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NEUTRON ENCODED MASS TAGS FOR
ANALYTE QUANTIFICATION

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

This invention was made with government support under
GMO080148 awarded by the National Institutes of Health. The
government has certain rights in the invention.

CROSS-REFERENCE TO RELATED
APPLICATIONS

Not applicable.

BACKGROUND OF INVENTION

Proteome quantification has become an increasingly essen-
tial component of modern biology and translational medi-
cine. Whether targeted or global, stable isotope incorporation
with mass spectrometry (MS) analysis is the primary mecha-
nism by which protein abundance measurements are deter-
mined. There are numerous approaches to introduce stable
isotopes into peptides—SILAC, isobariC tagging (TMT/
iTRAQ), iCAT, etc. In most conventional approaches, how-
ever, these methods incorporate heavy isotopes to increase
mass by at least 1 Da. SILAC, the quantification gold stan-
dard, for example, typically utilizes a 4 Da spacing so as to
limit the isotopic cluster overlap of the heavy and light pep-
tides. This requirement limits the quantitative capacity of
SILAC to triplex. The reason for this is twofold: (1) the mass
of the amino acids can only be elevated to ~+12 Da and (2)
mass spectral complexity is increased as multiple isotopic
clusters are introduced.

Isobaric tagging addresses the problem of increases in
mass spectra complexity by concealing the quantitative infor-
mation in the MS' scan, thereby, permitting a higher level of
multiplexing than obtained via conventional SILAC methods.
Mec Alister et al. recently report methods for expanding the
throughput of methods using TMT isobaric reagents from
6-plex to 8 plex, for example, via techniques that resolve the
relatively small isotopic shift resulting from substitution of a
15N for a 13C in the isobaric tagging agents. [See, Mc Alister
et al., Analytical Chemistry, accepted manuscript, DOI:
10.1021/ac301572t]. Despite the advances in the degree of
multiplexing accessible using isobaric tagging, these meth-
ods have been demonstrated to be susceptible to certain limi-
tations that impact their use in quantitative analysis for appli-
cations in proteomics. First, isobaric methods suffer from
severe dynamic range compression and loss of quantitative
accuracy due to precursor interference with in the MS/MS
isolation window. Precursor interference in isobaric methods,
for example, has been demonstrated to significantly degrade
the quantitative accuracy of the technique. Second, quantita-
tive data can only be obtained for peptides that are selected for
further MS? analysis When replicate analyses are necessary,
therefore, this becomes a serious problem as there is high
variation in which peptides are selected for MS? from one run
to the next (~60%). Third, current isobaric tagging methods
are only compatible with collisional activation for dissocia-
tion, thus limiting the overall versatility of this technique.

From the foregoing it shall be apparent that a need cur-
rently exists for mass spectrometry techniques for proteomic
analysis. For example, advanced mass spectrometry tech-
niques are needed that are capable of achieving high degrees
of multiplexing necessary for high throughput analysis of
protein containing samples. In addition, advanced mass spec-
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2

trometry techniques are needed that are not susceptible to
problems of precursor interference that can impact quantita-
tive accuracy and that are compatible with a range of disso-
ciation techniques including electron capture and electron
transfer dissociation methods.

SUMMARY OF THE INVENTION

The invention provides mass spectrometry methods, com-
positions and systems which enable a unique platform for
analyte quantitation accessing very high degrees of multi-
plexing and accurate quantification, particularly well-suited
for a range of quantitative analysis for proteomics applica-
tions. Embodiments of the present methods and systems com-
bine isotopic coding agents characterized by very small dif-
ferences in molecular mass with mass spectrometry methods
providing large resolving power to provide relative or abso-
lute analyte quantification in a large number of samples. In
some embodiments, for example, quantification methods of
the invention access a high degree of multiplexing by intro-
ducing isotopic labels from a large number of (e.g., ranging
from 2 to 10 and in some embodiments greater than 20)
isotopic coding agents that are isotopologues, such as amino
acids, tagging agents and/or synthetic proteins and peptides,
having mass differences that can be accurately resolved using
high resolution mass spectrometry. The methods, composi-
tions and systems described herein enable increased quanti-
tation accuracy compatible with multiplexing necessary to
achieve high levels of throughput.

In an aspect, the invention provides a method for determin-
ing the abundances of an analyte in a plurality of samples
comprising the steps of: (a) providing a plurality of cell cul-
tures including at least a first cell culture and a second cell
culture; (b) providing a different isotopically labeled amino
acid to each of the cell cultures, wherein the isotopically
labeled amino acids of each of the cell cultures are isotopo-
logues of the same amino acid; (¢) growing cells of each of the
cell cultures, thereby introducing a different isotopic label
into proteins generated by each cell culture; (d) generating a
sample for each of the cell cultures, wherein each sample is
characterized by a different isotopically labeled analyte, the
samples including at least a first sample for the first cell
culture having a first isotopically labeled analyte and a second
sample for the second cell culture having a second isotopi-
cally labeled analyte, wherein the isotopically labeled ana-
lytes of each sample are isotopologues; and wherein the dif-
ference of the molecular masses of the first isotopically
labeled analyte and the second isotopically labeled analyte is
less than or equal to 300 mDa; (e) analyzing the isotopically
labeled analytes for each sample using a mass spectrometry
analysis technique providing a resolving power equal to or
greater than 100,000, thereby generating an independent and
distinguishable mass spectrometry signal for the isotopically
labeled analytes of each sample; and (f) comparing the mass
spectrometry signals for the isotopically labeled analytes of
each sample, thereby determining the abundances of the ana-
lyte in the plurality of samples.

In an aspect, the invention provides a method for determin-
ing the abundances of an analyte in a plurality of samples
comprising the steps of: (a) providing the plurality of samples
each having the analyte including at least a first sample and a
second sample; (b) providing a different isotopic tagging
reagent to each sample, wherein the isotopic tagging reagents
of each of the samples are isotopologues, and wherein the
isotopic tagging reagents are not isobaric tags having a
reporter group and a mass balancing group; (¢) chemically
reacting the analyte and isotopic tagging reagent of each



US 9,366,678 B2

3

sample, thereby generating a different isotopically labeled
analyte for each sample including a first isotopically labeled
analyte for the first sample and a second isotopically labeled
analyte for the second sample; wherein the isotopically
labeled analytes of each sample are isotopologues; and
wherein the difference of the molecular masses of the first
isotopically labeled analyte and the second isotopically
labeled analyte is less than or equal to 300 mDa; (d) analyzing
the isotopically labeled analytes for each sample using a mass
spectrometry analysis technique providing a resolving power
equal to or greater than 100,000, thereby generating an inde-
pendent and distinguishable mass spectrometry signal for the
isotopically labeled analytes of each sample; and (e) compar-
ing the mass spectrometry signals for the isotopically labeled
analytes of each sample, thereby determining the abundance
of the analyte in the plurality of samples.

In an aspect, the invention provides a method for determin-
ing the abundances of an analyte in a plurality of samples
comprising the steps of: (a) providing the plurality of samples
each having the analyte including at least a first sample and a
second sample; (b) providing a different isotopic tagging
reagent to each sample, wherein the isotopic tagging reagents
of each of the samples are isotopologues; (c) chemically
reacting the analyte and isotopic tagging reagent of each
sample, thereby generating a different isotopically labeled
analyte for each sample including a first isotopically labeled
analyte for the first sample and a second isotopically labeled
analyte for the second sample; wherein the isotopically
labeled analytes of each sample are isotopologues; and
wherein the difference of the molecular masses of the first
isotopically labeled analyte and the second isotopically
labeled analyte is less than or equal to 300 mDa; (d) analyzing
the isotopically labeled analytes for each sample using a mass
spectrometry analysis technique providing a resolving power
equal to or greater than 100,000, thereby generating an inde-
pendent and distinguishable mass spectrometry signal for the
isotopically labeled analytes of each sample; and (e) compar-
ing the mass spectrometry signals for the isotopically labeled
analytes of each sample, thereby determining the abundance
of the analyte in the plurality of samples; wherein the step of
analyzing the isotopically labeled analytes for each sample
using a mass spectrometry analysis technique does not use an
isobaric tagging method, for example, wherein the step of
analyzing the isotopically labeled analytes for each sample
using a mass spectrometry analysis technique does not gen-
erate a reporter ion or mass spectrometry data corresponding
to a reporter ion.

In some methods of the invention, the isotopically labeled
analytes, isotopic tagging reagents, isotopically labeled
amino acids and/or isotopically labeled peptide or proteins of
the samples do not comprise an isobaric mass tag, such as an
TMT or iTRAQ mass tag. In some embodiments, for
example, the isotopically labeled analytes, isotopic tagging
reagents, isotopically labeled amino acids and/or isotopically
labeled peptide or proteins of the samples do not have at least
a portion of the functional groups of conventional isobaric
mass tags, such as not having a reporter group and/or not
having a mass balancing group. It is noted, however, that
isotopic tagging reagents of the invention commonly contain-
ing reactive groups, such as protein or peptide reactive
groups, for example, to allow incorporation of an isotopic
label into the analyte via chemical reactions.

In some methods of the invention, the step of analyzing the
isotopically labeled analytes for each sample is carried out
using a single stage mass spectrometry technique, such as a
technique involving fragmentation and detection of product
ions generated directed from the analyte such as ions gener-
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4

ated directly from electrospray ionization and MALDI tech-
niques. In some embodiments, for example, the step of ana-
lyzing the isotopically labeled analytes for each sample using
the mass spectrometry analysis technique comprises: (i) gen-
erating ions from each of the isotopically labeled analytes for
each sample; (ii) fragmenting the ions so as to generate prod-
uct ions having a different isotopic label for each sample; and
(iii) detecting the product ions for each sample. In some
embodiments, for example, the product ions are peptide frag-
ment ions having the isotopic label, optionally wherein the
product ions are detected without further mass selection or
fragmentation of the product ions. In a specific embodiment,
the step of analyzing the isotopically labeled analytes for each
sample is not carried out using a MS* multiple stage mass
spectrometry, wherein x is greater than or equal to 2, for
example, wherein the step of analyzing the isotopically
labeled analytes for each sample is not carried out using
tandem mass spectrometry. Alternatively, the invention
includes methods wherein the step of analyzing the isotopi-
cally labeled analytes for each sample is carried out using a
MS* multiple stage mass spectrometry, wherein X is greater
than or equal to 2, such as tandem mass spectrometry tech-
niques.

Methods of the invention are compatible with a broad
range of approaches for introducing isotopic labels into ana-
lytes for generating isotopically labeled analytes, such as
reactive techniques, synthetic techniques and metabolic tech-
niques. In reactive techniques, for example, one or more
isotopic tagging reagents are provided to a sample under
conditions (e.g., concentration of tagging reagent, tempera-
ture, pH, ionic strength, solvent composition, etc.) such that at
least a portion of the isotopic tagging reagent reacts with
analyte to generate isotopically labeled analyte. In synthetic
techniques, for example, one or more isotopically labeled
standards, such as an isotopically labeled peptide standard, is
synthesized, for example via chemical reaction(s) of isotope
encoded amino acids, and then added to a sample under
analysis. In metabolic techniques, for example, isotope
encoded compounds, such as isotopically labeled amino
acids or peptides, are provided to a cell culture under condi-
tions wherein the isotopically labeled amino acids or peptides
are incorporated into peptides and modified peptides gener-
ated by the cells.

In an embodiment, for example, the step of providing the
different isotopically labeled amino acids to each of the cell
cultures comprises providing a growth medium to each of the
cell cultures comprising the isotopically labeled amino acids.
In an embodiment, for example, the introducing a different
isotopic label into proteins generated by each cell culture is
achieved via metabolic incorporation of the isotopically
labeled amino acids into cells of the cell cultures. In an
embodiment, for example, the step of generating a sample for
each of'the cell cultures comprises lysing the cells of each of
the cell cultures. In an embodiment, for example, the step of
generating a sample for each of the cell cultures comprises
extracting proteins of each of the cell cultures. In an embodi-
ment, for example, the step of generating a sample for each of
the cell cultures comprises digesting proteins of each of the
cell cultures. In an embodiment, for example, the samples are
digested using trypsin or Endo LysC.

An important aspect of the present methods is use of a
series of isotopically labeled analytes, isotopic tagging
reagents, isotopically labeled amino acids and/or isotopically
labeled peptide or proteins having differences in mass that
can be resolved using a mass spectrometry analysis technique
providing a resolving power equal to or greater than 100,000.
Use of at least a portion of the isotopically labeled analytes,
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isotopic tagging reagents, isotopically labeled amino acids
and/or isotopically labeled peptide or proteins having small
differences in molecular mass (e.g., less than or equal to 300
mDa) is beneficial in some embodiments for accessing high
multiplexing capabilities. In some embodiments, for
example, the step of analyzing the isotopically labeled ana-
lytes for each sample comprises resolving differences of the
mass to charge ratios and/or molecular masses of the isoto-
pically labeled analytes. In some embodiments, for example,
the difference of the molecular masses of the first isotopically
labeled analyte and the second isotopically labeled analyte is
less than or equal to 100 mDa, and optionally for some appli-
cations wherein the difference of the molecular masses of the
first isotopically labeled analyte and the second isotopically
labeled analyte is less than or equal to 50 mDa and optionally
for some applications wherein the difference of the molecular
masses of the first isotopically labeled analyte and the second
isotopically labeled analyte is greater than or equal to 10
mDa. In some embodiments, for example, the difference of
the molecular masses of the first isotopically labeled analyte
and the second isotopically labeled analyte is selected over
the range of 100 mDa to 1 mDa, and optionally for some
applications wherein the difference of the molecular masses
of the first isotopically labeled analyte and the second isoto-
pically labeled analyte is selected over the range of 50 mDa to
1 mDa, and optionally for some applications wherein the
difference of the molecular masses of the first isotopically
labeled analyte and the second isotopically labeled analyte is
selected over the range of 10 mDa to 1 mDa. In some embodi-
ments, for example, each of the isotopically labeled analytes
have a molecular mass within 100 mDa to 1 mDa of another
of the isotopically labeled analyte, and optionally for some
applications each of the isotopically labeled analytes have a
molecular mass within 50 mDa to 1 mDa of another of the
isotopically labeled analyte and optionally for some applica-
tions each of the isotopically labeled analytes have a molecu-
lar mass within 10 mDa to 1 mDa of another of the isotopi-
cally labeled analyte. In some embodiments, for example, the
molecular masses of each of the isotopically labeled analytes
are within a range of 10000 mDa to 10 mDa, and optionally
for some applications the molecular masses of each of the
isotopically labeled analytes are within a range of 1000 mDa
to 10 mDa, and optionally for some applications the molecu-
lar masses of each of the isotopically labeled analytes are
within a range of 100 mDa to 10 mDa.

Different isotopically encoded compounds of the invention
can have a number of stable heavy isotopes selected over a
wide range for different applications. As used herein isotopi-
cally encoded compounds refers to compound having one or
more stable heavy isotopes functioning as an isotopic label.
Isotopically encoded compounds include a range of tagging
reagents, standards and/or labeled analytes, such as isotopi-
cally labeled analytes, isotopic tagging reagents, isotopically
labeled amino acids, isotopically labeled standards and/or
isotopically labeled peptide or proteins. Isotopically encoded
compounds include compounds having one or more stable
heavy isotopes that are isotopologues, for example, isotopo-
logues that can be accurately distinguished using mass spec-
trometry based on measured mass-to-charge ratios.

In an embodiment, for example, the isotopically labeled
analytes, isotopic tagging reagents, isotopically labeled
amino acids and/or isotopically labeled peptide or proteins
have a number of stable heavy isotopes selected from the
group consistingof2,3,4,5,6,7,8,9,10,11,12, 13, 14,15,
16, 17, 18, 19, and 20. In an embodiment, for example, the
isotopically labeled analytes, isotopic tagging reagents, iso-
topically labeled amino acids and/or isotopically labeled pep-

20

25

30

35

40

45

50

55

60

65

6

tide or proteins have a number of stable heavy isotopes equal
to or greater than 1, and optionally for some applications a
number of stable heavy isotopes equal to or greater than 4, and
optionally for some applications a number of stable heavy
isotopes equal to or greater than 10, and optionally for some
applications a number of stable heavy isotopes equal to or
greater than 15.

In some embodiments, for example, the isotopically
labeled analytes, isotopic tagging reagents, isotopically
labeled amino acids and/or isotopically labeled peptide or
proteins are selected from the group consisting of: an isoto-
pically labeled analyte, isotopic tagging reagent, isotopically
labeled amino acid and/or isotopically labeled peptide or
protein having at least one '*N isotope; an isotopically
labeled analyte, isotopic tagging reagent, isotopically labeled
amino acid and/or isotopically labeled peptide or protein
having at least one **C isotope; an isotopically labeled ana-
lyte, isotopic tagging reagent, isotopically labeled amino acid
and/or isotopically labeled peptide or protein having at least
one "0 isotope; an isotopically labeled analyte, isotopic
tagging reagent, isotopically labeled amino acid and/or iso-
topically labeled peptide or protein having at least one >*S
isotope; and an isotopically labeled analyte, isotopic tagging
reagent, isotopically labeled amino acid and/or isotopically
labeled peptide or protein having at least one 2H isotope.

In some embodiments, for example, the isotopically
labeled analytes, isotopic tagging reagents, isotopically
labeled amino acids and/or isotopically labeled peptide or
proteins are selected from the group consisting of: an isoto-
pically labeled analyte, isotopic tagging reagent, isotopically
labeled amino acid and/or isotopically labeled peptide or
protein having at least two *C isotopes; an isotopically
labeled analyte, isotopic tagging reagent, isotopically labeled
amino acid and/or isotopically labeled peptide or protein
having at least one **>C isotope and at least one **N isotope; an
isotopically labeled analyte, isotopic tagging reagent, isoto-
pically labeled amino acid and/or isotopically labeled peptide
or protein having at least one **>C isotope and at least one *H
isotope; an isotopically labeled analyte, isotopic tagging
reagent, isotopically labeled amino acid and/or isotopically
labeled peptide or protein having at least one *C isotope and
at least one 0 isotope; an isotopically labeled analyte, iso-
topic tagging reagent, isotopically labeled amino acid and/or
isotopically labeled peptide or protein having at least one *C
isotope and a **S isotope; an isotopically labeled analyte,
isotopic tagging reagent, isotopically labeled amino acid and/
or isotopically labeled peptide or protein having at least two
15N isotopes; an isotopically labeled analyte, isotopic tagging
reagent, isotopically labeled amino acid and/or isotopically
labeled peptide or protein having at least one *°N isotope and
at least one *H isotope; an isotopically labeled analyte, iso-
topic tagging reagent, isotopically labeled amino acid and/or
isotopically labeled peptide or protein having at least one >N
isotope and at least one *®0 isotope; an isotopically labeled
analyte, isotopic tagging reagent, isotopically labeled amino
acid and/or isotopically labeled peptide or protein having at
least one °N isotope and at least one >*S isotope; an isotopi-
cally labeled analyte, isotopic tagging reagent, isotopically
labeled amino acid and/or isotopically labeled peptide or
protein having at least two 2H isotopes; an isotopically
labeled analyte, isotopic tagging reagent, isotopically labeled
amino acid and/or isotopically labeled peptide or protein
having at least one *H isotope and at least one **Q isotope; an
isotopically labeled analyte, isotopic tagging reagent, isoto-
pically labeled amino acid and/or isotopically labeled peptide
or protein having at least one *H isotope and at least one **S
isotope; an isotopically labeled analyte, isotopic tagging
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reagent, isotopically labeled amino acid and/or isotopically
labeled peptide or protein having at least two ‘O isotopes; an
isotopically labeled analyte, isotopic tagging reagent, isoto-
pically labeled amino acid and/or isotopically labeled peptide
or protein having at least one *0 isotope and at least one **S
isotope; an isotopically labeled analyte, isotopic tagging
reagent, isotopically labeled amino acid and/or isotopically
labeled peptide or protein having at least one **C isotope, at
least one **N isotope and at least one *H isotope; an isotopi-
cally labeled analyte, isotopic tagging reagent, isotopically
labeled amino acid and/or isotopically labeled peptide or
protein having at least one '*C isotope, at least one °N
isotope and at least one 0 isotope; an isotopically labeled
analyte, isotopic tagging reagent, isotopically labeled amino
acid and/or isotopically labeled peptide or protein having at
least one *>C isotope, at least one *°N isotope and at least one
343 isotope; and an isotopically labeled analyte, isotopic tag-
ging reagent, isotopically labeled amino acid and/or isotopi-
cally labeled peptide or protein having at least one ‘20 iso-
tope, at least one '°N isotope and at least one **S isotope.

In an embodiment, for example, the isotopically labeled
analytes, isotopic tagging reagents, isotopically labeled
amino acids and/or isotopically labeled peptide or proteins
are selected from the group consisting of: an isotopically
labeled analyte, isotopic tagging reagent, isotopically labeled
amino acid and/or isotopically labeled peptide or protein
isotopically labeled amino acid selected from the group con-
sisting of: an isotopically labeled analyte, isotopic tagging
reagent, isotopically labeled amino acid and/or isotopically
labeled peptide or protein having 1, 2, 3, or 4 **N isotopes; an
isotopically labeled analyte, isotopic tagging reagent, isoto-
pically labeled amino acid and/or isotopically labeled peptide
orprotein having 1, 2,3, 4, 5,6,7,8,9, 10 or 11 *3C isotopes;
an isotopically labeled analyte, isotopic tagging reagent, iso-
topically labeled amino acid and/or isotopically labeled pep-
tide or protein having 1 or 2 'O isotopes; an isotopically
labeled analyte, isotopic tagging reagent, isotopically labeled
amino acid and/or isotopically labeled peptide or protein
having one **S isotope; and an isotopically labeled analyte,
isotopic tagging reagent, isotopically labeled amino acid and/
or isotopically labeled peptide or protein having 1, 2, 3, 4, 5,
6,7, 8,9, or 10 *H isotopes.

Methods of the invention include quantification
approaches using isotopically encoded amino acids, such as
isotopically labeled amino acids. In an embodiment, for
example, the isotopically labeled amino acids are isotopo-
logues of a naturally occurring amino acid. In an embodi-
ment, for example, the isotopically labeled amino acids are
isotopologues of serine, leucine, tyrosine, lysine, methionine,
or arginine. In an embodiment, for example, the isotopo-
logues have a number of stable heavy isotopes selected from
the group consisting 0f 2, 3,4,5,6,7,8,9,10, 11,12, 13, 14,
15,16,17,18,19, and 20. In an embodiment, for example, the
isotopically labeled amino acids of each sample have an iso-
topic composition for its coded element formula selected
from the group consisting of:
12C3_i13Ci1H4_].2Hj14N1_nlanmOl_olSOo, wherein <3, j=4,
n=l, o=1;
12C6_i13Ci1H7_j.2Hj14N4_n15Nn1601_01800, wherein i<6, j<7,
n=4, o=1;
12C4_l.13Ci1H3_j.2Hj14N2_n15Nn1602_01800, wherein i=4, j<3,
n=2, 0=2;
12C4_i13Ci1H3_].2Hj14N1_nlanmOz_olSOo, wherein i=4, j<3,
n=l, o=2;
12C3_i13CilH3_]'2Hjl4N1_nlSNn1601_018003281_p34Sp5 Wherein
i=3, j=3, n=1, o<1, p=l;
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12 13~1 217 14 15 16 18 LI H
Cs, °C, Hs H,"N,,, N, "0, , "0, wherein i<5, j=<5,

n=l, o=2;

12 13~ 1 217 14 15 16 18 L 4
Cs,°C, Hs “H, "N, N, °0, , *0O,, wherein i<5, j=<5,

n=2, 0=2;

12 13~ 1 217 14 15 16 18 L 4
C,,°C,/'H, “H "N, ,°N,°0, ,*°0O,, wherein is2, j<2,

n=l, o=1;

12 13~1 217 14 15 16 18 LI H
Cs, “C, Hs H, N5, "N, "0, , O, wherein i=6, j=<5,

n=3, o=1;

12 13~1 217 14 15 16 18 H H
Cs; C;Hyo,H, "N, ,°N, 0, ,°0,, wherein i=6,

j=10, n=1, o=l;

12 13~ 1 217 14 15 16 18 o 4
Cs, C, Ho,"H,;"N, ,°N,°0, ,'°0,, wherein i=6,

j=10, n=1, o=1;
12C6_i13Ci1H9_j.2Hj14N2_n15Nn1601_01800, wherein <6, j=<9,
n=2, o=1;
12C5—i13Ci1HS—szjl4N1—nISan601—018003281—p34sp5 wherein
=5, j=8, n=1, o<1, p=l;
2Cy°C Hy P H N, PN, 10, 1*0,, wherein <9, j<8,
n=l, o=1;
2C5 PG H, P HMN PN, 0, PO, wherein 15, j<7,
n=l, o=1;
12C3_i13Ci1H3_].2Hj14N1_nlanmOl_olSOo, wherein <3, j<3,
n=l, o=1;
12C4_i13Ci1H5_].2Hj14N1_nlanmOl_olSOo, wherein =4, j<5,
n=l, o=1;
12Cl1_1.13Cl.1Hg_szjl“Nz_nlSan601_01800, wherein i<11,
j=8,n=2, o=<l;
12C9_i13Ci1H7_].2Hj14N1_nlanmOl_olSOo, wherein <9, j<7,
n=1, o=1; and
2C;,PC H SHUN L PN, 0, 0, wherein 15, j<8,
n=l, o=1;
wherein each of i, j, n, 0 and p are independently an integer or
0.

