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ABSTRACT 

The use of mass defect signatures to impart milliDalton 
mass differences between isotopically labeled peptides at the 

MS 1 -level allows multiplex quantification without the 
increased mass spectral complexity that occurs with mass 
difference approaches. Provided herein is a mass defect
based chemical tag, dimethyl pyrimidinyl ornithine 
(DiPyrO), that is compact and easy to synthesize at high 
purity in few steps using conunercially available starting 
materials. The mult iplex OiPyrO tags are amine-reactive 
and can impart a mass difference onto labeled peptides and 
through calculated substitution of heavy isotopes. DiPyrO 
offers up to I 0-plex quantification on current Orbitrap or 
FT-ICR platforms without increasing mass spectral com
plexity. The synthesis of the DiPyrO tag is provided a long 
with viabil ity of the DiPyrO tag for labeling coruplex 
proteomics sarnples using yeast extract digests and its effect 
on labeled peptides during LC-MS2 analysis. Labeling and 
quantification of glycans and metabolites using the DiPyrO 
tag is also demonstrated. 
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NeuCode SILAC lysine multiplex sets using 8 heavy isotopes (13C, 2H, 15N) 
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DiPyr06-labeled tryptic digest - Resolving! power requirements 
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Labeled yeast digest - Resolving power comparison 

DiPyrOTags 
(tryptic digest) 

NeuCode SILAC 
(Lys-C digest} 

120 240 480 960 

~ 2-plex36 mDa 
,;: 3-plex 18 m[)a 

4-plex 12 ml>a 
6-plex 6 mDa . 

0 2 4 6 8 10 
Orbitrap Resolving Power (x 105

) 

Figure 6 



Patent Application Publication Oct. 18, 2018 Sheet 8 of 30 US 2018/0299464 Al 

Labeled yeast digest - Resolving power comparison 
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DiPyrO-labeled yeast digest - Labeling efficiency- 25:1, 50:1 w/w 
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One DiPyrO tag vs. two DiPyrO tags - Tryptic peptide 
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DiPyrO-labeled Ovalbumin N-glycosylamines - PNGaseF released 
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MASS DEFECT-BASED MULTD>LEX 
DIMETHYL PYR™IDINYL ORNITHINE 

(DlPYRO) TAGS FOR IDGH-THROUGHPUT 
QUANTITATCVE PROTEOMICS ANO 

PEPTIDOMICS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

(0001] This application claims priority from U.S. Provi
sional Patent Application No. 62/241,590 fiJed Oct. 14, 
2015, which is incorporated by reference herein to the extent 
1ha1 there is no inconsistency with the present disclosure. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

(0002] This invention was made with government support 
under DK071801 awarded by the National Institutes of 
Health. The goverlllllent has certain rights in the invention. 

BACKGROUND OF INVENTJON 

[0003] Stable-isotope labeling is a core technology for 
MS-based quantitative pro1eon1ics that has seen rapid 
advances in recent years. Heavy carbon, hydrogen, nitrogen, 
and oxygen atoms are incorporated onto peptides either 
metabolically or chemically to impart mass diJforences that 
can be detected in mass spectra to differentiate the samples 
mid allow comparison of ion inte1lsities for relative quanti
fication (Oda et al., PNAS, 1999, 96:6591-6596; Ong et al., 
Mo! Cell Proteomics, 2002, 1:376-386; Pan et al., Anal 
Chem, 2003, 75: 1316-1324; Wu et al., Anal Chem, 2004, 
76: 4951-4959; Gygi et al., Nat Biotechnol, 1999, 17:994-
999; Thompson et al.. Anal Chem, 2003, 75:1895-1904; 
Ross et aJ., Mol Cell Proteomics, 2004, 3:1 l 54-1169; Hsu et 
al., Anal Chem, 2003, 75:6843-6852; and Boersema et al., 
Nat Protoc, 2009, 4:484-494). 
[0004] There are numerous approaches 10 introduce stable 
isotopes into peptides, such as stable isotope labeling by 
amino acids in cell culture (SILAC), isobaric tagging (TMT/ 
iTRAQ), and iCAT. In most conventional approaches, how
ever, these methods incorporate heavy isotopes to increase 
mass by at least I Da. 
[0005) In conventional methods, a mass difference of 4 Da 
or greater is ideal in order to minimize overlap between 
isotopic clusters in MS1 spectra. The incremental increase of 
spectral complexity resuJting from the increase in multiplex
i11g, wl1ich consequently reduces pro1eou1ic coverage, bas 
generally limited mass difference approaches, namely 
SILAC, to triplex comparisons, though 5-plex SILAC and 
5-plex dimethyl labeling techniques. llllder special consid
erations, have been reported (Molina e t al., J Proteome Res, 
2009, 8: 48-58; and Wu et a l., Chem Commun, 2014, 
50: 1708). 
[0006) High levels of multiplexing have been achieved by 
isobaric chemical labeling approaches such as iTRAQ, 
TMT. and DiLeu isobaric tags, which provide quantification 
at the MS2 level without increasing MS1 spectral complexity 
(Ross et al., Mol Cell Proteomics, 2004, 3: 1154-1169: Choe 
et al., Proteomics, 2007, 7:3651-3660; Thompson et al., 
Anal Chem, 2003, 75:J895-1904; Dayan et al., Anal Chem 
2008, 80:2921-2931: Xiang et al.. AnaJ Chem. 2010, 
82:2817-2825; and Frost et al., Rapid Commun Mass Spec
lrom 2015, 29:ll 15-1 124). 
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[0007] Jsobaric labeling addresses the problem of 
increases in mass spectra complexity by concealing the 
quantitative information in the MS1 scan, thereby permitting 
a higher level of multiplexing than obta ined via conven
tional SILAC methods. However, isobaric labeling suffers 
from ratio suppression and imprecision due to rampant 
co-isolation of precursors in complex samples (Ow et al., J 
Proteome Res, 2009, 8:5347-5355), and proposed solutions 
of employing ion/ion reactions to 'purify' precursors 
(QuantMode) (Wenger et al., Nat Meth, 201 I, 8:933-935; 
and Rensvold et al.. Anal Chem. 2013, 85:2079-2086) or 
using MS3-based reporter ion quantification (Ting et aJ., Nat 
Meth. 2011 , 8:937-940; and McAlister et al. , Anal Chem, 
2014, 86:7 l 50-7158) both reduce instrument duty cycle and 
sensitivity with the consequence of greatly reduced numbers 
of identifications and quantified peptides. The flagship Orbi
trap Fusion tribrid mass spectrometer is equipped. with 
synchronous precursor selection of IUultiple MS2 frngment 
ions for HCD MS3 analysis to specifically address this issue 
and provide accurate reporter ion signals without steep 
penalty to sensitivity or quantification rate. 

[0008) The increased accessibility of high-resolution MS 
platforms bas enabled increases in the multiplexing capa
bilities of the aforementioned strategies th.rough the use of 
1uass defocts. TI1e isobaric 6-plex TMT reagents were 
increased to 8-plex by exploiting subtle relative mass dif
ferences between 12C/13C and 14Nl5N isotopes-by sub
stituting a 15N in place of a 14N atom and a 13C in place of 
a 12C atom. The resulting reporter isotopologues differ in 
mass by 6.32 nilla and can be distinguished at an MS' 
resolving power of30K (at ru/z 400). The TMT reagents are 
now oflered as a 10-plex sei with four mass defect-based 
isotopologues, and the mulliplexing capacity of isoba1ic 
DiLeu reagents have been tripled from 4-plex to 12-plex 
with the addition of eight mass defect-based isotopologues. 
Pseudo-isobaric dintethyl labeling (plDL) uses mass defects 
between isotopes of C and H and high-resolution MS2 for 
quantification (Zhou et al., AJial Chem, 2013, 85: 10658-
10663). Neutron-encoding, or NeuCode, is a term coined by 
Coon and coworkers for mass defect-based isotope labeling 
quantification at the MS1 level (Hebert et al., Nat Meth, 
2013, 10:332-334). 

[0009] NeuCode SILAC is a cell cuJture metabolic label
ing strategy that exploits mass defects between isotopes of 
C, H, and N in lysine isotopologues that carry eight isotopes 
in different configurations, which result in mass differences 
ranging from as little as 5.8 mDa to as much as 36 mDa 
(Hebert et al. , Nat Meth, 2013, 10:332-334; and Merrill et 
al., Mo! Cell Proteomics, 2014, 13:2503-2512). The mDa 
mass defect signa11.rres of peptides incorpornting NeuCode 
lysines are concealed at low to moderate MS1 resolving 
powers but are revealed at high resolving powers (>200K). 
Thus, tbe strategy pcnnits multiplexing without the 
increased spectral complexity that accompanies traditional 
SILAC, and since quantification is done at the MS 1 level, it 
doesn't suffer from poor quantitative accuracy due to pre
cursor coisolation like isobaric labeling does. The muJti
plexing ability of NeuCode scales with MS1 resolution
duplex quantification using 36 mDa lysines requires a 
resolving power of 240K for quantification of >85% of a 
sample's proteome, while triplex and 4-plex quantification 
using 18 mDa and 12 mDa lysines requires resolving powers 
of 480K and 960K, respectively. Such high resolutions 
require the most sophisticated FT-ICR instmments or Orbi-
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trap pla1fom1s employing ultra-high field detectors, and as 
such, the technology is not yet widely usable for a majority 
of researchers. 
(0010] NeuCode lysines have been used in both SlLAC 
and SILAM applications, which are limited to metabolic 
labeling of organisms (Hebert et al., Nat Meth, 2013, 
10:332-334; Merrill et al., Mo! Cell Proteomics, 2014, 
13:2503-2512; Rose et al., Anal Chem. 2013, 85: 5129-
5137; Richards et al., Mol Cell Proteomics, 2013, 12:3812-
3823; Rhoads er al., AJ1al Chem, 2014, 86: 2314-2319; and 
Rose et al., "NeuCode Mouse: Multiplexed Proteomics 
Analysis Reveals Tissue Specific Effects of Deubiquitinase 
Deletion", presentation in Baltimore. Md., 2014, pp. 1-65). 
(0011] Mass defect-based chemical labeling approaches 
reported by Coon and coworkers under the NeuCode mon.i
ker include duplex quantification via carbamylation (Ulbrich 
et al., J Am Soc Mass Spectrom, 2014, 25:6-9) and meth
ylaiuiuation (Ulbrich et al., Anal C hem. 2014, 86: 4402-
4408) as well as multiplex quantification via amine-reactive 
tags (Hebert et al., Mo! Cell Proteomeics, 2013, 12:3360-
3369). The amine-reactive NeuCode tags employ six heavy 
isotopes C3C and l S N) in differing configurations to create 
a 4-plex set of1ags differing in mass by 12.6 mDa. However, 
the tag consists of three amiuo acids and is consequently 
extremely large at 431 Da. One of the amino acids is 
arginine. which inhibits backbone .fragmentation due to 
charge sequestration (Tang et al., Anal Chem, 1993, 
65:2824-2834; and Dikler et al., .T Mass Spec1rom. I 997, 
32: 1337-1349). While useful for demonstrating the concept 
of a multiplexed mass defect-based rag for quantitative 
proteomics, the aforementioned limitations may make it 
somewhat impractical for its intended application. 
(0012] Accordingly, improved mass defect-based tagging 
reagen1s are desired for incorporation into quantitarive pro
teomics work.flows that are small in size and do not com
promise fragmentation of labeled peptides. 

