
chemical structures. Previous approaches have utilized com-
mercial Tandem Mass Tag (TMT) reagents or aziridination
for isobaric labeling in lipidomic analysis. However, these
techniques either limit the analysis to a restricted selection
of lipid classes or exhibit low efficiency. In contrast, the
present invention employs diazo-based linkers, which are
able to target all lipids containing phosphate and sulfate
groups, encompassing more than ten lipid classes. This
approach offers a robust and multiplexed quantitative analy-
sis method for lipidomics. The labeling procedure can be
completed within a span of two hours and involves simple
cleanup steps, thereby reducing sample loss and simplifying
experimental operations. The rapid procedure and cost-
effective materials support large-scale, high-throughput
analysis, providing notable advantages for extensive lipid-
omic studies.

BRIEF DESCRIPTION OF THE DRAWINGS

[0035] FIG. 1 shows a two-step derivatization strategy
using an in-house synthesized carbonyl-containing diazo
linker, diazobutanone, in an embodiment of the present
invention. The phosphate group of a lipid is derivatized with
diazobutanone to introduce a tag-reactive group to the lipid.
An aminoxyTMT tag is coupled to the tag-reactive group
during an isobaric labeling step, and the resulting products
were subjected to LC-MS/MS analysis.

[0036] FIG. 2 shows MALDI mass spectra of phospho-
lipids directly extracted from cells (top), phospholipids (PL)
after derivatization where 70 Da mass increments were
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introduced (middle), and PL derivatives labeled with Ami-
noxyTMT leading to 296 mass increments (bottom).
[0037] FIG. 3 shows (panel A) six classes of identified
phospholipids in label-free samples and in samples labeled
using diazobutanone and the aminoxyTMT tags. Panel B
shows quantitative results with a mixing ratio 1:2:4:6:8, and
panel C shows fragment characterization of PG 16:0_18:1
using HCD.

[0038] FIG. 4 shows a diazobutanone-assisted isobaric
labeling scheme, structures of lipid classes, and Ami-
noxyTMT in an embodiment of the present invention. Prior
to labeling, phospholipids and sulfated glycolipids generally
form negatively charged ions. However, following phos-
phate derivatization and Aminoxy TMT labeling which con-
tains a tertiary amine group, the labeled lipids can be readily
analyzed in the positive ion mode.

[0039] FIG. 5 shows a synthesis scheme of diazobutanone
in an embodiment of the invention. Detailed synthetic meth-
ods are described in Example 7.

[0040] FIG. 6 shows full MS scan spectra of derivatization
of PL. mixtures by new and 60-day-old diazobutanone. The
peaks on the left are the internal standards. Nearly no
differences were shown between the two spectra, indicating
good stability of diazobutanone.

[0041] FIG. 7 shows derivatization condition optimized by
reaction solvents (panel a), concentrations of HBF, (panel
b), concentration of diazobutanone (panel c¢), and reaction
time using a lipid mixture consisting of PE 18:1_18:1, PC
16:0_18:1, PS 18:1_18:1, PG 18:1_18:1, PI 18:1_18:1, and
PA 18:1_18:1 (panel d).

[0042] FIG. 8 shows an evaluation of the diazobutanone-
assisted isobaric labeling from FIG. 4. Panel a) shows
information on diagnostic ions, reaction efficiency and sen-
sitivity for the labeled PLs from 10 lipid classes. The
detailed LOQ information and the lipid standard list are
provided in Tables 1 and 2. Panel b) shows linear correlation
between the measured ratios of reporter ion intensities and
the amount ratios of lipid standards. Panel c¢) shows
extracted LC chromatography of the labeled PL, PG 18:1_
18:1, with 6 different channels from the lipid mixture with
the ratio 1:1:2:4:6:8, showing no retention time shift among
each other.

[0043] FIG. 9 shows a diazobutanone-assisted isobaric
labeling of lipid standards and MS2 fragmentation of labeled
lipids in an embodiment of the invention. Panel a) shows
spectra of unreacted lipids in the negative ion mode (top
panel), derivatized lipids by diazobutanone in the positive
ion mode (middle panel), and AminoxyTMT-labeled lipids
(bottom panel). Panel b) shows MS2 spectra of representa-
tive labeled lipids, PE 15:0_18:1(d7) and PG 16:0_18:1.
[0044] FIG. 10 shows MS2 spectra of all lipid standards
from 10 lipid classes by HCD (NCE 32%). Diagnostic ions
for class identification are highlighted. Lipid standards
included PC 15:0-18:1(d7), ether PC 16:0-18:1, SM d18:1-
18:1(d9), PE 15:0-18:1(d7), Lyso PC 18:1(d7), PA 15:0-18:
1(d7), PG 15:0-18:1(d7), PS 15:0-18:1(d7), PI 15:0-18:1
(d7), and 3-O-Sulfo MGDG 18:1 representing SGL.

[0045] FIG. 11 shows MS2 spectra of labeled PE 15:0_
18:1(d7) and PG 16:0_18:1 and the proposed structures for
the fragment ions. Diagnostic ions are unique to the lipid
classes. Acylium ions and acylium glycerol ions indicate the
fatty acid chains of the lipids.

[0046] FIG. 12 shows MS3 spectrum of PA 18:1_18:1.
MS3 analysis was performed on an Orbitrap Elite mass
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spectrometer. The highlighted peak represents FA 18:1 acy-
lium ion, indicating the acyl chain information of the pre-
cursor ion.

[0047] FIG. 13 shows MS2 spectrum of PG 40:7. The
highlighted peaks are diagnostic ions for class identification
or acyl chain elucidation. PG species tend to generate
[PG+H—RCOO]+ and show less efficiency on PG diagnos-
tic ion, [PGhead+Tag+H]+.

[0048] FIG. 14 shows MALDI MS spectra of unreacted
PL extract (top panel), derivatized PL extract (middle panel),
and labeled PL extract (bottom panel). Representative peaks
are highlighted and marked. Due to the high ionization
efficiency of PC species on MALDI, PCs are indicated.
[0049] FIG. 15 shows a diazobutanone-assisted two-step
isobaric labeling and mass spectrometry workflow in an
embodiment. Deuterated lipids were added prior to sample
homogenization, which will be used for lipid amount esti-
mation and the correction of lipid extraction recovery. Six
samples will be labeled separately and pooled prior to MS
analysis.

[0050] FIG. 16 shows performance of diazobutanone-
assisted isobaric labeling on complex samples in an embodi-
ment. Panel a) shows identified PL species from 6 central PL
classes in mouse liver samples. Panel b) shows a Venn
diagram of identified PL species from biological triplicates.
Panel c¢) shows reporter ions of the deuterated PL standards
with a ratio of 1:2:4:4:2:1 in the mixture of the biological
samples. Panel d) shows reporter ion ratios for 1:1:1:1:1:1
mixture. Box plots demarcate the median (line), the 25th and
75th percentile (box), and the 5th and 95th percentile
(whiskers). Panel e) shows the box plots of the labeled
mixture with a ratio of 1:1:2:4:6:8 and 6 label-free (LF) with
ratios of 1:1:2:4:6:8.

[0051] FIG. 17 shows MS2 spectra of labeled PI 36:2. In
the spectrum on the top, only FA 18:1 acylium ion was
detected, and thus the reporter ratio was used for PI 18:1_
18:1 quantification. In the middle panel, acylium ions indi-
cating two PI 36:2 acyl chain compositions, and the quan-
tification was marked as PI 18:1_18:1/18:0_18:2. In the
bottom spectra, only FA 18:0 and FA 18:2 acylium ions were
detected, the reporter ions in the spectrum were used for PI
18:0_18:2.

[0052] FIG. 18 shows the quantitative lipidomics of lean
and obese mouse liver tissues. Panel a) shows the identified
PL species from liver samples. Panel b) shows PC/PE ratios
in 3 lean and 3 obese mice. Panel c¢) shows hierarchical
cluster analysis discriminated healthy and obese mice by
quantitative analysis of PLs. Panel d) shows tandem MS
spectra of representative PLs with shorter acyl chains (PI
16:0_18:2; upper panel) and longer acyl chains (PS 18:0_
22:6; lower panel).