In an embodiment, for example, the isotopically labeled
amino acids have the formula:

(FX1)

°H PH 9H

YY"
d/H/

wherein, N and "N are both '°N; or one of N and "N is N,
and one of “C, ®C, °C, “C, °C and/C is '3C; or one of #N and
N is 1N, and one of’H, *H, ‘H, "H, "H, °H, #H, 7H, "H, *H,
H, “H and *H is 2H; or 'O is *0; or two of “C, ®C, °C, “C, °C
and”/C are '3C; or one of *C, °C, °C, “C, °C and’C is **C, and
one of /H, *H, "H, ™H, ”H, °H, #H, 7H, "H, *H, 'H, “H and *H
is 2H; or two of’H, *H, "H, H, ”H, °H, ’H, 7H, "H, °H, ‘H, “H
and *H are *H.

In an embodiment, for example, the isotopically labeled
amino acids have the formula:

(FX1)
' oog oemrg O
| N7 N
N C |
N ~ ~
m” Y e N Som
ANV AN
H " H ‘H ,
N\
q aqq

wherein, 2N and ”N are both '*N, and O is 1*0; or #N and "N
are both °N, and two of °C, °C, °C, “C, °C and”C are *3C; or
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&N and” N are both **N, one of °C, °C, °C, “C, °C and’Cis *C,
and one of /H, *H, ‘H; "'H, "H, °H, #H, 7H, "H, *H, ‘H, “H and
*H is 2H; or one of #N and "N is *>N, one of *C, °C, °C, “C, °C
and”C is *C, and O is *®0; or &N and "N are both **N, and
two of7H, *H, ‘H, "H,”H °H,?H, ?H, "H, *H, *H, “H and *H are
2H; or one of 8N and "N is *°N, and three of °C, °C, °C, C, °C
and’C are '3C; or one of #N and ”N is '*N, one of H, *H, ‘H,
mH,”H, °H,#H, 7H, "H, “H, ‘H, “H and *H is *H, and ‘O is **0;
or one of ®N and "N is 1°N, two of C, *C, °C, “C, °C and’/C
are 13C, and one ofVH, *H, 'H, ™H, ”H, °H, #H, 7H, "H, *H, 'H,
“H and *H is 2H; or two of *C, ®C, °C, 9C, °C and/C are *3C,
and "0 is *®0; or one of N and "N is **N, one of “C, ®C, °C,
4C,°C and’Cis *C, and two of’H, *H, 'H, ™H, "H, °H, ’H, 7H,
"H, *H, “H and *H are 2H; or four of “C, °C, °C, “C, °C and”’C
are 3C; or one of °C, °C, °C, “C, °C and“C is 1*C, one of/H,
kY, 'H, ™H, "H, °H, PH, ?H, "H, *H, *H, “H and *H is 2H, and
‘0 s 1®0; or one of #N and ”N is **N, and three of7H, “H, ‘H,
™H, "H, °H, #H, YH, "H, *H, ‘H, “H and *H are *H; or three of
aC, ®C, °C, “C, °C and”/C are 3C, and one of7H, “H, ‘H, ™H,
"H, °H, H, 7H, "H, *H, ‘H, “H and *H is 2H; or two ofH, *H,
H, ™H, "H, °H, #H, 7H, *H, ‘H, “H and *H are 2H, and "O is
180y ortwo of °C, 2C, °C, “C, °C and’C are 13C, and two of’H,
kY, 'H, ™H, "H, °H, PH, ?H, "H, *H, ‘H, “H and *H are H; or
one of °C, °C, °C, “C, °C and’C is 13C, and three of/H, “H, ‘H,
™H, "H, °H, #H, 7H, "H, “H, ‘H, “H and *H are *H; or four of
7H, *H, 'H, ™H, "H, °H, H, 7H, *H, ‘H, “H and *H are 2H.

In an embodiment, for example, the isotopically labeled
amino acids have the formula:

(FX2)
F
H
s
"NT ng og pH 9H
| N

wherein, two of 2N, ”N, *N and *N are **N; or one of #N, ”N,
"N and *N is **N, and one of °C, °C, °C, “C, °C and”/C is 13C;
orone of 8N, ”N, "N and *N is **N, and one of’H, H, ‘H, "H,
"H, °H,?H, 7H, H,*H, ‘H, “H and *His *H; or ‘O is 120; ortwo
of °C, °C, °C, 4C, °C and”’C are *C; or one of °C, °C, °C, “C,
¢C and”C is **C, and one of/H, *H, ‘H, "H, "H, °H,?H, 7H, "H,
SH, 'H, “H and *H is 2H; or two of’H, *H, ’H, "H, "H, °H, #H,
7H, "H, *H, ‘H, “H and *H are *H.

In an embodiment, for example, the isotopically labeled
amino acids have the formula:

(FX2)
F
jai
-

NT oag ooemrH 9n
Il N/ \ / vH [l
NN /C\ el A
&N N C °C
j}|[ m}l[ h‘
N,
_

bt
"H SH
"

wherein, four of 2N, “N, N and*N are '*N; or three of 2N, ”N,
"N and *N are **N, and one of“C, °C, °C, “C, °C and’C is *3C;
or three of 8N, ”N, "N and *N are '°N, and one of H, “H, ‘H,
™H, "H, °H, #H, 7H, "H, *H, ‘H, “H and *H is *H; or two of N,
N, "N and*N are N, and O is **0; or two of*N, "N, *N and
*N are 1*N, and two of °C, °C, °C, “C, °C and’C are *3>C; or two
of ®N,”N, "N and *N are **N, one of “C, °C, °C, C, °C and’C

20

25

30

35

40

45

50

55

60

65

10

is 3C, and one ofH, *H, 'H, ™H, "H, °H, #H, 7H, "H, *H, 'H,
“H and *H is 2H; or one of #N, “N, "N and *N is 1N, one of “C,
5C, °C, “C, °C and”C is *C, and "0 is 130; or two of &N, "N,
"N and *N are **N, and two of’H, *H, ‘H, ™H, ”H, °H, #H, 7H,
"H, *H, *H, “H and *H are 2H; or one of N, ”N, "N and *N is
15N, and three of “C, °C, °C, “C, °C and”C are **C; or one of
&N, "N, N and *N is **N, one of/H, *H, ‘H, ™H, "H, °H, ?H,
9H, "H, *H, ‘H, “H and *H is *H, and “O is ®0; or one of 2N,
N, "N and N is **N, two of °C, °C, °C, ¢C, °C and”C are *3C,
and one of/H, *H, ‘H, ™H, "H, °H, #H, 7H, "H, *H, *H, “H and
*H is 2H; or two of “C, ®C, °C, “C, °C and’C are *3C, and 'O
is '®0; or one of @8N, "N, "N and *N is **N, one of *C, °C, °C,
“C, °C and’Cis *C, and two of'H, *H, 'H, ™H,"H, °H,H, 7H,
"H, *H, *H, “H and *H are >H; or four of “C, °C, C, C, °C and
JC are *3C; or one of °C, ®C, °C, “C, °C and’C is *C, one of
JH,*H, 'H, ™H,”H, °H,7H, H, "H, °*H, ‘H, “H and *H s 2H, and
‘0 1is 180; or one of 2N, ”N, N and N is }*N, and three of’H,
kY, 'H, "H, "H, °H, PH, ?H, "H, *H, ‘H, “H and *H are H; or
three of *C, ®C, °C, 9C, °C and’C are **C, and one of /H, “H,
'H,™H,"H, °H,?H, H, "H, *H, ‘H, “H and *H is >H; or two of
7H, *H, ‘H, ™H, "H, °H, ?H, 7H, "H, *H, *H, “H and *H are 2H,
and 'O is 1%0; or two of “C, 2C, °C, “C, °C and’C are 13C, and
two of“H, #H, 'H, ™H, "H, °H, #H, 7H, "H, *H, *H, “H and *H
are 2H; or one of °C, °C, °C, “C, °C and/C is *C, and three of
7H, *H, 'H, ™H, "H, °H, #H, H, "H, *H, ‘H, “H and *H are *H;
or four of’H, #H, H, ™H, "H, °H, #H, “H, "H, °H, ‘H, “H and
H are *H.

Methods of the invention include quantification
approaches using isotopically encoded tagging agents, such
as isotopically labeled tagging reagents, and isotopically
encoded labels, such as isotopically labeled functional groups
of analytes including isotopically labeled peptide groups. In
an embodiment, for example, the isotopic tagging reagents
comprise an amine reactive group or a carboxylic acid reac-
tive group, such as one or more functional groups that react
with an amine group or carboxylic acid group of a protein or
peptide. In an embodiment, for example, the isotopic tagging
reagents are isotopologues of a peptide isotopic tag or modi-
fied peptide isotopic tag. In an embodiment, for example, the
isotopic tagging reagents are isotopologues of a peptide label
reagent. In an embodiment, for example, the isotopologues of
the peptide isotopic tag or modified peptide isotopic tag of
each sample have an isotopic composition for its coded ele-
ment formula selected from the group consisting of:
12C9_i13Ci1H7_]'2Hj35C11_m37C1m14N1_,,,15N,,,1601_018005
wherein i<9, j<7, m=1, n=<1, o=<l;

12C5_i13Ci1H1_].2Hj14N5_n15Nn1601_01800, wherein i<5, j=1,

n=5, o=1;

2, b2, 2H 14Nznlan,WhereiniSS,Js6 n=<2;

t2c, et 2H 14N5 LN wherein i<3, j<2, n<5;

12C 13C H 2H ["*N,_,'°N,,, wherein i=4, j<7, n<3;

12C 13C Hg 2H 1“N,_,'°N,, wherein i=4, j<6, n=4;

12C 13C H, 2H 79Br1 114N LN 10, _01 0,, wherein
i=9 J<7 1<l n<1 o=1;
12C4_l.13Ci1H2_j.2Hj14N3_n15Nn1601_01800, wherein i<4, j<2,
n=3, o=1;

12C4_l.13Ci1H2_].2H].14N2_nISNMMO2 ,0,, wherein i=4, j=2,
n=2, 0=2;

12C5_i13Ci1H4_j.2Hj14N2_n15Nn1602_01800, wherein i<5, j=4,
n=2, 0=2;
12C14_i13Ci1H14_]-2Hj14N3_n1SNn16O4_018
j=14, n=3, o=<4;
12C9_i13Ci1H1l_szjl4N1_n15an6ol_ol
j=11, n=1, o=1;
12C1O_il3CilHlo_j2Hjl4Nl_n15an602_ol
j=10, n=1, 0=2;

O,, wherein i<14,

80,, wherein =9,

80,, wherein i=10,
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12C10_i13CilH9_j2Hjl4N3_n15an603_01SOO,
j=9, n=3, 0=3;
12C7_i13Ci1H7_].2Hj14N1_nlanmOl_olSOo, wherein i<7, j<7,
n=l, o=1;
12C11_1'13CilH12_szjl4N1_nlSNn1601_018003281_p34Sp5
wherein i<11, j=<12, n=1, o<1, p=1;
12C12_i13Ci1H1712H]14N ISan6ol_o
j=17,n=1, o=1;
12C9_l.13Ci1H9_j.2Hj14N2_n15Nn1601_01800, wherein i<9, j<9,
n=2, o=1;

wherein i<10,

180, wherein i<12,

2C,, Cl L H NG, PN, %0, , %0, wherein <14,
j=14, n<3, o=4;
2C,, Cl L H NG, PN, %0, %0, wherein <14,
j=14, n<3, o=4;
12C12_1-13Ci1H13_J-2H]-14N2_,415Nn1603_01800, wherein i=12,
j=13, n=2, 0<3;
12C16_1-13Ci1H23_J-2H]-14N2_,415Nn1604_01800, wherein =16,
j=23, n=2, o=4;
2Cy, °C ' Hys HMN, PN, 0, 10, wherein i<12,
j=15, n=2, 0<3;
12C14_i13Ci1H19]2H]14N PN 0, 180, wherein i<14,
j=19, n=2, 0=4;
12C11_i13Ci1H13]2H]14N PN 0, 180, wherein <11,

j=13, n=2, 0=2;

12C8_i13Ci1H7_j.2Hj14N2_n15Nn1602_01800, wherein i<8, j<7,
n=2, 0=2;
12C1g_ilscilH21_szjl4N4_,,,lSN,,,1605_01800,
j=21, n=4, 0<5; and
12C1g_ilscilH21_szjl4N4_,,,lSN,,,1605_01800,
j=21, n=4, 0<5;

wherein each of i, j, I, m, n, o, and p are independently an
integer or 0.

In an embodiment, for example, the isotopically labeled
analytes independently comprise a peptide label. In an
embodiment, for example, the peptide label of each isotopi-
cally labeled analyte has an isotopic composition for its coded
element formula selected from the group consisting of:
12C14_i13Ci1le_szjl“Ng_nlSNn1601_01800, wherein i<14,
j=12, n=8, o=l;

wherein i<18,

wherein i<18,

2H 14N

12C27_i13Ci1H27] ['*Ng_,"°N,,'°0,_,'*0,, wherein =27,
j=27, n=8, o=4;

12C17_i13Ci1H10]2H]14N PN 0, 180, wherein i<17,
j=10, n=6, o<1;

12C9_i13Ci1H10_szj14N6_n15an601_01SOO, Wherein 159,
j=10, n=6, o=<1;

12C30—i13Ci1H31—j2Hj14N12—n15Nn1604—018005 wherein i=30,
j=31, n=12, o=4;
12C3l_il3Ci1H35_szj14N8_n15Nn1606_018005 Wherein iS3l,
j=35, n=8, 0=6;

12C15_1'13Ci1H12_szj14N8_n15Nn1601_018005 Wherein iSlS,
j=12, n=8, o=l;

12C12_1'13Ci1H8_szjl4N9_n15an601_018005 Wherein 1512,
j=8,n=9, o=l;

2C,,, P C g P H NG, PN, 190, B0, wherein  i<11,
j=6,n=8, o=l;

12C31_i13Ci1H35 SHMNG PN 0, PO, wherein 131,
j=35, n=8, o=4;

12C12—1'13CilH20—szjl4N2—nlSNn16O2—olsoos wherein i<12,
j=20, n=2, 0=2;

12C7—i13Ci1H13—j2Hj14N2—n15Nn1601—018005 wherein  i<7,
j=13,n=2, o<1; and
12C1S_il3Ci1H25_szj14N3_n15Nn1603_018005 Wherein iSlS,

j=25, n=3, 0<3;
wherein each of i, j, n, and o are independently an integer or
0.

In an embodiment, for example, the isotopic tagging
reagents of the methods are isotopologues of a small mol-
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ecule isotopic tag. In an embodiment, for example, the isoto-
pologues of the small molecule isotopic tag of each sample
have an isotopic composition for its coded element formula
selected from the group consisting of:

12C, 2CrH,, H N, °N , wherein i<9, j=14, n=l;
12C 13C H jiH 58811 q3081 Wherein i=3, j=9, gq=1;
12C11 113C H, 2H 1N 15N 32811 2 S, wherein
j=7,n=l1, p=l;

12C12_i13Ci1H16]2H]14N 1San602_018003281_p34Sp5
wherein i<12, j<16, n=6, 0=2, p=1;

12c, F3CMH, 5 PH 8Si, 3081 , wherein i=6, j=15, q=<1;
12C 13C H, iH {602 o? Whereln I=2, j=3, 0=2;
12C 13C 16O 1éO Whereln i=3, o=l;

12C 113C1H 2H16O SO, Wherein is4,j55, 0=2;
t2c 2t 2H 14N2 nlsN wherein i<1, j<2, n=2;
12C 13C H 2Hjl“N 15Nn1602_01800, wherein i<6, j<4,
n<2 0<2

2c, 13C 180, '®0,, wherein i<2, o<l;

12C 13C Hy 2H [N, _,'"°N,,'°0, 'O, wherein i<7, j<6,
n=2, 0<3

12C7_i13Ci1H7_j.2Hj14N3_n15Nn1601_01800, wherein i<7, j<7,
n=3, o=1;

2Cq,°C H, H N, PN, 10, PO, wherein i<6, j<3,
n=4, o=4;

12C,. 113C H ]2H 180, 80, wherein i<6, j<1, 0=2;
SHM0,. 0180 wherein i=15, j=11, 0=2;
1%02 20, wherein i<6, j<8, 0=2;

i=11,

Whereln 1<l2 J<12 n<3 _0<2 p=1;

12ClS_Z.BCZ.lHB]zHJMN2 nlsN 160, '®0,, wherein i<18,
j=23, n=2, o<1;

t2c, '3C'H, 2H 14N3 LN wherein i<5, j=4, n<3;

12C 13C H, 2H16O2 ,tB0,, wherein i<6, j<8, 0<2;

12C 13C H ]2H 1N,_,"°N,,, wherein i6, j<7, n<3;
12C6113C H,,, 2H 1N, 15anO PO, wherein i<6,
j=11, n=2, 0<1

12C11_i13Ci1H11_].2Hj14N3_n15Nn1601_01800, wherein <11,

j=11, n=3, o=1;

12C6_i13Ci1H2_j.2Hj14N3_n15Nn1603_01800, wherein <6, j<2,
n=3, 0=3;

12Cg_il3Ci1Hl0_].2H].14N2_nISN,fle_pMSp, wherein i<9, j<10,
n=2, p=<l;
12C11—i13ci1H7—j2Hj14N1—n
j=7,n=l1, o=l;

2c, 13C 16O 20, wherein i=4, o=l

12C 13C H4]2H]14N2 nlSN 160 180 3zs 34Sp, wherein
i<7 J<4 n<2 0=2, p=1;
12C7_i13Ci1H4_].2Hj14N1_nlan16O4_01800, wherein <7, j=4,
n=l, o=4;
12C8—i13Ci1H14—szjl4Nl—n15an603—018005
j=14, n=1, 0<3;
12C14_i13Ci1H14_]'2Hj14N1_nlanl6O4_olsoos
j=14, n=1, o=<4;

2c, 13C1 le PHMN, "N, wherein i<9, j<12, n=2;
12C12 113C leszij3 nlSN 1602 0180 3zs 34Sp,
wherein i=12, j<12, n<3, 0=2, p=1;
12C12_i13Ci1H12_]-2Hj14N1_nlan1602_018003281_p34
j=12, n=1, 0=2, p=1;

2C,,°C H, PHPN L PN, 10, B0, wherein 16, j<4,
n=l, o=2;

2Cq,°C H, HN PN, 0, PO, wherein <6, j<4,
n=4, o=1;
12C20_i13Ci1H15_]'2Hj14N2_y,
j=15,n=2, o<1;
12 13C lH
12C 13C H
j=13, n<1 0<1

15N,1%0, '®0,, wherein isll,

wherein <8,

wherein i<14,

S, i=l2,

15N,1%0, '®0,, wherein <20,
2H 14N
2H 14N

LN wherein i<6, j<12, n<2;

LN %0, BO,,  wherein  is5,
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12C6_i13Ci1H4_].2Hj14N1_nlanmOz_olSOo, wherein i<6, j=4,
n=1, 0=2; and
12C8_i13Ci1H1S_szj14N1_n15Nn, wherein <8, j<18, n=1;
wherein each of i, j, n, 0, p and q are independently an integer
or 0.

Isotopically encoded compounds useful in the present
methods, such as the isotopically labeled analytes, isotopic
tagging reagents, isotopically labeled amino acids and/or iso-
topically labeled peptide or proteins, may comprise a wide
range of stable isotope combinations. In an embodiment, for
example, at least a portion of the isotopically labeled analytes,
isotopic tagging reagents, isotopically labeled amino acids
and/or isotopically labeled peptide or proteins comprises at
least one **C isotope and at least one '*N isotope; and at least
aportion of the isotopically labeled analytes, isotopic tagging
reagents, isotopically labeled amino acids and/or isotopically
labeled peptide or proteins comprises at least one *>C isotope
and at least one **N isotope. In an embodiment, for example,
at least a portion of the isotopically labeled analytes, isotopic
tagging reagents, isotopically labeled amino acids and/or iso-
topically labeled peptide or proteins comprises at least one
12C isotope and at least one *H isotope; and at least a portion
of'the isotopically labeled analytes, isotopic tagging reagents,
isotopically labeled amino acids and/or isotopically labeled
peptide or proteins comprises at least one **C isotope and at
least one *H isotope. In an embodiment, for example, at least
aportion of the isotopically labeled analytes, isotopic tagging
reagents, isotopically labeled amino acids and/or isotopically
labeled peptide or proteins comprises at least one **N isotope
and at least one *H isotope; and at least a portion of the
isotopically labeled analytes, isotopic tagging reagents, iso-
topically labeled amino acids and/or isotopically labeled pep-
tide or proteins comprises at least one **N isotope and at least
one 'H isotope. In an embodiment, for example, at least a
portion of the isotopically labeled analytes, isotopic tagging
reagents, isotopically labeled amino acids and/or isotopically
labeled peptide or proteins comprises at least one '°Q isotope;
and at least a portion of the isotopically labeled analytes,
isotopic tagging reagents, isotopically labeled amino acids
and/or isotopically labeled peptide or proteins comprises at
least one "*O isotope. In an embodiment, for example, at least
aportion of the isotopically labeled analytes, isotopic tagging
reagents, isotopically labeled amino acids and/or isotopically
labeled peptide or proteins comprises at least two *>C, *H or
15N isotopes and at least one '°0 isotope; and at least a
portion of the isotopically labeled analytes, isotopic tagging
reagents, isotopically labeled amino acids and/or isotopically
labeled peptide or proteins comprises at least one **0 isotope
and at least at least two '2C, 'H or **N isotopes. In an embodi-
ment, for example, at least a portion of the isotopically
labeled analytes, isotopic tagging reagents, isotopically
labeled amino acids and/or isotopically labeled peptide or
proteins comprises at least two 1*C, *H or '*N isotopes; and at
least a portion of the isotopically labeled analytes, isotopic
tagging reagents, isotopically labeled amino acids and/or iso-
topically labeled peptide or proteins comprises at least one
348 isotope and at least at least two 2C, *H or **N isotopes.

In an embodiment, for example, each of the isotopically
labeled analytes are independently protein analytes or modi-
fied protein analytes having a different isotopic label. In an
embodiment, for example, each of the isotopically labeled
analytes are independently peptide analytes or modified pep-
tide analytes having a different isotopic label. In an embodi-
ment, for example, the isotopically labeled analytes have
molecular masses selected from the range of 50 Da to 250
kDa, optionally selected from the range 0f 400 Da to 250 kDa,
for example, for applications directed to protein and peptide
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analytes. In an embodiment, for example, the isotopically
labeled analytes have molecular masses with 1 to 300 mDa of
each other.