SVMMi\RY OF THE JNVENTJON 

[0013] The present invention provides novel mass defect
based chemical tags based on dimethyl pyrimidinyl orn.ith
ine (DiPyrO) and derivatives thereof. These mass defect tags 
are beneficial in that they are compact, enhance fragmenta
tion oflabeled peptides, and are generally easy to synthesize 
at high puri1y in just a few steps using commercially 
available starting materials. 
[0014] As generally used herein, the terms "DiPyrO mass 
defect tags" and "DiPyrO tags" include substituted and 
unsubstituted strnctures derived from dimethyl pyrimidinyl 
omith.ine such as described in the strnctures and formulas 
below. The DiPyrO tags can impart a very s1uall mass 
difference, (for example, in an embodiment, up to 45.3 mDa 
or as little as 5.8 mDa) onto labeled samples, thereby 
allowi11g the labeled samples to be analyzed by high
resolution MS in parallel and peak areas to be compared to 
permit relative quatJtification of the samples from a single 
LC-MS experiment. Similar mass-diflerence strategies, such 
as SILAC or dimethyl labeling, which impart several Da 
mass dilferetJces between samples, increase mass spectral 
complexity in proportion to the number of qnantitative 
channels, which has the cotJsequence of reducing instrument 
efficiency, resulting in fewer numbers of peptide and protein 
identifications. In contrast, the mDa mass differences used 
by the current mass defect-based strategy are itJdistiuguish
able at low to moderate resolutions (< IO k @ m/z 400) and 
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do not significantly increase mass spectral complexity, 
retaining high rates of identification. The mDa differences 
can be resolved with a high-resolution (>120 k) MS1 scan to 
reveal the labeled sample peaks. 
(0015] As generally used herein, the tenns describing the 
DiPyrO tags may also indicate the 1rnmber of heavy stable 
isotopes that can be incorporated into the structure of the 
DiPyrO tags. For example, the term "DiPyr06

" indicates 
that six heavy stable isotopes (i.e., 13C, 2 1-1, isN, 180) can be 
inco~orated into the structure of the tag with the proviso 
that '. 0 isoto~es are counted as ':"'O heavr isotopes because 
180 1s appro ximately 2 Da heavier than 60. 
(0016] In certain embodiments, the DiPyrO tags are syn
thesized at high purity in few steps using established and 
simple chemistry and commercial reagents and isotopes. 
T his makes the technology affordable to produce al high 
yield in a short time scale. The synthetic route makes it 
possible to formulate m1merous isotopologue variants. For 
example, through calculated substit11tion of heavy isotopes 
in the tag stmcture, DiPyrO tags provide 10-plex quautifi
cation o n current Orbitrap platforms without increasing 
mass spectral complexity. 
[0017] In an embodiment, the invention provides a com
posit ion comprising an isotopically enriched compound for 
use as a labeling reagent in mass spectrometry analysis, said 
compound having the formula (FXl): 

(FXl) 

wherein A is an amine reacl'ive group, carbonyl reactive 
group, or thiol reactive group; wherein Z is a linking group; 
wherein each of R3 -R5 is independently a hydrogen, C -C 
alkyl or C 1-C4 acetyl, or wherein ar least two of R}-R~ 
combine to form an 5 or 6 membered aromatic or al icyclic 
ring; wherein each of R 1

, R2 and R6 is indepeudently a 
hydrogeu, C 1 -C4 alkyl or C 1-C4 acetyl; wherein any number 
of carbons in the compound are 12C or 13C; wherein any 
number of nitrogens in the compound are 14N or 15N; 
wherein any number of hydrogens in the compound are 1H 
or 2H; wherein any number of oxygens in the compound are 
160 or 180 ; wherein n is an integer selected from the .range 
of I to 5; wherein m is O or l ; provided that at least two 
atoms of formula (FXl) independently selected .from a 
carbon atom, nitrogen atom, oxygen atom and hydrogen 
atom tJ1at is independently a heavy isotope; and wherein the 
isotopically enriched compound is present in an a1110U11t in 
excess of the natural isotopic abundance. 
[0018) In some embodiments, the amine reactive group, 
carbonyl reactive group, or thiol reactive group of fommla 
(FXl) is selected from the group consis1ing of: a triazinc 
ester. a NHS ester, a TFP ester, an isothiocyanate, an 
isocyanate, a hydrazide, an aminooxy, and iodoacetyl. 
(0019] ln some embodiments, tJ1e DiPyrO tags comprise 
an amine reactive group and can bind to both the N-terminus 
of a peptide as well as any lysine side chains. For example, 
in at least one experiment, the labelling efficiency of com
plex yeast protein extract digests with DiPyrO tags bas been 
observed al a rate of >99% (either N-tenuinus or lysine) 
using a I hr labeling reaction. 
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(0020) Oifforent isotopically enriched compounds of the 
invention can have a number of stable heavy isotopes 
selected over a wide range for different applications. As used 
herein isotopically enriched compound refers to compound 
having one or more stable heavy isotopes fonctioning as an 
isotopic label. In an embodiment. for example, the isotopi
cally enriched compounds have a number of stable heavy 
isotopes selected from the group consisting of 2, 3, 4, 5, 6, 
7, 8, 9, JO, 11 , and 12. In an embodiment, for example. the 
isotopically enriched compotmds 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 equa l 10 or greater than I 0. 

(0021] Optionally, at least five atoms of fonuula (FX I) as 
described herein independently selected from a carbon atom, 
a nitrogen atom. an oxygen atom and a hydrogen atom are 
independently heavy isotopes. In an embodiment, the iso
topically enriched compotu1d characterized by fomrnla 
(FX I) as described herein bas: at least two 13C isotopes; or 
at least one 13e isotope and at least one 15N isotope; or at 
least one 13e isotope and at least one 2H isotope; or at least 
one isotope and at least one 180 isotope; or at least two 1 5N 
isotopes; or at least one 15 N isotope and at least one 2 H 
isotope: or at least one 15 N isotope a nd at least one 180 
isotope; or at least two 2H isotopes; or at least one 2H isotope 
and at least one 180 isotope; or at least two 180 isotopes: or 
at least one 13C isotope, at least one 15N isotope and at least 
one 2 H isotope; or at least one 13e isotope, al least one 15N 
isotope and at least one 180 isotope. 

(0022) Optionally, the isotopically enriched compound 
characterized by formula (FXI) as described herein bas: at 
least two 13C isotopes; or at least four 13C isotopes; or at 
least six 13C isotopes; or at least four 13C isotopes and at 
least one 180 isotope; or at least four 13C isotopes and at 
least two 15N isotopes: or at least four 13e isotopes and at 
least two 2 H isotopes; or at least two 15N isotopes; or at least 
four 15N isotopes; or at least four 15N isotopes and at least 
one 180 isotope; or at least four 15N isotopes and at least two 
13C isotopes; or at least four 15N isotopes a.nd at least two 2 H 
isotopes; or at least two 15N isotopes, at least two 2H 
isotopes and at least one 180 isotope; or at least two 15N 
isotopes, at least two 13C isotopes and at least one 180 
isotope: or at least two 15N isotopes. at least two 2H isotopes 
and at least two 13C isotopes; or ar least two 15N isotopes and 
at least two 2H isotopes: or at least two 2H isotopes and at 
least one 180 isotope; or at least two 13e isotopes and at least 
two 2 H isotopes; or at least two 2 1-:l isotopes; o r at least four 
21-I isotopes; or at least six 2 H isotopes. 

(0023] ln an embodiment, the isotopically enriched CO!ll

pOLmd is c haracterized by formula (FX2): 

(FX2) 
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whereiu each * symbol indepeudently designates au atom 
that may be one of the heavy isotopes. 

[0024) In an embodiment, the isotopically enriched com
pound is characterized by formula (FX3): 

(FX3) 

wherein each * symbol independently designates an atom 
that may be one of the heavy isotopes. 

[0025] In an embodiment, the isotopically enriched com
pound is characterized by formula (FX4): 

(FX4) 

wherein each * symbol independently designates an atom 
that may be one of said heavy isotopes. 

[0026] In an embodiment, the isotopically enriched com
pound is characterized by formu la (FX5), 

(FXS) 

wherein each * symbol independently designates an atom 
that may be one of said beavy isotopes. 

[0027] In an embodiment, the isotopically enriched com
pound is characterized by formula (FX6) 
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(FX6) 

(0028] In a further embodiment. tl1e isotopically enriched 
compound is characterized by fonnula (FX7), (FX8), (FX9). 
(FX IO), (FXII), (FXl2), (FXl3), (FX14), (FXJ5), (FX16) 
or (FX I 7): 

(FX7) 

(FX8) 

(FX9) 

(FXIO) 

(FXI I) 
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-contim1ed 

(FX12) 

(FX13) 

(FXl4) 

(FX15) 

(FX16) 

or 

(FX17) 

[0029] ln an embodiment, the isotopically enriched com
pound is characterized by formula (FX22), (FX23), (FX24), 
(FX25), or (FX26): 
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(FX22) 

(FX23) 

(FX24) 

(FX25) 

or 

(FX26) 

(0030] Jo an embodiment, the isotopically enriched com
pound is characterized by formula (FXJ 8) or (FX19): 

(FX18) 
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-contim1ed 

(FXl9) 

[0031] In some embodiments, Z of formula (FXl) is not 
present o r is a linking group having one or more carbon 
atoms including but not limited to substit1tted and unsubsti
t11ted alkylene groups. ln certain embodiments, Z of fomrnla 

(FXl) is a group corresponding to an amino acid or peptide, 
including but not limited to beta-alanine or a glycine. l n 

some embodi1uents, the linking group provides additional 
sites which can incorporate a heavy isotope label thereby 
enabling increased multiplexing via mass difference, such as 
shown formula (FXJ 8) and formula (FXJ 9) wherein each " 
symbol independently designates an atom that may be one of 
the heavy isotopes: 

(FX18) 

(FX19) 

[0032] For example, formula (FX18) incorporates a gly
cine-glycine linker which can be used to incorporate C, N, 
and O heavy isotopes to achieve +4 Da and +8 Da mass 

diflerences, and formula (FX 19) incorporates a beta-alanine
beta-alaninc linker which can be used to incorporale C and 
N heavy isotopes to achieve +4 Da and +8 Da mass 
differences. 

[0033] In some embodiments, R3 and R4 or R4 and R5 of 
formula (FX I) combine to fonn a 6 membered aromatic 
ring. In certain embodin1ents, aromatic derivatives of 
DiPyrO allow for more sensitive fluorescence detection of 
labeled species. For example. R3 and R4 or R4 and R5 of 
formula (FX I) combine to fonn a group corresponding to a 
benzene according to the followi ng scheme: 
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!(i) CuBr, K2CO3, DMSO, N2, 120,C. 24 hr 

( ii) air, 120,C, 30 min 

CCN 0 

NANH~OR 

/N'-... 

N5(2-quinazolinyl)-N".Na•dimethylornithine 

(0034] In an embodiment, the isotopically enriched com
p◊tmd is characterized by fonnula (FX20) or fonnula 
(FX2l ): 

(FX20) 

(FX21) 

(00351 An embodiment of the present invention provides 
a composition comprising a phmility of different isotopically 
enriched compounds each independen1ly having the fomrnla 
(FX I); wherein the different isotopically enriched com
pounds are isotopolog11es. 

(0036) In an embodiment, the invention provides a kit 
comprising a plurality of different isotopically enriched 
isotopologues for use as labeling reagents for mass spec
trometry analysis, said isotopically enriched isotopologues 
independently having the formula (FX I): 

3 

R' 
N 0 

I A' 
R5 N~N~ Jlzr. 