DETAILED DESCRIPTION OF THE
INVENTION

Definitions

[0053] As used herein the terms “tagging” and “labeling”
refers to reacting a reagent or compound with a target
molecule of interest, including but not limited to lipids and
metabolites containing a phosphate group or sulfate group,
so that one or more functional groups are attached to the
molecule of interest. A “tagged” or “labeled” target molecule
refers to a molecule of interest having the one or more
functional groups attached.
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[0054] As used herein, “lipids” refer to hydrophobic and
amphiphilic organic molecules, including fatty acids, ste-
rols, fat-soluble vitamins, monoglycerides, diglycerides, tri-
glycerides, sphingolipids, phospholipids, and sulfolipids.
[0055] As used herein, “metabolites” refer to small mol-
ecules that are an intermediate or end product of a biological
process, such as the breakdown or chemical modification of
a precursor compound, and that have a molecular weight of
less than 1,000 daltons.

[0056] A “ketone” generally refers to an organic com-
pound having a functional group with the structure RC(—0)
R', where R and R' can be a variety of carbon-containing
substituents.

[0057] A “diazo group” generally refers to an organic
compound having formula:

wherein one R group is hydrogen and the other R group is
an alkyl group.

[0058] The term “alkyl” refers to a monoradical of a
branched or unbranched (straight-chain or linear) saturated
hydrocarbon and to cycloalkyl groups having one or more
rings. Alkyl groups as used herein include those having from
1 to 12 carbon atoms, preferably having from 1 to 6 carbon
atoms. Alkyl groups include small alkyl groups having 1 to
3 carbon atoms. Cycoalkyl groups include those having one
or more rings. Cyclic alkyl groups include those having a 3-,
4-, 5-, 6-, 7-, 8-, 9-, 10-, 11- or 12-member carbon ring and
particularly those having a 3-, 4-, 5-, 6-, or 7-member ring.
The carbon rings in cyclic alkyl groups can also carry alkyl
groups. Alkyl groups are optionally substituted. Specific
alkyl groups include methyl, ethyl, n-propyl, iso-propyl,
cyclopropyl, n-butyl, s-butyl, t-butyl, cyclobutyl, n-pentyl,
branched-pentyl, cyclopentyl, n-hexyl, branched hexyl, and
cyclohexyl groups, all of which are optionally substituted.
Substituted alkyl groups include fully halogenated or semi-
halogenated alkyl groups, such as alkyl groups having one
or more hydrogens replaced with one or more fluorine
atoms, chlorine atoms, bromine atoms and/or iodine atoms.
Substituted alkyl groups include fully fluorinated or semif-
luorinated alkyl groups, such as alkyl groups having one or
more hydrogens replaced with one or more fluorine atoms.
[0059] An “alkoxy group” is an alkyl group linked to
oxygen and can be represented by the formula R—O.
Examples of alkoxy groups include, but are not limited to,
methoxy, ethoxy, propoxy, butoxy and heptoxy. Alkoxy
groups include substituted alkoxy groups wherein the alky
portion of the groups is substituted as provided herein in
connection with the description of alkyl groups.

[0060] The term “aromatic” refers to a hydrocarbon hav-
ing a conjugated cyclic molecular structure. Aryl groups
include those having from 3 to 12 carbon atoms, 3 to 8
carbon atoms, 3 to 6 carbon atoms, or 3 to 5 carbon atoms.
Aryl groups can contain a single ring (e.g., phenyl), one or
more rings (e.g., biphenyl) or multiple condensed (fused)
rings, wherein at least one ring is aromatic (e.g., naphthyl,
fluorenyl, or anthryl). Heterocyclic aromatic rings can
include one or more N, O, or S atoms in the ring, and can
include those with one, two or three N, those with one or two
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0, and those with one or two S, or combinations of one or
two or three N, O or S. Aryl groups are optionally substi-
tuted. Substituted aryl groups include among others those
which are substituted with alkyl or alkenyl groups, which
groups in turn can be optionally substituted.

[0061] As to any of the above groups which contain one or
more substituents, it is understood, that such groups do not
contain any substitution or substitution patterns which are
sterically impractical and/or synthetically non-feasible. In
addition, the compounds of this invention include all ste-
reochemical isomers arising from the substitution of these
compounds.

[0062] As used herein, “isotopically labeled”, “isotopi-
cally enriched”, “isotopic composition”, “isotopic”, “iso-
tope”, and the like refer to compounds (e.g., tagging
reagents, labeled molecules, labeled samples, and end-prod-
ucts, etc.) whereby a process has introduced one or more
isotopes into the relevant compound in excess of the natural
isotopic abundance. “Isotopically-heavy” refers to a com-
pound or fragments/moieties thereof that have been enriched
with one or more high mass, or heavy isotopes (e.g., stable
isotopes such as deuterium, *C, '°N, and '*0).

[0063] In an embodiment, an isotopically labeled mol-
ecule or sample comprises a specific isotopic combination
(i.e., isotopically heavy versions of one or more atoms)
present in an abundance that is at least 10 times greater, for
some embodiments at least 100 times greater, for some
embodiments at least 1,000 times greater, for some embodi-
ments at least 10,000 times greater, than the abundance of
the same compound having the same isotopic combination
in a naturally occurring or unenriched sample. In another
embodiment, an isotopically enriched sample has a purity
with respect to a compound of the invention having a
specific isotopic composition that is substantially enriched,
for example, a purity equal to or greater than 90%, in some
embodiments equal to or greater than 95%, in some embodi-
ments equal to or greater than 99%, in some embodiments
equal to or greater than 99.9%, in some embodiments equal
to or greater than 99.99%, and in some embodiments equal
to or greater than 99.999%. In another embodiment, an
isotopically enriched sample is a sample that has been
purified with respect to a compound of the invention having
a specific isotopic composition, for example using isotope
purification methods known in the art.

[0064] “Fragment” refers to a portion of molecule, such as
labeled phospholipid or sulfolipid. Fragments may be singly
or multiply charged ions. Fragments may be derived from
bond cleavage in a parent molecule, including site specific
cleavage of polypeptide bonds in a parent molecule. Frag-
ments may also be generated from multiple cleavage events
or steps. Fragments useful in the present invention include
fragments formed under metastable conditions or result from
the introduction of energy to the precursor by a variety of
methods including, but not limited to, collision induced
dissociation (CID), higher-energy collision dissociation
(HCD), surface induced dissociation (SID), laser induced
dissociation (LID), electron capture dissociation (ECD),
electron transfer dissociation (ETD), ultraviolet photo-dis-
sociation (UVPD), or any combination of these methods or
any equivalents known in the art of tandem mass spectrom-
etry. Fragments useful in the present invention also include,
but are not limited to, x-type fragments, y-type fragments,
z-type fragments, a-type fragments, b-type fragments, c-type
fragments, internal ion (or internal cleavage ions), immo-
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nium ions or satellite ions. The types of fragments derived
from a parent analyte often depend on the sequence of the
parent, method of fragmentation, charge state of the parent
precursor ion, amount of energy introduced to the parent
precursor ion and method of delivering energy into the
parent precursor ion. Properties of fragments, such as
molecular mass, may be characterized by analysis of a
fragmentation mass spectrum.

Overview

[0065] MS-based quantitative lipidomics is an emerging
field aiming to uncover the intricate relationships between
lipidomes and disease development. However, quantifying
lipidomes comprehensively in high-throughput manners
remains challenging due to the diverse lipid structures. This
invention provides diazo linkers and compounds, including
but not limited to diazobutanone, that enables a diazo
compound-assisted isobaric labeling strategy for multi-
plexed quantification across a broad range of molecules,
including various phospholipids, glycolipids, and small mol-
ecules, such as metabolites.

[0066] The diazo linkers and compounds are designed to
conjugate with phosphate, phosphodiester, and sulfate
groups, while accommodating various functional groups on
different molecules and lipid classes, enabling subsequent
isobaric labeling for high-throughput multiplex quantitation.
This diazo compound-assisted method demonstrates excel-
lent performance in terms of labeling efficiency, detection
sensitivity, quantitative accuracy, and broad applicability to
various biological samples.

[0067] For example, the diazo linkers described herein
enable direct conjugation to both phosphodiester and sulfate
groups under the mild conditions. The ketone group on the
linker can conjugate with aminooxy groups specifically and
efficiently to facilitate the functionalization of these biomo-
lecules. Traditionally, existing approaches initiate with
phosphine or phosphoramidite to synthesize phosphotriester
groups, instead of directly O-alkylation of phosphate groups.
This not only necessitates numerous synthetic steps but also
constrains the applicability to biological samples.