Methods of the invention provide an improvement on iso-
baric and SILAC-type quantification approaches, for
example, via accessing much larger degrees for multiplexing.
Enhance multiplexing in some embodiments results, at least
in part, from compatibility of the methods for a large number
of isotopically coded analytes, reagents, tagging agents,
labels, standards, amino acids, etc. that are isotopologues that
are distinguishable on the basis of mass to charge ratio using
mass spectrometry analysis techniques. In an embodiment,
the invention provides a multiplex method of analyzing the
relative or absolute abundances of the analyte in the plurality
of'samples, for example a plurality of samples corresponding
to difference in vivo or in vitro conditions. In an embodiment,
for example, the method is for analyzing the relative or abso-
Iute abundances abundance of an analyte in at least 2 samples,
optionally for some applications at least 4 samples, optionally
for some applications at least 8 samples, optionally for some
applications at least 20 samples. In an embodiment, for
example, the step of providing the plurality of cell cultures
comprises providing 2 to 20 cell cultures; and wherein the
step of generating a sample for each of the cell cultures
comprises generating 2 to 100 samples. In an embodiment,
for example, the step of analyzing the isotopically labeled
analytes for each sample using the mass spectrometry analy-
sis technique providing the resolving power equal to or
greater than 100,000 generates 2 to 150 of the independent
and distinguishable mass spectrometry signals corresponding
to the isotopically labeled analytes.

The present methods are compatible with a wide range of
mass spectrometry techniques providing useful resolving
powers, including techniques designed to probe the abun-
dances of analytes in a plurality of samples, such as protein
and peptide containing samples. In an embodiment, for
example, a method of the invention further comprising the
step of combining the samples characterized by a different
isotopically labeled analyte prior to the step of analyzing the
isotopically labeled analytes or isotopically labeled standards
for each sample using the mass spectrometry analysis tech-
nique providing the resolving power equal to or greater than
100,000, thereby ensuring each sample undergoes similar
sample preparation, purification, ionization, fragmentation
and/or detection conditions. In an embodiment, for example,
different isotopically labeled analytes or isotopically labeled
standards for the plurality of samples are analyzed concur-
rently, for example, via purification steps and mass spectro-
metric analysis steps of a combination of a plurality of
samples. In an embodiment, for example, the step of analyz-
ing the isotopically labeled analytes for each sample com-
prises: generating one or more product ions for each of the
isotopically labeled analytes, and measuring mass-to-charge
ratios for at least a portion of the product ions using the mass
spectrometry analysis technique providing the resolving
power equal to or greater than 100,000. In an embodiment, for
example, the step of analyzing the isotopically labeled ana-
lytes or isotopically labeled standards for each sample is
carried out using a quadrupole ion trap, Fourier transform ion
cyclotron resonance ion trap, a linear quadrupole ion trap, an
orbitrap ion trap, a quadrupole mass analyzer or a time of
flight mass analyzer.

In an embodiment, for example, the step of analyzing the
isotopically labeled analytes or isotopically labeled standards
comprises generating from the isotopically labeled analyte or
isotopically labeled standards, for example, using electro-
spray ionization and MALDI techniques. In an embodiment,
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for example, the step of analyzing the isotopically labeled
analytes or isotopically labeled standards comprises frag-
menting ions generated from the isotopically labeled analytes
or isotopically labeled standards, for example using one or
more techniques selected from the group consisting of colli-
sion induced dissociation (CID), surface induced dissociation
(SID), laser induced dissociation (LID), electron capture dis-
sociation (ECD), electron transfer dissociation (ETD).

In an embodiment, for example, the method of the inven-
tion further comprises purifying proteins or peptides of the
samples prior to the step of analyzing the isotopically labeled
protein or peptide analytes for each sample, for example, via
liquid phase chromatography (e.g., HPLC), gas phase chro-
matography, and/or capillary electrophoresis. In an embodi-
ment, for example, the method of the invention further com-
prises frationating proteins or peptides of the samples prior to
the step of analyzing the isotopically labeled protein or pep-
tide analytes for each sample.

The methods of the present invention are useful for ana-
lyzing a variety of samples, including biological materials
and samples derived from biological materials, such as biof-
luids, cell extracts, cell lysates, tissue extracts, etc. The meth-
ods of the present invention are useful for analyzing samples
derived from in vivo biological materials. The methods of the
present invention are useful for analyzing samples for pro-
teomic analysis such as micro array samples and derived from
in vitro assays. In embodiment, for example, the analyte is a
protein, a peptide, a modified protein or a modified peptide.
The methods of the present invention are useful for analyzing
samples for analysis via gas chromatography—mass spec-
trometry methods, liquid chromatography—mass spectrom-
etry methods and electrophoresis—mass spectrometry meth-
ods.

In another aspect, the invention provides a method for
determining the abundance of an analyte in a sample com-
prising the steps of: (a) providing the sample having the
analyte, wherein the analyte is a peptide or protein; (b) pro-
viding an isotopically labeled standard to the sample, wherein
the analyte and the isotopically labeled standard are isotopo-
logues; and wherein the difference of the molecular mass of
the analyte and the isotopically labeled standard is less than or
equal to 300 mDa; (c) analyzing the analyte and the isotopi-
cally labeled standard in the sample using a mass spectrom-
etry analysis technique providing a resolving power equal to
or greater than 100,000, thereby generating independent and
distinguishable mass spectrometry signals for the analyte and
the isotopically labeled standard of the sample; and (e) com-
paring the mass spectrometry signals for the analyte and the
isotopically labeled standard of the sample, thereby deter-
mining the abundance of the analyte in the sample. As used
herein, an “isotopically labeled standard” refers to an isoto-
pically encoded compound provided to a sample to allow for
absolute or relative quantification, such as an isotopically
encoded peptide or protein that is provided to a sample in a
known amount (e.g., having a known concentration). In an
embodiment, for example, the isotopically labeled standard is
an isotopically encode protein or peptide synthesized using
one or more isotopically labeled amino acids, such as those
provided throughout the present description. In an embodi-
ment, the method of this aspect further comprises: (a) provid-
ing a plurality of samples, wherein each sample has the ana-
lyte; (b) providing the isotopically labeled standard to each of
the samples; (c) analyzing the analyte and the isotopically
labeled standard in each of the samples using a mass spec-
trometry analysis technique providing a resolving power
equal to or greater than 100,000, thereby generating indepen-
dent and distinguishable mass spectrometry signals for the
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analyte and the isotopically labeled standard of each sample;
and (e) comparing the mass spectrometry signals for the
analyte and the isotopically labeled standard of each sample,
thereby determining the abundances of the analyte in the
plurality of samples.

The invention also provides compositions of matter includ-
ing any of the isotopically encoded compounds described
herein, such as isotopically labeled amino acids, isotopically
labeled standards, isotopically labeled analytes, isotopic tag-
ging reagents, and/or isotopically labeled peptides or proteins
described herein, provided in a purified state. In an embodi-
ment, for example, the invention also provides compositions
of matter including any of the isotopically encoded com-
pounds described herein, such as isotopically labeled amino
acids, isotopically labeled standards, isotopically labeled
analytes, isotopic tagging reagents, and/or isotopically
labeled peptides or proteins described herein, provided as an
isotopically enriched composition.

Without wishing to be bound by any particular theory, there
may be discussion herein of beliefs or understandings of
underlying principles relating to the devices and methods
disclosed herein. It is recognized that regardless of the ulti-
mate correctness of any mechanistic explanation or hypoth-
esis, an embodiment of the invention can nonetheless be
operative and useful.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1. [llustration how to calculate resolving power. FI1G.
1A—By one definition, the resolving power is m/Am=500/
1=500.FIG. 1B—By a second definition, the resolving power
for the same pair of peaks is m/m, ,=500/0.481=1.040. FIG.
1C—With the second definition, two peaks at m/z 500 and
501 are just barely discernible if the resolving power is 500.

FIG. 2. Mass spectrometry results for a selected lysine
labeled pair of peptides at varying resolution settings. At the
typical operating resolution of the Orbitrap MS system (30,
000) the two NeuCode labeled peptides are indistinguishable
and appear as one species. When analyzed at 240,000 resolv-
ing power, the pair is baseline resolved. Operation of the
system at its highest resolution—480,000—produced base-
line resolution of nearly every peptide species detected in the
complex mixture.

FIG. 3. A plot showing 41 different isotopologues gener-
ated by incorporating nine heavy isotopes into different posi-
tions the amino acid Lysine (selected from *°N, *C, ?H, and
180). The isotopologues have a mass range spanning only
41.4 mDa. The X-axis represents each isotopologue number
and the y-axis is the mass difference in Da from normal Lys
residues.

FIG. 4. Overview of SILAC and isobaric tagging methods.
In SILAC, three isotopic clusters are generated: “light” (0
added Da), “medium” (4 added Da) and “heavy” (8 added
Da). These signals are distinguished during MS1 analysis and
the ion chromatograms for each are extracted over the entire
elution profile so that quantitative data is averaged over ~50
scans per peptide. In isobaric tagging all plexes have the same
mass so that only one isotopic cluster peak is generated during
MS1. During collisionally activated dissociation (CAD) frag-
mentation during MS2, the tags cleave and reporter ion sig-
nals are detected. These reporter ion signals can be integrated
to determine relative abundance.

FIGS. 5-7. MS/MS scans of a NeuCode labeled peptide. At
low resolution, such as shown in FIG. 5, the quantitative
information is invisible and the peaks appear as single peaks.
Athigh resolution (FIG. 6), however, these peaks are revealed



US 9,366,678 B2

17

as multiple peaks providing additional data (FIG. 7). These
data are reflective of abundance and could be used for quan-
tification.

FIG. 8. Theoretical calculations depicting the minimum
mass spacing that can be distinguished at R=480,000 or 960,
000. FIG. 8A—The minimum m/z (Th) spacing that can be
resolved at m/z 1,200 for mass resolutions from 10> to 10°.
FIG. 8B—Percentage of peptides that are resolved (FWOM)
at varied mass resolutions (10°-10).

FIG. 9. Possible isotopologues of Lysine when its mass is
increased by 2 Da using various combinations of *C, 2H,
15N, #0 atoms. The mass range spanned by isotopologues
depends on the number of heavy isotopes and the overall
composition of the tagged molecule. For Lys+2 Da, a mass
range of 18.5 mDa can be achieved.

FIG. 10. Preliminary data using NeuCode SILAC method
with two Lys isotopologues differing by 36 mDa. FIG. 10A—
Base peak chromatogram following 60 minute nL.C-MS/MS
analysis of tryptic yeast peptides. FIG. 10B—MS" scan #12,
590, collected at 30K and inset of a selected precursor having
m/z at 827. Also shown in FIG. 10B is the signal recorded in
a subsequent high resolution MS' scan (480K), and the inset
shows that the SILAC pair is concealed at typical resolution.
FIG. 10C—MS/MS spectrum following CAD and ion trap
m/z analysis of neutron encoded SILAC pair.

FIG. 11. NeuCode provides quantitative data that is com-
mensurate with traditional SILAC. FIG. 11A—the dashed
horizontal lines indicate the true ratio (grey=1:1, black=5:1)
while boxplots demarcate the median (stripe), the 25th to 75th
percentile (interquartile range, box), 1.5 times the interquar-
tile range (whiskers), and outliers (open circles). From these
data, it was concluded that NeuCode SILAC (referred to in
the figure as OMNE SILAC) offers quantitative accuracy and
precision that is not distinguishable from traditional SILAC.
FIG. 11B—the percentage of time a PSM produced quanti-
tative information for both NeuCode SILAC and traditional
SILAC as a function of precursor intensity. Both methods
produce quantitative data less frequently (at essentially the
same rate) as precursor intensity is decreased; however, Neu-
Code SILAC generated 1,824 PSMs having precursor inten-
sity less than 10> (arbitrary units) while traditional SILAC
only detected 522 in that same range. NeuCode SILAC per-
mits increased sampling depth compared to traditional
SILAC, while maintaining highly comparable quantitative
accuracy and precision.

FIG. 12. A plot of the distribution of mass error (ppm) as a
function of identification e-value (~significance) for both
NeuCode SILAC (labeled in the figure as OMNE SILAC) and
traditional SILAC for all identifications (1% FDR). NeuCode
labeling does not significantly affect mass accuracy as com-
pared to traditional SILAC.

FIG. 13. Number of neutron encoded isotopologues and
their mass ranges for the six amino acids most commonly
used in SILAC.

FIG. 14. Nlustration of triplex and quadplex NeuCode
SILAC strategy using isotopologues of +8 Da Lysine. At a
resolving power of 480K, differentially NeuCode labeled
peptides carrying Lysine spaced ~18 mDa apart provide a
triplex quantification method (red and red/blue isotopo-
logues). At higher resolving power (i.e., 960K), the isotopo-
logues can be spaced closer together (~12 mDa) so that now
quadplex quantification can be performed (blue and red/blue
isotopologues).

FIG. 15. Summary of possible isotopologues, mass ranges,
and plexing capacity for +4 Da, +8 Da, and +12 Da Lysine
isotopologues. Combination of these three labels could pro-
duce highly plexed quantitative capability.
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FIG. 16. A plot of the masses and isotope composition of
theoretical isotopologues for the amino acid Lysine when 4,
8, or 12 extra neutrons are added using various combinations
of C, ?H, *N, '*0 atoms.

FIG. 17. Preliminary results for coupling the NeuCode
SILAC strategy with the conventional multi-Da SILAC strat-
egy to achieve very high multiplexing capacity using the
duplex Lys isotopologues (**C/*°N, Lys (+8.0142 Da) or
*H, (+8.0502 Da)). Once labeled, peptides containing duplex
NeuCode SILAC and mTRAQ were mixed (six-plex) in a
1:1:1:1:1:1 (left) or 10:10:5:5:1:1 (right) ratios.

FIG. 18. Different isotopologues of a chemical tag com-
prising up to 8 *C and *°N atoms and 4 '*0 atoms (no *H
atoms).

FIG. 19. Theoretical spectra achieved using the 9-plex tags
described herein at 480K resolving power. Panel C displays
the quantitative data and that it is only revealed upon high
resolution analysis.

FIG. 20. A compound that could contain enough C, N and
O atoms to provide the isotopologue combinations of FIG. 18.

FIG. 21. Another compound that could be used as a Neu-
Code chemical tag.

FIG. 22. Tlustration of NeuCode strategy using two ver-
sions of isotopically labeled Lue which differ in mass by 27
mDa. One isotopologue has six **C atoms and one **N atom,
and the second isotopologue contains seven *H atoms. Two
yeast cultures were grown in leucine dropout media, each
containing one of these leucine isotopologues. Proteins from
each culture were digested, mixed together, and a resulting
peptide (AAAVRDL*SE) analyzed by high resolution mass
spectrometry using an Orbitrap MS system. Relative protein
abundance measurements were made by comparing peak
heights between isotopologue species.

FIG. 23. lllustration of carbamylation labeling of primary
amines on peptides.

FIG. 23 A—Urea carbamylates the primary amines of pep-
tides when exposed to heat. Peptides carbamylated with urea
(labeled with either 1*C or 1°N,) are carbamylated with either
a single *C or **N for each carbamyl group added. These
carbamyl tags differ by 6.3 mDa per carbamylation site. FIG.
23B—The peptide LEQNPEESQDIK was carbamylated
using each of the labeled ureas. Both the peptide n-terminus
and the primary amine on the lysine chain were carbamylated
thereby producing peptides that are 12.6 mDa apart. This
difference was observed as a m/z difference of 6.6 for the
peptide with charge (z)=2.

FIG. 24. A table showing common elements having stable
heavy isotopes that can be incorporated into molecules. The
third column provides the nominal mass of each isotope while
the third column provides the exact masses. The fourth col-
umn provides the abundance ratios of the isotopes.

FIG. 25. Structures, chemical formulas, and coded element
formulas for common amino acids which can be used as
isotopic tagging reagents.

FIG. 26. Structures, chemical formulas, and coded element
formulas for peptide labels which can be used as isotopic
tagging reagents which are reacted with a peptide, or attached
to the peptide during synthesis of the peptide.

FIG. 27. Structures, chemical formulas, and coded element
formulas for additional peptide labels which can be used as
isotopic tagging reagents.

FIG. 28. Structures, chemical formulas, and coded element
formulas for small molecule labels which can be used as
isotopic tagging reagents.

FIG. 29. Plot showing that NeuCode SILAC and SILAC
demonstrate a strong correlation for quantifying protein
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changes during the myogenic differentiation of mouse-de-
rived C2C12 myoblasts (m=0.82, R*=0.78).

FIG. 30. Gene ontology enrichment SILAC and NeuCode.
Statistically significant gene ontology bioprocess terms that
are down-regulated (-) or up-regulated during differentiation
from myoblast to myotube (p-value, fisher’s exact test with
benjamini hochberg correction).

DETAILED DESCRIPTION OF THE INVENTION

In general, the terms and phrases used herein have their
art-recognized meaning, which can be found by reference to
standard texts, journal references and contexts known to those
skilled in the art. The following definitions are provided to
clarify their specific use in the context of the invention.

In an embodiment, a composition or compound of the
invention, such as an isotopically encoded compound includ-
ing isotopically labeled analytes, isotopic tagging reagents,
isotopically labeled amino acids, isotopically labeled stan-
dards and/or isotopically labeled peptides or proteins, is iso-
lated or purified. In an embodiment, an isolated or purified
compound is at least partially isolated or purified as would be
understood in the art. In an embodiment, a composition or
compound of the invention has a chemical purity of 90%,
optionally for some applications 95%, optionally for some
applications 99%, optionally for some applications 99.9%,
optionally for some applications 99.99%, and optionally for
some applications 99.999% pure. In some embodiments, an
isolated or purified compound of the invention, such as an
isotopically encoded compound including isotopically
labeled analytes, isotopic tagging reagents, isotopically
labeled amino acids, isotopically labeled standards and/or
isotopically labeled peptides or proteins, is an isotopically
enriched composition.

Many of the molecules disclosed herein contain one or
more ionizable groups. lonizable groups include groups from
which a proton can be removed (e.g., —COOH) or added
(e.g., amines) and groups which can be quaternized (e.g.,
amines). All possible ionic forms of such molecules and salts
thereof are intended to be included individually in the disclo-
sure herein. With regard to salts of the compounds herein, one
of ordinary skill in the art can select from among a wide
variety of available counterions that are appropriate for
preparation of salts of this invention for a given application. In
specific applications, the selection of a given anion or cation
for preparation of a salt can result in increased or decreased
solubility of that salt.

The compounds of this invention can contain one or more
chiral centers. Accordingly, this invention is intended to
include racemic mixtures, diasteromers, enantiomers, tau-
tomers and mixtures enriched in one or more stereoisomer.
The scope of the invention as described and claimed encom-
passes the racemic forms of the compounds as well as the
individual enantiomers and non-racemic mixtures thereof.

As used herein, the term “group” may refer to a functional
group of a chemical compound. Groups of the present com-
pounds refer to an atom or a collection of atoms that are a part
of the compound. Groups of the present invention may be
attached to other atoms of the compound via one or more
covalent bonds. Groups may also be characterized with
respect to their valence state. The present invention includes
groups characterized as monovalent, divalent, trivalent, etc.
valence states.

As used herein, the term “precursor ion” is used herein to
refer to an ion which is produced during ionization stage of
mass spectrometry analysis, including the MS® ionization
stage of MS/MS analysis.
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As used herein, the terms “product ion” and “secondary
ion” are used interchangeably in the present description and
refer to an ion which is produced during ionization and/or
fragmentation process(es) during mass spectrometry analy-
sis. The term “secondary product ion” as used herein refers to
an ion which is the product of successive fragmentations.

As used herein, the term “analyzing” refers to a process for
determining a property of an analyte. Analyzing can deter-
mine, for example, physical properties of analytes, such as
mass, mass to charge ratio, concentration, absolute abun-
dance, relative abundance, or atomic or substituent composi-
tion. In the context of proteomic analysis, the term analyzing
can refer to determining the composition (e.g., sequence)
and/or abundance of a protein or peptide in a sample.

As used herein, the term “analyte” refers to a compound,
mixture of compounds or other composition which is the
subject ofan analysis. Analytes include, but are not limited to,
proteins, modified proteins, peptides, modified peptides,
small molecules, pharmaceutical compounds, oligonucle-
otides, sugars, polymers, metabolites, lipids, and mixtures
thereof. An “isotopically labeled analyte” refers to an analyte
that has been labeled with one or more isotopic labels, such as
one or more stable heavy isotopes, for example, in a manner
allowing isotopologoues of an isotopically labeled analyte to
be distinguished on the basis of mass to charge ratio and
quantitatively analyzed independently via mass spectrom-
etry. For example, an “isotopically labeled analyte” includes
analyte having one or more stable heavy isotopes of hydro-
gen, carbon, oxygen, nitrogen, sulfur, chlorine, bromine, and
silicon, such as *C, '°N, D, 170, 10, **S, *"Cl, *'Br, °Si,
and >°Si.

As used herein, the term “ion source” refers to a device
component which produces ions from a sample, for example,
during mass spectrometry analysis. Examples of ion sources
useful in the present methods include, but are not limited to,
electrospray ionization sources and matrix assisted laser des-
orption/ionization (MALDI) sources.

As used herein, the term “mass spectrometry” (MS) refers
to an analytical technique for the determination of the
elemental composition, mass to charge ratio, absolute abun-
dance and/or relative abundance of an analyte. Mass spectro-
metric techniques are useful for elucidating the composition
and/or abudnance of analytes, such as proteins, peptides and
other chemical compounds. Mass spectrometry includes pro-
cesses comprising ionizing analytes to generate charged spe-
cies or species fragments, fragmentation of charged species
or species fragments, such as product ions, and measurement
of mass-to-charge ratios of charged species or species frag-
ments, optionally including additional processes of isolation
on the basis of mass to charge ratio, additional fragmentation
processing, charge transfer processes, etc. Conducting a mass
spectrometric analysis of an analyte results in the generation
of'mass spectrometry data for example, comprising the mass-
to-charge ratios and corresponding intensity data for the ana-
lyte and/or analyte fragments. Mass spectrometry data corre-
sponding to analyte ion and analyte ion fragments is
commonly provided as intensities of as a function of mass-
to-charge (m/z) units representing the mass-to-charge ratios
of the analyte ions and/or analyte ion fragments. Mass spec-
trometry commonly allows intensities corresponding to dif-
ference analytes to be resolved in terms of different mass to
charge ratios. In tandem mass spectrometry (MS/MS or
MS?), multiple sequences of mass spectrometry analysis are
performed. For example, samples containing a mixture of
proteins and peptides can be ionized and the resulting precur-
sor ions separated according to their mass-to-charge ratio.
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Selected precursor ions can then be fragmented and further
analyzed according to the mass-to-charge ratio of the frag-
ments.

As used herein, the term “interference” refers to a species
detected in an analysis which interferes with the detection of
a species or analyte of interest. Interference can refer to
detection of a protein, or protein fragment, which is not a
protein or protein fragment of interest and which interferes
with the accurate detection or quantitation of the protein or
peptide fragment of interest. Interference can be quantified as
an interference ratio, such as a ratio of an amount of interfer-
ence signal to an amount of analyte signal. In a mass spectral
analysis, interference can be manifested as an interference
peak which corresponds to detection of a species which is not
an analyte of interest.

As described herein, “isolation” or an “isolation window”
refers to a range of ions, such as precursor ions that is selec-
tively separated and fragmented, manipulated or isolated.

As used herein, the term “species” refers to a particular
molecule, compound, ion, anion, atom, electron or proton.
Species include isotopically labeled analytes, isotopic tag-
ging reagents, isotopically labeled amino acids and/or isoto-
pically labeled peptide or proteins.

As used herein, the term “signal-to-noise ratio” refers to a
measure which quantifies how much a signal has been cor-
rupted by noise, or unwanted signal. It can also refer to the
ratio of signal power to the noise power corrupting the signal.
A ratio higher than 1:1 indicates more signal than noise and is
desirable for some applications.

As used herein, the term “mass-to-charge ratio” refers to
the ratio of the mass of a species to the charge state of a
species. The term “m/z unit” refers to a measure of the mass
to charge ratio. The Thomson unit (abbreviated as Th) is an
example of an m/z unit and is defined as the absolute value of
the ratio of the mass of an ion (in Daltons) to the charge of the
ion (with respect to the elemental charge).

As used herein, the term “ion optic” refers to a device
component which assists in the transport and manipulation of
charged particles, for example, by the application of electric
and/or magnetic fields. The electric or magnetic field can be
static, alternating, or can contain both static and alternating
components. lon optical device components include, but are
not limited to, ion deflectors which deflect ions, ion lenses
which focus ions, and multipoles (such as quadruples) which
confine ions to a specific space or trajectory. lon optics
include multipole RF device components which comprise
multiple rods having both static and alternating electric and/
or magnetic fields.