I, ""1 \ " 
R6 N 

RI/ '-R2 

(FXI) 
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whereiu A is an amine reactive group, carbonyl reactive 
group, or thiol reactive group; wherein Z is a linking group; 
wherein each of R3 -R5 is independently a hydrogen, C 1-C4 

alkyl or C1-C4 acetyl, or wherein at least two of R3 -R5 

combine to form an 5 or 6 membered aromatic or alicyclic 
ring: wherein each of R 1

• R2 and R6 is independently a 
hydrogen, C 1 -C4 all')'! or C 1-C4 acetyl; wherein any number 
of carbons in the compound are 12C or 13C; wherein any 
number of nitrogens in the compound are 14N or 15N; 
wherein any number or hydrogens in the compound arc 1 [-:I 
or 2 H; wherein any number of oxygens in the compound are 
160 or 180; wherein n is au integer selected from the range 
of J to 5; wherein m is O or I; wherein a1 least a portion of 
said isotopologues are characterized by a mass difference 
that is less than or equal to 50 mDa; and wherein the 
isotopically enriched isotopologues are present in au amotrnt 
in excess of the natural isotopic abundance. 
(0037] In a further embodiment, the kit comprises 2, 3, 4, 
5, 6, 7, 8, 9, 10 or more of said d.ilforent isotopically enriched 
isotopologues. Optionally, at least a portion of said isoto
pologues are characterized by mass differences selected over 
the range of 5 ruDa to 55 ruDa, preforably characterized by 
mass differences less than or equal to 25 mDa. 
[0038] 1n an embodiment. at least a portion of the isoto
pologues are characterized by a mass difJ'erences resolvable 
using a mass spectrometry analysis technique providing a 
resolving power equal to or greater than 100,000, a resolving 
power equal to or greater than 120,000, a resolving power 
equal to or greater than 240,000, or a resolving power equal 
to or greater than 480,000. The mass spectrometry analysis 
comprises a MS1 technique. a multiplex technique, a pro
teom.ic analysis technique, a glycom.ic analysis technique, or 
a 111erabolomic analysis technique. At least a portion of the 
isotopologucs is reactive with: the amine group, carbonyl 
group, or thiol group of a peptide, protein, glycan, or 
metabolite. 
[0039] In an embodiment, the invention provides a method 
oflabeling a target 1uolecuie containing one or more au1ine 
groups, said method comprising: 
(0040) a) providing said target molecules; and 
[0041] b) reacting said target molecules with an isotopi
ca!Jy enriched compound, thereby generating isotopically 
labeled targe1 molecules; wherein each isotopically enriched 
isotopologuc independently has the fonuula (FXJ): 

(FXl) 

wherein A is an amine reactive group. carbonyl reactive 
group, or th.iol reactive group; wherein Z is a linking group; 
w herein each of R3 -R5 is independently a hydrogen, C 1-C4 

alkyl or C 1-C4 acetyl, or wherein at least two of R3 -R5 

combine to form au 5 or 6 membered aromatic or alicyclic 
ring; wherein each of R 1

• R2 and R6 is independently a 
hydrogen, C 1 -C4 alkyl or C 1-C4 acetyl; wherein any mm1ber 
of carbons in the compound are 12C or 1JC; wherein any 
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uumber of nitrogens in the compound are 14N or 15N; 
wherein any number of hydrogens in the compound are 1 H 
or 21:-l; wherein any number of oxygens in the compound are 
160 or t 80; wherein n is an integer selected from the range 
of J 10 5; wherein m is O or 1; provided that at least two 
atoms of formula (FXl) independently selected from a 
carbon atom, nitrogen atom, oxygen atom and hydrogen 
atom that is independently a heavy isotope. 
(0042] In an embodiment, the invention provides a method 
of analyzing target molecules using a mass spectrometry 
technique, said method comprising: 
(0043] a) providing said target molecules in a plurality of 
different samples; and 
(0044) b) reacting said target molecules in each sample 
with a different isotopically enriched isotopologue, thereby 
generating samples comprising isotopically labeled target 
molecules, wherein each of said different isotopically 
enriched isotopologues independently has the formula 
(FXl): 

J 

R' 
N 0 

I A· 

R' )---r~zr. . 
R6 N 

RI✓ '-R2 

(FXl) 

wherein A is an amine reactive group, carbonyl reactive 
group, or thiol reactive group; wherein Z is a linking group; 
wherein each of R3 -R5 is independently a hydrogen, C1-C4 
alkyl or C 1 -C4 acetyl , or wherein at least two o f R'-R5 

combine to form an 5 or 6 membered aromatic or alicyclic 
ring; wherein each of R 1, R 2 and R 6 is independently a 
hydrogen, C 1-C4 alkyl or C 1 -C4 acetyl; wherein any number 
of carbons in the compound are 12C or 13C; wherein any 
number of nitrogens in the compound are 14N or 15N; 
wherein any number of hydrogens in the compound are 1 H 
or 21:-l; wherein any number of oxygens in the compound are 
160 or tso; wherein n is an integer selected from the range 
of J 10 5; wherein m is O or l; provided that at least two 
atoms of formula (FX 1) independemly selected from a 
carbon atom, a nitrogen atom, an oxygen atom and a 
hydrogen atom are independently heavy isotopes; and 
wherein at least a portion of said isotopologues are charac
terized by a mass difference that is less than or equal to 50 
rnDa; and 
(0045] c) analyzing said isotopically labeled target mol
ecules for each sample using said mass spectrometry tech
nique. 
[0046] Preferably, 2, 3, 4, 5, 6, 7, 8, 9. IO or more di fl'erenl 
samples are reacted with different isotopically enriched 
isotopologues. Optionally, at least a portion of said isoto
pologues are characterized by mass differences selected over 
the range o f 5 mDa to 55 mDa, preferably characterized by 
mass differences less than or equal 10 25 mDa. 
(0047] ln an embodiment, the step of analyzing said 
isotopically labeled analytes for each sample using said 
mass spectrometry technique is carried out using a mass 
spectrometry analysis technique providing a resolving 
power equal to or greater than 100,000, a resolving power 

7 
Oct. 18, 2018 

equal to or greater than 120,000. a resolving power equal to 
or greater than 240,000, or a resolving power equal to or 
greater than 480,000. The mass spectrometry analysis com
prises a MS1 teclmique, a 2-plex. 3-plex, 4-plex, 5-plex, 
6-plex, 7-plex, 8-plex, 9-plex or J0-plex multiplex mass 
spectrometry technique. Optionally, the mass spectrometry 
analysis comprises a proteomic analysis technique. a gly
comic analysis technique. or a metabolomic analysis tech
nique. At least a portion of the isotopologues is reactive 
with: the amine group, carbonyl group, or thiol group of a 
peptide, protein, glycan, or metabolite. 

[0048] ln an embodimeJH, the methods further comprise 
the step of quantifying the relative amounts of the labeled 
target molecules in said different samples. Optio11ally, rela
tive quantification is perforn1ed by measuring fluorescence 
from the labeled target molecules. Relative quantification 
can be performed at the MS 1 -level, and unlike isobatic 
labeling where the quantification is performed at the MS2

-

level. the measured qua11titative ratios are not susceptible to 
compression due to co-isolation of interfering precursor 
ions. Isobaric labeling requires that the peptide be sampled 
by MS2 in order to generate reporter ions for quantification, 
while the mass defect strategy does not. since quantitative 
information is gleaned from relative peak areas of peptide 
precursors in a high-resolution MS1 scan. 

[0049] In an embodiment, each of the isotopically 
enriched isotopologues is independently cbarncterized by 
formula (FX2): 

(FX2) 

wherein each * symbol independently designates an atom 
that may be one of the heavy isotopes. 

(0050] In an embodiment, each of the isotopically 
enriched isotopologues is indepe11dently characterized by 
formula (FX3): 

(FX3) 

wherein each * symbol independently designates an atom 
that may be one of the heavy isotopes. 
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(0051] In an embodiment, each of the isotopically 
enriched isotopologues is independently characterized by 
formu la (FX4): 

£CH3N• o• 

I . 
• • * A: HC N ~ N~• ~ • ~zr 

3 • ,- ·~~T· c- ,,. 
H • /N.._ • H• 

c' • "'c-
. H--/ "-H /'-H• 

H • H• . 

(FX4) 

wherein each * symbol independently designates an atom 
that may be one of said heavy isotopes. 

[0052] In an embodiment, each of the isotopically 
enriched isotopolognes is independently characterized by 
fonuula (FXS), 

(FX.5) 

wherein each * symbol independently designates an atom 
that may be one of said heavy isotopes. 

(0053] In an embodiment, each of the isotopically 
enriched isotopologues is iudepeudeotly characterized by 
formula (FX6) 

3 

R4 
N 0 

R' NJlrY A 
R6 N 

/ ' RI R2 

(FX6) 

(0054) In a further embodiment, each of the isotopically 
enriched isotopologues is independently characterized by 

formula (FX7), (FX8), (FX9), (FXlO), (FXI I), (FX 12), 
(FX 13), (FX14), (FX15), (FXl6) or (FXl7): 
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]Lij~A, 
N 

HD2C/ "-CD2H 

(FX7) 

(FXS) 

1.·r~ N,,l,s~ A; 

ISN 
/"-. 

1.·~ ·~ 
NJlff~A, 

(FX9) 

N 
H1DC / "-CDH2 

(FX IO) 

1,N 0 
I 1Jc nc NJl~,,. ',.c,,- '"[A,' 

N 
H2DC/ "-c DH2 

(FXt t) 

i."w 0 )--,,~~A 
ISN 

H20C/ '-CDH2 

i."N 0 NJl~~ A• 

(FX12) 

.,,,.N, 
H2D 13C 13CDH2 

(FX1 3) 

1,N 0 

NJlU~ ' 
.,,,.N, 

HD2'3C 13CD2H: 
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-continued 
(FXJ4) 

(FXI5) 

(FX16) 

(FXl 7) 

(0055] Io an embodiment, each of the isotopica lly 
enriched isotopologues is independently characterized by 
formula (FX18) or (FX19): 

(FXl 8) 

(FX19) 

(0056] In an embodiment, each of the isotopically 
enriched isotopologues is independently characterized by 
formula (FX20) or formula (FX2 l ): 
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(FX20) 

or 

(FX21) 

[0057] In an embodiment, each of the isotopically 
enriched isotopologues is independently characterized by 
formula (FX22), (FX23), (FX24), (FX25), or (FX26): 

(FX22) 

(FX23) 

(FX24) 

(FX25) 
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-continued 
(FX26) 

[0058] In an embodiment, the present invention provides 
a method of making an isotopically enriched labeling 
reagent comprising the steps of: providing an amino acid 
precursor; chemically reacting said amino acid precursor 
with a first reagent so as to provide an optionally substituted 
pyrimidine group: and chemically reacting the carboxylic 
acid group of said amino acid precursor with a second 
reagent to provide an amine reactive group, carbonyl reac
tive group, or thiol reactive group to form said isotopically 
enriched labeling reagent having the formula: 

(FXI) 

wherein A is an amine reactive group. carbonyl reactive 
group, or tl1iol reactive group; wherein Z is a linking group; 
wherein each ofR3-R5 is independently a hydrogm, C, -C4 
alk-yl or C1 -C4 acetyl, or wherein at least two of R3 -R5 

combine to form an 5 or 6 membered aromatic or alicyclic 
ring; wherein each of R1, R2 and R6 is independently a 
hydrogen, C 1-C4 alkyl or C 1-C4 acetyl; wherein any number 
of carbons in the compoulld are ' 2C or 13C; wherein ally 
number of nitrogens in the compound are 14 N or 15N; 
wherein any number of hydrogens in the compound are 1 H 
or 2H; wherein any number of oxygens in the compound are 
160 or L80; wherein n is an integer selected from the range 
of J to 5; wherein 111 is 0 or 1; provided that at least two 
atoms of formula (FX 1) independently selected from a 
carbon atom, nitrogen atom, oxygen atom and hydrogen 
atom are independently a heavy isotope; and wherein the 
isotopically enriched isotopologue is present in an amount in 
excess of the natural isotopic abtmdance. 