[0068] In particular, the diazobutanone linker described
herein has both a diazo group and a ketone group. By
coupling the diazobutanone linker with isobaric mass tags,
multiplexed quantitative analysis can be achieved for an
extensive variety of lipid classes. The performance of this
diazobutanone-assisted isobaric labeling method has been
benchmarked, demonstrating exemplary performance in
terms of labeling efficiency, detection sensitivity, quantita-
tive accuracy, and broad applicability to various biological
samples. The labeling of lipids can generate reporter ions for
multiplexed quantification, diagnostic ions for class identi-
fication, and acylium ions for fatty acid chain elucidation.
This empowers a high lipidome coverage and comprehen-
sive quantitative lipidomics. Notably, this method represents
the first study to achieve multiplexed quantification of a
wide range of lipid classes simultaneously on a global scale
from multiple complex biological samples.

[0069] The diazobutanone linker can be synthesized con-
veniently in two steps, resulting in a high-yield and high-
purity product. This linker is economically efficient owing to
high product yields and the use of cost-effective, commer-
cially available reagents. The linker was designed to be
compact and volatile, which facilitates easy cleanup using a
vacuum and is compatible with downstream mass spectrom-



US 2025/0164511 A1

etry analyses. Furthermore, this linker displays high stability
that is compatible with biomolecules and suitable for use
under standard experimental conditions. The synthesized
diazobutanone can be stored at -20° C. over extended
periods without reducing its reactivity.

[0070] The derivatization efficiency of the diazobutanone
linker has been observed to exceed 97% for phosphodiester
groups and 93% for sulfate groups within a 30-minute
reaction. In addition, the linker exhibits a high chemoselec-
tivity towards phosphate and sulfate groups under optimized
conditions, which accommodates various functional groups
on biomolecules such as ester, ether, hydroxyl, amine,
amide, carboxylate, carbon-carbon double bond, and qua-
ternary amine groups. Such compatibility maximizes the
yield of the desired product and minimizes side reactions
that could potentially complicate analysis and decrease the
sensitivity towards target lipids.

Example 1—Cell Extract Labeling

[0071] Phospholipids are essential biomolecules that are
involved in many biological processes. These functions are
determined by their chemical structures and the relative
abundance of each species. The disturbance of phospholip-
ids is associated with many diseases. Quantification of
phospholipids will provide a deeper insight into their func-
tions and roles in disease mechanisms.

[0072] Isobaric labeling strategy enables high-throughput
quantification without increasing spectral complexity. Quan-
tification is achieved on MS2 level by generating unique
masses from the isobaric tags. This strategy has been widely
used in quantitative proteomics and glycomics. Despite the
attempt to utilize this strategy in lipidomics, the studies have
been done only to limited classes of lipids due to the high
structural diversity of lipids.

[0073] The goal of this example was to develop a deriva-
tization strategy to enable the labeling with isobaric mass
tags to achieve high-throughput quantification for all major
phospholipid classes.

[0074] A two-step derivatization strategy was developed
using an in-house synthesized carbonyl-containing diazo
compound (diazobutanone) (FIG. 1). The diazo group can
mainly react with phosphate groups under a specific condi-
tion. Phosphate groups were derivatized with diazobutanone
to introduce a tag-reactive group for isobaric labeling. With
careful optimizations, the derivatization and labeling effi-
ciency were able to reach more than 95% for each phos-
pholipid class with minimum side reactions. The resulting
products were subjected to LC-MS/MS analysis to generate
reporter ions for relative quantification and diagnostic ions
to validate the phospholipid classes and aliphatic chains.
[0075] Cell lipids were extracted using Folch extraction.
Label-free lipidomics was conducted on Elite Orbitrap in
both positive and negative ion modes. The LC-MS data was
processed using MS-Dial. To eliminate false identification,
identified lipids are filtered by MS2 score and retention time.
The identification results were used as a new database for
labeled samples. For labeled lipidomics, the analysis was
carried out in the positive ion mode. Besides exact mass
matching with the label-free database, diagnostic ions in
MS?2 spectra were also considered to identify labeled lipids
in cell extract. Reporter ions were used for relative quanti-
fication.

[0076] FIG. 2 shows MALDI MS spectra of phospholipids
directly extracted from cells (top), phospholipids (PL) after
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derivatization where 70 Da mass increments were intro-
duced (middle). Lastly, PL derivatives were labeled with
AminoxyTMT leading to 296 mass increments (bottom).
The reaction efficiencies were high for each step by exam-
ining the intensity of produces before and after reactions.
Representative PCs were indicated in the spectra to show the
mass shift in each step.

[0077] Six classes of phospholipids were successfully
derivatized with a carbonyl-containing compound enabling
the labeling by AminoxyTMT tags for multiplexed analysis
(FIG. 3). This method features high labeling efficiency,
quantitative accuracy, multiplexed quantification, and, most
importantly, simultaneous analysis of all major phospholipid
classes for high-throughput phospholipid quantification.

Example 2—Design of Diazobutanone and
AminoxyTMT Labeling

[0078] Diazobutanone, which can be synthesized in two
steps and easily removed by vacuum after reactions, enables
O-alkylation of phospholipids (PL) and specific reactions
with aminooxy isobaric reagents. With optimized condi-
tions, all lipids in a sample can be isobarically tagged under
mild conditions, and the final products can generate reporter
ions for relative quantification, diagnostic ions indicating
lipid classes, and acylium ions for differentiating acyl
chains.

[0079] Using aminoxyTMT, which is currently available
up to 6-plex, six major classes of phospholipids were
successfully profiled and quantified in liver tissues from
three healthy lean mice and three insulin-resistant obese
mice in a high-throughput fashion. Overall, 243 phospho-
lipids were quantified in liver tissues, offering a universal
and highly efficient method to quantify broad classes of
phospholipids in complex biological samples.

[0080] To develop a simple and applicable high-through-
put method, a diazobutanone compound was designed that
incorporates a diazo group for phosphodiester O-alkylation
and a ketone group for subsequent isobaric labeling (see
FIGS. 4 and 5). Oxime bond formation was selected for the
labeling step in this study because oxime bond formation
between carbonyl groups and aminooxy groups is highly
specific and efficient, leaving other functional groups on
phospholipids intact. Additionally, it was observed that the
final products, phosphotriesters, are prone to hydrolysis
under alkaline or reductive conditions while tolerating mild
acidic conditions, where the oxime formation occurs®>.
[0081] Critical to the properties of diazobutanone with
biomolecules, the compound was designed to be volatile and
placed carbonyl groups next to the diazo groups. Diazoal-
kanes, such as diazomethane, are typically toxic and explo-
sively reactive, while diazo groups can be stabilized by
delocalizing the electrons on the a carbon®*. Therefore, the
use of carbonyl groups to diminish the reactivity of diazo
groups makes the compound stable and compatible with
biomolecules. Diazobutanone can be stored at -20° C. for
months (60 days) without a decrease in reaction efficiency
(FIG. 6). The volatility of diazobutanone allows for the
removal of an excess amount of reagent by vacuum, sim-
plifying the cleanup steps and reducing sample loss, which
makes it compatible with subsequent mass spectrometry-
based analyses.

[0082] To demonstrate the wide applicability of diazobu-
tanone to various lipid classes, it was tested using represen-
tative lipid standards from nine phosphate-containing lipid



US 2025/0164511 A1

classes, including phosphatidylcholine (PC), phosphatidyle-
thanolamine (PE), phosphatidylglycerol (PG), phosphatidyl-
serine (PS), phosphatidic acid (PA), phosphatidylinositol
(PI), lysophosphatidylcholine (LysoPC), ether-phosphati-
dylcholines (etherPC), and sphingomyelin (SM). The lipid
structures for each class are shown in FIG. 4. Besides
phospholipid (PL) classes, it was also found that sulfate
groups might hold similar reactivity to phosphate groups.
Sulfated glycolipids (SGL) are enriched in the nervous and
immune systems and exert unique functions from their
non-modified glycolipids due to their negative charges.
Thus, SGL was included in the method development®’.
[0083] Inthe initial tests, it was found that fluoroboric acid
(HBF4) was the most efficient catalyst in the reactions,
probably due to the generation of a non-coordinating coun-
terion during the reaction®. However, higher concentrations
of HBF4 caused severe side reactions on multiple functional
groups on lipids, such as the alkylation of amine, amide, or
hydroxyl groups, while lower amounts of HBF4 failed to
reach enough reaction yields. To promote efficiency without
generating unwanted reactions, several condition factors
were examined, such as temperature and solvent. The sol-
vent effect was found to be crucial for the reactions. The
diazobutanone reacted with the hydroxyl groups of PG in
chloroform or showed low reactivity under ether systems.
After testing all common reaction solvents, ethyl propionate,
which is not commonly used for diazo compounds, gener-
ated minimum side reactions and obtained the highest signal
intensity of lipid derivatives.