As used herein, the term “mass spectrometer” refers to a
device which generates ions from a sample, separates the ions
according to mass to charge ratio, and detects ions, such as
product ions derived from isotopically labeled analytes, iso-
topic tagging reagents, isotopically labeled amino acids and/
or isotopically labeled peptide or proteins. Mass spectrom-
eters include single stage and multistage mass spectrometers.
Multistage mass spectrometers include tandem mass spec-
trometers which fragment the mass-separated ions and sepa-
rate the product ions by mass once.

As used herein, the term “disease state” refers to condition
that can cause pain, dysfunction, distress, social problems,
and/or death to a patient. Methods and systems described
herein can be useful for diagnosis of a disease state.

The terms “peptide” and “polypeptide” are used synony-
mously in the present description, and refer to a class of
compounds composed of amino acid residues chemically
bonded together by amide bonds (or peptide bonds). Peptides
and polypeptides are polymeric compounds comprising at
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least two amino acid residues or modified amino acid resi-
dues. Modifications can be naturally occurring or non-natu-
rally occurring, such as modifications generated by chemical
synthesis. Modifications to amino acids in peptides include,
but are not limited to, phosphorylation, glycosylation, lipida-
tion, prenylation, sulfonation, hydroxylation, acetylation,
methylation, methionine oxidation, alkylation, acylation, car-
bamylation, iodination and the addition of cofactors. Peptides
include proteins and further include compositions generated
by degradation of proteins, for example by proteolyic diges-
tion. Peptides and polypeptides can be generated by substan-
tially complete digestion or by partial digestion of proteins.
Polypeptides include, for example, polypeptides comprising
2 to 100 amino acid units, optionally for some embodiments
2 to 50 amino acid units and, optionally for some embodi-
ments 2 to 20 amino acid units and, optionally for some
embodiments 2 to 10 amino acid units.

“Protein” refers to a class of compounds comprising one or
more polypeptide chains and/or modified polypeptide chains.
Proteins can be modified by naturally occurring processes
such as post-translational modifications or co-translational
modifications. Exemplary post-translational modifications or
co-translational modifications include, but are not limited to,
phosphorylation, glycosylation, lipidation, prenylation, sul-
fonation, hydroxylation, acetylation, methylation, methion-
ine oxidation, the addition of cofactors, proteolysis, and
assembly of proteins into macromolecular complexes. Modi-
fication of proteins can also include non-naturally occurring
derivatives, analogues and functional mimetics generated by
chemical synthesis. Exemplary derivatives include chemical
modifications such as alkylation, acylation, carbamylation,
iodination or any modification that derivatizes the protein.

As used herein, the term “controller” refers to a device
component which can be programmed to control a device or
system, as is well known in the art. Controllers can, for
example, be programmed to control mass spectrometer sys-
tems so as to carry out the methods as described herein. The
invention includes mass spectrometers having a controller
configured to carry out any of the methods described herein.

As used herein, the term “fractionated” or “fractionate”
refers to the physical separation of a sample, as is well known
in the art. A sample can be fractionated according to physical
properties such as mass, length, or affinity for another com-
pound, among others using chromatographic techniques as
are well known in the art. Fractionation can occur in a sepa-
ration stage which acts to fractionate a sample of interest by
one or more physical properties, as are well known in the art.
Separation stages can employ, among other techniques, liquid
and gas chromatographic techniques. Separation stages
include, but are not limited to, liquid chromatography sepa-
ration systems, gas chromatography separation systems,
affinity chromatography separation systems, and capillary
electrophoresis separation systems.

Quantitative analysis in chemistry is the determination of
the absolute or relative abundance of one, several, or all
particular substance(s) present in a sample. For biological
samples, quantitative analysis performed via mass spectrom-
etry can determine the relative abundances of peptides and
proteins. The quantitation process typically involves isotopic
labeling of protein and peptide analytes and analysis via mass
spectrometry.

“Fragment” refers to a portion of molecule, such as a
peptide. Fragments may be singly or multiple charged ions.
Fragments may be derived from bond cleavage in a parent
molecule, including site specific cleavage of polypeptide
bonds in a parent peptide. Fragments may also be generated
from multiple cleavage events or steps. Fragments may be a
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truncated peptide, either carboxy-terminal, amino-terminal
or both, of a parent peptide. A fragment may refer to products
generated upon the cleavage of a polypeptide bond, a C—C
bond, a C—N bond, a C—O bond or combination of these
processes. Fragments may refer to products formed by pro-
cesses whereby one or more side chains of amino acids are
removed, or amodification is removed, or any combination of
these processes. 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), surface induced dissociation
(SID), laser induced dissociation (LID), electron capture dis-
sociation (ECD), electron transfer dissociation (ETD), or any
combination of these methods or any equivalents known in
the art of tandem mass spectrometry. Fragments useful in the
present invention also include, but are not limited to, x-type
fragments, y-type fragments, z-type fragments, a-type frag-
ments, b-type fragments, c-type fragments, internal ion (or
internal cleavage ions), immonium ions or satellite ions. The
types of fragments derived from a an analyte, such as a iso-
topically labeled analyte, isotopically labeled standard and/or
isotopically labeled peptide or proteins, 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 frag-
mentation mass spectrum.

An “amine reactive group” of a tagging reagent can be any
functional group able to react with an amine group of a
peptide, protein or other molecule, thereby forming bond
between the tagging reagent and the peptide, protein or other
molecule.

An “amino acid” refers to an organic compound containing
an amino group (NH,), a carboxylic acid group (COOH), and
any of various side chain groups. Amino acids may be char-
acterized by the basic formula NH,CHRCOOH wherein R is
the side chain group. Natural amino acids are those amino
acids which are produced in nature, such as isoleucine, ala-
nine, leucine, asparagine, lysine, aspartic acid, methionine,
cysteine, phenylalanine, glutamic acid, threonine, glutamine,
tryptophan, glycine, valine, proline, serine, tyrosine, argin-
ine, and histidine as well as ornithine and selenocysteine.

As used herein, “isotopically labeled” refer to compounds
(e.g., such as isotopically labeled amino acids, isotopically
labeled standards, isotopically labeled analyte, isotopic tag-
ging reagents, and/or isotopically labeled peptide or proteins)
having one or more isotopic labels, such as one or more heavy
stable isotopes. An “isotopic label” refers to one or more
heavy stable isotopes introduced to a compound, such as such
as isotopically labeled amino acids, isotopically labeled stan-
dards, isotopically labeled analyte, isotopic tagging reagents,
and/or isotopically labeled peptide or proteins, such that the
compound generates a signal when analyzed using mass
spectrometry that can be distinguished from signals gener-
ated from other compounds, for example, a signal that can be
distinguished from other isotopologues on the basis of mass-
to-charge ratio. “Isotopically-heavy” refers to a compound or
fragments/moieties thereof having one or more high mass, or
heavy isotopes (e.g., stable heavy isotopes such as *C, °N,
D, 170, '*0, **S, %8, *7Cl, ®'Br, *°Si, and *°Si.).

In an embodiment, an isotopically enriched composition
comprises a compound of the invention having a specific
isotopic composition, wherein the compound is present in an
abundance that is at least 10 times greater, for some embodi-
ments at least 100 times greater, for some embodiments at
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least 1,000 times greater, for some embodiments at least
10,000 times greater, than the abundance of the same com-
pound having the same isotopic composition in a naturally
occurring sample. In another embodiment, an isotopically
enriched composition 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 embodiments 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 composition 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.

“Mass spectrometer resolving power, often termed resolu-
tion, is a quantitative measure of how well m/z peaks in a mass
spectrum are separated (i.e., resolved). There are a variety of
conventions to calculate resolving power. The IUPAC defini-
tion is:

Resolving power (R): R=m/Am

FIG. 1A, is from Harris, Quantitative Chemical Analysis.
This Figure and the equation above illustrate how to calculate
resolving power (R) where m is the mass corresponding to the
peak and Am is the spacing between that peak and the nearest
neighbor peak. Another, utilized definition for resolving
power is:

1
Resolving power(R): R = m/mz

In this definition (see, FIG. 1B), the m is the mass corre-
sponding to the peak (m) and m'% is a variable refering to the
full width at half maximum of the peak (m%2=FWHM). With
the second definition, two peaks at m/z 500 and 501 are just
barely discernible if the resolving power is 500 (FIG. 1C).
This method of calculating resolution is particularly useful as
it provides a metric to assess peak width regardless of whether
there is a nearby neighbor to compare it to. For the calcula-
tions contained in this writing we use this method of calcu-
lating resolution.

As used herein, the “coded element formula” of a com-
pound refers to constituent elements of the compound, as well
as the number of atoms of each element, that are suitable to be
isotopically labeled with stable heavy isotopes, for example,
to form isotopologues that may be analyzed via mass spec-
trometry in the present methods. The coded element formula
of' a compound will contain the same or fewer elements, as
well as the same or fewer number of atoms of each element,
than the chemical formula of the compound due to the fact
that some atoms of the compound may not be suitable to be
isotopically labeled to form isotopologues for use in the
present methods. For example, H atoms of the compound that
are easily exchangeable with H atoms of solvents, such as
water, may not be suitable to be isotopically labeled in the
present methods because such exchange processes may
degrade the isotopic signature of isotopically labeled analytes
and/or standards. Similarly, if the compound contains leaving
groups or reactive groups which are not ultimately present in
the isotopically label species, such as the isotopically labeled
analytes, isotopic tagging reagents, isotopically labeled
amino acids and/or isotopically labeled peptide or proteins,
then atoms within the leaving groups or reactive groups
would also not be suitable to be isotopically labeled in the
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present invention and, thus, would not be included in the
coded element formula. Certain elements of such reactive
groups and/or leaving groups, for example, may be
exchanged or otherwise removed or lost in the chemical reac-
tion between the tag and the analyte, and, hence would not
result in incorporation in the isotopic label. For example, in
one embodiment, the chemical formula for lysine is:
C¢H,,N,O, while the coded element formula for lysine is:
CHoN,O. In one embodiment, H atoms that are easily
exchangeable with H atoms of solvents are not included in a
compound’s coded element formula. For instance, in one
embodiment, the H atoms of at least some, and optionally all
of, —OH, —SH, —NH—, and —NH, groups would be part
of'a compound’s chemical formula but would not be part of
the compound’s coded element formula. In a further embodi-
ment, the O atoms of at least some, and optionally all of,
—OH groups would not be part of the compound’s coded
element formula. In one embodiment, all carbon atoms in a
compound, particularly an amino acid, would be part of the
compound’s coded element formula. In one embodiment, all
nitrogen atoms in a compound, particularly an amino acid,
would be part of the compound’s coded element formula.

Brief Description of Proteome Quantification

There are currently two main methods for global proteome
quantification. The first is SILAC (stable isotope labeling
with amino acids in cell culture), which is very popular and
has been used for nearly a decade. In SILAC, '*C atoms are
incorporated into amino acids so that these amino acids
(called heavy amino acids) are 3 to 6 Da heavier than the
normal amino acids. Cells are then grown in separate cultures,
one culture containing the heavy amino acids and the other
culture containing normal amino acids.

New proteins synthesized in the cultures incorporate either
the heavy amino acids or the normal amino acids and the cells
are then treated with a perturbation and the proteins are com-
bined. After enzymatic digestion, the peptides produced have
the same sequence, but have slightly different masses because
ofthe *C atoms in the heavy amino acids. When analyzed by
MS, two discrete peaks are seen for the same peptide—a light
peak and a heavy peak. These peaks are usually separated by
approximately 3 to 8 Da. However, it has been very difficultto
multiplex (compare 4 or more samples simultaneously) with
SILAC because a minimum of 3 Da separation between the
labeled peptides is required to minimize isotopic distribution
overlap. With a maximum range of 10 Da, plexing is limited
to roughly 3 samples.

Because of the lack of ability to multiplex (>3), researchers
have become increasingly excited about isobaric tagging
(TMT or iTRAQ commercial products). Isobaric tagging
involves the addition of a tag to the analyte peptides. Isobaric
tags are designed to have three components: (1) a reactive
group for attachment to the analyte, (2) a balance group, and
(3) an ionizable reporter group. The balance and reporter
groups are designed with a distribution of stable isotopes so
that they have the same mass with approximately 6 to 8
different tags. When the samples elute into the mass spec-
trometer, the tagged samples all have the same mass so a
single peak is obtained. The targets in this peak are isolated
and the reporter group is cleaved. Each reporter group has a
mass that is approximately 1 Da separated from the next
reporter group so the 6-8 analytes become distinguishable
using MS/MS. However, there are two genuine problems with
isobaric tagging. First, targets are isolated with a broad win-
dow, approximately 2 to 3 nm/z, and so interferences get co-
isolated, then co-fragmented during MS/MS and produce
reporter peaks at the same m/z values, leading to a lower
dynamic range and quantitative accuracy. The second prob-
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lem is that a MS/MS scan must be acquired to get quantitative
data. This becomes problematic with multiple replicates since
the overlap between what gets isolated for MS/MS in one
experiment to the next can be low.

The developers of the TMT isobaric tags have recently
published work showing that by swapping a *>C fora **C and
concomitantly a **N for a **N in the TMT reagents, one can
achieve a new reagent that has a 6 mDa mass difference due to
the energetics of the neutron binding difference between N
and C. This slight mass difference makes them distinguish-
able using high resolution mass spectrometers. With this
approach they have expanded their TMT reagents from a
6-plex to an 8-plex system.

Brief Description of Present Tagging System

The present invention discloses a new method and custom-
ized tagging reagents for MS proteome quantification gener-
ally called “neutron encoded mass tagging” or “NeuCode”.
This method is also referred to herein as “offset mass neutron
encoding” or “OMNE”. In this method, the neutron mass
difference between heavy isotopes, such as N and C, could be
coupled with amino acids and novel reagent tags to create a
MS1-based quantification method that is superior to both
conventional SILAC and isobaric tagging in many ways. This
idea was initially tested using two +8 Da heavy lysine amino
acids, one with six 1>C’s and two '°N’s and another with eight
deuteriums (*H).

FIG. 2 illustrates results for selected lysine labeled pair of
peptides at varying resolution settings. At the typical operat-
ing resolution of the Orbitrap MS system (30,000) the two
NeuCode labeled peptides are indistinguishable and appear
as one species. When analyzed at 240,000, however, the pair
is baseline resolved and one can determine the relative abun-
dance of each analyte.

These neutron tags can be incorporated into amino acids
and then the modified amino acids used during cell culture
similar to SILAC. Using such a tagging system would allevi-
ate the spectral complication problem associated with SILAC
and allow for increased multiplexing. Initial calculations for
the incorporation of nine different heavy isotopes into the
amino acid Lysine (either **N, '3C, ?H, or *O atoms) showed
that the construction of 41 different isotopologues that have
masses spanning only 41.4 mDa is possible (shown in FIG. 3).

In addition, this tagging system may be used with novel
tagging reagents and are not limited to SILAC related meth-
ods. This would allow for analysis of tissues and other body
fluids that are not compatible with tissue culture. NHS ester
technology is a widely used chemistry to link tags onto pep-
tides for proteomic analysis. Both commercial isobaric tag-
ging methods (ITRAQ and TMT) use this approach. Accord-
ingly, the present tagging system could utilize a dipeptide-
like tag, or other tags able to bind to peptides, that is simple to
synthesize that also uses the NHS ester linkage chemistry.
Unlike isobaric tags, however, the present tagging system
would not require specialized designs that incorporate
reporter groups, linkers and charge sites. Instead the tags of
the present invention are designed to remain bound to the
peptide and to provide a quantitative measure only when
examined under high resolution conditions. An initial version
of this tag was tested in silico and shown to enable a 5-plex
analysis at current MS resolving powers. The resolution of
mass spectrometry systems are reasonably expected to
double within the several years which means this tag could
then enable a 9-plex analysis.

Thus, using this tagging system with cell culture allows for
greater multiplexing compared to conventional SILAC meth-
ods, while also ameliorating the spectral complexity problem
associated with SILAC. Using this tagging system with novel
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reagent tags allows for similar multiplexing compared to
isobaric tagging methods, but without the problems caused by
interferences due to co-isolation or the need to perform
MS/MS.

EXAMPLES
Example 1

Background of SILAC and Isobaric Tagging
Methods and Overview of Neutron Encoded Mass

Tagging

Protein identification technologies have rapidly matured
such that constructing catalogs of the thousands of proteins
present in a cell using mass spectrometry is now relatively
straightforward. Knowing how the abundance of these mol-
ecules change under various circumstances, however, is not
straightforward. Stable isotope incorporation is a central
component of many MS-based protein quantification strate-
gies. Presently, there are two main approaches to accomplish
this. The first is to metabolically introduce heavy stable iso-
topes (i.e., 1*C, 10, °N, 2H) into proteins during cell growth.
In SILAC, amino acids that incorporate stable isotopes,
which are typically 4 or 8 Da heavier than the normal amino
acids, are included in the cell culture media so that all syn-
thesized proteins incorporate the heavy amino acids. Combi-
nation of cells grown on heavy and light media produce
identical proteomes except that each peptide that includes a
heavy amino acid that differs by +4 Da from its light coun-
terpart. Using this technique to proteomes can be simulta-
neously compared by MS analysis of the heavy and light
peptides.

Isobaric tagging is an elegant solution to this problem,
allowing relative quantification of up to eight proteomes
simultaneously.  Further, unlike metabolic labeling
approaches, it is compatible with mammalian tissues and
biofluids. Despite its potential, isobaric tagging has not been
widely embraced for large-scale studies—chiefly because of
the problem of precursor interference. This problem does not
exist for SILAC because abundance measurements are
obtained from high-resolution survey mass spectra (MS1).
Even for very complex samples having hundreds of co-elut-
ing peptides, highresolving power mass analyzers can easily
distinguish the target from neighboring peaks less than 0.01
Th away.

Isobaric tags are designed to have three components: (1) a
reactive group for attachment to the analyte, (2) a balance
group, and (3) an ionizable reporter group. The balance and
reporter groups are designed with stable isotopes so that they
have the same aggregate mass with 6 to 8 different tags. In this
way 6 to 8 samples are co-analyzed. When the tagged samples
elute into the mass spectrometer, the samples all will have the
same mass so just one peak is produced. When MS/MS is
performed, the tagged peptide is fragmented causing the
reporter group to cleave off and be detected. Each reporter
group has a mass that is approximately 1 Da separated from
the next reporter group, so the 6-8 analytes become distin-
guishable in MS/MS analysis. From this, the abundance of the
analyte in each of the 6-8 conditions can be determined.

MS1 vs. MS2 Quantification Quality

SILAC is the most widely used multiplexing strategy for
protein quantification. By obtaining quantitative data from
MS1 scanning, SILAC can offer improved quantitative per-
formance over isobaric labeling approaches for three main
reasons. First, MS' abundance measurements allow averag-
ing of several data points per peptide. Isobaric tagging, on the
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other hand, typically draws all information from a single
MS/MS scan. A second benefit of MS* vs. MS>-based quan-
titation is that upon peptide identification, quantitative infor-
mation for that peptide can be extracted from MS' data alone
in each replicate. Isobaric tagging, however, requires both the
collection of an MS? scan and an identification in each repli-
cate analysis. With a ~50-75% run-to-run overlap in spectral
identifications, this caveat limits statistical significant testing
to the subset of peptides/proteins identified across multiple
experiments. The third advantage of MS* -centric quantifica-
tion is significantly improved quantitative accuracy. Specifi-
cally, isobaric tagging suffers from the well-documented
problem of precursor interference—the co-isolation of impu-
rities. This problem does not exist for SILAC because abun-
dance measurements are obtained from high-resolution MS*
scans and even for very complex samples having hundreds of
co-eluting peptides, high-resolving power mass analyzers
can easily distinguish the target from neighboring peaks less
than 0.01 m/z away. In the isobaric tagging approach, the
target peptide is isolated at much lower resolution (typically
1-3 m/z), then dissociated to produce reporter tags. Therefore,
the quantitative signal in the reporter region is compiled from
every species in the isolation window. Co-isolation of mul-
tiple species is the rule, not the exception for even highly
fractionated samples.

Multiplexing

Even with these fundamental limitations, two essential
advantages—tissue compatibility and high multiplexing
capacity—propel the widespread use of isobaric tagging.
Since isobaric tagging is a chemical, rather than metabolic,
labeling strategy one can easily compare up to 8 mammalian
tissue samples. The ability to analyze biological fluids and
tissues is vital for the application of proteomics to transla-
tional medicine. Beyond the obvious direct analysis of human
tissues, there are countless mammalian models of disease,
e.g., cancer, diabetes, multiple sclerosis, etc., where proteome
characterization requires tissue-compatible technologies.
Advancing quantitative proteomics from cell culture toward
more complex animal-based disease models, requires
increased replicate analysis and, typically, several biological
states. In a simple experiment examining the effects of caloric
restriction (CR) and the deacetylase Sirt3 in mice, there are
four conditions—wt (control), Sirt3 knockout, wt CR, and
Sirt3 knockout CR. For statistical significance testing, at least
3 animals in each condition must be analyzed for a minimum
of'12 samples. And this experiment only considers analysis of
one tissue, one age, and one strain. Thus, the ability to achieve
expanded multiplexed proteomic comparisons with high
quantitative accuracy and reproducibility will deeply impact
modern biology and medicine.

Accuracy Issues with MS2 Quantification are not Accept-
ably Resolved

Even though MS2 approaches already deliver multiplexing
capacity, data quality and quantification overlap (reproduc-
ibility, see above) are still require improvement. Efforts have
been made to overcome these shortcomings. For example,
ion/ion reactions for gas-phase precursor purification have
been explored as well as MS3-based strategies. Despite
improved quantitative accuracy on model systems (approxi-
mately —20% accuracy bias, i.e., true value 10:1 detected as
8:1), duty cycle, sensitivity, and availability of both
approaches are problematic. Both MS3 and QuantMode
acquisition methods reduce duty cycle and, consequently,
generate about 50to 70% of the identifications as compared to
typical shotgun analyses. The sensitivity of either approach is
likewise restricted by limited sampling depth (duty cycle) and
by reduced reporter ion intensities (purification losses).
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Finally, both require the presence of an ion trap and Quant-
Mode requires ETD capability. Experience with these purifi-
cation approaches indicates that there is no straightforward
remedy to the duty cycle, sensitivity, and compatibility issues
outlined above. These problems, combined with the irrepro-
ducibility of MS*-based quantification over multiple repli-
cate analyses (see above), strongly suggest that developing a
multiplexed MS!-centric approach is key to advancing quan-
titative proteomics and, in particular, its application to trans-
lational medicine.

MS1 Multiplexing—The Path Forward

Unfortunately, achieving multiplexed analysis with MS®-
based technology has been challenging. SILAC provides a
means to make binary or ternary comparisons and by inter-
lacing these experiments, higher-order comparisons can be
obtained; however, obtaining such measurements are labori-
ous and only reported by a handful of expert laboratories.
SILAC is practically limited to triplex comparisons because a
minimum of 4 Da separation between the labeled peptides is
needed to minimize isotopic distribution overlap. This spac-
ing is greatly compressed when precursor charge is 3 or
greater.

In SILAC multiple isotopic clusters are generated, typi-
cally 4 Da apart, for each additional plex that is quantified—
up to three-plex (see FIG. 4). These signals are distinguished
during MS1 analysis and the ion chromatograms for each are
extracted over the entire elution profile so that quantitative
data is averaged over ~50 scans per peptide. In isobaric tag-
ging all plexes have the same mass so that only one isotopic
cluster peak is generated during MS1. During MS2 the tags
cleave and reporter ion signals are detected. These can be
integrated to determine relative abundance. This approach,
however, often draws quantitative data from a single scan and
an MS2 event is required.

The ability to introduce heavy isotopes into Lys for SILAC
is limited by its composition (six C atoms and 2 N atoms);
hence, the largest commercially available heavy versionis +8
Da. A handful of attempts to increase SILAC plexing have
been reported, but require non-trivial computation and the
presence of Arg within each peptide. These limitations have
precluded their widespread adoption. A second problem of
SILAC plexing is the increased spectral complexity. Specifi-
cally, for each peptide every SILAC channel produces an
additional set of m/z peaks. MS/MS sampling of more than
one of these peaks produces redundant identifications and,
consequently, consumes MS/MS bandwidth so that lower
abundance nm/z peaks often do not get sampled. Overall such
increased complexity reduces proteome coverage.