[0059) Preferably, the amino acid precursor is an isotopi
cally enriched amino acid precul"Sor, such as isotopically 
enriched arginine, characterized in that said amino acid 
precursor contains at least two atoms that are heavy isotopes, 
wherein said heavy isotopes are present in an amount in 
excess of the natural isotopic abundance. The first reagent or 
said second reagent is preferably an isotopically enriched 
reagent characterized in that said reagent contains at least 
two atoms that are heavy isotopes, wherein said heavy 
isotopes are present in an amount in excess of the natllral 
isotopic abundance. 
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[0060] 1n an embodiment, the carboxylic acid group of 
said amino acid precursor is reacted to form a triazine ester. 
In an embodiment, the amino acid precursor is arginine and 
the method further comprises the step of derivatizing the 
guanidine group of the arginine to fom1 the optionaUy 
substituted pyrimidine group. In a further embodiment, the 
method forther comprises the step of performing palladium
catalyzed dimethylation with formaldehyde on said amino 
acid pr~-cursor prior to fom1ing the optionally substituted 
pyrimidine group. 

[0061] ln an embodiment, the compound oftl1e invention 
is characterized by any of formula (FXl)-(FX4) wherein m 
is equal to 1. In an embodiment, the compound of the 
invention is characterized by any of formula (FXl)-(FX4) 
wherein m is equal to 0. As used herein, compounds having 
formula (FX 1 )-(FX4) wherein tu is equal to I refer to 
compounds that include linking group Z. As used herein, 
compounds having formula (FXl )-(FX4) wherein mis equal 
to 0 refers lo compounds that do not include linking group 
Z, for example, wherein amine reactive group A is directly 
bonded to tl1e carbonyl group of the backbone. 

[0062] An important aspect of U1e present methods is use 
of a series of isotopically enriched compounds having 
di:frerences in mass that can be resolved using a mass 
spectrometry analysis technique providing a resolving 
power equal to or greater than 100,000, a resolving power 
equal to or greater than 120.000, a resolving power equal to 
or greater than 240,000, or a resolving power equal to or 
greater than 480,000. Use of at least a portion of the 
isotopically enriched compollllds having s111all differences in 
molecular mass (e.g., less than or equal to 300 mDa) is 
beneficial in some embodiments for accessing high multi
plexing capabilities. In some embodiments, for example, the 
step of analyzing isotopically enriched compounds com
prises resolving difforences of the mass to charge ratios 
and/or molecular masses of the isotopically enriched com
pounds. In some embodiments, for example, t11e difference 
of the molecular masses of a first isotopically enriched 
compound and a second isotopically enriched compound is 
less than or equal to JOO mDa. For some applications the 
d ifference of the molecular masses of the first isotopically 
enriched compound and the second isotopically enriched 
compound is less than or equal to 50 mDa and optionally for 
some applications the difference of the molecular masses of 
the first isotopically enriched compound and the second 
isotopically enriched compound is greater than or equal to 
10 mDa. ln some embodiments, for example. the difference 
of the molecular masses of the first isotopicaUy enriched 
compound and the second isotopically enriched compound 
is selected over the range of .I 00 mDa to .I mDa, and 
optionally for some applications the di:Jference of the 
molecular masses of the first isotopically enriched com
pound and the second isotopically enriched compotmd is 
selected over the range of 50 mDa to I mDa, and optionally 
for some applications the difference of the molecular masses 
of the first isotopically enriched compound and the second 
isotopically enriched compound is selected over the range of 
50 mDa to 5 mDa, and optionally for some applications the 
d ifference of the molecular masses of the first isotopically 
enriched compound and the second isotopically enriched 
compound is selected over the range of 50 mDa to l mDa. 
In some embodiments. for example, each of isotopically 
enriched compounds have a molecular mass within J 00 mDa 
to I mDa of another isotopically enriched compound, and 
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optionally for some applications each of the isotopically 
enriched compounds have a molecular mass within 50 mDa 
to 1 mDa of another isotopically enriched compound. and 
optionally for some applications each of the isotopically 
enriched compounds have a molecular mass within :IO mDa 
to 1 mDa of anod1er isotopically enriched compound. ln 
some embodiments, for example, the molecular masses of 
all of the isotopically enriched compounds are within a 
range of I 000 mDa to I mDa, and optionally for some 
applications the molecular masses of all of the isotopica.Ily 
enriched compom1ds are within a range of 100 mDa to 1 
mDa, and optionally for some applications the molecular 
masses of all of the isotopically enriched co1upounds are 
within a range of 50 mDa to 5 mDa. 

BRlEF DESCRIPTION OF THE DRAWINGS 

[0063) FJGS. l A-l F illustrate a DiPyrO mass defect label
ing reagent in an embodiment of the present invention 
comprising a dimethyl pyrimidinyl ornithine tag (nominal 
mass of254 Da) and an amine-reactive triazine ester group. 
A total ofup to 6 heavy stable isotopes (' 3C, 2 £-l, '5N, 180) 
are incorporated into tbe stmcture of the n1ass defect-based 
tag DiPyr06 (FIG. lA) in differing configurations to create 
a 2-plex set (FIG. lB), a 3-plex set (FIG. 10), a 4-plex set 
(FIG. 10), a 6-plex set (FIG. JE), and an 8-plex set (FIG. 
1 F) with minimum mass defects of 45.28 mDa, 20.95 mOa, 
12.64 mDa, 8.31 mDa, and 5.84 mDa. respectively. 
(0064] FIG. 2 illustrates DiPyrO mass defect labeling 
reagents in an embodiment of the present invention similar 
to FIGS. lB-lF but where 2 (FIG. 2A) or IO (FlG. 2B) 
heavy stable isotopes ('3 C, 2 H, 15N, 180) are incorporated 
into the stmcture of d1e mass detect based tag in diJJering 
configurations to create additional multiplex sets with nomi
nal tag masses of250 Da (DiPyr02

) and 258 Da (DiPyr010
). 

Multiplex DiPyr02. DiPyr06
, and DiPyr010 sets may be 

used in conjunction in a single experiment to increase 
multiplexing via three clusters, spaced 4 Oa apart, of mass 
defect-based quantitative channels. 
(0065] FIG. 3 illustrates possible heavy isotope configu
rations of the DiPyr06 2-plex, 3-plex, 4-plex, 6-plex and 
8-plex sets of FIGS. lB-lF. 
(0066) FIG. 4 shows heavy isotope configur<1lions of an 
isotopically labeled lysine (K) able to be used in NeuCode 
SILAC and the resolving power necessary to identify dif
ferent amom1ts of a yeast proteome us ing the NeuCode
labeled lysines. 
[0067) FIG. 5 describes the resolving power requirements 
necessary to identify different amounts of a yeast proteome 
using DiPyr06 -labeled lryptic peptides. 
(0068] FIG. 6 shows a resolving power comparison 
between a DiPyr06-labeled yeast tryptic d igest and a Neu
Code SlLAC yeast Lys-C digest. 
(0069) FIG. 7 shows a resolving power comparison 
between a DiPyr06 -labeled yeast Lys-C digest and a Neu
Code SILAC yeast Lys-C digest. 
(0070] FIG. 8 illustrates the synthesis of a DiPyrO reagent 
in an embodiment of the invention. Arginine undergoes 
palladium-catalyzed dimethylation with formaldehyde in 1-12 

atmosphere followed by derivatization of the guanidino to a 
pyrimidine. The carboxylic acid is activated to the triazine 
ester to produce the DiPyrO labeling reagent. 
(0071] FIG. 9 shows a mass spectrum of an isolated 
DiPyrO tagging reagent following direct infusion MS of the 
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synthesized DiPyrO tagging reagent. Following flash col
umn chromatography, DiPyrO was recovered with high 
purity. 

[0072) FIGS. l 0A and l 0B show HCD normalized colli
sion energy optimization. DiPyrO-labeled yeast tryptic 
digest sample and BSA tryptic digest were analyzed via 
nanoLC-MS2 with 120 min and 30 min elution gradients, 
respectively, on the Orbitrap Elite using (FIG. l 0A) CID (for 
yeast) and (FIG. l 0B) HCD (for BSA) with NCE values of 
24, 27, 30, 33, 36, and 39. 111e number of identified peptide 
spectral matches (bottom li11e, in gray) and median XCorr 
values (top line, in black) were ploned as functions ofNCE. 
An NCE of29 or 30 was chosen for subsequent experiments 
based on the greater number of high-qua[ ity MS2 spectra. 
[0073] FlG. 1.1 provides labeling efficiency data at varying 
label to peptide ratios and for N-terminus labeling (N) 
and/or lysine labeling (K). Tue DiPyrO tags labeled trypsin
and Lys C-generated peptides with at least one tag with 
>99% efficiency at a label:peptide ratio of 50: l (w/w) in I 
hr. Trypsin- and Lys C-geuerated peptides containing lysine 
were labeled with two tags, at both the N-termiuus and 
lysine residue, with 99% and 94% efficiency, respectively. 

[0074) FIGS. 12A-12C show the effects of Di.PyrO label
ing on peptide identification. DiPyrO-labeled and unlabeled 
yeast tryptic digest samples were analyzed via nanoLC-MS2 

on the Orbilrap Elite using HCD fragmentation (NCE 29 and 
35. respectively). The distribution of peptide charge state 
(FIG. 12A), peptide length (FIG. 12B), and XCorr (FIG. 
llC) values of the labeled PSMs from d1e labeled sample 
were ploned against those from the tmlabeled sample. 

[0075] FIG . 13 shows an MS2 spectmm of a DiPyrO
labeled yeast tryptic peptide acquired in the Orbitrap fol
lowing HCD fragmentation (NCE 29). A wealth of b- and 
y-ions are observed for confident peptide sequence identi
fication. Sig11ature ions in the low mass region produced by 
fragmentation of the DiPyrO tag are marked by d.iamouds. 

(0076] FlGS. 14A and 14B show characteristic DiPyrO 
fragment ions (FIG. 14A). Collision-induced dissociation of 
DiPyrO-labeled peptides produces four characteristic 
' reporter' ions in the low mass region ofMS2 spectra. Based 
on the measured masses of the ions, potential structures are 
shown (FIG. 14B). A theoretical MS2 spectra illustrates that 
the 3-plex DiPyr06 mass defect isotopolog11es give rise to 
additional ions, resulting in four clusters of ions. 

[0077] FIG. 15 illustrates exemplary DiPyr06 isotopic 
stmctures with isotopic positions for each isotopologue that 
make up various multiplex sets in an embodiment of the 
invention. These exemplary strucnires are not exhaustive 
and additional isotopic combinations are available. 

[0078] FIG. 16 shows data from a yeast tryptic digest 
sample labeled in duplex with a light DiPyr00041 (1

5 N4
18O) 

tag and a heavy DiPyr00600 (2H6) tag, combined, and 
analyzed via nanoLC-MS2 on an Orbitrap Elite system usiDg 
a 120 minute elution gradient. An FT-MS scan acquired in 
the Orbitrap mass analyzer at a resolving power (RP) of 120 
k al retention time (RT)=66.4 minutes is also shown along 
with the extracted ion chromatograms of a DiPyrO-labeled 
peptide detected with charge state 2+ and 3+ at m/z 642 and 
963. The isotopic peak clusters showing baseline-resolved 
peaks for the light- and heavy-labeled samples are also 
shown in addition to the base peak ion (BPI) chromatogram. 
[0079] FIG. 17 shows extracted ion chromatograms o f 
several 2-plex DiPyr06 -labeled peptides detected in FIG. 16 
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alongside the peptides' isotopic peak clusters, showing 
baseline-resolved peaks for the light- and heavy-labeled 
samples. 

[0080] FIG. 18 shows data from a yeast tryptic digest 
sample labeled in triplex witl1 a light DiPyr00041 (1

5 N4
180) 

tag, medium DiPyr02220 C3C/H2
15N2) tag and heavy 

DiPyr00600 (2H6) tag, combined, and analyzed via nanoLC
MS2 on au Orbitrap Elite system using a 120 minute elution 
gradient. The BPI chromatogram is shown along with an 
FT-MS scan acquired iu the Orbitrap mass analyzer. The 
isotopic peak clusters of a peptide at m/z 777 detected in 
back-to-back FT-MS scans at RP 30 k and RP 240 k are also 
showu. The differentially labeled peptide samples are indis
tinguishable a t 30 k, but are evident at 240 k, enabling 
quantification by comparison oftJ1e tJ1ree peaks arising from 
the light, medim11, aJ1d heavy DiPyr06-labeled samples. 