[0084] With careful optimizations (FIG. 7), a mild condi-
tion of 75 mM diazobutanone and 0.24 mM fluoroboric acid
was used in ethyl propionate at room temperature for 35 min
for subsequent experiments. An average of 98% conversion
yields was achieved for all lipid standards with minimum
side products (FIG. 8, panel a). The optimized reaction
conditions exhibited high reaction efficiency and easy clean-
up by vacuum, resulting in maximum conversions of lipid
derivatives for quantitative analysis. It is worth noting that
the selectivity of diazobutanone toward phosphate and sul-
fate groups under the optimized condition leaves other
functional groups on lipids intact, such as ester, hydroxyl,
amine, amide, carboxylate, carbon-carbon double bond, and
quaternary amine groups, thus avoiding multiple side prod-
ucts resulting from different reactive sites that might com-
plicate the analysis and lower the sensitivity of target lipids.
[0085] In the second step of the labeling, aminoxyTMT
isobaric mass tags that are developed for targeting carbonyl-
containing biomolecules were used to conduct isobaric
labeling. Aminooxy groups of the tag reagents could spe-
cifically react with the ketone groups on the lipid derivatives
that were introduced by diazobutanone. A lipid-to-ami-
noxy TMT ratio of 1:2 and reaction solvent of 10% isopro-
panol/methanol with 0.1% acetic acid were used. Near-
complete labeling efficiencies was achieved for all lipid
standards after reacting for 15 minutes and hydrolysis of PL.
products was not observed. The excess tag reagents can be
removed by extraction using water and ethyl acetate. The
whole labeling procedure could be completed within 2
hours, enabling fast and cost-effective experiments for high
throughput quantification.

Example 3—Characterization of Labeled Lipids

[0086] After labeling (FIG. 9, panel a), 372 Da mass
increments were introduced to the lipid standards, which
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comprised of butanone plus aminoxyTMT. PA had a 744 Da
mass increment, resulting from the incorporation of 2 units
of tags, while some single-labeled PA product was also
observed in low yields. In the previous reports involving
diazomethane, alkylated amino and fragmented PL, particu-
larly PS, products were generated, whose molecular weights
are the same as the corresponding PC and PA*®?”. Since the
products could potentially confound the detection of PC or
PA, the separation of PLs based on PL classes were usually
performed using hybrid solid-phase extraction columns. In
this study, products with alkylation on amine groups were
not observed, and PL fragmentation was observed to a lesser
extent. A possible explanation for this could be the use of the
lower-reactivity diazobutanone and milder reaction condi-
tions compared to previous works. However, to avoid inac-
curate quantitation of PA, it is desirable to separate PA from
other PL classes during the analysis.

[0087] To assess the performance of this method, five
different amounts of PLs (300 ng, 60 ng, 30 ng, 12 ng, and
3 ng) were labeled and analyzed. The correlation between
the measured ratios of reporter ions and the expected ratios
of lipids was examined (FIG. 8, panel b), revealing a linear
relationship with an R? value of 0.9985 and a slope of
0.9960. The retention time of PLs labeled with different
channels displayed no significant shift between each chan-
nel, ensuring simultaneous MS2 analysis of PLs with vari-
ous tag variants (FIG. 8, panel c¢). The sensitivity of the
method was also evaluated by comparing the limits of
quantification (LOQs) before and after labeling using lipid
standards (FIG. 8 and Table 1). The results indicated that the
technique yielded LOQs comparable to those of unlabeled
lipids, suggesting that the method successfully facilitates
multiplexed quantification without compromising sensitiv-

ity.

TABLE 1

Information on reaction efficiency and sensitivity for the labeled
PLs from 10 lipid classes. Given that high-resolution Orbitrap MS2
data do not produce a blank/background response, we established the
limit of quantification (LOQ) following guidelines from the previous
literature. The signal responses were noted to be ten times higher
than the blank values. For the labeled phospholipids, apart from
examining signal responses, we also scrutinized MS2 spectra, where
we observed quality reporter ions and diagnostic ions.

Unlabeled Labeled

Lipid LOQ LOQ Diazobutanone Labeling
Class (fmole) RSD (fmole) RSD efficiency (%) efficiency®
PC 1.66  0.12 2,50 0.38 99.78

PE 1.78  0.16 .65  0.07 98.63 >99%
PG 1.14 0.1 0.82  0.16 99.68

PS 271 021 11.89  0.09 99.24¢

PI 129 021 117 0.09 97.04

PA 17.74  0.06 428  0.09 99.93¢

Lyso PC 845 023 1.54  0.03 96.78

Ether PC 3.02 017 356 0.01 99.48

SM 1.98  0.01 2.80  0.12 97.38

SGL 1.75  0.29 6.06  0.35 93.02

“Conversions of PC, lyso PC, ether PC, and SM were monitored in the positive ion mode,
and the others were in the negative ion mode. Internal standards were added to unreacted
and reacted mixtures. The amounts of remaining lipids were calculated by their relative
abundance to the internal standards.

abeling efficiency was monitored in the positive ion mode. No remaining lipid
derivatives were observed.
“Fragmented PS product and single-alkylated PA was included, while labeled PS and
double-alkylated PA was the main product.
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TABLE 2

Lipid standards used in this study.

Lipid Molecular
Class Composition Adduet weight
PC 15:0-18:1 (d7) 753.11
PE 15:0-18:1 (d7) 711.03
PG 15:0-18:1 (d7) Na salt 764.02
PS 15:0-18:1 (d7) Na salt 777.02
PI 15:0-18:1 (d7) NH,, salt 847.13
PA 15:0-18:1 (d7) Na salt 689.93
Lyso PC 18:1 (d7) 528.72
Ether 16:0-18:1 746.09
PC

SM D18:1-18:1(d9) 738.12
SGL 18:1-18:1 NH, salt 880.23
PC 16:0-18:1 760.08
PE 15:0-18:1 (d7) 744.03
PG 15:0-18:1 (d7) Na salt 797.02
PS 15:0-18:1 (d7) Na salt 810.02
PI 15:0-18:1 (d7) NH,, salt 880.14
PA 15:0-18:1 (d7) Na salt 722.95

[0088] Next, the characteristics of the labeled lipids were

investigated. During LC-MS analysis, the chromatography
behavior of labeled lipids was similar to that of unlabeled
lipids. Labeled lipids with longer aliphatic chains and lower
unsaturated degrees tended to have longer retention times
during C18 reversed-phase LC separation. In terms of MS
characteristics, the amine groups of aminoxyITMT tags,
which are favorably protonated under acidic mobile phases,
caused PA and lipids with choline or ethanolamine to
primarily exhibit doubly charged species. Labeled lipids
displayed different fragmentation patterns from their origi-
nal counterparts (FIG. 10). FIG. 9, panel b and FIG. 11 show
representative MS2 spectra of labeled PE 15:0_18:1(d7) and
PG 16:0_18:1. The peaks at m/z 126-131 represent the
reporter ions generated from the aminoxyTMT tags used for
multiplexed quantification. The peaks at m/z 513 and 544
were the fragments of the PE and PG head groups with
oxime-formed aminoxyTMT, indicating the lipid classes of
the precursor ions.