Isobaric Neutron Encoded Mass Tagging

The developers of the TMT isobaric tags have recently
discovered that by swapping a *C for a **C and concomi-
tantly a **N for a **N in the TMT reagents can achieve a new
reagent that has a 6 mDa mass difference. The mass change
results from the discrepancy in energetics of neutron binding
between N and C and can be distinguished with a mass reso-
Iution of 50,000 at m/z 130. By implementing this approach,
the TMT reagents can be expanded from a 6-plex system to an
8-plex system. This new TMT isobaric concept still relies
upon MS?-based quantification and all does not resolve the
issues outlined above. The present invention advances this
neutron encoding concept to develop an ultraplexed (up to
45-plex) MS'-based quantification technology that combines
the best aspects of both SILAC and isobaric tagging.

Differences Between Neutron Coding and Traditional Iso-
baric Tagging

Traditional isobaric tagging relies on introduction of
chemical tags to peptides. The chemical tags are designed to
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have three specific components: a reactive group, a balance
group, and a reporter group. During MS1 analysis, analytes
labeled with isobaric tags appear as a single m/z peak and
quantitative information cannot be obtained from MS1 analy-
sis—no matter how high the resolving power. Quantitative
data is only retrieved upon fragmentation of the precursor
ions by collisional activation. During this process the charged
reporter group is released from the balance group and pro-
duces a detectable m/z peak at a defined mass. Isobaric tags
currently offer up to 8 channels of quantitation. Reporter ions
vary in mass between each channel by 1 Da. Forexample, m/z
126, 127, and 128. Thus, quantitative data can only be mea-
sured by first performing collisional activation and by moni-
toring the product ions by MS/MS.

Limitations of this approach are many in number. First,
since no data is derived from the MS1 scan, if an MS/MS
event is not acquired for a given precursor, then no quantita-
tive data of any kind is recorded. Second, all precursors within
the MS/MS isolation window (usually about 1-3 m/z) are
subjected to collisions and produce the reporter tags. This
means that the quantitative signal is the convolution of all the
precursors within the isolation window. This shortcoming
severely limits quantitative accuracy. Third, isobaric tagging
is only compatible with one type dissociation collisional acti-
vation. Key to isobaric tagging is that the reporter group be
cleaved from the balance group and detected. For commercial
products these have been optimized for collisional activation;
however, many types of dissociation are available and include
electron capture and transfer dissociation along with those
that use photons.

The neutron encoding strategy of the present invention
embeds very subtle mass differences into analytes for quan-
titative purposes. These differences are so small (<50 mDa)
that they cannot be distinguished at normal MS resolving
powers. Analysis under high resolution conditions,
however, (>100,000) can separate these closely spaced peaks
and reveal quantitative information. Neutron codes can be
introduced by growing cells on custom amino acid isotopo-
logues or by placing chemical tags onto peptides. For the
latter case the chemical reagents do not have the features of a
traditional isobaric tag, i.e., no reporter or balance group.
Instead the tag is simply a delivery vehicle to embed a neutron
fingerprint onto each analyte. This fingerprint is then only
detected when the sample is analyzed under high resolution
conditions, typically in the MS1 scan.

FIGS. 5-7 show MS/MS scans of a neutron encoded
labeled peptide. At low resolution, such as shown in FIG. 5,
the quantitative information is invisible and the peaks appear
as single peaks. At high resolution (FIG. 6), however, these
peaks are revealed as multiple peaks providing additional
data (FIG. 7). These data are reflective of abundance and
could be used for quantification.

Another major difference from traditional isobaric tagging
is that the neutron encoding signatures of the present inven-
tion stay with the peptide after dissociation. Dissociation can
be accomplished by any fragmentation method. Product ions
that result from the cleavage of the peptide backbone that
contain the neutron coding tag, either the amino acid or the
chemical tag, will be detected if analyzed under high resolu-
tion conditions (>100,000). Unlike traditional isobaric tag-
ging, these signals do not occur at the same mass for every
precursor (the reporter fragment mass), they occur along with
the backbone fragments of the peptide and at every fragment
that contains the neutron tag. This means that quantitative
information can also be gathered from MS/MS spectra, but
only if scanned under high resolution and at m/z peaks where
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the peptide fragments. Thus, for neutron coding, the interfer-
ence problem of traditional isobaric tags is eliminated.

NeuCode Overview

The neutron encoded mass difference that has been
exploited to expand the plexing capacity of isobaric tagging
can be harnessed to create an MS' quantification method—
one that is superior to both conventional SILAC and isobaric
tagging.

To determine the feasibility of NeuCode, a library of 105,
067 identified tandem mass spectra was surveyed and it was
determined that 99.4% of the peptide precursors had m/z
values of 1,200 or less. Next, the minimum resolvable differ-
ence (full width at 1% max, FWOM, i.e., only 1% overlap in
peak areas) was calculated for a 1,200 Th precursor as a
function of resolving power ranging from 10° to 107 (FIG.
8A). The current commercially available Orbitrap is capable
ot 480,000 resolving power, enabling separation of precur-
sors spaced as narrowly as 11.1 mTh. This value falls to half
that (5.6 mTh) with the highest reported Orbitrap resolution
of 960,000. The average precursor has a much lower m/z
(~750) and can be resolved at 7.0 and 3.5 mTh at 480,000 and
960,000, respectively. Using these calculations as a guide, the
peptide library was used to model the percentage of the pep-
tidome that would be quantifiable (i.e., separated at FWOM)
when labeled at intervals of 12, 18, and 36 mDa (FIG. 8B).
This takes into account the diversity of precursor m, z, and
m/z that is typically observed in a shotgun experiment. These
data demonstrate that at a resolving power of 480,000, >85%
of identified peptides can be quantified (i.e., resolved) when
spaced 18 mDa apart. At 960,000 resolving power, >90%
coverage was achieved with 12 mDa spacing.

These data confirm that with the current commercial Orbi-
trap resolving power capability of 480,000, detection and
identification using the NeuCode tagging strategy could be
achieved for nearly the entire peptidome with ~18 mDa spac-
ing between labeled peaks. At the highest reported Orbitrap
resolving power of 960,000, similar coverage could be
achieved with only 12 mDa peak spacing. It was next deter-
mined what spacing ranges and gap sizes could be achieved
using the common elements found in biological systems—
ie., C, H, N, and O. FIG. 9 presents all theoretical isotopo-
logues of the amino acid Lysine that contains a +2 Da offset
by incorporation of 2C, *H, '°N, '®0 in various combina-
tions. With just a modest mass difference of 2 Da, 7 isotopo-
logues can be created spanning a mass range of 18.5 mDa
(referred to herein as the offset mass) offering either du-plex
or tri-plex tagging (i.e., ~9 and 18 mDa spacing). Incorpora-
tion of more stable isotopes, +8 Da, can deliver offset mass
ranges in excess of 50 mDa. Together with the theoretical
calculations above, it was concluded that sufficient offset
masses can be introduced to allow implementation of the
NeuCode strategy with currently available mass resolving
power.

Neutron-Encoded Amino Acids for Multiplexed SILAC
(NeuCode SILAC)

Rationale:

Synthesis of amino acids that incorporate the NeuCode
labeling strategy will produce SILAC reagents that greatly
expand (4-10x) the multiplexing capability of the gold stan-
dard protein quantification technique—SILAC. This added
plexing capacity will neither increase MS* spectral complex-
ity nor reduce peptide identification rate, as compared to the
conventional SILAC strategy.

Hypothesis:

Using conventional multi-Da isotopic spacing limits
SILAC to binary and ternary comparisons. Highly multi-
plexed experiments allow measurement of time-course
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experiments, permit collection of biological replicate data,
and enable direct comparison of transcriptomic and pro-
teomic data. By incorporating various isotopologues of
Lysine, each differing by approximately 10 mDa, a set of
amino acids is created that yield 12 channels for quantifica-
tion when combined. These amino acids deliver a greatly
increased level of multiplexing and performance compared to
SILAC.

Preliminary Data:

To test the hypothesis that isobaric isotopologues of amino
acids can allow SILAC hyperplexing, two +8 Da heavy lysine
amino acids were purchased, one with six '*C atoms and two
15N atoms and the other with eight *H atoms. These two
isotopologues differ in mass by 36 mDa and are easily dis-
tinguished at the commercially available resolution of current
Orbitrap systems (480K). Two yeast cultures (BY4741
Lys1A) were grown in defined synthetic complete drop out
media supplemented with either the “light” lysine (+0 Da),
“heavy 17°C4/"*N,Lys (+8.0142 Da) or “heavy
2?H, (+8.0502 Da). To ensure complete Lys incorporation,
cells were propagated for at least 10 doublings, then har-
vested in mid-log phase by centrifugation at 3,000xg for 3
minutes. Cell pellets were re-suspended in 5 mL lysis buffer
and protein was extracted by glass bead milling. Protein from
lysed yeast cells were reduced, alkylated, and digested with
endo-LysC. Next, three traditional SILAC samples were pre-
pared in known mixing ratios by combining the “light” (+0
Da) and “heavy 17 (+8 Da) labeled peptides in ratios of 1:1
and 1:5 by mass. NeuCode SILAC ratios were prepared
exactly the same, except by using “heavy 1 (+8.0142 Da) and
“heavy 2” (+8.0502 Da) labeled peptides.

Samples from each method (i.e., NeuCode SILAC and
traditional SILAC) were independently loaded onto a capil-
lary n.C column and gradient eluted into an ion trap-Orbitrap
hybrid MS over 60 minutes. For traditional SILAC, MS*
analyses were performed at a resolving power of 30,000 with
the top 10 most intense precursors selected for MS/MS analy-
sis (ion trap CAD). For NeuCode SILAC analysis, an addi-
tional MS' scan was implemented at a resolving power of
480,000 immediately following the first 30,000 resolving
power full scan. The high resolution scan distinguished the
NeuCode SILAC pairs—effectively decoding the embedded
quantitative data. Example spectra from that analysis are
presented in FIG. 10; panel A displays a MS' scan (R=30K)
and panel B presents the isotopic cluster of a selected precur-
sor at m/z 827. Here, the signal that is generated under the
typical 30K resolving power and the high resolution quanti-
fication scan (480K) are plotted. Both “heavy” Lysine isoto-
pologues that are spaced only 36 mDa apart were observed.
The very close m/z spacing of these NeuCode SILAC part-
ners is ideal for MS/MS scanning since both isotopologues
are co-isolated, fragmented, and mass analyzed together. In
fact, since MS/MS analysis is typically executed at low reso-
Iution (i.e., <7,500) the NeuCode SILAC MS/MS spectra are
essentially identical to those of an unlabeled, non-multi-
plexed sample. Panel C of FIG. 10 displays the ion trap
MS/MS of the isolated precursor shown in Panel B. At these
low resolutions, the encoded abundance information is con-
cealed and spectral matching is executed as if no multiplexing
were being performed. It should be noted that the high reso-
Iution scan takes ~1.6 seconds to complete; however, the
system performs ion trap MS/MS analyses (top 10) during
that time so that very little effect on overhead is induced
(16,852 vs. 18,973 MS/MS spectra acquired, NeuCode
SILAC vs. traditional SILAC, respectively). The NeuCode
SILAC experiment produced considerably more unique pep-
tide spectral matches (PSMs)—2,935 vs. 2,401. This is
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because in traditional SILAC, each unique peptide precursor
appears at two distinct m/z values—separated by 4 Da. This
means that there is a tremendous amount of redundancy in
peptide identifications because the most abundant peptide
partners both get selected. The result is limited sampling
depth. NeuCode SILAC eliminates this problem as all quan-
titative information is encoded within a single m/z peak for
each precursor (insert of FIG. 10B) so that redundant MS/MS
scans on partner peaks are not acquired.

Quantitative Accuracy and Precision of NeuCode SILAC

Next, the quality of the quantitative data generated by
NeuCode SILAC (also referred to as OMNE SILAC) was
assessed as compared to traditional SILAC. FIG. 11A cap-
tures quantitative metrics for both methods: the dashed hori-
zontal lines indicate the true ratio (grey=l1:1, black=5:1)
while boxplots demarcate the median (stripe), the 25th to 75th
percentile (interquartile range, box), 1.5 times the interquar-
tile range (whiskers), and outliers (open circles). From these
data, it was concluded that NeuCode SILAC offers quantita-
tive accuracy and precision that is not distinguishable from
traditional SILAC. Of the 2,935 PSMs posted by NeuCode
SILAC, 80% were quantifiable (2,572). For traditional
SILAC 2,120 PSMs produced quantitative data 88% percent
of the 2,401 total PSMs. It was wondered why NeuCode
SILAC would have a reduced quantifiable rate? It should be
noted that PSMs were quantified only if both partners were
detected with a S/N ratio in excess of 2:1. It was surmised that
since NeuCode SILAC permitted greater sampling depth and,
hence, more identifications for lower S/N precursors, there
was likely no fundamental difference in the frequency with
which a peptide could be quantified between the two meth-
ods. To test this hypothesis, the percentage of time a PSM
produced quantitative information was plotted (FIG. 11B) for
both NeuCode SILAC and traditional SILAC as a function of
precursor intensity. Both methods produce quantitative data
less frequently (at essentially the same rate) as precursor
intensity is decreased; however, NeuCode SILAC generated
1,824 PSMs having precursor intensity less than 10°- (arbi-
trary units) while traditional SILAC only detected 522 in that
same range. NeuCode SILAC permits increased sampling
depth compared to traditional SILAC, while maintaining
highly comparable quantitative accuracy and precision.

Preliminarily, all identifications from the NeuCode SILAC
data were generated using the MS* scans collected under low
resolution settings (30K, FIG. 10B). Since those peaks con-
tain two unresolved versions of each peptide that differ in
mass by 36 mDa, it was wondered whether any major
decrease in mass accuracy would result. To test this, the
distribution of mass error (ppm) was plotted as a function of
identification e-value (~significance) for both NeuCode
SILAC and traditional SILAC for all identifications (1%
FDR, FIG. 12). A very subtle decrease in mass accuracy for
NeuCode SILAC—3.5 vs. 2.5 ppm—is present with compa-
rable precision. It was concluded that this subtle increase in
mass error is not problematic as most database searching
imposes precursor mass error tolerances of £7 to £25 ppm. It
was also noted that the use of the mass values from the high
resolution MS* scan, where the isotopologues are resolved,
could completely eliminate this subtle error altogether.

Sample Preparation.

Saccharomyces cerevisiae strain BY4741 LyslA was
grown in defined, synthetic-complete (SC, Sunrise Science)
drop out media supplemented with either light lysine (+0 Da),
heavy 6'*C/2'°N lysine (+8.0142 Da, Cambridge Isotopes),
or heavy 8D (+8.0502 Da, Cambridge Isotopes). Cells were
allowed to propagate for a minimum of 10 doublings to
ensure complete lysine incorporation. Upon reaching mid-
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log phase, the cells were harvested by centrifugation at
3,000xg for 3 minutes and washed three times with chilled
ddH,O. Cell pellets were re-suspended in 5 mL lysis buffer
(50 mM Tris pHS8, 8M urea, 75 mM sodium chloride, 100 mM
sodium butyrate, | mM sodium orthovanadate, protease and
phosphatase inhibitor tablet), and total protein was extracted
by glass bead milling (Retsch). Lysate protein concentration
was measured by BCA (Pierce).

Protein from lysed yeast cells was reduced by addition of 5
mM dithiothitriol and incubation for 30 minutes at ambient
temperature. Free thiols were alkylated by addition of 15 mM
iodoacetamide and incubated in the dark, at ambient tempera-
ture, for 30 minutes, followed by quenching with 5 mM
dithiothitriol. Urea concentration was diluted to 4 M with 50
mM tris pH 8.0. Proteolytic digestion was performed by
addition of LysC (Wako), 1:50 enzyme to protein ratio, and
incubated at ambient temperature for 16 hours. The digest
reaction was quenched by addition of TFA and desalted with
atC18 sep-pak (Waters).

SILAC known ratios were prepared by mixing “light”=+0
Da and “heavy”=+8 Da labeled peptides in the “light” to
“heavy” ratios 1:1, 1:5, and 1:10 by mass. NeuCode ratios
were prepared exactly the same, except light=+8.0142 Da and
heavy=+8.0502 Da.

6-plex samples were prepared by labeling each NeuCode
SILAC yeast peptide with three mTRAQ tags (AB SCIEX),
according to the manufacturer’s protocol, except that
hydroxylamine was added to quench the labeling reaction
after 2 hours. These peptides were mixed in the ratio 10:10:
5:5:1:1 by mass.

LC-MS/MS.

For the NeuCode SILAC vs. SILAC comparison, each
sample was independently loaded onto a 75 um capillary
packed with 5 um Magic C18 (Michrome) particles in mobile
phase A (0.2% formic acid in water). Peptides were gradient-
eluted with mobile phase B (0.2% formic acid in acetonitrile)
over 60 minutes. Eluted peptides were analyzed by an Orbi-
trap elite mass spectrometer (Thermo Scientific). A survey
scan was performed by the Orbitrap at 30,000 resolving
power to identify precursors to sample for data dependent
top-10 ion trap CAD tandem mass spectrometry. NeuCode
SILAC analysis had an additional quantitative 480,000
resolving power scan immediately following the survey scan.
Preview mode was enabled, and precursors with unknown
charge, or charge=+1, were excluded from MS2 sampling.
MS1 and MS2 target ion accumulation values were set to
1x10° and 4x10*, respectively. Dynamic exclusion was set to
30 seconds for -0.55 m/z and +2.55 n/z of selected precur-
sors. MS1 6-plex samples were analyzed as above except for
the following changes. Samples were eluted over a 90 minute
gradient. Tandem mass spectrometry was performed by HCD
fragmentation in the HCD cell followed by detection in the
orbitrap with 15,000 resolving power. Finally, MS2 target ion
accumulation values were set to 5x10%.

Data Analysis.

MS raw files were converted to searchable text files and
searched against a target-decoy database (Saccharomyces
Genome Database (yeast), www.yeastgenome.org; UniProt
(mouse), www.uniprot.org) using the Open Source Mass
Spectrometry Search Algorithm (OMSSA). For all samples,
methionine oxidation and cysteine carbamidomethylation
were searched as a variable and fixed modification, respec-
tively. SILAC samples were searched independently with an
unmodified lysine and +8.014199 fixed modification, and
later combined during false discovery rate filtering. NeuCode
SILAC samples were searched with a single fixed modifica-
tion representing the average mass shift from the 6'°C/2'°N
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and 8H isotopologues (+8.0322). Precursor mass tolerance
was defined as 100 ppm and fragment ion mass tolerance was
set to 0.5 Da. This relatively wide precursor mass tolerance
was used to account for the mass difference observed between
isotopologues. Search results were filtered to 1% FDR based
on E-values. 6-plex samples were searched as above except
for the following changes. The light (1), medium (m), and
heavy (h) versions of mTRAQ were independently searched.
The peptide N-terminal fixed modifications: +140.0953 (1),
+144.1024 (m), or +148.104 (h); lysine fixed modifications:
+148.1275 (1), +152.1346 (m), or +156.1362 (h); tyrosine
variable modifications: +140.0953, +144.1024, or +148.104.
Fragmention mass tolerance was reduced to 0.1 Da. The three
independent searches were combined during FDR filtering.
Peptides were grouped into proteins and filtered to 1% FDR
according to rules previously described.

Quantitation.

Following database searching, the FDR-filtered list of pep-
tide-spectrum matches was first utilized to calculate the sys-
tematic precursor mass error associated with the data set.
After adjusting “light” and “heavy” precursor masses for this
error, an algorithm inspected every high-resolution MS1 scan
within 30 seconds of all PSMs identifying a unique peptide
sequence. In each MS1 scan “light” and “heavy” peaks were
isolated for the first four isotopes of the isotopic cluster. If at
least two peaks, with greater than S/N of 3, are found within
the specified tolerance (+5 ppm for NeuCode; £10 ppm for
SILAC), a SILAC pair is created. Any peaks below the noise
level simply contribute a noise-based intensity to the appro-
priate missing “light” or “heavy” channel. Peaks exhibiting
possible peak coalescence, as determined by de-normalizing
intensity by injection time, are excluded from quantification.
The intensities for “light” and “heavy” channels are summed
across their elution profiles. To eliminate the noise-capped
peaks on the fringes of a peptide’s elution profile compress-
ing the quantitative ratio towards 1:1, peaks with intensities
below Y4e the maximum intensity were discarded. Peptides
were required to have a minimum of 3 ratio-providing pairs
(i.e., quantified across at least 3 MS1 scans) to be eligible for
quantification. Protein quantification was accomplished by
averaging the ratios of all corresponding peptides. The result-
ing protein ratios were normalized to a median fold-change
around 0 to account for unequal mixing. This algorithm was
utilized to quantify both traditional and NeuCode SILAC data
sets.

Example 2

Neutron-Encoded Signatures for Multiplexed Protein
Quantification

Applying a neutron-encoded tagging system to protein
quantification involves exploiting the subtle mass differences
that are induced by the varying energies of neutron binding in
C, N, O, S, Cl, Br, Si and H atoms. For example, a difference
in mass of 6 mDa can be induced by swapping a **N for a >N
atom while concomitantly switching a 1*C with a '*C atom in
the analyte molecule. Doing this process in various combina-
tions, within the context of an analyte molecule, generates
dozens of chemically identical isotopologues that when ana-
lyzed under normal MS analysis conditions (mass
resolution <30,000) are indistinguishable—i.e., produce one
m/z peak. Analysis with high resolving power (>100,000
resolution), however, reveals distinct m/z peaks whose abun-
dances can be extracted and used to determine analyte quan-
tity across the sundry conditions. This technology will permit
very high levels of multiplexing (such as 45-plex systems,
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ultraplexing) while avoiding the pitfalls of both SILAC and
isobaric tagging. Applications of such a tagging system
include analysis of the skeletal muscle mitochondrial pro-
teome (1098 proteins), which is of outstanding importance to
human health. For example, the tagging system of the present
invention can be used to precisely monitor the alterations of
mitochondrial protein and phosphoproteins levels in response
to cellular iron deprivation, the top worldwide nutritional
disorder.

Neutron-Encoded Amino Acids for Multiplexed SILAC

Neutron-encoded isotopic versions of Lysine and Arginine
permit up to 11-plex SILAC quantification. However, these
highly multiplexed SILAC reagents will offer less spectral
complexity than traditional 3-plex SILAC. This is accom-
plished by incorporating various isotopologues of each amino
acid—each differing by approximately 6 mDa—to create a
set of 5-plex and a 6-plex Arg/Lys amino acids that when
combined yield 11 channels for quantification. These amino
acids deliver an unprecedented level of multiplexing and per-
formance to the current gold standard protein quantification
technology, SILAC.

NeuCode SILAC Performance in a Complex Biological
System

To benchmark the performance of NeuCode against tradi-
tional SILAC in a complex biological system, NeuCode and
SILAC labels were each used to quantify protein during
mouse myoblasts and their myogenic differentiation to myo-
tubes. The differentiation of mouse-derived C2C12 myo-
blasts is an extensively-studied model system for the devel-
opment of skeletal muscle myocytes. NeuCode quantifies x %
more proteins than traditional SILAC (1,458 vs. 1,031) while
comparably estimating relative protein abundance (m=0.82,
R?=0.78; FIG. 29). Both methods measure protein changes
that support the ongoing myogenic differentiation, as evi-
denced by the enrichment of GO terms such as electron trans-
port chain and muscle system process (FIG. 30).

Example 3
Neutron Encoded Amino Acids

The above data demonstrates the feasibility of the Neu-
Code tagging strategy and doubles the plexing capacity pro-
vided by SILAC. For increased plexing, custom isotopo-
logues of SILAC amino acids are synthesized. To determine
the most expedient strategy, the mass range and number of
NeuCode isotopologues for each of the six amino acids used
for SILAC (Ser, Leu, Tyr, Lys, Met, and Arg) were calculated.
These six amino acids alone can be manipulated to produce
3,004 isotopologues (FIG. 13)! On average, these isotopo-
logues are spaced 1.07 mDa apart over ranges of 26-63 mDa.
This means that the plexing capacity can be maximized by
precisely matching isotopologue offset mass spacing to the
currently achievable mass resolution. Arg offers the widest
offset mass range (62.8 mDa) and, thus, the potential for the
highest level of multiplexing.