[0081] FIG. 19 shows tJ1e 3-plex DiPyr06-Jabeled peptide 
peaks of FIG. 18 at m/z 777 which are baseline resolved at 
240 k, but not at 120 k. This peptide was detected with a 3+ 
charge state and is labeled with a single OiPyrO tag at the 
N-tenuinus. 

[0082] FIG. 20 shows data from a yeast sample labeled in 
triplex with a light DiPyr00041 (15N4

180) tag. medium 
DiPyr02220 (13 C / H/5N 2) tag and heavy DiPyr00600 (2H6) 

tag in a 2: 1 :2 ratio, respectively, and analyzed via LC-MS on 
an Orbitrap E lite system. Isotopic peak clusters of peptides 
a t m/z 471 , 628, and 942 det(.'<:led in back-to-back FT-MS 
scans at RP 30 k and RP 240 k are shown. The differentially 
labeled peptide samples are indistinguishable at RP 30 k, but 
are evident at 240 k, enabling quantification by comparison 
of the tJuec peaks arising from the light, medium, and heavy 
OiPyr06-labcled samples. Over 76% of proteins and 63% of 
peptides of the identified yeast proteome were successfully 
quantified using the triplex DiPyrO tags. 

[0083] FIG. 21 shows a comparison between a 3-plex 
OiPyr06-labeled tryptic peptide carrying a single OiPyrO 
tag with a tryptic peptide carryiog two DiPyrO tags. A 
tryptic peptide with au N-tenninal amine and a C-tenninal 
arginine (R) residue carries a single tag, while a peptide with 
an N-terminal amine and a C-terminal lysine (K) residue, 
wi th side-chain amine, carries two tags and is more readily 
baseline resolved a t 240 k. Doubl ing lbe mass defect dif
ference between cha1111els with two tags can enable higher 
orders of multiplexed analysis at lower resolving powers. 

[0084] FIG. 22 shows the combination of2-plex DiPyr02, 
3-plex DiPyr06, and 4-plex DiPyr010 sets that enables 
9-plex quantifical'ion at RP 240 k. The increase in multi
plexing is achieved via three clusters, spaced 4 Da apart, of 
mass defect-based quantitative channels. 

[0085] FIG. 23 shows data from an amine-containing 
metabolite standard mixnire san1ple containing the amino 
acids phenylalanine (165.0790 Da), tryplophan (204.0899 
Da). and leucine/isoleucine (J 3 1.0946 Da) labeled in duplex 
with a light DiPyr00041 (1 5 N4180; +254.1561) tag and a 
heavy DiPyr00600 (2I--16 ; +254.20138) tag, combined at a 2:1 
ratio, and analyzed via nanoLC-MS2 on an Orbitrap Elite 
system using a 30 minute elution gradient. FT-MS scans 
acqttired in the Orbitrap mass analyzer at RP 120 k are 
shown along w ith the extracted ion chromatograms of each 
DiPyrO-labeled amino acid detected with charge state l + at 
m/z 420, 459, and 386. The isotopic peak clusters show 
baseline-resolved peaks for the light- and heavy-labeled 
samples. 
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[0086] FIG. 24 shows the labeling efficiencies of 
PNGaseF-released N-glycosylamines that were dried in 
vacuo. labeled with a nonisotopic DiPyrO tag (in dry DMF) 
at 25: I and SO: I tag to g lycoprotein ratio (by weight), and 
analyzed on a MALDl O rbitrap LTQ XL system. Labeling 
efficiency % was calculated by dividing the signal intensity 
of the labeled glycan peak by the combined intensity of the 
labeled and unJabeled glycan peak (if present). A labeling 
efficiency of >98% is observed for all but one g lycan 
strnctt1re at a 50: I ratio. 
[0087] FIG. 25 shows a MALDI-MS spectra ofabundaJJt 
unlabeled and DiPyrO-labeled glycans (released by 
PNGaseF from Ovalbrnuin) detected iu the mass range of 
m/z 1200-2000. 
[0088] FJG. 26A shows the precursor ion doublet of a 
duplex DiPyr06-Jabeled g lycan at m/z 858.9 acquired in the 
Orbitrap mass analyzer at RP 240 k along with the extracted 
ion chromatograms of the light- and heavy-labeled species. 
The isotopic peak cluster shows baseline-resolved peaks for 
the light- and heavy-labeled species. FIG. 268 shows an 
a1111otate MS 2 spectn1m of a duplex DiPyr06 -labeled glycan 
at m/z 858.9 acquired in the Orbitrap following HCD 
fragmentation (NCE 27). A complete set of fragment ions 
are observed for confident stn1ctural identification of the 
DiPyrO-labeled glycan. 
[0089] FIG. 27 illustrates exemplary DiPyr02 isotopic 
structures with isotopic positioJJS for each isotopologue that 
make up various multiplex sets in an additional embodiment 
of the invention. These exemplary structures are not exhaus
tive and additional isotopic combinatioJJS are available. 
10090] FIG. 28 illustrates exemplary DiPyr010 isotopic 
stmctures with isotopic positious for each isotopologue that 
make up various multiplex sets in an addit ional embodiment 
oftJ1e invention. 111ese exemplary structures arc uot exhaus
tive and additional isotopic combinations are available. 

DETAJLED OBSCRJPTION OF Tl-IE 
INVENTION 

Definitions 

[0091) In general, the terms and phrases used herein have 
their art-recognized meaning, which can be found by refer
ence to standard texts, journal references and contexts 
kJ1own to those skilled in the art. The following definitions 
are provided to clarify their specific use in the context of the 
invention. 
[0092] In an embodiment, a composition or compound of 
the invention, such as an isotopically enriched compound 
including isotopically labeled analytes, isotopic tagging 
reagents, isotopically labeled amino acids, isotopically 
labeled standards and/or isotopically labeled peptides or 
proteins. is isolated or purified. In an embodiment, an 
isolated or purified comp0tmd is at least partially isola ted or 
purified as would be tu1derstood in the art. IJ1 an embodi
ment, a composition or compound of the invention has a 
chemical purity of 90%, optionally for some applications 
95%, optionally for some applications 99%, optionaUy for 
some applications 99.9%, optionally for some applications 
99.99%, and oprionally for some applications 99.999% pure. 
[0093) 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 .. -COOI--1) 
or added (e.g., amines) and groups which can be quatcmized 
(e.g., amines). All possible ionic forms of such molecules 



US 2018/0299464 A I 

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 that are appropriate 
for preparation or salts of this invention for a given appli
cation. 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. 
(0094) The compounds of this invention can contain one 
or more chiral centers. Accordingly, this invention is 
intended to include racemic mixtures. diasteromers, 
enantiomers, tautomers and mixtures enriched. in one or 
more stereo isomer. The scope of the invention as described 
and claimed encompasses the racemic fom1s of the com
pounds as well as the individual enantiomers and non
racemic mixt1ires thereof. 
(0095] As used herein, the term "group" may refer to a 
functional group of a chemical compound. Groups of the 
present compounds 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. 
(0096] 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 MS1 

ionization stage of MS/MS analysis. 
(0097) As used herein. rhe terms "product ion" and "sec
ondary ion" are used interchangeably in the present descrip
tion and refer to an ion which is produced during ionization 
and/or fragmentation process(es) during mass spectrometry 
analysis. 171e tenn "secondary product ion" as used hereiu 
refers to an ion which is the product of successive fragmen
tations. 
(0098] As used herein, the term "analyzing" refers to a 
process for determining a property of an analyte. Analyzing 
can determine, for example, physical properties of analytes, 
such as n1ass, mass to charge ratio, concentration, absolute 
abundance, relative abundance, or atomic or substituent 
composition. In the context of proteomic analysis, the term 
analyzing can refer to detem1iuing the composition (e.g., 
sequence) and/or abtmdance of a protein or pepl"ide in a 
sample. 
(0099] As used herein, the term "analyte" refers to a 
compound, mixture of compounds or other composition 
which is the subject or au analysis. Analytes include, but arc 
not limited to, proteins, modified proteins, peptides, modi
fied peptides, small molecules, phannaceutical compounds, 
oligonucleotides, sugars, polymers, metabolites, lipids, and 
mixt1ires thereof 
[0l00] As used herein, the tenn "mass spectrometry" 
(MS) refers to an analytical technique for the de1em1inarion 
of the elemental composition, mass to charge ratio, absolute 
abundance and/or relative abundance of an analyte. Mass 
spectrometric techniques are useful for elucidating the com
position and/or abundance of analytes, such as proteins, 
peptides and other chemical compounds. Mass spectrometry 
includes processes comprising ionizing analytes to generate 
charged species or species fragments, fragmentation of 
charged species or species fragments, s11ch as product ions, 
and measurement of mass-to-charge ratios of charged spe
cies or species fragments, optionally including additional 
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processes of isolation on the basis of mass to charge ratio, 
additional fragmentation processing, charge transfer pro
cesses, 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 cor
responding intensity data for the analyte and/or analyte 
fragments. Mass spectrometry data corresponding to analyte 
ion and analyte ion fragments is commonly provided as 
intensities of as a fimction of mass-to-charge (m/z) units 
representing the mass-to-charge ratios of tl1e analyte ions 
and/or analyte ion fragments. Mass spectrometry collllllonly 
allows intensities corresponding to difference analytes to be 
resolved in tenns of different mass to charge ratios. ln 
tandem mass spectrometry (MS/MS or MS2

), multiple 
sequences of mass spectrometry analysis are performed. For 
example, samples containing a mixture of proteins and 
peptides can be ionized and the resulting precursor ions 
separated according to their mass-to-charge ratio. Selected 
precursor ions can then be foigmented and forthcr analyzed 
according to the mass-to-charge ratio of the fragments. 
[0101) 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. lnterference can 
refer 10 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 interference 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. 
[OJ 02] As described herein, " isolation" or an "isolation 
window" refers to a range of ions. such as precursor ions that 
is selectively separated and fragmented, manipulated or 
isolated. 
(0103] As used herein, the term "species" refers io a 
particular molecule, compound, ion, anion, atom, electron or 
proton. Species include isolopically labeled analytes, isoto
pic tagging reagents. isotopically labeled amino acids and/or 
isotopically labeled peptide or proteins. 
[0104] As used herein, the term "mass-to-charge ratio" 
refers 10 the ratio of the mass of a species to the charge stare 
of a species. The tem1 "m/z unit" refers 10 a measure of the 
mass to charge ratio. The TI1omson 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 Dal tons) to the 
charge or the ion (with respect to the elemental charge). 
[0105] 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 
enriched compound, isotopic tagging reagents, isotopically 
labeled amino acids and/or isotopically labeled peptide or 
proteins. Mass spectrometers include single stage and mul
tistage mass spectrometers. Multistage mass spectrometers 
include tandem mass spectrometers which fragment the 
mass-separated ions and separate the product ions by mass 
once. 
[0106] The terms "peptide" and "polypeptide" are used 
synonymously 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). Pep
tides and polypeptides are polymeric compounds compris-
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ing at least two amjno acid residues or modified amino acid 
residues. Modifications can be natmally occurring or non
naturally occurring, such as modifications generated by 
chemical synthesis. Modifications to amino acids in peptides 
include, but are not limited to, phosphorylation, glycosy
Jation, lipidation, prenylation, sulfonation, hydroxylation, 
acetylation, methylatfon, methionine oxidation, al.J...-ylation, 
acylation, carbamylation, iodination and the addition of 
cofactors. Peptides include proteins and fi.irtber include 
compositions generated by degradation of proteins, for 
example by proteolytic digestion. Peptides and polypeptides 
can be generated by substantially complete digestion or by 
partial digestion of proteins. Polypeptides include, for 
example, polypeptides comprising 2 to I 00 amino acid units, 
optionally for some embodiments 2 to 50 an1ino acid units 
and. optionally for some embodiments 2 to 20 amino acid 
units and, optionally for some embodiments 2 to l O amino 
acid units. 