[0089] Lastly, the method provides information on acyl
chains that can differentiate lipid isomers. The peaks located
at 570 and 577 represent the neutral loss of polar head
groups and can undergo MS3 fragmentation to elucidate
fatty acid chains (FIG. 12). Additionally, single acyl chain-
related fragments, which were not efficiently generated
before labeling, appear in the MS2 level, eliminating the
need for MS3 analysis for differentiating acyl chains. Using
acylium ions ([RCO]™) or acyl chains with glycerol back-
bones ([RCOO+C;H;O+H]"), the PE species can be iden-
tified as PE 15:0_18:1(d7) and PG 34:1 as PG 16:0_18:1.
[0090] Neutral loss products ([M+H—RCOO]*) are also
observed in some lipid species (FIG. 13). All fragmentation
patterns and retention times of labeled lipids were consid-
ered to validate lipid identification, in addition to accurate
mass matching.

Example 4—Isobaric Labeling of Phospholipid
Extract from Complex Samples

[0091] In mammalian cells, PC is the most abundant PL
followed by PE and PI. Each PL class distributes differently
among cell types and exerts its functions, and all lipid
classes also collectively contribute to the homeostasis and
maintenance of cellular environments®®. In this study, the
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method was applied to simultaneously profile the central PL,
classes (PC, PE, PI, PS, PG, and PA) in the human pancre-
atic cancer cell line PANC-1 and obese mouse liver tissues
to demonstrate the applicability of the approach using com-
plex biological samples (FIG. 14, FIG. 15, and FIG. 16).

[0092] From the full MS spectra (FIG. 14), it was
observed that the lipid signal peaks from previous steps were
completely consumed by each reaction, indicating that this
two-step labeling procedure was highly compatible with
complex systems. The labeled mixtures were then subjected
to LC-MS/MS analysis in positive ion mode. The labeled
PLs were identified by accurate mass matching to the
database and the diagnostic ions for class identification
using an in-house developed script in R program. Quanti-
tative information was acquired by extracting the abun-
dances of reporter ions from six aminoxyTMT channels. All
MS2 fragmentation patterns, charges, and retention time
were considered to validate their identification. In total, 304
PLs were identified in PANC-1 cells and 195 PLs were
identified in mouse liver tissues using the modified Lipid-
Blast database®® (FIG. 16, panel a). In biological triplicate
analysis (FIG. 16, panel b), approximately 80% of identifi-
cations were found in two of three replicates. Among them,
PC accounted for 43% of identifications, PE for 29%, and
PG for 13%. The lipid composition is comparable with
previous label-free lipidomics analysis of mouse liver with
nonalcoholic steatohepatitis®®>!, with higher percentages in
PG, probably due to the enhanced detection sensitivity.
These results demonstrate a high reproducibility and the
ability to reliably profile the lipidome using the new method.

[0093] To evaluate the quantitative accuracy of the method
for complex samples, a 6-plex diazobutanone-assisted iso-
baric labeling was conducted on six aliquots of PL extracts.
The PL extracts were separately subjected to diazobutanone
reaction and 6-plex aminoxyITMT labeling. The mixtures
were then combined with molar ratios of 1:1:1:1:1:1 and
1:1:2:4:6:8 prior to MS analysis. Additionally, deuterated PL
standards were added with a ratio of 1:2:4:4:2:1 to the
mixtures to further assess the quantitative accuracy. The
reporter ions of the deuterated PL standards showed an
expected ratio of 1:2:4:4:2:1 (FIG. 16, panel ¢) without ratio
distortion. All quantified PLs were plotted against each other
(FIG. 16, panel d). The median coefficient of variation (CV)
less than 10% for both theoretical ratios of 1:1:1:1:1:1 and
1:1:2:4:6:8 were obtained (FIG. 16, panel d and panel e),
demonstrating excellent quantitative performance.

[0094] To compare the method with label-free approaches,
a parallel label-free experiment was conducted using the
same LC method in negative ion mode and quantified
samples with a ratio of 1:1:2:4:6:8. Employing the same
nano-LC gradient, label-free analysis required 6-10 times
more instrument time, including blank washes, which might
affect the consistency of subsequent samples. In terms of
quantitative results, both label-free and isobaric labeling
approaches were able to obtain the expected ratio of 1:1:2:
4:6:8 (FIG. 16, panel e). However, the label-free approach
displayed a median CV of 24%, which was twice that of the
labeling method. Furthermore, the number of identified PLs
dropped from 173 inLF,,,;,st0 105inLF,,,,, . Although L.C
alignment allows for the quantification of PLs in analyses
where PLs were not identified, misalignment and variations
might be introduced, leading to inaccurate results. In con-
trast, since isobaric labeling quantifies lipids at MS2 levels,
lipids in lower abundances in one sample will be isolated
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and quantified along with another sample with higher lipid
abundance, ensuring accurate quantification of low-abun-
dance lipids.

Example 5—Relatively Quantify Phospholipids in
Liver Tissues from Lean and Obese Mice

[0095] Obesity has become a serious health problem over
the past few decades, contributing to an increased risk for
various diseases, including non-alcoholic fatty liver disease,
type 2 diabetes, and cancer. Aberrant lipid accumulation in
the liver is a hallmark of these diseases”>. Given the critical
roles of lipids in biological systems, lipidomic analyses of
liver tissues have the potential to not only decipher lipid
functions in metabolic pathways but also identify potential
biomarkers for disease diagnosis. Several studies have
reported on the mechanisms by which lipids can cause the
development of diseases. For example, a decreased PC/PE
ratio has been found to be responsible for the progression of
steatohepatitis and liver failure by affecting membrane
integrity*®. Additionally, the aliphatic chains on high-den-
sity lipoprotein PLs are correlated with the capability of the
efflux of cellular cholesterol**.

[0096] Here, a 6-plex quantitative analysis was performed
on liver tissues from three healthy, lean male mice and three
insulin-resistant, obese male ob/ob mice. Equal amounts of
liver tissues were collected and homogenized, and deuter-
ated lipid standards were added to the mixtures before lipid
extraction. Next, the extracted lipids underwent 6-plex diaz-
obutanone-assisted isobaric labeling. PLs were identified by
examining their exact masses and diagnostic ions, and the
abundance of reporter ions was extracted from 6 channels.
The data was normalized using deuterated lipid standards to
correct for lipid recovery from lipid extraction.

[0097] In total, 251 PL species were identified with acyl
chain compositions in liver tissues from lean and obese mice
(FIG. 18, panel a). These methods revealed 58 PLs and 100
PL molecular species enriched in obese mice, and 29 PLs
and 24 PL molecular species enriched in lean mice (adjusted
p-value<0.05). First, the progression indicator of hepatic
disease, the PC/PE ratio®>~*®, was examined using the inten-
sity of reporter ions from PLs. A decreasing trend was
observed in obese mice (FIG. 18, panel b), though a sig-
nificant change was not apparent. This could be because the
obese mice in the study exhibited insulin resistance but had
not yet developed severe hepatic disease. Hierarchical clus-
tering analyses (FIG. 18, panel d) showed remarkable repro-
ducibility within groups and produced strong clustering of
the two groups. Four main clusters of lipids can be visually
identified, including one cluster enriched in the lean mice
group, two clusters enriched in the obese mice group, and
one cluster without obvious enrichment.

[0098] In these findings, phospholipids (PLs) with rela-
tively long acyl chains (>38 carbon atoms) were upregulated
(FIG. 18, panels ¢ and d), while PLs with shorter acyl chains
(<34 carbon atoms) and PC species with high degrees of
unsaturation were diminished in obese mice. This trend was
in agreement with the previous report and could be attrib-
utable to the elongase Elovl6*>2°, which catalyzes the
extension of long-chain fatty acids and has been reported to
play a pivotal role in obesity-induced insulin resistance.
Similar patterns have been observed in mice with hepatic
disease, implying that the elongation of phospholipid chains
in obesity may affect liver function. In the analysis where
acyl chains were resolved, PLs with polyunsaturated acyl
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chains, such as C20:4 and C22:6, exhibited a significant
increase in obese mice. This could be due to the upregulated
expression of desaturases, enzymes vital for the synthesis of
polyunsaturated fatty acids. This observation parallels find-
ings in the liver phospholipids of mice subjected to a
high-fat diet>”.