Traditional SILAC experiments, however, utilize either
Lys, alone, or in combination with Arg. Since custom amino
acid synthesis can be costly, custom isotopologues of only
Lys were initially generated. If one only uses Lys for SILAC,
the best results are achieved with the protease endo LysC.
This enzyme cuts peptides at Lys, ensuring every generated
peptide contains a label. Endo LysC is rapidly becoming a
preferred protease for proteomics and is often used in place of
trypsin. LysC produces only a slightly larger peptides, on
average, than trypsin (11 vs. 13 residues, yeast). Besides this,
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LysC is often preferred as it maintains proteolytic activity at
very high amounts of denaturing agents such as urea (up to
8M).

Development of NeuCode Lysine Isotopologues

FIG. 14 displays the isotope compositions and molecular
weights of the 39 Lys isotopologues that are +8 Da heavier
than unlabeled Lys. One can achieve an offset mass range of
38.5 mDa (adding a total of 10 Da of heavy isotopes generates
the maximum offset shown in FIG. 13). Only two of the +8
isotopologues are commercially available (**C4*H, "N, and
13C,2H,"°N,, red/blue striped bars in FIG. 14). These two
isotopologues nearly span the entire offset mass range (36.0
mDa) and for this experiment are used as the two most
extreme tags (i.e., lightest and heaviest) in either a triplex or
quadplex NeuCode SILAC strategy. Synthesis of the +8 Da
Lys isotopologue, *C3*H,°N,, will create a “medium” tag
that is precisely 18.0 mDa from the “heavy” and “light” (red
bar, FIG. 14). This spacing is compatible with 480K resolving
power—the current commercial capability of the Orbitrap
system and resolution used for the preliminary data shown
here. It is anticipated that the wide commercial implementa-
tion of 960K resolving power on Orbitrap systems will occur
in the near future. For those systems, and FT-ICR-MS sys-
tems, a quadplex NeuCode SILAC method can be imple-
mented by synthesis of two additional +8 Lys isotopo-
logues—'*C5*H,"*°N, and **C,*H,"°N,. These two custom
isotopologues, in combination with the commercial available
“heavy” and “light”+8 Da Lys residues, are equally spaced at
12 mDa intervals (blue bars, FIG. 14). Doubling on MS
resolution from 480K to 960K, and use of these custom
isotopologues, will permit a quadplex NeuCode SILAC
method that, when analyzed under routine conditions resolu-
tion <100K) offers the spectral complexity of an unlabeled
sample.

The Route to 11-Plex NeuCode SILAC

As discussed above, NeuCode SILAC reduces the spectral
complexity of SILAC experiments; moreover, it greatly
increases multiplexing capability (up to quadplex). It was
reasoned that coupling the above NeuCode SILAC strategy
with the conventional multi-Da SILAC strategy would permit
even higher orders of MS1-based multiplexing. This can be
accomplished this directly by generating the NeuCode isoto-
pologues shown above with various offset masses (e.g., +4,
+8, +12 Da). FIG. 15 displays the number of isotopologues
available when the mass of Lys is increased by 4, 8, and 12 Da
by stable heavy isotope incorporation. By dividing the mass
range over which these isotopologues span with defined off-
set masses of 6, 12, or 18 mDa, the number of plexes each
offers can be calculated (FIG. 15). By combining these three
Lys groups, i.e., +4, +8, and +12 Da, either 8-plex (18 mDa
spacing) or 11-plex (12 mDa spacing) NeuCode SILAC can
be produced. The masses and isotope compositions of the
isotopologues for the amino acid Lysine when 4, 8, or 12 extra
neutrons are added using various combinations of **C, 2H,
15N, 80 atoms are shown in FIG. 16.

To transform custom quadplex Lys isotopologues into a
12-plex experiment NeuCode SILAC peptides are chemically
labeled using the commercial nTRAQ tag. mTRAQ imparts
a +0, +4, and +8 Da tag onto all primary amines (i.e., Lys and
N-termini). In this strategy, peptides having the same
sequences are distributed across 3 MS* isotopic clusters—
each cluster comprises four-plex quantitative information
that is only revealed upon high resolution MS* scanning. It
should be noted that the mTRAQ delivers the gross mass
differences that produce the three distinct isotopic clusters.
This chemical labeling serves to mimic the results that would
be achieved if the custom Lys isotopologues described above

20

25

30

35

40

45

50

55

60

65

38

were available. FIG. 17 presents preliminary results using this
strategy with the duplex Lys isotopologues (**C/*°N,Lys
(+8.0142 Da) or *H, (+8.0502 Da)). Once labeled, peptides
containing duplex NeuCode SILAC and mTRAQ were mixed
(six-plex) in a 1:1:1:1:1:1 (FIG. 17, left) or 10:10:5:5:1:1
(FIG. 17, right) ratio and analyzed by with the same nL.C-
MS/MS method described above.

FIG. 14 presents a plot of the masses of all theoretical
isotopologues of the amino acid lysine at offset masses of +4,
+8,and +12 Da. Each has 18,39, and 35 unique isotopologues
spanning 26.8, 38.5, and 35.6 mDa, respectively. Current
instrumentation does not have adequate resolution to distin-
guish each of these isotopologues, so a 92-plex SI LAC
capacity is not feasible with current commercial instrumen-
tation. With current technology, however, it is possible to
resolve isotopologues spaced ~10-20 mDa apart. As indicated
in FIG. 8, approximately ~40% of peptides are quantifiable
with 10 mDa spacing at 480K resolving power (current com-
mercial Orbitrap maximum resolution). At 20 mDa nearly
90% are quantifiable at this resolving power. At 960K resolv-
ing power, which was recently published and under commer-
cial development for Orbitraps, would quantify ~90% of
observed peptides at 10 mDa spacing. Using ~10-12 mDa
spacing, 3, 5, and 4 isotopologues were selected from the +4,
+8, and +12 Da offset mass groups. When combined, these
residues would offerup to 12-plex SILAC that are compatible
with current FT-MS instrumentation.

Isotopologue mass differences can be coded by use of just
13C, °N, '#0. FIG. 18 shows different isotopologues that can
be introduced into a chemical tag comprising up to 8 >C and
15N atoms and up to 4 **0 atoms (no *H atoms). The high-
lighted isotopologues in F1G. 18 show only the isotopologues
using 0to 8 '>C atoms and 0 to 8 N atoms (no **0 atoms or
2H atoms). In one embodiment of the present invention, syn-
thetic tags ideally use only *C and *°N as deuterium (*H) can
induce chromatographic peak shifts and are avoided by use of
only *C and *°N. In this embodiment, ‘*0 are preferably not
used because "0 does not provide as large of a mass differ-
ence as '°C and ’N atoms. At 6 mDa spacing, one can
produce a chemical reagent capable of offering 9-plexed
quantification using just **C and ’N. In this way, the syn-
thetic strategy is also streamlined as only two elements need
to be varied

FIG. 19 shows a theoretical simulation of what the high-
lighted isotopologues shown in FIG. 18 (heavy Cand N atoms
only) would produce if used to label a peptide (assumes two
tags on the peptide). Using 480K resolution one could distin-
guish each of these tags and obtain 9-plex quantification data
(highlighted mice).

FIG. 20 shows the structure of a possible compound that
could contain enough C, N and O atoms to provide the isoto-
pologue combinations of FIG. 18.

An alternate chemical tag that similarly could be encoded
to provide a wide number of isotopologues is shown in FIG.
21.

Additional Experimental Parameters

Sampling—

Development of higher order multiplexing will require
increasing the number of MS' clusters of isotopologue
labeled peptides. The number MS1 clusters increases the
complexity of the spectra and will likely decrease duty cycle.
Instrument control options for dynamic exclusion can be
utilized to identify which peaks are from the same peptide
species and then sample only the most abundant of these
while excluding the others from MS? sampling. This will
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prevent sampling the same species with different forms. Ana-
lyzing truncated mass ranges to maximize identifications can
also be utilized.

AGC Targets—

For each peptide precursor, the more ions analyzed during
a quantitation scan, the more likely the NeuCode pairs will
coalesce. This may be more of a problem for fractionated
samples, where the total ion count is spread across fewer
peptide precursors. Lowering the AGC target of the quantita-
tion will decrease the likelihood of coalescence but will also
result in lower signal, but also less noise. Thus, it is unlikely
the signal to noise ratio, which dictates sensitivity, will
change.

Fragmentation—

Current strategies employ ion trap CAD fragmentation and
MS analysis, although the use of ion trap HCD and ETD are
similarly possible. The duty cycle for these scan functions
will be similar to CAD, but will likely give better fragmenta-
tion for the more highly charged peptide products from LysC
digestion.

Resolution Testing—

Based on the above experiments, seven NeuCode SILAC
pairs can be resolved with R=480K and nine can be resolved
at R=960K. It is expected that greater than 80% of peptides
labeled with either seven or nine NeuCode SILAC pairs,
mixed in 1:1 ratios, have a complete series of resolvable pairs
at FWOM.

Scan Rates—

The impact on the number of collected MS1 and MS2
spectra can be evaluated when an additional 480K or 960K
resolving power quantitation scan is incorporated into the
scan sequence. There is likely little impact from the addi-
tional quantitative scan because ion-trap MS2 spectra and the
quantitative scan can be simultaneously collected.

Number of Peptide Identifications—

The number of peptide spectral identifications made for an
NeuCode SILAC seven or eleven-plex experiment is similar
to a SILAC triplex experiment. The number of identifications
made will likely indirectly correlate with the number of MS1
clusters present. Thus, the experiments described above are
most similar to SILAC triplex and should be compared with it
as such.

Dynamic Range/Accuracy/Precision—

Mixing NeuCode SILAC pairs and SILAC pairsin 1:1, 1:2,
1:5, and 1:10 ratios demonstrate that the median values (accu-
racy) and standard deviation (precision) for NeuCode SILAC
and SILAC are similar for each of these ratios.

Informatics Tools

Informatics tools translate the gathered spectra into highly
multiplexed, MS!-centric peptide quantification. This is illus-
trated using a duplex experiment employing two versions of
lysine: “light” (**C4'°N,, +8.0142 Da) and “heavy” (Ds,
+8.0502 Da). First, database searching will match the low-
resolution MS/MS spectra to peptides of “average” lysine
composition for the given experiment (i.e., fixed modification
on lysine equal to the average mass difference between all
different lysine versions employed; in this case, +8.0322 Da).
This list of peptide-spectrum matches will then direct an
algorithm that iterates through every high-resolution MS1
scan within a certain retention time window of all PSMs
identifying a unique peptide sequence. In each MS1 scan, the
identification-producing peak will be isolated. Since its iden-
tity as either “light” or “heavy” remains unknown at this
point, its partner peak will be searched for using the appro-
priate mass difference, calculated using sequence and charge
state information, on both the low and high sides of the
identification peak. If a peak is found whose mass falls within
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the tolerance (0.002 Da) and whose intensity is above the
noise level for the identification peak, it is considered a part-
ner peak and a pair is formed. If no such peak is found, a noise
peak will be substituted as the partner to the identification
peak to provide a pair for ratio estimation. Once pairs have
been extracted from all MS1 scans within the appropriate
range to assemble “light” and “heavy” profiles, these profiles
will be translated so that “light” and “heavy” peak apexes
align. This relocation corrects for chromatographic shifts in
retention induced by certain isotopically-labeled versions of
amino acids, most notably those containing deuterium, that
impede accurate ratio estimation. For aligned profiles, pairs
whose intensity falls below 1/e of the profile maximum will
be discarded and the median ratio of the remaining pairs
reported. Peptides will be required to have a minimum of 3
ratio-providing pairs to be eligible for quantification.

Example 4

Synthesis of Neutron-Encoded Chemical Reagents
for Up to 45-Plex Proteomic Comparison

To achieve maximum multiplexing capability (i.e., ultra-
plexing) and to ensure compatibility with biological tissue
and fluid analysis, a set of neutron-encoded reagents are
synthesized that permit an unprecedented 45-plex analysis.
These reagents employ the well-studied NHS ester reactive
groups and place the tags on peptide free amines. Varying the
15N and '3C content of a peptide precursor affords 9 variants
each spaced ~6 mDa apart. Ultra-plexing will be achieved by
coupling the 9 isotopologues with +0, +4, +8, +12, and +16
Da isotopes of 1*C/**0—also on the tag. In this ultra-plexed
mode one will observe 5 isotopic cluster peaks in the MS*
spectrum. High resolution analysis will reveal 9 distinct iso-
topic peaks under each of these 5 clusters.

Experimental Design:

Two +8 Da heavy lysine amino acids, one with six **C
atoms and two '°N atoms and the other with eight *H. These
two isotopologues differ in mass by 36 mDa and, according to
calculations, are easily distinguished at the commercially
available resolution of current Orbitrap systems (480K). Two
yeast cultures were grown in lysine dropout media containing
either of these lysine isotopes. We then digested proteins from
each culture; mixed them together and analyzed the peptides
by high resolution mass spectrometry using an Orbitrap MS
system.

Selection of Lysine.

Which amino acids and their various isotopologues were
considered to determine the maximum number of plexing
NeuCode SILAC could afford. Typical SILAC experiments
utilize either Lysine, alone, or in combination with Arginine.
Endo LysC is rapidly becoming a preferred protease for pro-
teomics and is often used in place of trypsin. LysC produces
only a slightly larger peptide, on average, than trypsin (11 vs.
13 residues, yeast). Besides this LysC is often preferred as it
maintains proteolytic activity at very high amounts of dena-
turing agents such as urea (up to 8M). Because of the strong
performance of LysC, isotopologues of Lys were selected for
synthesis. The rationale is straightforward—LysC is often a
preferred enzyme for shotgun proteomics and its use would
allow isotopologues of only Lys—which simplifies the
experiments. That is, the custom synthesis efforts can be
focuses on only one amino acid—Lys—and still achieve
excellent proteomic depth and performance by testing with
the enzyme LysC, which will insure that each produced pep-
tide contains a neutron-encoded Lys residue.
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FIG. 14 presents a plot of the masses of all theoretical
isotopologues of the amino acid lysine at offset masses of +4,
+8, and +12 Da. Each has 18, 39, and 35 unique isotopologues
spanning 26.8, 38.5, and 35.6 mDa, respectively. Current
instrumentation does not have adequate resolution to distin-
guish each of these isotopologues, so a 92-plex SILAC capac-
ity is not currently feasible with current commercial instru-
mentation. With current commercial technology, however,
isotopologues spaced ~10-20 mDa apart can be resolved.
FIG. 8 illustrates that ~40% of peptides are quantifiable with
10 mDa spacing at 480K resolving power (current commer-
cial Orbitrap maximum resolution). At 20 mDa nearly 90%
are quantifiable at this resolving power. 960K resolving
power would quantify ~90% of observed peptides at 10 mDa
spacing. Using ~10-12 mDa spacing, 3, 5, and 4 isotopo-
logues were selected from the +4, +8, and +12 Da offset mass
groups. When combined, these residues offer up to 12-plex
SILAC that are compatible with current FT-MS instrumenta-
tion.

NeuCode SILAC

Neutron-encoded isotopic versions of Lysine and Arginine
are generated that permit up to 11-plex SILAC quantification.
These highly multi-plexed SIL AC reagents, however, provide
less spectral complexity than traditional 3-plex SILAC. Vari-
ous isotopologues of each amino acid~each differing by 6
mDa—are incorporated to create a set of 5-plex and 6-plex
Arg/Lys amino acids that when combined yield 11 channels
for quantification. These amino acids deliver an increased
level of multiplexing and performance compared to SILAC.

NeuCode ULTRA

To achieve maximum multiplexing capability (i.e., ultra-
plexing) and to ensure compatibility with biological tissue
and fluid analysis, a set of neutron-encoded reagents are
synthesized that permit an unprecedented 45-plex analysis.
These reagents employ the well-studied NHS ester reactive
groups and place the tags on peptide free amines. Varying the
15N and *C content of a peptide precursor affords 9 variants
each spaced ~6 mDa apart. Ultra-plexing is achieved by cou-
pling the 9 isotopologues with +0, +4, +8, +12, and +16 Da
isotopes of *C/*®*0—also on the tag. In this ultra-plexed
mode one will observe 5 isotopic cluster peaks in the MS*
spectrum. High resolution analysis reveals 9 distinct isotopic
peaks under each of these 5 clusters.

Quantitative Proteomics with Neutron Encoding—O Mass
Neutron Encoded

Neutron encoding can be incorporated into 1) amino acids
and 2) novel reagent tags to create a MS1-based quantifica-
tion method that is superior to both conventional SILAC and
isobaric tagging in many ways. Two +8 Da heavy lysine
amino acids, one with six *C’s and two '*N’s and another
with eight deuteriums (°H). Two yeast cultures was grown in
lysine dropout media containing either of these lysine iso-
topes. Proteins were digested from each culture, mixed
together, and analyzed by high resolution mass spectrometry
using an orbitrap MS system.

The resolution required to separate peptides labeled with
these lysines increases with increasing peptide mass. The
achievable resolution with an Orbitrap analyzer falls off a
function of the square root of the m/z value. Thus, it was not
immediately obvious that current state-of-the-art MS instru-
ment was capable of discerning the neutron-induced subtle
mass differences at the high m/z values and multiple charge
states of peptide precursors. It should be noted that the TMT
work described above requires resolution of very small tags
~100 m/z and in only the +1 charge state. For neutron encoded
mass tagging to work, this difference must be able to be
resolved at much higher mass and a high charge states. With
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each increased charge state, the m/z spacing is reduced by a
factor of two thus, requiring higher resolution to separate
them.

FIG. 2 demonstrates results for a selected lysine labeled
pair of peptides at varying resolution settings. It should be
noted that at the typical operating resolution of the orbitrap
MS system (30,000), the two NeuCode labeled peptides are
indistinguishable and appear as one species. When analyzed
at 240,000 resolving power, however, the pair is baseline
resolved and the relative abundance of each analyte can be
determined. Operation of the system at its highest resolu-
tion—480,000—produced baseline resolution of nearly
every peptide species detected in the complex mixture.

SILAC Amino Acids for NeuCode

Using this approach, neutron tags can be incorporated into
amino acids which are introduced into a cell culture: A similar
method is done in SILAC but with isotopes that difter by 3-6
Da so that the m/z peaks are spaced out during mass analysis.
There is a major limitation with the current large spacing
SILAC. This limitation is that only two or three plexes can be
done because the mass spectra get too complicated with all of
the doublet or triplet partners. NeuCode technology allows it
so that the different channels overlap at normal resolving
power and so the spectral complication problem goes away.

Nine heavy isotopes can be incorporated into different
positions in the amino acid Lysine (different °N, **C, 2H, and
150 atoms). By doing this, 41 different isotopologues are
constructed that have masses spanning only 41.4 mDa. FIG. 3
is a plot showing their mass differences. The X-axis repre-
sents each isotopologue number and the y-axis is the mass
difference in Da from normal Lys residues. One can select as
many of these isotopologues to synthesize and incorporate
into cell culture as the mass spectrometer resolving power
will allow. It is envisioned that current technology will allow
at least a 4-6 plex system and a doubling of resolution could
then double that number. While Lys is exemplified in this
experiment, one can do this for any of the amino acids.

Chemical Reagents for NeuCode

This tagging system may be used with novel tagging
reagents and are not limited to SILAC related methods. This
would allow for analysis of tissues and other body fluids that
are not compatible with tissue culture. NHS ester technology
is a widely used chemistry to link tags onto peptides for
proteomic analysis including both commercial isobaric tag-
ging methods (iTRAQ and TMT). FIGS. 20 and 21 show
potential tags compatible with neutron encoding that are
simple to synthesize that also uses the NHS ester linkage
chemistry. Unlike isobaric tags, however, the present tagging
system would not require specialized designs that incorporate
reporter groups, linkers and charge sites. Instead the tags of
the present invention are designed to remain bound to the
peptide and to provide a quantitative measure only when
examined under high resolution conditions.

Advantages of NeuCode

This method has considerable advantages over SILAC and
isobaric tagging, the two most popular methods for proteome
quantification today:

1. SILAC—SILAC introduces heavy amino acids, usually
having a mass difference of 3 to 6 Da, into cell culture so that
during analysis peptide pairs appear as doublets separated by
approximately 3 to 8 Da. NeuCode can be used in amino acids
for SILAC, but would (1) offer the ability for greater sampling
depth compared to traditional SILAC; and (2) allow for much
higher multiplexing (i.e., comparison of 4-6 samples vs. 2-3).

2. Isobaric tagging—Isobaric tagging offers multiplexing
but has two significant drawbacks: (1) it suffers from inter-
ference from overlapping tagged analytes which lowers
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dynamic range and quantitative accuracy; and (2) it requires
the collection of an MS/MS event to achieve quantification.
NeuCodeis an MS1 based method so interference is no longer
an issue, and there no longer a need for obtaining an MS/MS
scan. NeuCode, however, still has the ability to offer multi-
plexing just as in isobaric tagging.

Example 5

Demonstration of NeuCode with an Amino Acid
Other than Lysine

Data has also been collected using NeuCode with the
amino acid Leucine. Two versions of isotopically labeled
Lue—one isotopologue having six '*C atoms and one *N
atom, and a second isotopologue having seven *H atoms.
These differ in mass by 27 mDa. As illustrated in FIG. 22, two
yeast cultures were grown in leucine dropout media each
containing one of these leucine isotopologues. Proteins from
each culture were digested, mixed together, and the resulting
peptides analyzed by high resolution mass spectrometry
using an Orbitrap MS system. The resulting peptides bearing
a leucine residue were resolved at high resolution. Relative
protein abundance measurements were made by comparing
peak heights between isotopologue species just as with the
Lys labeled examples described above.

Example 6
Chemical Reagents for NeuCode

Amine reactive isotopologue tags can be used to incorpo-
rate the NeuCode labeling strategy onto analytes other than
peptides. This type of chemical approach foregoes the
requirement to introduce the label during cell culture and,
thus, is compatible with all sample types. For example, urea
carbamylates the primary amines of peptides when exposed
to heat. Peptides were carbamylated with urea isotopologues
that were labeled with either 1*C or *°N,,. The primary amines
of the peptide were carbamylated with either a single *C or
15N for each carbamyl group added, thereby producing pep-
tides that differ by 6.3 mDa per carbamylation site.

FIG. 23 shows the peptide LEQNPEESQDIK carbamy-
lated using each of these isotopologues of urea. Both the
peptide n-terminus and the primary amine on the lysine side
chain were carbamylated producing peptides that are 12.6
mDa apart. These labeled peptides were resolved using 480K
resolution which allows relative abundance measurements
between samples labeled with these NeuCode isotopologues.

Example 7

Elements and Compositions Useful for Neutron
Encoding

Not all elements are suited for neutron encoding. FIG. 24
shows a table showing common elements having stable heavy
isotopes that can be incorporated into molecules. The third
column provides the nominal mass of each isotope while the
third column provides the exact masses. The differences
between the exact mass and nominal mass arises in large part
due to varying energies of neutron binding for each element.
The fourth column provides the abundance ratios of the iso-
topes. Table 1 below presents a list of the most desirable
elements for this method. The elements are grouped by the
number of additional neutrons encoded when one isotope is
swapped for the other, e.g., *2C for '*C (1 added neutron), and
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the mass defect that it introduces, 3.3 mDa for the latter case.
Group A are desirable elements that add one neutron and a
positive mass defect. Group B adds two neutrons and comes
with a positive mass defect. Group C adds one neutron but
introduces as negative mass defect while Group D adds two
neutrons and introduces a negative mass defect. Using this
grouping system, several possible neutron encoded tagging
isotopologue compositions were calculated that could be
embedded within a tagging system for neutron encoding.
These calculations considered the use of up to 36 atoms from
Group A, 8 atoms from Group B, 12 from Group C, and up to
16 atoms from Group D. All the possible combinations of
these elements were examined when up to 36 additional neu-
trons are added, i.e., the addition of 36 neutrons by use of
elements from the various groups in Table 1.