[0107) "Protein" refers to a class of compounds compris
ing o ne or more polypeptide chains and/or modified poly
peptide chains. Proteins can be modified by naturally occur
ring processes such as post-translational modifications or 
co-translational modifications. Exemplary post-translational 
modifications or co-tr,mslational modifications include, but 
are not limited to, phosphorylation, glycosylation, lipida
tion, prenylation, sulfonation, hydroxylation, acetylation, 
methylation, methionine oxidation, the addition of cofactors, 
proteolysis, and assembly of proteins into macromolecular 
complexes. Modification of proteins can also include non
naturally occurring derivatives, analogues and functional 
mimetics generated by chemical synthesis. Exemplary 
derivatives include chemical modifications such as alky
lation, acylation, carbamylation, iodination or any modifi
cation that derivatizes the protein. 
[0108] Quantitat ive analysis in chemistry is the detenni
nation of the absolute or relative abundance of one, several, 
or all particular substance(s) present in a sample. For bio
logical samples, quantitative analysis perfonued via mass 
spectrometry can determine the relative abundances of pep
tides and proteins. The quantitation process typically 
involves isotopic labeling of protein and peptide analytes 
and analysis via mass spectrometry. 
(Ol 09) A sample can be fractionated according to physical 
properties such as mass, length, or aftinity for another 
compotmd, among others using cbromatographic techwques 
as are well known in the art. Fractionation can occur in a 
separation 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 separation systems, gas chromatography 
separation systems, affinjty chromatography separation sys
tems, and capillary electrophoresis separation systems. 
(011 OJ "Fragment" refers to a portion of molecule, such as 
a peptide. Fragments may be singly or nmltiply cha!'6ed 
ions. Fragments may be derived from bond cleavage in a 
parent molecule, including site specific cleavage of poly
peptide bonds in a parent peptide. Fragments may also be 
generated from multiple cleavage events or steps. Fragments 
may be a tnmcated 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-0 bond or 

14 
Oct. 18, 2018 

combination of these processes. Fragments may refer to 
products formed by processes whereby one or more side 
chains of amino acids are removed, or a modification is 
removed, or any combination of these processes. Fraynents 
usefol in tbe present invention include fragments formed 
tmder metastable conditions or result :from the introduction 
of energy to the precursor by a variety of methods including, 
but not linlited to. collision induced dissociation (CID), 
surface induced dissociation (SJD), laser induced dissocia
tion (LID), e lectron capture dissociation (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 fragments, b-rype frag
ments, c -type :fragments, internal ion ( or internal cleavage 
ions), immonium ions or satellite ions. The types of frag
ments derived from a an analyte, such as a isotopically 
labeled analyte, isotopically labeled sta ndard and/or isoto
pically labeled peptide or proteins, often depend o n the 
seq11ence of the parent, method of fragmentation, charge 
state of the parent precursor ion, amount of energy intro
duced to the parent precursor ion and method of delivering 
energy into the parent precursor ion. Properties of frag
ments, such as molecular mass, may be characterized by 
analysis of a fragmentation mass spectrnm. 

[0111] An "amine reactive group". "carbonyl reactive 
group", or "thiol reactive group" of a tagging reagent can be 
any functional group able to react with an amine group, 
carbonyl group, and thiol group, respectively, of a peptide, 
protein or other molecule, thereby forming bond between 
the isotopically enriched compound or tag and the peptide. 
protein or other molecule. 

[0112] An "amino acid" refers to an organic compound 
containing a n amino group (NH2 ) , a carboxylic acid group 
(COOH), and any of various side chain groups. Amino acids 
may be characterized by the basic formula NH2CHRCOOH 
wherein R is the side chain group. Natural ami1JO acids are 
those amino acids which are produced in nature, such as 
isoleucine, alanine, leucine, asparagine, lysine, aspartic acid, 
metllionine, cysteine, phenylalanine, glutamic acid, threo
nine, glutamine, tryptophan, glycine, valine, proline, serine, 
tyrosine, arginine, and histidine as well as ornitbine and 
seleuocysteine. 
[0113] As used herein, " isotopically enriched" and "iso
topically labeled" refer to componnds (e.g., such as isoto
pically labeled amino acids, isotopically labeled standards, 
isotopically labeled analyte, isotopic tagging 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 isotopi
cally labeled amino acids, isotopically labeled standards, 
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 o f 
mass-to-charge ratio. "Isotopically-heavy" refers to a com
pound or :fragments/moieties thereof having one or more 
high mass. or heavy isotopes (e.g ., stable heavy isotopes 
such as DC, i sN, 2l-l, 170 , iso, 33S, 34S, 37Cl, s1Br, 29Si, and 
30Si.). 
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(0114J In an embodiment, an isotopically enriched com
position comprises a compound of the invention having a 
specific isotopic composition, wherein the compound is 
present in an abundance that is at least JO t:imes greater, for 
some embodiments at least 100 times greater, for some 
embodiments at least J ,000 times greater, for some embodi
ments at least 10,000 times greater, than the abtmdance of 
the same compow1d 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. 
[OUSJ "Mass spcxtro1ueter resolving power", oflen 
termed resolution, 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 TIJPAC definition is: Resolving power (R): 
R=m/t.m. 

Overview 

(0116] The field of mass spectrometry enabled proteomics 
continues to grow as the ease of and utility for protein and 
peptide identification increases. Severa.I methods are cur
rently used to incorporate a variety of tags. either chemically 
or metabolically, to impart mass differences that can be 
detected in mass spectra to differentiate samples and allow 
for quantitative comparisons of ion intensities. First, stable 
isotope labeling by amino acids in cell culnue (SILAC) 
relies on the incorporation of normal or heavy amino acids 
into proteins during cell culture that resulls in two discrete 
peaks (due to the 13C heavy atom) when analyzed via mass 
spectrometry. However, attempts to multiplex (compare 
multiple samples) is limited with this technique due to 
increased complexity in the resulting mass spectmm (a 
minimum of 3 Da separation between labeled peptides) that 
reduces the achievable proteoruic coverage. Second, iso
baric tagging, with reagents such as the commercially avail 
able iTRAQ or TMT, chemically adds a multicomponent tag 
to the peptide to be analyzed and provide quantification at 
the MS2 level. However, isobaric labeling suffers from 
imprecision due to co-isolation of precursors, leading to 
reduced peptide identification and quantification. 
(01J7] A more recently developed method, mass defect 
tags or neutron mass tags, add a milliDa mass difference 
labeling tag to the sample for quantification at the MS I level. 
This strategy allows for multiplexing without the increased 
spectral complexity that accompanies traditional SILAC, 
and since quantification is done at the MS1 level, it doesn't 
suffer from poor quantitative accuracy due to precursor 
co-isolation like isobaric labeling. 
[0118] design, synthesis, and application of novel mass 
defect-based tags based on dimethyl pyriruidinyl ornithine 
(DiPyrO) and derivatives thereof enhance this strategy by 
providing tagging reagents that are not only compact in size 
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but also enJ1ance fragmentation of labeled peptides. The 
multiplexed DiPyrO mass defect tags are easy to synthesize 
in just a few steps using comruerciaJ!y available starting 
materials (sec FIG. 8). No particularly dangerous reaction 
conditions or reagents are involved. ln the examples 
described below, the DiPyr06 strucn1re of the tag incorpo
rates six heavy stable isotopes (13C, 2H, 15N, 180) in various 
configurations to impart a mass defect of 45.3 mDa between 
the lightest and heaviest tag to labeled peptides. Alterna
tively, a DiPyr010 tag incorporates ten heavy stable isotopes 
in various configuration to impart a mass defect of 54.5 mDa 
between the lightest and heaviest tag to labeled peptides. For 
example, up to 10-plex quantification is possible using 
DiPyr0'0 isotopologue variants that differ in mass by a 
minimum of 5.8 mDa. 
[0119] The mass differences imparted by these tags on the 
peptide or protein analyte are small (such as 5.8-45.3 mDa 
for 8-plex quantification) allowing for analysis by high
resolution MS with relative quantification from a sing le 
LC-MS experiment. The small mass differences do not 
increase the complexity of the resul ting spectmm, allowing 
for higher rates of target identification than other techniques. 
[0120] Previously reported mass defect-based amine-reac
tive tags have several drawbacks including: a) the tags are 
very large in size (adding a mass of +435 Da per tag to 
labeled peptides), which negatively affects chromatographic 
behavior. ionization, and fragmentation of labeled peptides, 
especially when double-labeled: b) the tags introduce five 
adclitional amide bonds per label, lhe fragmentation of 
which generate severa l sequencc-uninfonnative product 
ions; c) the tag may contain arginine, which, as the most 
basic amino acid, sequesters protons and inhibits sequence
infor111ative peptide backbone fragmentation. Certain 
embodiments of the present invention addresses each of 
these problems d irectly: a) the mass defect-based DiPyrO 
tag is compact in size, adding a modest mass of250-258 Da 
per tag to labeled peptides; b) only one additional amide 
boud is introduced, so scqucnce-uninfom1ative fragment 
ions are kept to a mi11imum; c) the tag does not significantly 
negatively impact ionization. chromatographic retention/ 
separation; and d) the tag is specifically designed to not 
sequester protons and to not hinder fragmentation-in fact, an 
increase in fragmentation efficiency ofDiPyrO-labeled pep
tides has been observed, manifested by an overall increase 
in peptide cross-correlation (XCorr) scores following 
Sequest HT database search. 
[0121] The performance of the DiPyrO tags has been 
evaluated using a non-isotopic version, and high labeling 
efficiency of yeast protein extract digests (>99% of all 
peptides) has been observed along with enJ1anced fragmen
lation at reduced nomialized colJision energies (NCE), and 
higher XCorr scores of labeled peptides following Sequest 
HT database search. The optimal NCE required for colli
sion-induced dissociation (CID) and higher-energy coJii
sional dissociation (HCD) fragmentation of DiPyrO-labeled 
peptides is reduced compared to normal peptides (27-30 vs 
35). Combined with the increase in XCorr scores of iden
tifi~-d peptides, a marked increase in fragmentation efli
ciency resulting from DiPyrO labeling has been observed. 
Additiona!Jy, the label enhances detectiou of smaller pep
tides (<8 amino acids). 
(0122] Moreover. the synthetic approach used allows for 
the formulation of a mu11ber of isotopologue variants of the 
tag allowing for duplex, triplex, 4-plex, 5-plex. 6-plex, 
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8-plex. 9-plex, and I 0-plcx sets of the tag 10 overcome many 
of the challenges of multiplexing with previous tags and 
technologies. 