[0099] Overall, these results suggest that obesity and
possibly insulin resistance led to a severe disturbance in
lipid homeostasis, and besides PC, many lipid species in
other classes that are not commonly studied also displayed
strong correlations with obesity. It is possible that the results
from these lipidomic studies on mouse livers may not be
representative of results from human livers with metabolic
diseases. Therefore, further investigations are needed to
explore the functions of these key identified lipids and to
ensure their relevance to human studies. Nonetheless, these
distinct PL profiles between lean and obese mouse livers
increase the understanding of the relationship between lipids
and diseases. The ability of this method to analyze a broad
range of lipid classes will facilitate quantitative lipidomics
in comprehensive and high-throughput manners.

Example 6—Discussion

[0100] Lipidomic reports often provide conflicting results
with regard to lipid compositions, likely due to the non-
standardized lipidomic procedures and variability occurring
in label-free workflows. In this study, a novel diazobu-
tanone-assisted isobaric labeling strategy is presented that
enables accurate multiplexed quantification and structure
elucidation of phosphate and sulfate-containing lipids. The
rationale for the design and optimization of diazobutanone
reaction is described in detail, highlighting the advantages of
using this chemical reagent, including its easy, mild, and
MS-compatible sample preparation protocols, efficient con-
jugation of phosphodiesters, and compatibility with various
functional groups under optimized reaction conditions.
These features make the method broadly applicable to
complex biological sample types. Additionally, the isobaric
tagging strategy is fast and cost-effective, making it favor-
able for large-scale lipidomics.

[0101] Using this method, phospholipids extracted from
healthy and obese mouse livers were analyzed and quanti-
fied in a high-throughput manner. The alterations of phos-
pholipid expression levels from all major classes were
observed in the obese mouse models, indicating the altera-
tion of enzyme activity involved in lipid metabolism in
obesity. For example, the significant up-regulation of phos-
pholipids with relatively long carbon chains might result
from fatty acid elongases (Elovl-5,6).

[0102] However, current quantitative studies mainly focus
on fatty acids or certain phospholipid classes, but lack the
ability to comprehensively interrogate the lipidome. It is
envisioned that this new method can be applied to investi-
gate multiple classes of lipids and their dynamic interplay
occurring in various diseases, and facilitate the discovery of
lipid biomarkers in different diseases and physiological
states in a non-targeted fashion. The diazobutanone-assisted
isobaric labeling strategy provides a strong starting point for
lipidomics to leverage the benefits of isobaric labeling,
including higher quantitative accuracy, reproducibility,
fewer missing values, elimination of matrix effect, and the
capability to conduct analysis of replicates or multiple test
groups within the same experiment. Advanced strategies that
involve isobaric mass tags can also be achieved, such as
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adding boosting channels to enhance the detection of target
analytes or low-abundance lipids, or bridge channels to
normalize the quantification across multiple sample sets. In
summary, the diazobutanone-assisted isobaric labeling will
drive the field of quantitative lipidomics to unprecedented
higher throughput analysis with enhanced coverage and
improved sensitivity.

Example 7—Methods

[0103] Materials and Reagents. All Lipid standards were
purchased from Avanti Polar Lipids (Alabaster, Al). Optima
LC/MS grade acetic acid (AA), acetonitrile (ACN), ammo-
nium formate, formic acid, isopropanol (IPA), Methanol
(MeOH), and water were purchased from Fisher Scientific
(Pittsburgh, PA). ACS grade chloroform, dichloromethane
(DCM), ether, ethyl acetate (EA), ethyl propionate, 3,5-
heptanedione, tetrafluoroboric acid diethyl ether complex
(HBF,Et,0), p-toluenesulfonyl azide (TsN;), and triethyl-
amine (NEt;) were purchased from Sigma-Aldrich (St.
Louis, MO). Phosphate buffered saline (PBS) was purchased
from Crystalgen (Commack, NY). AminoxyTMTsixplex™
label reagent was purchased from Thermo Fisher Scientific
(Waltham, MA). All reagents were used without additional
purification.

[0104] Pancreatic Cancer Cell (PANC1) Culture. The
commercially available pancreatic cancer cell line PANC-1
was obtained from American Type Culture Collection
(ATCC, Manassas, VA, USA) and was maintained in
DMEM: F12 (Hyclone, GE Healthcare Life Sciences,
Logan, Utah, USA) containing 10% fetal bovine serum
(FBS) (Gibco, Origin: Mexico) and 1% penicillin-strepto-
mycin solution (Gibco, Life Technologies Corporation,
Grand Island, NY, USA). Cells were cultured in a 37° C.
moisture incubator filled with 5% CO,. Cells were
trypsinized at 70%-90% confluence using 0.25% trypsin
EDTA solution (Gibco, Life Technologies Corporation,
Grand Island, NY, USA). The cell suspension was centri-
fuged at 300 g for 5 minutes, and the medium was discarded.
Cells were resuspended in phosphate-buffered saline (PBS)
(Gibeo, Life Technologies Europe B. V., Bleiswijk, The
Netherlands) and washed twice with PBS, and stored at —80°
C. freezers until use.

[0105] Obese mouse model and liver collection. Animal
care and experimental procedures were performed in accor-
dance with the guidelines and regulations of the Institutional
Animal Care and Use Committees from the University of
Wisconsin-Madison and William S. Middleton Memorial
Veterans Affairs to meet acceptable standards of humane
animal care. Mice were housed in facilities with a standard
light-dark cycle and fed ad libitum. Breeders were fed
Teklad 2919 (Envigo), and at weaning, mice were fed Teklad
2920x (Envigo) until transfer from the Biomedical Research
Model Services breeding core to the Wisconsin Institute for
Medical Research vivarium, at which time mice were fed
Teklad 2018 (Envigo). Obese male C57BL/6N ob/ob mice at
13-14 weeks of age were generated by backcrossing the
C57BL/6] ob allele (Jackson Laboratory Strain #000632) to
C57BL/6NTac (Taconic) mice and breeding heterozygous
C57BL/6N ob/+ mice to produce ob/ob mice. Mice were
genotyped for the ob allele by PCR as previously described
(Ellett ] D et al. 2009). Lean male C57BL/6NTac mice at 16
weeks of age, generated in a breeding colony, were used as
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controls. The liver was isolated from non-fasted mice after
euthanasia by carbon dioxide inhalation and flash-frozen in
liquid nitrogen.

[0106] Sample preparation and PL extraction. Approxi-
mately 10 mg of liver tissue from lean and obese mice was
weighed and dissolved in 0.35 mL PBS buffer. 3 pl of
EquiSPLASH™ deuterated lipid standards (Avanti Lipids,
Inc.) were added to the mixtures. The tissue was homog-
enized with a probe sonicator in an ice water bath at 50%
power with pulse 12 s on and 12 s off for 12 cycles. The
homogenates were then transferred to glass tubes for lipid
extraction. Lipid extraction from cells or liver tissues was
initiated by adding 1.5 mL methanol/chloroform (2:1 v/v)
and vortexing for 15 min, followed by adding 0.6 mL
chloroform and 0.6 mLL H,O. The mixture was vortexed for
another 15 min and then centrifuged at 2000xg for 10 min
to separate the liquid layers. The bottom layer was collected,
and the extraction of the aqueous layer was repeated twice
with 1 mL chloroform. The organic layers were combined
and dried under a nitrogen stream. Subsequently, 1.8 mL
hexane/methanol/ddH20 (1:1:0.1 v/v/v) was added for lipid
extraction. The mixture was vortexed for 5 min and then
centrifuged at 2000xg for 10 min. The bottom layer was
collected to obtain the phospholipid extract, which was then
dried under a nitrogen stream and stored at —20° C. until use.

[0107] Diazobutanone reaction of phospholipids and iso-
baric labeling. The synthesis of diazobutanone and the lipid
estimation method are provided below. 5 ug of phospholipid
(PL) standards or approximately 5 ng of PL extracts was
dissolved in 42.5 pL of ethyl propionate. To this solution, 50
nl of a freshly prepared 0.48 mM tetrafluoroboric acid
dimethyl ether complex in ethyl propionate was added,
along with 7.5 ulL of a 10:1 (v/v) solution of ethyl propionate
and diazobutanone. The reaction proceeded at room tem-
perature for 35 minutes, before quenching with 400 uL. of
0.7% formic acid in isopropanol. The reaction mixture was
subsequently dried under vacuum.