TABLE 1

List of isotope pairs that are useful for Neutron Encoding.
Isotopes are arranged into one of four groups based on the
number of added neutrons and whether the introduced

mass defect is positive or negative.

Group A 1 neutron, +defect

2¢/3¢ 3.3mDa
top/lig 3.6 mDa
'HAPH 6.3 mDa

Group B 2 neutrons, +defect
160/180 4.2 mDa

Group C 1 neutron, —defect
LAN/N -3.0mDa

Group D 2 neutrons, —defect
288i/30si -3.2mDa
325348 -4.2 mDa
35¢127cl -3.0mDa
7°Br/*'Br -2.0mDa

The summary of these calculations are shown in Table 2,
which reports the number of permutations that are possible
for a tag with 1 heavy atom (1 neutron) up to 36 extra neu-
trons. For example, if 4 additional neutrons are included,
there are 14 combinations of Group A, B, C, and D elements
that sum to 4 additional neutrons. Variation of these elements
among the respective groups yields numerous isotopologues
that span a mass range of up to 37 mDa. Table 3 shows the
various compositions that achieve the addition of 4 additional
neutron using elements from the four groups and the maxi-
mum mass defect that is achieved (this is calculated using the
element within each group that has the largest mass defect).
Here it is seen that the isotopologue formula that achieves the
larges positive mass defect draws all four neutrons from ele-
ments in Group A. The isotopologue with the largest negative
mass defect draws all four neutrons from Group C. This
process allows one to create isotopologues for neutron encod-
ing with high flexibility for tag size and elemental composi-
tion while maximizing the mass range and isotopologue spac-
ing.
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Summary of how many combinations of A, B, C, and D
groups that can comprise isotopologues given a specified
number of added neutrons (left column). As more neutrons
are added more combinations are possible (central column).
The column on the right presents the maximum mass range

of these combinations.

Added Permu- Range
Neutrons tations (mDa)
1 2 9.2
2 5 18.5
3 8 27.7
4 14 37.0
5 20 46.2
6 30 55.5
7 40 64.7
8 55 73.9
9 70 83.2
10 91 92.4
11 112 101.7
12 140 110.9
13 167 118.4
14 202 127.7
15 235 135.2
16 277 144.4
17 316 151.9
18 364 161.2
19 408 168.7
20 461 177.9
21 509 185.5
22 566 194.7
23 617 202.2
24 677 2115
25 730 219.0
26 792 228.2
27 846 235.7
28 909 245.0
29 963 2525
30 1026 261.7
31 1080 269.2
32 1143 278.5
33 1197 286.0
34 1259 295.2
35 1312 302.8
36 1372 312.0
TABLE 3

Table describing the 14 permutations of A, B, C, and D
groups that are possible when 4 additional neutrons are
encoded. The column on the right displays the maximum
mass offset that is coded by each of these permutations.

Overall a 37 mDa mass difference can be achieved.
Additional Neutrons: 4

Comp. Max diff.
ABoCoDy 25.1 mDa
A,B,CoD, 16.8 mDa
A3BoC Dy 15.9 mDa
AB,CoDy 8.5 mDa
ABoCoDy 8.4 mDa
A B,C3D, 7.6 mDa
A>BoCoDyg 6.6 mDa
AB,CoDy 0.0 mDa
A B.C,D; -0.9 mDa
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TABLE 3-continued

Table describing the 14 permutations of A, B, C, and D
groups that are possible when 4 additional neutrons are
encoded. The column on the right displays the maximum
mass offset that is coded by each of these permutations.
Overall a 37 mDa mass difference can be achieved.
Additional Neutrons: 4

Comp. Max diff.
AgB,C,D, -1.7mDa
AgBoCoDs -2.6mDa
AGB,CoD, -8.4mDa
AgBC,D, -10.1 mDa
AgBoC,Dy -11.9mDa

Example 8

Mathematical Expression of Chemical Isotopologues

Elements which are isotopically labeled with stable heavy
isotopes in a compound in order to generate chemical isoto-
pologues include, but are not limited to, C, H, N, O, S, Br, Cl
and Si. Thus, in one embodiment, the different possible iso-
topologues for a compound is defined by the following equa-
tion:

lch—il 3Ci1 HB, '2Hj14NC—n 1 5Nn IGOD ol 80032

S£,7, "By B Br3Cly,, Y CL, 2581, 308, (1
where:
A is the total number of carbon (C) atoms in the coded
element formula;
B is the total number of hydrogen (H) atoms in the coded
element formula;
C is the total number of nitrogen (N) atoms in the coded
element formula;
D is the total number of oxygen (O) atoms in the coded
element formula;
E is the total number of sulfur (S) atoms in the coded
element formula;
F is the total number of carbon (bromine) atoms in the
coded element formula;
G is the total number of chlorine (Cl) atoms in the coded
element formula;
H is the total number of silicon (Si) atoms in the coded
element formula; and
i,], n, 0, p, l, m, q are integers that represent the number of
heavy isotopes for each respective element and are =0.
The number of heavy isotopes for each element will be
equal to or less than the total number of atoms for that element
in the coded eleme'nt formula. The number of light isotopes
for each element will be the total number of atoms in the
coded element formula minus the number of heavy isotopes
for that element. For example, the total number of carbon
atoms will be A, the total number of *C will be I, and the
number of '*C atoms will therefore be A-i.
The number of neutrons added by the isotopic labeling (X)
is described by the following equation:

X=i+j+0+2(0)+2(p)+2(D+2(m)+2(g). 2)

The addition of each *C, ?H and '°N results in one neutron
being added while the addition of each *®0, **S, *'Br, *’Cl
and >°Si results in two neutrons being added.

As an example, lysine has the chemical formula:
C¢H,,N,O,. However, because some of the atoms in lysine
are not compatible with neutron encoding (e.g., H atoms that
are exchangeable with solvents), the coded element formula
contains five fewer H atoms and one less O atom than the
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chemical formula. For lysine, the coded element formula:
C¢HoN, O, provides the number of atoms that are compatible
with isotopic labeling with stable heavy isotopes to form
isotopologues for mass spectrometry analysis. Using the
coded element formula for lysine, equation (1) is modified 5
into the following equation:

lzcs—iISCingszjl4N2—nlanlsol—olsoo (3)
where, i6; j<9; n<2; o<1 and i, j, n, and o are 0.
Equation (2) is similarly modified for lysine to be: 10
X=i+j+n+2(0). 4

FIG. 9 illustrates all possible +2 neutron isotopologues of
lysine (X=2) and equation (3) can be used to describe each of
these entries. For example, the entry from the first row,

. 15
“13C,?H, °N,'*0,” incorporates only two heavy atoms, both
of which are '*N. In this scenario, X=2 and n=2 so thati, j, and
0=0. If we enter these numbers into equation (3) we generate
the following chemical formula:
12C613C01H92H0 14N015N21602 1800. 20
Using the code element formula for lysine and equation (1),
all possible isotopologues of lysine can be determined.
Example 9
25

Utilization of Isotopically Labeled Amino Acids

Analytes are synthesized or reacted with isotopic tagging
reagents in order to form isotopically labeled analytes. To
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FIG. 25 provides the structures for twenty common amino
acids which can be used as isotopic tagging reagents. The
second column in FIG. 25 (labeled as “Composition™) pro-
vides the chemical formula for each compound, and the third
column provides the coded element formula. Using the coded
element formula for each compound, equation (1) described
above is modified to give an equation for each compound that
describes all possible isotopologues for that compound.

Table 4a provides the modified equations for each amino
acid describing the different possible isotopologues for each
amino acid. The maximum number for each heavy isotope for
each modified equation is provided in the third column. For
example, lysine is provided as item 12 in Table 4a and in FIG.
25, with the modified equation for lysine presented in Table
4a being the same equation (3) presented above:

12C67i13ci1H97szj14N27n15Nn1601701800- 3)

The lysine isotopologues are provided to the analyte in
each sample and the isotopologues are detected during mass
spectrometry based on the small differences in their molecu-
lar masses. Relative quantification of the analyte in each
sample is then determined by comparing the relative amounts
of'the detected isotopologues. Ifone of the samples comprises
a lysine standard (i.e., a lysine isotopologue present in a
known amount), then absolute quantification of the analyte in
each sample is achieved.

TABLE 4a
For all following equations: i=0,j=0,120,m=0,n20,020,p=0,
and g = 0.
Coded element
Formula Modified Equations Range Maximums

1 H4C3NO 2c, Bc'H, “HN, PN 0, B0, i=3,j=4nsl,o=s1

2 H7C6N40 2¢g 3¢, 1H7 e 14N4, 15N 16o Lo, i=6,j=7,ns4,0=s1

3 H3C4N202 ¢, BC'H,, 2H 14N, 15N 16o JBo, i=4,j=3,n=s2,0=2

4 H3C4NO2 12c4 113c 'H, 2H 14N 15N 160, 130, i=4,j=3,n=1,0=2

5 H3C3NOS 2¢ ,113C-1H312HJI4N 15an50 ,180,%8, s, i=3,j=3,n=l,o=1,p=l

6 H5C5SNO2 2¢ ,i13C-1H57-2Hj14N1,,,15N,,1602,01800 i=5,j=5n=s1l,0=2

7 H5C5N202 ¢, BeHs PHN, PN, 10, B0, i5,j=s5n=2,0s2

8 H2C2NO e, Be , PHN L, PN 0, B0, i=2,j=2,n=1l,0=1

9 H5C6N30 ¢4 B Hs 2HN, 1PN, %0, 180, i=6,j=5n=s3,0=s1
10 H10C6NO ¢y BCMH, 6 AHMN PN 90, B0, i=6,j=10,ns1l,0s1
11 H10C6NO 12¢, 3¢, H, o PH 4NN %0, 80, i=6,j=10,n=1,0=1
12 H9C6N20 12¢, 3¢, H, ,jﬁHj N, PN 190, 180, i=6,j=9,n=2,0=1
13 H8C5NOS 2c; BC'Hg 2HMN, PN, %0, ,'80,3%8, 3*S i<5,j=8n=sl,0s1,p=1
14 H8CONO ¢, BCHg PHN, L, PN, %0, B0, i9,j=8n=l,0s1
15 H7C3NO eg Be ., 214N, PN 0, B0, i=5,j=7,n=1l,0=1
16 H3C3NO e, Be H, 21N, PN 0, o, i=3,j=3,n=1l,0=1
17 H5C4NO 2c, BcHs 2H N, PN %0, 180, i=4,j=5n=sl,0=s1
18 H8C1IN20 12¢,, 3C g PH 4N, 1SN 190, 180, i=1l,j=8n=s2,0sx1
19 H7CONO 12¢, B3¢, 1H7J5H NN 0, 8o, i=9,j=7,n=1,0=1
20 H8C5NO 12¢y 13c leszjMN 15N 16o 18o i=5,j=8n=l,0=1

55

determine the relative abundance of an analyte in a plurality
of'samples, a different isotopic tagging reagent is provided to
the analyte in each sample, where the different isotopic tag-
ging reagents are isotopologues.

In one embodiment, the isotopic tagging reagent is an 0

isotopically labeled amino acid. The isotopically labeled
amino acid is reacted with the analyte so that the isotopically
labeled amino covalently binds to the analyte. Alternatively,
when the analyte is a peptide, the peptide is synthesized so s
that the isotopically labeled amino acid is incorporated into
the backbone of the peptide itself.

Table 4b provided as an appendix is a part of the specifi-
cation provided herein that is also hereby incorporated by
reference. Table 4b provides possible coded element combi-
nations thatresult in isotopologues of twenty amino acids that
are useful in embodiments of the invention.

Example 10
Utilization of Isotopic Peptide Labels

In other embodiments, the isotopic tagging reagent is a
compound other than an amino acid. The isotopic tagging
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reagent is any compound able to covalently bind to the analyte
or that is able to be incorporated into the analyte during
synthesis of the analyte, particularly when the analyte is a
peptide.

FIG. 26 provides the structures for twenty-eight peptide 3

labels that can be isotopically labeled and reacted with a
peptide, or attached to the peptide during synthesis of the
peptide. The second column in FIG. 26 provides the chemical
formula for each compound, and the third column provides
the coded element formula. Using the coded element formula
for each compound, equation (1) can be modified to give an
equation for each compound that describes all possible iso-
topologues for that compound.

FIG. 27 provides the structures for thirteen additional pep-
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fied to give an equation for each compound that describes all
possible isotopologues for that compound. The numbering of
the compounds in FIG. 27 begins with number 29 in order to
continue where the numbering of FIG. 26 ended.

Table 5 provides the modified equations for the peptide
labels of FIGS. 26 and 27, where the modified equations
describe the different possible isotopologues for each peptide
label. The maximum number for each heavy isotope for each
modified equation is provided in the third column. For
example, compound 1 of FIG. 26 is provided as item 1 in
Table 5, with the modified equation for this compound being:

lzcg—iISCilH7—j2Hj35Cll—m37Clml4Nl—n15Nn1601—01800' @)

Similarly, compound 29 of FIG. 27 is provided as item 29 in
Table 5 having a modified equation of:

tide labels that can be isotopically labeled and reacted with a L o it o e 15w 16 18

peptide. Each of these peptide labels contain a leaving group Cras "G B N, "N, 701, 7O )
(designated as “L.G” in the structure) which leaves the peptide The possible isotopologues of these compounds fall within
label when the peptide label is reacted with the peptide ana- their respective given modified equations.

lyte. Accordingly, the leaving group is not part of the isoto- 20 The isotopologues for a particular protein label are pro-
pically labeled peptide. The leaving group is any functional vided to the analyte in each sample and the isotopologues are
group that allows the peptide label to react with a functional detected during mass spectrometry based on the small difter-
group of a peptide, such as an amine reactive group or car- ences in their molecular masses. Relative quantification of the
boxyl reactive group. The second column in FIG. 27 provides analyte in each sample is then determined by comparing the
the chemical formula for each compound (not including any 5 relative amounts of the detected isotopologues. Absolute

leaving groups (LG)), and the third column provides the
coded element formula. Using the coded element formula for
each compound, equation (1) described above can be modi-

quantification is by incorporating a standard (i.e., a specific
isotopologue present in a known amount) in one of the
samples.

TABLE 5
For all following equations:i=0,j=0,1=20,m=0,n=0,0=0,p=0,
and g = 0.

Coded element

Formula Modified Equations Range Maximums
1 H7CONOCI 2c, Bctu, a2, ,*CL, 14N SN0, 180, i=9,j=7,m=1,n=s1l,0=1
2 HC5N50 2cg BC/ H, H NS 15N 16o 8o, i=5,j=l,n=sS5,0=1
3 H6C5N2 12c5,l13 lle,szj14N2,n15Nn i=5,j=6,n=2
4 H2C3N5 ey e H, M1 NS, N, i=3,j=2,ns5
5 H7C4N3 2c, BcH, H“N,; N, i=4,j=7,n=3
6 H6CAN4 2c,, 13c.lHﬁ,zH 14N, N, i=4,j=6,n=<4
7 H7CONOBr 12¢, 3¢, H7J2Hj79Br 81Br,l“N SN0, 80, i=9,j=7,l=1,n=1,0=1
8 H2C4N30 12c 13c S, PHNG L, PN, 0, 18o i=4,j=2,n=3,0=1
9 H2C4N202 12c 13c A, AHMN, 15N 16o 18o i=4,j=2,n=2,0=2

10 H4C5N202
11 HI14C14N304
12 HI11C9NO

13 HI10C10NO2
14 HO9CI0N303
15 H7CTNO

16 HI2C11NOS
17 H17C12NO
18 HOCON20

19 H14C14N304
20 H14C14N304
21 H13CI12N203
22 H23C16N204
23 H15CI12N203
24 H19C14N204
25 H13CI1IN202
26 H7C8N202
27 H21CI8N405
28 H21CI8N405
29 H12C14N8O
30 H27C27N80O4
31 H10C17N60O
32 H10CON6O
33 H31C30N1204
34 H35C31IN8O6
35 H12C15N8O
36 H8C12N9O
37 H6C1IN8O
38 H35C31N8O4
39 H20C12N202

12c5113c 'H, 7HN, 15N 16o 18o i=5,j=4,n=2,0=2
12¢, .13, lH14 it 14N 15N 16o 18o i=l4,j=14,n=3,0=4
2¢ ,113C11H1175H {4N 15N 16o 0180 i=9,j=ll,n=s1,0=1
12C102CH H o 21 14N 15N 16o B0, i=10,j=10,n=1,0=2

12ci0 113C ng, ﬁH {4N 15N 1603 180

i=10,j=9,n=3,0=3

2c, 3¢th, H{“N 15N“”o 18o i=7,j=7,n=l,0=1
12C1 REICK le, H“N BN, 16o 80,525, »S, islljsl2nsl,osl,psl
e, 113C 1H17 2H 14N 15N 150 180 i=12,j=17,n=1l,0=1

12C9113C ngzH Z{N 15N 160 180

i=9,j=9,n=2,0=1

ey, 20 1, N 15N 16o 18o i=l4,j=14,n=3,0=4
12C14,1-13Ci1H1412Hj14N3,,,15N,,150 S50, i=l4,js14,n<3,0=4
120, 3CH, , PHMN, 19N 190, 150, i=12,j=13,ns2,0<3
120, ¢ PO, 2ZHMN, LN 0, 50, is16,js23,n=2,0=4
12, 13, 217 14 15 16, 18, . .

C5.2C; 5ij. N, "N, 10, B0, i=12,j=15n=2,0=3
12C14,i13Ci1H19;2Hj-14N N0, B0, i=14,j=19,n=2,0=4
12¢,  B3CH,,, 2PHAN, PN %0, 180, i=1l,j=13,n=2,0=2
Peg e, 1 N, N0, B0, i=8,j=7,n=2,0=2
12¢ ¢ F3CHH,, PHN, PN %0, 180, i=18,j=2l,n=4,0=<5
12C18,i13C11H21;2Hj-14N LN 05 B0, i=18,j=2l,n=4,0=5
12¢,, B3CH,, PH 4N PN 60, 180, i=14,j=12,n=8,0=1
2¢,, CZ-IH27,]-2HJ-1 Ng..'°N, 0, 0, i=27,j=27,n=8,0=4
12C17,i13Ci1H10,j-2Hj-14N LN 6o, 180, i=17,j=10,n=6,0=1
12cg,l.13ci1Hlo,}ij4N 15N,1%0, %0, i=9,j=10,n=6,0=1
120, 2C L PHAYN, N 190, 180 i=30,j=3l,n=12,0=4
e T TN E O T is 311 <35.0%8,0%6

4 G Hys 7 H; ' . 0, , , ,
12¢,5,13C H 5 PH 9N 19N 160, 180, i=15,j=12,n=8,0=1
12¢,,13C, Hg ij“N LN 0, 80, i=12,j=8n=90x1
2c, ¢ Hy PHMNg, PN 60, 10, i=1l,j=6,n=8,0x1
20y, ,1%C, My 21N, PN, 00, L, 100, i=31,j=35n=8,0=4

12C,, 3G, g PN, 1N, 190, 150,

i=12,j=20,n=<2,0=2
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For all following equations: i=0,j=0,1=20,m=0,n=0,0=0,p= 0,

and g = 0.
Coded element
Formula Modified Equations Range Maximums
40 H13C7N20 2c, BCH,; 2HMN, PN %0, 180, i=7,j=13,n=2,0=1
41 H25C18N303 12clg,l”cllH 2H 14N 15an60 8o, i<18,j=25,n=<3,0=3
Example 11

Utilization of Isotopic Small Molecule Labels

In other embodiments, the analyte is a small molecule other
than a peptide. In this instance, the isotopic tagging reagent is
any compound able to covalently bind to the small molecule
analyte or that is able to be incorporated into the analyte
during synthesis of the analyte.

FIG. 28 provides the structures for forty-two small mol-
ecule labels that can be isotopically labeled and attached to a
small molecule. These small molecule labels contain one or
more atoms or a leaving group (designated as “LG” in the
structure) which leave the small molecule label when the
label is reacted with the analyte. Accordingly, these atoms or
leaving group are not part of the isotopically labeled analyte.
The leaving group is any functional group that allows the
peptide label to react with a functional group of a peptide,
such as an amine reactive group or carboxyl reactive group.
The second column in FIG. 28 provides the chemical formula
for each compound (not including any leaving groups (LG)),
and the third column provides the coded element formula.
Using the coded element formula for each compound, equa-

20

25

30

tion (1) described above can be modified to give an equation
for each compound that describes all possible isotopologues
for that compound.

Table 6a provides the modified equations for the small
molecule labels of FIG. 28, where the modified equations
describe the different possible isotopologues for each label.
The maximum number for each heavy isotope for each modi-
fied equation is provided in the third column. For example,
compound 2 of FIG. 28, which contains a leaving group
which does not form part of the isotopically labeled analyte,
is provided as item 2 in Table 6a, with the modified equation
for this compound being:

12C 13C lH 2H 28S1 SOSiq.

Q)

The possible isotopologues of this compound falls within
their respective given modified equations.

The isotopologues for a particular small molecule label are
provided to the analyte in each sample and the isotopologues
are detected during mass spectrometry based on the small
differences in their molecular masses. Relative quantification
of the analyte in each sample is then determined by compar-
ing the relative amounts of the detected isotopologues. Abso-
lute quantification is by incorporating a standard (i.e., a spe-
cific isotopologue present in a known amount) in one of the
samples.

TABLE 6a
For all following equations:i=0,j=0,1=20,m=0,n=0,0=0,p=0,
and g = 0.
Coded element
Formula Modified Equations Range Maximums

1 H14C9N 2¢, B3¢, lH14 ZHAN, N i=9,j=14,ns1

2 H9C3Si 12c 13c H, jﬁHﬁSSII *98i, i=3,j=9,q=1

3 H7CL1INS 12cll 113c lH 2H 14N, 15N 8,3 i=1l,j=7,n=1,p=s1
4 H16C12N602S 2C,, 3¢, lH e 14N 15N 16o lgp 328,348 i=12,j=16,n=6,0=1,p=1

12+ 16 1p ®p > > > >

5 H15C6Si 2¢, B3¢, lH Hifgsll 8i, i=6,j=15,q=1

6 H3C202 2c, 13c H3,5H {502 . oo i=2,j=3,0s2

7 C30 12c 13c 160, éoo i<3,0=1

8 H5C402 12C4,i13Ci1H5 ,szj“”oz,olsoo i=4,j=50x2

9 H2CN2 e B, 1N, PN, i=1l,j=2,ns2

10 H4C6N202 Peg e, PHMN, L, PN, 190, %0, i=6,j=4n=2,0=2

11 C20 12¢, 3¢ t%0 ,oléoo i=2,0=1

12 H6CTN203 ¢, BC Hg /1N, PN, 190, 180, i=7,j=6,n=2,0=3

13 H7CIN30 e, B/ H, P H NG, PN, 0, 1800 i=7,j=7,n=3,0=1

14 H3C6N404 PegBe H, PHN, PN, %0, %0, i=6,j=3,ns40=4

15 HC602 2c B3c'H, AH 0, %0, i=6,j=1,0x2

16 H11C1502 12¢ 5 A3CHH, fH.“‘o %0, i=15,j=s1l,0=2

17 H8C602 lzcs,l13ci1H812H.1502,01800 i=6,j=80s=2

18 H12C12N302S 12c12,1.13cl.1H12,j?’Hj14N 0N, 0, 80,78, %S, is12,js12,n=3,052,ps1
19 H23CI18N20  '2Cyq '3C,'H,; H N, '°N, %0, '®0, i=18,j=23,n=2,0=1
20 H4C5N3 Cs3CHH ,.2HJ.IZ{N3,,,15 i<5,j=4,ns3
21 H8C602 eg e i P10, %0, i=6,j=80s=2
22 H7C6N3 Peg e ], 14N, PN, i=6,j=7,n<3
23 H11C6N20 L2ce BetH,, 20N, PN %0, B0, i=6,j=1ll,n=2,0=1
24 HIICIIN3O ‘2C 1113C.1H1 FHMN, 15N 16o 18o i=1l,j=1l,n=3,0=1
25 H2C6N303 12c6 A3c, szij Z{N 15N 16o 18o i=6,j=2,n=3,0=3
26 H10C9N2S 2¢, 13C'H,o 1, 14N . 15N 325 34s i=9,j=10,n=2,p=s1
27 H7C1INO 12cll 113c 'H, 2Hj14N 15N 16o 18o i=l1l,j=7,n=1,0=1
28 C40 2¢, B3¢, 16o L0, i<4,0=1
29 H4CTN202S 12c 13c H, 2H 14N N 160, 18o 2’8178, i=7,j=4,n=2,0=2,p=1
30 H4CTNO4 2¢, 13c 1H4J2Hj14N 15N 150, %0, i=7,j=4,nsl,0=4
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TABLE 6a-continued

54

For all following equations: i=0,j=0,1=20,m=0,n=0,0=0,p= 0,

and g = 0.