Examples 

[0123) Chemicals. 
[Ol24] All isotopic reagents used for the synthesis of 
labels were purchased from Isotec (Miamisburg, Ohio). 
Mass spec grade trypsin/Lys C mix, yeast protein extract. 
dithiothrcitol (OTT) were purchased from Promega (Madi
son, Wis.). Urea, ACS grade methanol (MeOH), ACS grade 
dichloromethane (DCM), ACS grade acetonitri le (ACN), 
Optima UPLC grade ACN. Optima UPLC grade water. and 
Optima LC/MS grade formic acid were purchased from 
Fisher Scientific (Pittsburgh, Pa.). Palladium on activated 
charcoal (Pd/C), hydrogen chloride gas (HCI), deuterium 
gas (D2), L-arginine HCl, formaldehyde (CHp), Tris-HCI, 
triethylamine (TEA), acetylacetone, iodoacetamide (IAA), 
triethylammonium bicarbonate (TEAB), N,N-dimethylfor
mamjde (DMF), 4-(4, 6-dimethoxy-J , 3, 5-t.riazin-2-yl)-4-
methylmorpholinium tet.rafluoroborate (DMTMM), 
N-methylmorpholine (NMM), trifluoroacetic acid (TFA), 
and dimethyl-sulfoxide (DMSO) were purchased from 
Sigma-Aldrich (St. Louis, Mo.). Hydroxylamine solution 
was purchased from Alfa Aesar (Ward H ill, Mass.). 
[0125) 180 Exchange. 
(0126] The light DiPyrO tag (15N4

I 80) requires 180 
exchange prior to Pd/C-catalyzed dimethylation. L-Arginine 
HC I was dissolved in 12N HCI H/80 solution (pH J) and 
stirred on a hot plate at 65° C. for 4 h. Excess HCl was 
evaporated from the solution in vacuo to obtain 180 L-ar
ginine HCI. 

Na,N"-dimethyl arginine 

(0127) L-Arginine HCI, L-arginine-15N4 HCJ, or L-argi
ninc-(guanidineimino-15N2) HCI was dissolved in Il2O or 
0 20 , and formaldehyde (Cf-12O, 37% w/w) or isotopic 
formaldehyde (CDP or 13CH2O, 20% w/w) was added in 
2.5x molar excess followed by addition of Pd/C. 11.ie reac
tion vessel was evacuated of air, filled with H2 or D2 gas, 
pressurized to 100 PSI, and stirred at 60° C . for 4 hr. The 
slurry was fi ltered and the N°,Na-dimethyl arginine product 
was dried in vacuo. 

Derivatization of N'"',Na-dimethyl arginine 

(0128] N°,N°-dimethyl arginine was dissolved in a solu
tiou of I: I :2:2 H2O:T EA:EtOH:acetylacetone and the 1uix
ture was sti rred on a hot plate at 60° C . for 16 hr. The 
N5 (4,6-dimethyl-2-pyrimidinyl)-N°,N°-dimethyloruithine 
(DiPyrO) product was dried in vacuo, purified by flash 
column chromatography (MeOH/DCM), and dried in vacuo. 
(0129) Activat ion of DiPyrO. 
[0130) DiPyrO i11 anhydrous DMF was combinlc,xl with 
DMTMM and NMM at 0.9x molar ratios to DiPyrO and 
vortexed at room temperature for 30 min. The mixture was 
used immediately for peptide labeling. 
(0131] Yeast Protein Extract Enzymatic Digestion. 
[0132) Saccharomyces cerevisiae protein extracts (Pro
mega, Madison, Wis.) were digested by trypsin/Lys C mix 
(Promega), rLys-C (Promega), or Lys-N (Thermo Scientific 
Pierce. Rockford. 111.). For the trypsin/Lys-C digestion. 
proteins were reduced in a solution of 5 mM OTT w ith 7 M 
urea in 80 mM ammonium bicarbonate pl-I 8 al 37° C. for I 
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hr followed by alkylation of free thiols by addition of 15 mM 
IAA and incubation in the dark for 30 min. The alk')'lation 
reaction was quenched with 5 mM OTT, and the solution 
was diluted to IM urea with 50 mMTris-HCI pH 8. Proteins 
were proteolytically digested by addition of t.rypsin/Lys C 
mix at a I :25 enzyme to protein ratio and incubation at 37° 
C. for 16 hr. Lys C and Lys N digests were performed 
similarly. with the following differences as instrncted by the 
manufacturers ' protocols: the urea concentration was not 
diluted prior 10 addition of Lys C or Lys N, and incubation 
of proteins with Lys C and Lys N was al 37° C. for 16 hr and 
4 hr, respectively. Digestions w·ere quenched with TFA 10 
pH<3, and peptides were desalted using SepPak C I 8 SPE 
cartridges (Waters, Milford, Mass.). Digested peptides were 
divided into equal a liquots in triplicate, dried in vacuo, and 
d issolved in 60:40 ACN:0.5M T EAB pH 8.5 prior to label
ing. 

[0133] Proteiu Digest Labeling. 

[0134] Labeling was performed by addition of activated 
DiPyrO solution at a I 9: I or 25:1 or 50:1 label to peptide 
digest ratio by weight aud vortexing at room temperature for 
l hr. The labeling reaction was quenched by addition of 
hydroxylamine to a couceutration of0.25%, and the labeled 
peptide samples were dried in vacuo. Labeled samples were 
combined, cleaned with SCX Spin Tips (Protea Biosciences), 
and desalted with Omix C l8 pipette tips (Agilent Technolo
gies). 

[0135] LC-MS2- Peptide Samples. 

[0136] Labeled peptide samples were analyzed by 
nanoLC-MS2 using either a Waters nanoAcquity UPLC 
system (Milford, Mass.) coupled to a Thermo Scientific 
Orbitrap Elite mass spectrometer (San Jose, Calif.) or a 
Dionex Ultimate 3000 UPLC system coupled to a Them10 
Scientific Orbitrap Fusion Lumos. Samples were dried in 
vacuo and dissolved in 3% ACN. 0.1 % formic acid in water. 
Peptides were loaded onto a 75 µm inner diameter micro
capillary column fabricated with an integrated emiller tip 
and packlc,-d with J 5 cm of Bridged Ethylene Hybrid C J 8 
particles (1.7 ~un, 130 A, Waters). Mobile phase A was 
composed of water and 0.1% formic acid. Mobile phase B 
was composed of ACN and O.l % formic acid. Separation 
was perfonned using a gradient elution of5% to 35% mobile 
phase B over 120 min at a flow rate of 300 nU min. O n the 
Orbitrap Elite. survey scans of peptide precursors from 
380-1600 m/z were performed at a resolving power of 120 
k or 240 k (@ 400 m/z) with an AGC target of 5xl05 and 
maximum inject'ion time of 150 ms . The top fifteen precur
sors were then selected for CID MS2 analysis in the LTQ in 
rapid scan mode with an isolation width of 2.0 Da, a 
normalized collision energy (NCE) of 30. and anAGC target 
o.f lxlif, and maximum injection lime of JOO ms. Precur
sors were subject to dynamic exclusion for 20 s with a :!:0.05 
m/z tolerance. On the Orbitrap Fusion Lumas, survey scans 
of peptide precursors from 350-1500 m/z were performed at 
a resolving power of 500 k (@ 200 m/z) with an AGC target 
o.f lxl05 and maximum injectio n time of 100 ms. The top 
fifteen precursors were then selected by quadrupole isolation 
for HCD MS2 analysis in the LTQ in rapid scan mode with 
an isolation width of0.7 Da, an NCE of 30, anAGC target 
of 1 xl04

, and maximum injection time of35 ms. Precursors 
were subject to dyna mic exclusion for 20 s witb a :!:0.05 m/z 
tolerance. 
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(0137] Data A1rnlysis-Peptide Samples. 
[0138] Mass spectra were processed using either Proteome 
Discoverer (version J .4.0.288, Thermo Scientific) for the 
non-isotopic DiPyrO experiments or MaxQuant (version 
1.5.5. l ) for t11e triplex DiPyrO experiments. Raw files were 
searched against the UniProt Saccharomyces cerevisiae 
complete database in Proteome Discover using the Sequest 
HT algorithm or in MaxQuant using t11e Andromeda algo
rithm. ln Proteome Discoverer, searches were performed 
with a precursor mass tolerance of 25 ppm and a fragment 
mass tolerance of 0.6 Da. Static modifications consisted of 
non-isotopic DiPyrO labels on peptide N-termini ( +248. 
16372 Da) and carbamidomethylation of cysteine residues 
(+57.02146 Da). Dynamic modifications coosisted of non
isotopic OiPyrO labels on lysine (K) residues and oxidation 
of methionine residues (+248.16372 Da). Peptide spectral 
matches (PSMs) were validated based on q-values to 1 % 
FOR using percolator. In MaxQuant, modifications for 
DiPyr00041 (+254.15610 Da), OiPyr02220 (+254.17705 
Da), and DiPyr00600 ( +254.20138 Da) were specified as 
N-tem1 and K labels for standard quantification. First search 
peptide tolerance was set to 20 ppm and main search pept1de 
tolerance was set to 4.5 ppm (Fusion Ltunos) or 10 ppm 
(Elite). Static modificatiou of carbamidomethylation of cys
teine residues and variable modification of oxidation of 
methio1tine residues were chosen. The ITMS MS/MS match 
tolerance was set to 0.6 Oa. Proteins and PSMs were filtered 
to l % FDR. All other parameters remained at default. For 
quantification, a minimum ratio count of J was specified, 
and al l pept1des were used. 
(0139] Filter-Alded N-Glycan Separation. 
(0140] Glycoprotein (2 µg/p.L dissolved in SO mM TEAB 
buffer) was mixed with 4 ~LL 0.SM TCEP. The protein was 
heat denatured by alternating sample tube between 100° C. 
and room temperature water batlls four times at 15 seconds 
each. Tiie mixture was then added to a 30K MWCO filter 
and buffer exchanged with 200 µL SO mM TEAB buffer 
(ceutrifoged at 14,000xg for 20 min at 20° C. three times) 
and incubated with PNGaseF (1 µL PNGaseF/10 ~Lg protein) 
for 18 hours at 37° C. The released glycosylamines were 
separated from the de-glycosylated protein by centrifugation 
at 14,000xg for 20 minutes at 20° C. The resulting N-gly
cosylamines were then evaporated to dryness under vacuum 
and used for labeling immediately. 
(0141) Glycan Labeling. 
[01421 Labeling was performed by additfon of activated 
DiPyrO solution to the dried glycans at a 25:1 label to 
original glycoprotein mass ratio (by weight) and vortexing at 
room temperature for I hr. The labeling reaction was 
quenched by addition of hydroxylantine to a concentration 
of 0.25%, the labeled glycan samples were combined, 
cleaned with an Oasis HLB cartridge (Waters), and dried in 
vacuo. 
(0143] LC-MS2- Glycau Samples. 
[0144] Labeled glycan samples were analyzed by na110-
HILIC-LC-MS2 using a Oionex Ultimate 3000 UPLC sys
tem coupled to a Thermo Scientific Orbitrap Q-Exactive HF. 
Samples were dried in vacuo and dissolved in 80% ACN in 
water. Peptides were loaded onto a 75 ~un inner diameter 
microcapillary column fabricated witll an integrated entitter 
tip and packed witll 30 cm of PolyGLYCOPLEX A particles 
(Poly LC). Mobile phase A was composed of ACN and 0.1 % 
fomuc acid. Mobile phase B was composed of water and 
0.1 % formic acid. Separation was perfonned using a gradi-
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ent elution of 25% to 45% mobile phase B over 40 min at 
a flow rate of 300 nL/min. On the Q-Exactive HF, survey 
scans of precursors from 300-2000 m/z were performed at a 
resolving power of 240 k (@ 200 m/z) with an AGC target 
of lxl06 and maximum injection time of 100 ms. The top 
five precursors were then selected for HCD MS2 analysis 
with an isolation widtll of2.0 Da and a normalized collision 
energy (NCE) of 27. Precursors were subject to dynamic 
exclusion for IO s. 
[0145] Rationale and Design Considerations of the 
OiPyrO Mass Defect Tags. 
[0146] NeuCode SILAC has established mass defect
based isotopic labeling as a viable MS quantitative approach 
tllat possesses several advantages over traditional SJLAC. 
However, the technique is still limited to metabolic incor
poration. The application ofSlLAC to mammals (SlLAM), 
such as transgeruc mice for studies of physiology or disease, 
reqttires feeding of heavy-labeled diet for weeks or for 
multiple generations of animals prior to harvest1ng of tissues 
(Wu et al., AJrnl Chem, 2004, 76:4951-4959; McClatchy et 
al., J Proteome Res, 2007. 6:2005-20 IO; and Rau111yar et a l. , 
Methods, 2013, 61 :260-268). The rate of incorporation into 
tissue occurs at differing rates for differing tissues, and 
incorporation is not complete. Integrating the NeuCode 
approach into SJLAM requires that a diet of feed contai111ng 
expensive mass defect-based lysine isotopologues be pro
vided as the only protein source for weeks. 
(0147] In contrast, a chentical labeling approach can con
veniently impart mass defect signatures into any biological 
sample, regardless of origin, with lugh labeling efficiency. A 
chemical labeling approach can also be more cost-effective 
for ma1llllla1ian samples, provided that the label is easily 
synthesized using readily avrulable reagents, since labeling 
reagents are needed in smaller quantities in proportion to the 
amount of protein extract rather than ll1e dietary needs of 
fostering the arumals. Furtl1er. a chentical tag's strncture is 
not limited to a single antino acid and can be custom 
designed to carry many more isotopes. Thus, translating the 
NeuCode strategy to a chemical reagent format would a llow 
it to be applied to a wide variety of samples and increase 
multiplexing capacity. This logic inspired Herbert et al to 
develop amine-reactive NeuCode labels feantring mass 
defect-based isotopologues that difler in mass by 12.6 mDa 
(Hebert et al., Mol Cell Proteomics, 2013, 12:3360-3369). 
The tag is comprised of tliree amino acids- acetylarginine 
(AcArg). acetyllysine (AcLys), and glycine-and NHS ester 
amine-reactive group. A total of six heavy carbon and 
nitrogen isotopes are incorporated onto the AcArg and 
AcLys groups in four co11flguratfons 10 create a 4-plex set 
that spans 37.8 rnDa. Whlle these labels are suitable for 
demonstrating tlle concept, their synthesis is moderately 
complex and requires multiple protected isotopic arn1no 
acids, which are expens ive, and the resulting tag is exceed
ingly bulky, adding a nominal mass of 431 Da per tag to 
labeled peptides. 
[0148] Distinguishing between peptides at the MS' level 
tllat carry such mass defect signatures demands resolving 
powers accessible only to sophjsticated Orbitrap and FT
ICR MS platforms. Hebert et al calculate that a resolving 
power of240K is required to sufficiently resolve the 36 mDa 
difference between two particular NeuCode lysine isotopo
Jogues, 13C/ H0