[0108] For 6-plex AminoxyTMT isobaric labeling, the
optimized labeling protocol was modified according to the
manufacturer’s instructions (Thermo Fisher Scientific). In
the case of lipid standards, the derivatized PL sample was
labeled with 10 pg of aminoxyTMT in 20 pL of a solution
containing AA/IPA/MeOH (0.1:10:90 v/v/v). For complex
samples, the samples were labeled with 20 pg of ami-
noxyTMT (at a lipid-to-aminoxyTMT ratio of 1:4, account-
ing for potentially reactive impurities in complex samples)
in 40 pL. of the same solution. The reaction mixture was
incubated at room temperature for 15 minutes and then dried
under vacuum. Next, 20 or 40 uL of IPA/MeOH (1:9 v/v)
was added, vortexed the mixture for 10 minutes, and dried
it under vacuum. Subsequently, the mixture was extracted
twice with 15 pl. of 0.02% acetic acid in water and 100 pl
of ethyl acetate. The collected organic layers were dried and
stored at —80° C. until MS analysis.

[0109] MS analysis. Direct infusion and MS3 analysis of
lipids were performed on Thermo Scientific Orbitrap Elite
mass spectrometer (San Jose, CA) with an ESI source. For
LC-MS analysis, the sample was analyzed using a binary
nanoAcquity UPLC system (Waters, Milford, MA) coupled
with a Q Exactive mass spectrometer (Thermo Scientific,
San Jose, CA) to monitor the derivatives and labeled PLs.
Labeled PLs were dissolved in a 30% phase B solution. The
samples were loaded onto a self-fabricated microcapillary
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column packed with C18 beads (Waters Bridged Ethylene
Hybrid, 1.7 um, 130 A, 101.3 umx15 cm).

[0110] For mobile phases, phase A consisted of ACN:H,O:
MeOH:IPA (2:2:2:1) with 10 mM ammonium formate and
0.1% formic acid. Phase B consisted of IPA:ACN (9:1) with
10 mM ammonium formate and 0.1% formic acid. PLs were
separated using a gradient elution of 5-60% B over 10 min
and 60-95% B over 60 min at a flow rate of 300 nL./min.
[0111] For precursor MS scans, 440-1440 m/z were col-
lected at a resolving power of 70 k (at 200 m/z) with an
automatic gain control (AGC) target of 1x10° and a maxi-
mum injection time of 200 ms. Data-dependent MS/MS
analysis was performed with an inclusion list using HCD
with 32% normalized collision energy at a resolving power
of 17.5 k, and the top 15 precursors were selected for HCD
analysis. The AGC, maximum injection time, resolution (at
m/z 200), and lower mass limit for tandem mass scans were
1x105, 500 ms, 17.5 k, and 120 m/z, respectively. Precursors
were subjected to dynamic exclusion for 5 s.

[0112] Data analysis. The list of fatty acids and the PL
database were obtained and modified from LipidBlast to
incorporate the mass increments resulting from the labeling.
PL identification was based on retention time, precursor
mass accuracy, and fragmentation patterns. Accurate mass
tolerance for identification was set at 5 ppm for both MS full
scans and MS/MS. Diagnostic ions were used for class
identification, while [M+H—RCOO]J* was used for PG
identification since diagnostic ion intensity for some PG
species was low. Acyl chain elucidation was based on at
least one acylium ion found in the spectra, and retention time
was manually checked for correct assignment. The quanti-
fication of labeled PL with acyl chain information was
performed based on the detection of acylium ion and
reporter ions from the same spectra (FIG. 17). To identify
lipids enriched in either group of mice, t-tests were con-
ducted on the log-ratio per PL and PL species. FDR-adjusted
p-values (<0.05) were calculated to account for multiple
testing. The logged ratios of PL and PL species were
subtracted by their logarithmic mean and used for hierar-
chical clustering analyses. Identification, quantification, and
bioinformatics analyses, including hierarchical clustering,
were carried out in the R statistical computing environment
using R packages (dplyr, lubridate, magrittr, MSnbase,
xcms, openxlsx, reshape2, and pheatmap). Label-free analy-
sis was performed using LipidSearch software version 5.1
(Thermo Scientific).

[0113] Estimation of lipid amount. A common lipid extrac-
tion method, the Folch extraction, was employed, which
typically achieves approximately a 90% recovery rate for
phospholipids from biological samples. Consequently, deu-
terated lipids, added prior to lipid extraction, were used to
estimate the lipid amounts. In mammalian cells, phosphati-
dylcholines (PCs) generally constitute about 50% of total
phospholipid amounts. In this approach, the intensity ratios
were calculated between deuterated PC and the top few PC
peaks to estimate the lipid amounts in the complex samples.
For instance, in direct fusion or MALDI analysis, when 3 g
of deuterated PC was added to the mixture, the total intensity
of the peaks at 760, 786, and 810 m/z was 100 times the
intensity of the deuterated PC standard. In such a case, it was
estimated that the total amount of phospholipids in the
mixture was 600 pg. For optimal labeling performance, a
lipid concentration of 50 pg/ml. is recommended for diaz-
obutanone derivatization. Nevertheless, the quantitative per-
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formance was also evaluated at lower lipid concentrations,
specifically 0.5, 0.05, and 0.005 pg/ml, and found that
accurate ratios were still successfully obtained.

[0114] Synthesis of diazobutanone. 3,5-heptanedione (250
mg, 1.95 mmol) and TsN; (514 mg, 2.61 mmol) were
dissolved in 4 mL. ACN at 0° C. NEt; (326 uL, 2.34 mmol)
was added to the cooled solution and the resulting reaction
was stirred for 4 h. The reaction was filtered through Celite
and concentrated in vacuo. The residue was purified by silica
gel column chromatography (0%—20% EA in hexane) to
afford 3,5-dione-4-diazoheptane (256 mg, 85%) as a yellow
liquid. 'H NMR (400 MHz, CDCl,) § 3.15-2.28 (m, 4H),
1.13-1.09 (m, 6H). ESI-MS: m/z calcd for C,H,N,O,;
154.07423 found 155.0819 (M+H)*.

[0115] 3,5-dione-4-diazoheptane (40 mg, 0.26 mmol) was
dissolved in 530 pL ether at 0° C. NaOH (530 puL, 3M) was
slowly added to the reaction mixture and the resulting
reaction was stirred at 0° C. for 3 h. The aqueous phase was
extracted with ether (3x500 pl). The combined organic
layer was dried over MgSO,, and filtered. The filtrate was
concentrated under reduced pressure (T=20° C., P=250
mbar) to afford diazobutanone as a volatile yellow liquid (24
mg, 95%). 'H NMR (400 MHz, CDCl,) 8 5.22 (s, 1H),
2.89-2.04 (m, 2H), 1.09 (td, 3H). ESI-MS: m/z calcd for
C,HN,O; 98.04801 found 99.0559 (M+H)™.

[0116] Having now fully described the present invention
in some detail by way of illustration and examples for
purposes of clarity of understanding, it will be obvious to
one of ordinary skill in the art that the same can be
performed by modifying or changing the invention within a
wide and equivalent range of conditions, formulations and
other parameters without affecting the scope of the invention
or any specific embodiment thereof, and that such modifi-
cations or changes are intended to be encompassed within
the scope of the appended claims.

[0117] When a group of materials, compositions, compo-
nents, or compounds is disclosed herein, it is understood that
all individual members of those groups and all subgroups
thereof are disclosed separately. Every formulation or com-
bination of components described or exemplified herein can
be used to practice the invention, unless otherwise stated.
Whenever a range is given in the specification, for example,
a temperature range, a time range, or a composition range,
all intermediate ranges and subranges, as well as all indi-
vidual values included in the ranges given are intended to be
included in the disclosure. Additionally, the end points in a
given range are to be included within the range. In the
disclosure and the claims, “and/or” means additionally or
alternatively. Moreover, any use of a term in the singular
also encompasses plural forms.