Coded element

Formula Modified Equations

Range Maximums

31 HI14C8NO3 2¢g B3CrH,, 2HMN, PN 0, 180,

[N
32 H14C14NO4  ’Cp, ’C'H,, 3.2H{14N1,,,15N,,1504,01800
33 H12C9N2 ey Be 1N, PN,
34 H12C12N3028 ’Cy,,°C'H), /N, °N, %0, 90,78, s,
12 13~ 1 217 14 15 16, 18, 32, 34,
35 HI12CI12NO2S  *2C, 3C'Hy, AH N, PN, 10, 80,328, %S,
36 H4C6NO2 ey, BetH, SHAN PN, 0, fo,
37 H4C6N40 120030, PILMN, LISNL150, 150,
12 134 1777 Frr 14 1557 16 18
38 H15C20N20 Coo.2C; sz H{ N, "N, 0, B0,
39 H12C6N2 2ce BC 2 HMN, PN,
40 H13C5NO 2¢, 3¢ H,, 2H 4N, 1N %0, 180,
41 H4C6NO2 2¢, t3cta, ,jﬁHj{“Nl 5N, 190, %0,
42 H18C8N PCg PO Hyg AHN, L, PN,

i=8,j=14,n=1l,0=3
i=l4,j=sl4,n=l,0=<4
i=9,j=12,n=2
i=12,j=12,n=3,0=2,p=1
i=12,j=12,n=1l,0=2,p=1
i=6,j=4,n=l,0=2
i=6,j=4n=4 0=l
i=20,j=15n=<2,0=1
i=6,j=12,n=2
i=5,j=13,n=s1l,0=1
i=6,j=4,n=l,0=2
i=8,j=18n=1

Table 6b provided as an appendix is a part of the specifi-
cation provided herein that is also hereby incorporated by
reference. Table 6b provides possible coded element combi-
nations that result in isotopologues of forty-two small mol-
ecule labels useful in embodiments of the invention.
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STATEMENTS REGARDING INCORPORATION
BY REFERENCE AND VARIATIONS

All references throughout this application, for example

patent documents including issued or granted patents or
equivalents; patent application publications; and non-patent
literature documents or other source material; are hereby
incorporated by reference herein in their entireties, as though
individually incorporated by reference, to the extent each
reference is at least partially not inconsistent with the disclo-
sure in this application (for example, a reference that is par-
tially inconsistent is incorporated by reference except for the

50 partially inconsistent portion of the reference).

55

The terms and expressions which have been employed

herein are used as terms of description and not of limitation,
and there is no intention in the use of such terms and expres-
sions 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. Thus, it should be understood that although the
present invention has been specifically disclosed by preferred
embodiments, exemplary embodiments and optional fea-

60 tures, modification and variation of the concepts herein dis-

65

closed may be resorted to by those skilled in the art, and that
such modifications and variations are considered to be within
the scope of this invention as defined by the appended claims.
The specific embodiments provided herein are examples of
useful embodiments of the present invention and it will be
apparent to one skilled in the art that the present invention
may be carried out using a large number of variations of the



US 9,366,678 B2

55

devices, device components, methods steps set forth in the
present description. As will be obvious to one of skill in the
art, methods and devices useful for the present methods can
include a large number of optional composition and process-
ing elements and steps.

When a group of substituents is disclosed herein, it is
understood that all individual members of that group and all
subgroups, including any isomers, enantiomers, and diaste-
reomers of the group members, are disclosed separately.
When a Markush group or other grouping is used herein, all
individual members of the group and all combinations and
subcombinations possible of the group are intended to be
individually included in the disclosure. When a compound is
described herein such that a particular isomer, enantiomer or
diastereomer of the compound is not specified, for example,
in a formula or in a chemical name, that description is
intended to include each isomers and enantiomer of the com-
pound described individual or in any combination. Addition-
ally, unless otherwise specified, all isotopic variants of com-
pounds disclosed herein are intended to be encompassed by
the disclosure. For example, it will be understood that any one
or more hydrogens in a molecule disclosed can be replaced
with deuterium or tritium. Isotopic variants of a molecule are
generally useful as standards in assays for the molecule and in
chemical and biological research related to the molecule or its
use. Methods for making such isotopic variants are known in
the art. Specific names of compounds are intended to be
exemplary, as it is known that one of ordinary skill in the art
can name the same compounds differently.

Many of the molecules disclosed herein contain one or
more ionizable groups [groups from which a proton can be
removed (e.g., —COOH) or added (e.g., amines) or which
can be quaternized (e.g., amines)]. All possible ionic forms of
such molecules and salts thereof are intended to be included
individually in the disclosure herein. With regard to salts of
the compounds herein, one of ordinary skill in the art can
select from among a wide variety of available counterions
those that are appropriate for preparation of salts of this
invention for a given application. In specific applications, the
selection of a given anion or cation for preparation of a salt
may result in increased or decreased solubility of that salt.

Every formulation or combination 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
or concentration range, all intermediate ranges and sub-
ranges, as well as all individual values included in the ranges
given are intended to be included in the disclosure. It will be
understood that any subranges or individual values in a range
or subrange that are included in the description herein can be
excluded from the claims herein.

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 publication or 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. For example, when composition of matter are claimed, it
should be understood that compounds known and available in
the art prior to Applicant’s invention, including compounds
for which an enabling disclosure is provided in the references
cited herein, are not intended to be included in the composi-
tion of matter claims herein.

Asused herein, “comprising” is synonymous with “includ-
ing,” “containing,” or “characterized by,” and is inclusive or
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open-ended and does not exclude additional, unrecited ele-
ments or method steps. As used herein, “consisting 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. In each
instance herein any of the terms “comprising”, “consisting
essentially of” and “consisting of” may be replaced with
either of the other two terms. 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.

It must be noted that as used herein and in the appended
claims, the singular forms “a”, “an”, and “the” include plural
reference unless the context clearly dictates otherwise. Thus,
for example, reference to “a cell” includes a plurality of such
cells and equivalents thereof known to those skilled in the art,
and so forth. As well, the terms “a” (or “an”), “one or more”
and “at least one” can be used interchangeably herein. It is
also to be noted that the terms “comprising”, “including”, and
“having” can be used interchangeably. The expression “of
any of claims XX-YY” (wherein XX and YY refer to claim
numbers) is intended to provide a multiple dependent claim in
the alternative form, and in some embodiments is inter-
changeable with the expression “as in any one of claims

XX-YY”

One of ordinary skill in the art will appreciate that starting
materials, biological materials, reagents, synthetic methods,
purification methods, analytical methods, assay methods, and
biological methods 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. Thus, it should be understood
that although the present invention has been specifically dis-
closed by preferred embodiments and optional features,
modification and variation of the concepts herein disclosed
may be resorted to by those skilled in the art, and that such
modifications and variations are considered to be within the
scope of this invention as defined by the appended claims.

Lengthy table referenced here
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Lengthy table referenced here
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LENGTHY TABLES

The patent contains a lengthy table section. A copy of the table is available in electronic form from the USPTO
web site (http://seqdata.uspto.gov/?pageRequest=docDetail&DocID=US09366678B2). An electronic copy of the table will
also be available from the USPTO upon request and payment of the fee set forth in 37 CFR 1.19(b)(3).

We claim:

1. A method for determining the abundances of an analyte
in a plurality of samples, said method comprising the steps of:

(a) providing a plurality of cell cultures including at least a
first cell culture and a second cell culture;

(b) providing a different isotopically labeled amino acid to
each of said cell cultures, wherein each isotopically
labeled amino acid comprises at least two stable heavy
isotopes substituted for light isotopes in the normal
amino acid, wherein both of the at least two heavy iso-
topes are, independently from one another, selected
from the group consisting of °N, *C, 180, and **S,
wherein said isotopically labeled amino acids of each of
said cell cultures are isotopologues of the same amino
acid, and wherein each isotopically labeled amino acid
independently is characterized by a mass difference of
12 Da or less relative to a corresponding unlabeled
amino acid;

(c) growing cells of each of said cell cultures, thereby
introducing a different isotopic label into proteins gen-
erated by each cell culture;

(d) generating a sample for each of said cell cultures,
wherein each sample is characterized by a different iso-
topically labeled analyte, said samples including at least
a first sample for said first cell culture having a first
isotopically labeled analyte and a second sample for said
second cell culture having a second isotopically labeled
analyte, wherein said isotopically labeled analytes of
each sample are isotopologues; and wherein the differ-
ence of the molecular masses of said first isotopically
labeled analyte and said second isotopically labeled ana-
lyte is less than or equal to 300 mDa;

(e) analyzing said isotopically labeled analytes for each
sample using a mass spectrometry analysis technique
providing a resolving power equal to or greater than
240,000, thereby generating an independent and distin-
guishable mass spectrometry signal for the isotopically
labeled analytes of each sample; and

(f) comparing said mass spectrometry signals for the iso-
topically labeled analytes of each sample, thereby deter-
mining the abundances of the analyte in said plurality of
samples.

2. The method of claim 1, wherein said step of analyzing
said isotopically labeled analytes for each sample is carried
out using a single stage mass spectrometry technique.

3. The method of claim 1, wherein said step of analyzing
said isotopically labeled analytes for each sample using said
mass spectrometry analysis technique comprises:

generating ions from each of said isotopically labeled ana-
lytes for each sample;

fragmenting said ions so as to generate product ions having
a different isotopic label for each sample; and

detecting said product ions for each sample.

4. The method of claim 3, wherein said product ions are

peptide fragment ions having said isotopic label.
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5. The method of claim 3, wherein said product ions are
detected without further mass selection or fragmentation of
said product ions.

6. The method of claim 1, wherein said step of providing
said different isotopically labeled amino acid to each of said
cell cultures comprises providing a growth medium to each of
said cell cultures comprising the isotopically labeled amino
acids.

7. The method of claim 1, wherein said introducing a
different isotopic label into proteins generated by each cell
culture is achieved via metabolic incorporation of the isoto-
pically labeled amino acids into cells of said cell cultures.

8. The method of claim 1, wherein said step of generating
a sample for each of said cell cultures comprises lysing said
cells of each of said cell cultures; extracting proteins of each
of'said cell cultures and digesting proteins of each of said cell
cultures.

9. The method of claim 1, wherein said step of analyzing
said isotopically labeled analytes for each sample comprises
resolving said difference of the molecular masses of said
isotopically labeled analytes.

10. The method of claim 1, wherein said difference of the
molecular masses of said first isotopically labeled analyte and
said second isotopically labeled analyte is less than or equal to
100 mDa.

11. The method of claim 1, wherein said difference of the
molecular masses of said first isotopically labeled analyte and
said second isotopically labeled analyte is selected over the
range of 100 mDa to 1 mDa.

12. The method of claim 1, wherein each of said isotopi-
cally labeled analytes have a molecular mass within 50 mDa
to 1 mDa of another of said isotopically labeled analyte.

13. The method of claim 1, wherein said isotopically
labeled amino acids have a number of stable heavy isotopes
selected from the group consisting of 2, 3,4, 5,6, 7, 8, 9, 10,
11,12, 13, 14, 15, 16, 17, 18, 19, and 20.

14. The method of claim 1, wherein said isotopically
labeled amino acids are selected from the group consisting of:

an amino acid having at least two '*C isotopes;

an amino acid having at least one **C isotope and at least

one *°N isotope;

an amino acid having at least one **C isotope and at least

one %0 isotope;

an amino acid having at least one '*>C isotope and a 3*S

isotope;

an amino acid having at least two *°N isotopes;

an amino acid having at least one *°N isotope and at least

one %0 isotope;

an amino acid having at least one *°N isotope and at least

one **S isotope;

an amino acid having at least two ‘0 isotopes;

an amino acid having at least one *®0 isotope and at least

one **S isotope;

an amino acid having at least one *C isotope, at least one

5N isotope and at least one *H isotope;
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an amino acid having at least one ">C isotope, at least one

15N isotope and at least one *#Q isotope;

an amino acid having at least one **C isotope, at least one

15N isotope and at least one >*S isotope; and

an amino acid having at least one **Q isotope, at least one

15N isotope and at least one **S isotope.

15. The method of claim 1, wherein said isotopically
labeled amino acids are selected from the group consisting of:

an amino acid having 1, 2, 3, or 4 *°N isotopes;

an amino acid having 1, 2,3, 4, 5, 6,7, 8,9, 10or 11 3C

isotopes;

an amino acid having 1 or 2 *®0 isotopes; and

an amino acid having one **S isotope.

16. The method of claim 1, wherein said isotopically
labeled amino acids are isotopologues of a naturally occur-
ring amino acid.

17. The method of claim 1, wherein said isotopically
labeled amino acids of each sample have an isotopic compo-
sition for its coded element formula selected from the group
consisting of:

12 13 1 2 14 15 16 18 : :
C3_i C, H, "H "N, N, "0, ,°0,, wherein is3,
j=4, n=<l, o=1;

12 13 1 2 14 15 16 18 :

Cs; C, H, H"N,, N, "0, ,°0,, wherein i=6,
j=7, n=4, o=<1;

12 13 1 2 14 15 16 18 :

Co, G H, "HN, PN, 70,70, wherein i=4,
j=3, n=2, 0=2;

12 13 1 2 14 15 16 18 :

C“'i C, Hy  H "N, N, "0, ,°0,, wherein i=4,
j=3, n=<l, 0=2;

12 13 1 2 14 15 16 18 32 34.

C3-i (;i H3-j Hj Nl—n Nn Ol—o Oo Sl-p Sp’
wherein <3, j<3, n<l, o<1, p=1;

12 13 1 2 14 15 16 18 : :
Cs_i C, Hs,"H,"N,,, N, "0, ,°0,, wherein is5,
j=5,n=<l, 0=2;

12C5_1.13Cl.1Hs_szijz_nlSan602_01800, wherein is5,
j=5,n=2, 0=2;

12 13 1 2 14 15 16 18 :
G, "G H, "HN, L, PN, 70, 00, wherein =2,
j=2,n=<l, o=1;

12C6_Z.I3CilHs_szij3_nlSan601_01800, wherein 1=6,
j=5,n<3, o=1;

12 13 1 2 14 15 16 18, : :
Cs, °C; Hyo, H; "N, ,°N,°0, ,°0,, wherein i=6,
j=1, 0 n=l1, o=l;

12 13 1 2 14 15 16 18 : :
C6_i C, H,,H,"N,, >N, 0, °0,, wherein i=6,
j=10, n=1, o=l;

12 13 1 2 14 15 16 18 :

Cs; C, Hy, "H°N,,, N, "0, ,°0,, wherein i=6,
j=9, n=2, o=1;

12 13 1 2 14 15 16 18 32 34.

CS-i (;i HS-j Hj Nl—n Nn Ol—o Oo Sl-p Sp’
wherein <5, j<8, n<l, o<1, p=1;

12 13 1 2 14 15 16 18 :

Cg_i C, Hy  H,°N,,, N, "0, ,"0,, wherein i=9,
j=8, n=<l, o=1;

12 13 1 2 14 15 16 18 : :
Cs, G H, "N, PN, 70,70, wherein is5,
j=7,n=<l, o=1;

12C3_i13Ci1H3_].2Hj14N1_n15Nn1601_01800, wherein 1<3,
j=3, n=<l, o=1;

12 13 1 2 14 15 16 18 :
Co,°CIHs BN, PN, 70,70, wherein i=4,
j=5,n=l, o=1;

12Cl1_l.l3CZ.IH8_].2H].14N2_,71SNanl_olSOo, wherein i=11,
j=8, n=2, o=l;

12 13 1 2 14 15 16 18 :

Co, "G H, "HPN, L, PN, 70, 70, wherein <9,
j=7,n=l1, o=l; and
12C5_1.13Cl.1Hg_szjl“Nl_nlSan601_01800, wherein is5,

j=8,n=l, o=l;

wherein each of 1, j, n, 0 and p are independently an integer
or 0.
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18. The method of claim 1, wherein said isotopically
labeled amino acids have the formula:

_ (FX1)
MM wg oegoeg e o]
| N/ N }II A
EN C. C
. ~,
I \ec/C\OH;
\ \ ‘
H "H 'H ‘H N
IH/ \MH
wherein,
&N and ”N are both **N; or
one of ®N and ”N is **N, and one of C, °C, °C, C, °C and
Cis*3C;or
‘0 is *0; or

two of “C, °C, °C, “C, °C and/C are *3C.

19. The method of claim 1, wherein said isotopically
labeled amino acids have the formula:

(FX1)
H wg ogrH eH
gIL NNy

C

me e e

\
H "H H

wherein,

&N and ”N are both **N, and "0 is 1*0; or

&N and "N are both **N, and two of *C, ®C, °C, “C, °C and
7C are *3C; or

N and “N are both **N, one of “C, *C, “C, “C, “C and”/C is
13¢, and one of’H, *H, ‘H; ™H,"H, °H,#H, 7H, "H, *H, °H,
“H and *H is *H; or

one of 8N and ”N is *°N; one of “C, ®C, °C, “C, °C and’C is
13C, and "0 is **0; or

&N and "N are both '°N, and two of/H, *H, ‘H, "H, ”H °H,
PH, 7H, "H, *H, ‘H, “H and *H are *H; or

one oféN and "N is '°N, and three of “C, *C, °C, “C, °C and
7C are *3C; or

one of *N and ”N is **N, one of’H, “H, ‘H, "H, "H, °H, H,
7H, "H, *H, "H, “H and *H is *H, and O is '*0; or

oneof®N and N is *°N, two of *C, °C, °C, “C, °C and”C are
13C. and one of/H, “H, ‘H, H, "H, °H, ”H, 9H, "H, °H, ‘H.
“H and *H is *H; or

two of °C, °C, °C, 9C, °C and’C are 13C, and 'O is **0; or

one of 8N and ”N is *°N; one of “C, ®C, °C, “C, °C and’C is
13¢, and two of/H, *H, "H, "H, "H, °H, #H, “H, "H, °H, “H
and *H are >H; or

four of “C, 2C, °C, 9C, *C and/C are '*C; or

one of “C, ”C, C, “C, “C and’C is **C, one of 'H, *H, H,
mH,7H, °H, #H, “H, "H, *H. "H, “H and "H is °H, and 'O
is ®0; or

three of “C, C, °C, 9C, °C and’C are '3C, and one of/H, *H,
'H, H, "H, °H, 7H, 7H, "H, *H, ‘H, “H and *H is H: or

two of “C, 2C, °C, “C, °C and”C are **C, and two of/H, *H,
‘H, "H,"H, °H, #H, H, "H, “H, ‘H, “H and *H are *H.
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20. The method of claim 1, wherein said isotopically
labeled amino acids have the formula:

(FX2)

wherein,

two of 2N, 7N, *N and *N are ‘>N or

one of ®N, ”N, "N and *N is *°N, and one of “C, °C, °C, “C,

¢C and/C is *3C; or

‘01is *0; or

two of C, C, °C, C, °C and’C are '3C.

21. The method of claim 1, wherein said isotopically
labeled amino acids have the formula:

(FX2)
'H

"N al °f PH 9H

YA

Sen T S e \ec/C\OH

TN

JH miy H H ”

N
_

i
[
Hq

‘H

wherein,

four of 2N, ”N, N and *N are *N; or

three of 8N, ”N, "N and *N are '°N, and one of °C, °C, °C,
4C, °C and“C is 13C; or

three of 8N, ”N, *N and *N are '°N, and one of/H, *H, H,
™H, "H, °H, #H, 7H, "H, “H, ‘H, “H and *H is *H; or

two of N, ”N, *N and *N are 1N, and ‘O is *%0; or

two of®N, 7N, N and*N are **N, and two of °C, °C, °C, “C,
¢C and/C are '3C; or

two ofeN, N, *N and *N are **N, one of °C, °C, °C, C, °C
and’C is *3C, and one of"H, *H, ‘H, "H, "H, °H, #H, 7H,
"H, *H, "H, “H and *H is *H; or

one of N, "N, *N and *N is '°N, one of “C, °C, °C, “C, °C
and”/C is 13C, and 'O is **0; or

two of 8N, "N, N and *N are *°N, and two of 7H, *H, H,
mH, 7H, °H, ”H, “H, "H, *H, ‘H, “H and "H are >H: or

one oféN, "N, N and "N is °N, and three of “C, *C, °C, “C,
¢C and/C are '3C; or

one of 8N, ”N, N and *N is '°N, one of’H, *H, ’H, "H, "H,
°H,7H, H, "H, *H, ‘H, “H and *H is *H, and "0 is '*0; or

one of 8N, "N, N and *N is **N, two of “C, °C, °C, “C, °C
and’C are '3C, and one of’H, *H, ‘H, "H, "H, °H, ?H, H,
"H, *H, ‘H, “H and *H is ?H; or

two of °C, ®C, °C, 9C, °C and“C are *3C, and 'O is **0; or
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one of 8N, 7N, *N and N is **N, one of *C, ®C, °C, “C, °C
and’C is *C, and two of’H, *H, ‘H, "H, "H, °H, #H, 7H,
"H, *H, "H, “H and "H are *H; or

four of “C, 2C, °C, 9C, *C and/C are '*C; or

one of °C, ®C, °C, C, °C and“C is 'C, one of’H, *H, 'H,
™H, "H, °H, #H, “H, "H, *H, "H, “H and *H is *H, and ‘O
is 120; or

three of “C, C, °C, 9C, °C and’C are '3C, and one of/H, *H,

H, ™H, "H, °H, #H, 7H, "H, *H, 'H, “H and *H is 2H; or

two of °C, ®C, °C, “C, °C and”C are **C, and two of’H, *H,

H, ™H, "H, °H, #H, ¢H, "H, *H, ‘H, “H and “H are 2H.
22. The method of claim 1, wherein:
at least a portion of said isotopically labeled analytes com-
prises at least one '*C isotope and at least one '°N
isotope; and at least a portion of said isotopically labeled
analytes comprises at least one >C isotope and at least
one “*N isotope; or
at least a portion of said isotopically labeled analytes com-
prises at least one *2C isotope and at least one *H iso-
tope; and at least a portion of said isotopically labeled
analytes comprises at least one >C isotope and at least
one 'H isotope; or
at least a portion of said isotopically labeled analytes com-
prises at least one *N isotope and at least one *H iso-
tope; and at least a portion of said isotopically labeled
analytes comprises at least one °N isotope and at least
one 'H isotope or
at least a portion of said isotopically labeled analytes com-
prises at least one '°0 isotope; and at least a portion of
said isotopically labeled analytes comprises at least one
180 isotope; or

at least a portion of said isotopically labeled analytes com-
prises at least two *C, H or '°N isotopes and at least
one '°0 isotope; and at least a portion of said isotopi-
cally labeled analytes comprises at least one *0 isotope
and at least at least two *C, 'H or **N isotopes; or

at least a portion of said isotopically labeled analytes com-

prises at least two *>C, H or N isotopes; and at least a
portion of said isotopically labeled analytes comprises at
least one >*S isotope and at least at least two *C, 'H or
N isotopes.

23. The method of claim 1, wherein each of said isotopi-
cally labeled analytes are independently protein analytes or
modified protein analytes having a different isotopic label or
wherein each of said isotopically labeled analytes are inde-
pendently peptide analytes or modified peptide analytes hav-
ing a different isotopic label.

24. The method of claim 1, wherein the step of providing
said plurality of cell cultures comprises providing 2 to 20 cell
cultures; and wherein the step of generating a sample for each
of' said cell cultures comprises generating 2 to 20 samples.

25. The method of claim 1, wherein said introducing a
different isotopic label into proteins generated by each cell
culture is achieved via metabolic incorporation of the isoto-
pically labeled amino acids into cells of said cell cultures.

#* #* #* #* #*
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