[0118] As used herein, “comprising” is synonymous with
“including,” “containing,” or “characterized by,” and is
inclusive or open-ended and does not exclude additional,
unrecited elements or method steps. As used herein, “con-
sisting of” excludes any element, step, or ingredient not
specified in the claim element. As used herein, “consisting
essentially of” does not exclude materials or steps that do not
materially affect the basic and novel characteristics of the
claim. Any recitation herein of the term “comprising”,
particularly in a description of components of a composition
or in a description of elements of a device, is understood to
encompass those compositions and methods consisting
essentially of and consisting of the recited components or
elements.
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[0119] One of ordinary skill in the art will appreciate that
starting materials, device elements, analytical methods, mix-
tures and combinations of components other than those
specifically exemplified can be employed in the practice of
the invention without resort to undue experimentation. All
art-known functional equivalents, of any such materials and
methods are intended to be included in this invention. The
terms and expressions which have been employed are used
as terms of description and not of limitation, and there is no
intention that in the use of such terms and expressions of
excluding any equivalents of the features shown and
described or portions thereof, but it is recognized that
various modifications are possible within the scope of the
invention claimed. The invention illustratively described
herein suitably may be practiced in the absence of any
element or elements, limitation or limitations which is not
specifically disclosed herein. Headings are used herein for
convenience only.

[0120] All publications referred to herein are incorporated
herein to the extent not inconsistent herewith. Some refer-
ences provided herein are incorporated by reference to
provide details of additional uses of the invention. All
patents and publications mentioned in the specification are
indicative of the levels of skill of those skilled in the art to
which the invention pertains. References cited herein are
incorporated by reference herein in their entirety to indicate
the state of the art as of their filing date and it is intended that
this information can be employed herein, if needed, to
exclude specific embodiments that are in the prior art.
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1. A method for functionalizing a biomolecule comprising
a phosphate group or sulfate group, the method comprising:

a) contacting the biomolecule with a linker comprising a
first region having a diazo group and a second region
having a ketone group, thereby reacting the first region
of the linker with the phosphate group or sulfate group
of the biomolecule and generating a conjugated bio-
molecule; and

b) contacting the conjugated biomolecule with a tagging
reagent, thereby reacting the second region of the linker
to the tagging reagent and generating a functionalized
biomolecule.
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2. The method of claim 1, wherein the linker has the
following formula:

N,
Rn)k/

wherein R1 is hydrogen or is an alkyl group or an
aromatic ring having 6 carbon atoms or less.
3. The method of claim 1, wherein R1 is an alkyl group
having 1 to 3 carbon atoms.
4. The method of claim 1, wherein the linker has the
following formula:

O
\)j\/NZI

5. The method of claim 1, wherein the linker has the
following formula:

Ns.
H)k/

6. The method of claim 1, wherein the linker is volatile
and has a boiling point less than 100° C.

7. The method of claim 1, wherein reacting the first region
of the linker with the phosphate group or sulfate group of the
biomolecule forms an alkylated phosphate or alkylated
sulfated group.

8. The method of claim 1, wherein the tagging reagent
comprises an aminooxy group able to form a reaction with
the ketone group of the linker via oxime bond formation.

9. The method of claim 1, wherein the tagging reagent
comprises at least one atom that is isotopically labeled.

10. The method of claim 1, wherein the tagging reagent
comprises a reporter group, a balance group, and a carbonyl-
reactive group, wherein one or more atoms in the reporter
group, balance group, or both, are isotopically heavy ver-
sions of the atom.

11. The method of claim 1 further comprising performing
mass spectrometry analysis on the labelled biomolecule.

12. The method of claim 11, wherein the mass spectrom-
etry analysis comprises fragmenting the labelled biomol-
ecule.

13. The method of claim 1, wherein the biomolecule is a
phosphate-containing lipid or metabolite or a sulfate-con-
taining lipid or metabolite.

14. The method of claim 1 further comprising generating
the linker, wherein generating the linker comprises the steps
of functionalizing a dione to contain a diazo functional
group and treating the functionalized dione with a basic
solution, thereby generating the linker comprising the first
region having the diazo group and the second region having
the ketone group, wherein generating the linker has a
reaction yield of 75% or greater.

15. The method of claim 1 wherein reacting the first
region of the linker with the phosphate group or sulfate
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group of the biomolecule further comprises removing excess
amount of the linker by vacuum.

16. The method of claim 1 wherein reacting the first
region of the linker with the phosphate group or sulfate
group of the biomolecule has a derivatization efficiency of
93% or greater.

17. The method of claim 1 wherein generating the labelled
biomolecule by reacting the second region of the linker to
the tagging reagent has a labeling efficiency of 99% or
greater.

18. The method of claim 1 comprising:

a) providing two or more samples, wherein each sample

comprises an amount of the biomolecule;

b) contacting the biomolecule in the two or more samples
with the linker thereby generating a conjugated biomo-
lecule in each of the two or more samples;

¢) labeling the conjugated biomolecule in the two or more
samples with two or more tagging reagents, wherein
each of the two or more samples is labeled with a
different tagging reagent,

wherein each of the different tagging reagents comprises
a reporter group and a balance group, wherein one or
more atoms in the reporter group, balance group, or
both, are isotopically heavy versions of the atom,

wherein the reporter group of each of the different tagging
reagents has a different mass due to differently isoto-
pically labeled atoms in each reporter group, and the
balance group of each of the different tagging reagents
has a different mass due to the differently isotopically
labeled atoms in each balance group, and the total mass
of each of the different tagging reagent is the same;

d) fragmenting the labeled biomolecules in each of the
two or more samples and analyzing fragments of the
labeled biomolecules from each of the two or more
samples.

19. The method of claim 18, wherein each of the different
tagging reagents comprise an aminooxy group able to form
a reaction with the ketone group of the linker.

20. The method of claim 18 further comprising quantify-
ing reporter ion intensities of the labeled biomolecule in
each of the two or more samples.

21. A method for multiplexed analysis of a target biomo-
lecule comprising a phosphate group or sulfate group, the
method comprising the steps of:

a) providing two or more samples, wherein each sample

comprises an amount of the target biomolecule;

b) contacting the target biomolecule in the two or more
samples with the linker thereby generating a conjugated
biomolecule in each of the two or more samples;

¢) labeling the conjugated biomolecule in the two or more
samples with two or more tagging reagents, wherein
each of the two or more samples is labeled with a
different tagging reagent,

wherein each of the different tagging reagents comprises
a reporter group and a balance group, wherein one or
more atoms in the reporter group, balance group, or
both, are isotopically heavy versions of the atom,

wherein the reporter group of each of the different tagging
reagents has a different mass due to differently isoto-
pically labeled atoms in each reporter group, and the
balance group of each of the different tagging reagents
has a different mass due to the differently isotopically
labeled atoms in each balance group, and the total mass
of each of the different tagging reagent is the same;

May 22, 2025

d) fragmenting the labeled biomolecules in each of the
two or more samples and analyzing fragments of the
labeled biomolecules from each of the two or more
samples.

22. The method of claim 21 further comprising quantify-

ing amounts of the labeled biomolecule in each sample.

23. The method of claim 21, wherein the tagging reagent

comprises a fluorescent agent.

24. A kit comprising a linker and two or more tagging

reagents,

wherein the linker has the following formula:

N,
R )k/

wherein R1 is an alkyl group or an aromatic ring having
1 to 6 carbon atoms,

wherein each tagging reagent comprises a reporter group,
a balance group, and a carbonyl-reactive group wherein
one or more atoms in the reporter group, balance group,
or both, are isotopically heavy versions of the atom,

wherein the reporter group of each tagging reagent has a

mass different than the reporter groups of the other
tagging reagents, the balance group of each tagging
reagent has a mass different than the balance groups of
other tagging reagents, and the total mass of the
reporter group plus the balance group for each tagging
reagent is the same.

25. The kit of claim 24, wherein each reagent comprises
an aminooxy group able to form a reaction with a ketone
group in a conjugated biomolecule to be labeled.

26. The kit of claim 24, wherein R1 is an alkyl group
having 1 to 3 carbon atoms.

27. The kit of claim 24, wherein the linker has the
following formula:

O
\)k/NZ'

28. The kit of claim 24, wherein the linker has the
following formula:

O

Nz.
H)K/

29. A compound comprising the formula:

O—Rs,
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wherein, -continued
. .. . ¢}

R1 is an alkyl group or an aromatic ring having 1 to 6 )
carbon atoms; Cn \/”\ ;

O )

R2isPorS; $

HO H

R3 is an aliphatic part having the formula:

R4 is H or a head group having the formula:

(I)H OH
HO OH, or
OH H

wherein when R2 is 8 R4—H; and

Cn N and R5 is a tagging reagent.
W 30. The compound of claim 29, wherein R1 is —CH,—
o and R2 is —CH—.
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