15N2 and 13C0
2H8 

15N0 • and allow quanti fi
cation of >85% of tryptic peptides in a typical sample.22 

Quantifying -95% of peptides spaced by 12.6 mDa or 6.3 
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mDa necessitates resolving powers of 480K and 960K, 
respectively; as such, the amine-reactive NeuCode labels 
were restricted to 12.6 mDa mass differences (Hebert et al., 
Mol Cell Proteomics, 2013, 12:3360-3369). 

(0149] Mass defect-based multiplexing scales with reso
lution by allowing more isotopologue variants, and a 
12-plex version of the amine-reactive NeuCode tags with 
isotopologues differing in mass by 6.3 mDa was reported 
(Hebert et al., "FTMS enabled neturon-encoded chemical 
tags: 4, 12, and 36 plexes" presentation, 2013, pp. 1-79). 
111ese tags carry twelve nitrogen atoms spread across five 
amino acids to achieve a mass difference of 69.5 mDa 
between the lightest ('3C0 '

5N u) and heaviest (13C11 '
5N0 ) 

variant. Based on theoretical calculations, a resolving power 
of 960K should be sufl.icient for distinguishing between 
peptides with a 6.3 mDa mass defect, but an FT-lCR 
resolving power of 1.6M was required to overcome coales
cence and sufficiently resolve all twelve peaks of a labeled 
yeast peptide with m/z -814. The resolution requirement 
pushes the boundaries o f what is currently possible with MS 
instmmentation, and the immense size of the tag (>650 Da) 
shows what great lengths are necessary for high levels of 
mass defect-based multiplexing at the MS1 level. While the 
tags are certainly functional in narrowly focused, proof-of
principle experiments, they intend only to indicate the 
potential of mass defect-based quantification rather than 
serve as practical tools for acn1al quantitative proreomics 
experiments. A tag t11at stays with.in the reasonable bounds 
o f a typical quantitative proteomics workflow is needed to 
bridge the gap between NeuCode SJ LAC and mass defect
based chemical labels and make the approach more acces
sible. 

(0150] In terms of practical considerations necessary for 
chemical tag design, simplicity and accessible synthesis are 
critical. Several other criteria must also be met for a mass 
defect-based c hemical tag. The structure should be compact 
and offer a high density of nitrogen atoms, to impart 
negative mass defects with 15N, while also providing a 
straightforward avenue for incorporation o f 13C, 2 H, and 180 
to impart positive mass defects. Incorporating these isotopes 
should also be inexpensive. As a starting point, an amino 
acid can be a good candidate because of the wide availability 
of isotopic amino acids as well as the benefit of retaining 
native fragmentation pathways. Arginine is the best option 
as it possesses four nitrogen atoms. N,N-dimethylation 
allows addition of up to six 2.H isotopes to impart a sub
stantial combined mass defect of +37.662 mDa, and it also 
allows the researcher to tailor an isotopologue with two 13C 
isotopes. tso exchange adds two isotopes but contributes a 
modest +4.245 mDa mass defect, which synergizes well 
witll the four 15N isotopes tllat impart a - 11.860 rnDa mass 
defect. These two simple syntl1etic steps enable the efficient 
use of six total isotopic positions and create a light tag and 
a heavy tag that differ in mass by 45.277 mDa. By using as 
many as ten isotopic positions, light and heavy tags that 
differ in mass by 54.50 rnDa can be created. lt should be 
noted that the use of 2H isotopes is key to achieving a 
sufficient mass defect di:ticrence between the lightest and 
heaviest labels without requiring coupling several amino 
acids to increase the nlllllber of nitrogen atoms and that 
incorporating 2H isotopes by formaldehyde dimethylation 
allows keeping the tag size compact and the synthesis simple 
and accessible . Deuterium atoms are often a cause for 
concern due to their effect of chromatographic retention time 

18 
Oct. 18, 2018 

during reversed-phase liquid chromatography (RPLC), but 
research has indicated tlJat placing 2H atoms around the 
polar amine on the second carbon of an amino acid decreases 
their interaction with RPLC stationary phase a11d mi11imizes 
retention time shifts due to the deuterium effect (Zhang et 
al., Anal Chem, 2002, 74:3662-3669; and Greer et a l., J Arn 
Soc Mass Spectrom, 2015, 26:107-119). 

[0151) Unfortunately, arginine is not part.icularly ideal as 
a chemical tag based on its polarity, basicity. and hydrophi
licity. 111is character is a direct consequence of the side
cbain guanidino group and affects other criteria that must be 
considered: label purification & activation, and chromato
graphic retention, ionization, & fragmentation of labeled 
peptides. The synthesized tag needs to be isolated easily and 
recovered at high yield, but unprotected amino acids, espe
cially polar, hydrophilic ones like arginine, can make puri
fication by traditional small molecule purification tech
niques (i.e. liquid-liquid extraction, recrystallization, 
precipitation, flash column chromatography) particularly 
challenging. The hydrophilicity of arginine would decrease 
overall hydrophobicity of labeled peptides and reduce tlJeir 
retention during C l 8 SPE cleanup and RPLC separation. 
While the basicity of arginine will facilitate ionization of 
labeled peptides. fragmentation will y ield little sequence 
information since argi11ine sequesters protons and severe ly 
suppresses cleavage of the peptide backbone (Tang et a l., 
Anal Chem, 1993, 65:2824-2834: Dikler et al.. J Mass 
Spectrom, 1997, 32:1337-1349; and Sullivan et al., Int J 
Mass Spectrom, 2001. 2 10-211 :665-676). Additionally, pep
tides wi th low charge states are more successfully sequenced 
than those witlJ high charge states following CID/HCD 
fragmentation (Swaney et al.. Nat Meth. 2008, 5:959-964): 
by labeling peptides with one or two basic arginine residues, 
their charge state would be increased by + I or +2 a nd their 
fragmentation and sequence identification would be hin
dered. This Jong list of complications can be addressed by 
derivatizing tlle g11anidino group to attenuate its basicity and 
increase hydrophobicity. Such strategies have been 
employed previously to improve the fragmentation and 
sequencing of arginine-containing peptides (Dikler et al. , J 
Mass Spectrom, 1997, 32:1337-1349; Sullivan et al, Int J 
Mass Spectrom, 2001 , 210-21 I :665-676; Morris et al., Bio
chemical and Biophysical Research Conummications 1973, 
51: 247-255; Kuyama et al., 2008, 22: 2063-2072; Foet
tinger et al., J Mass Spectrorn, 2006, 41 :623-632; Leitner et 
al., J Mass Spectrorn, 2003, 38: 891-899; Lindner et al., Anal 
Chim Acta. 2005. 528: 165-173; Leitner et al., J Mass 
Spectrom, 2007, 42:950-959; Onofrejova et al. , J Sep Sci, 
2008, 31: 499-506; and Dongre et al., J Arn Chern Soc, 1996, 
118:8365-8374). 

[0152] Specifically, several researchers have found it use
fol to convert the guanidinium to a pyrimidine by reaction 
with acetylacetone (Dikler e t al., J Mass Spectrom, 1997, 
32:1337-1349; Sullivan el al., lni J Mass Spectrom, 2001 , 
210-211:665-676; Morris et al., Biochemical and Biophysi
cal Research Collllllunications 1973, 51: 247-255; and 
Kuyama et al., 2008, 22: 2063-2072). By applying this 
particular strategy to the design of the present mass defect 
tag, the resulting dimethyl arginine derivative can acrually 
increase chromatographic retention, improve electrospray 
ionization. and enhance tandem mass fragmentation of 
labeled peptides. 
(0153] 111e general structure of DiPyn) mass defect tags 
in an e mbodiment described herein is composed of an 
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N5(4,6-dimethyl-2-pyriL1Jidinyl)-N'',N"'-dime1hylomi1hine 
and an amine-reactive triazine es1er group for selective 
modification of peptide N-tennini and lysine side chains 
(FlG. IA). In an embodiment, the dimethyl pyrimidiuyl 
omithine stmcture features a total of six heavy stable 
isotopes (DiPyr06

) in varying configurations to yield unique 
mass defect-based isotopolog11es differing in mass by up to 
45.28 mDa. Synthesis of this DiPyrO reagent (FIG. 8) is 
accomplished in just a few steps: dimethylation of argin.ine, 
derivatization of dimethyl arginine w ith ace1ylace1one, and 
activation to fonu the triazine ester. Toe unactivated DiPyrO 
tag is highly pure following synthesis (FIG. 9) and can be 
stored until ueedcd, at which point activatiou with DMTMM 
is perfonned immediately prior 10 labeling. Each incorpo
rated DiPyr06 tag adds a moderate mass of 254 Da to the 
labeled peptide. Using only commercially available isotopic 
starting materials, a 2-plex, 3-plex set, a 4-plex set, and a 
6-plex set ofDiPyr06 tags can be formulated with respective 
minimum mass defects of 45.28 mDa, 20.95 mDa, 12.64 
mDa, and 8.31 mDa between tags (FJG. 18-E). An 8-plex 
DiPyr06 set with a mass defect of 5.84 mDa (FJG. I F) is 
aJso possible with two custom isotopic arginines. FIG. 15 
illustrates 11 DiPyr06 iso1opologues, including the isotopic 
positions for each isotopologue, which can make up various 
multiplex sets in an embodiment of the invention. 

[0154) Additionally, the use of DiPyrO isotopologues with 
two or ten heavy isotopes. DiPyr02 and DiPyr010

• further 
allows for the creation of additional multiplex sets of tags 
with nominal masses of250 Da and 258 Da (FIG. 2 A-B) that 
can be used in coqjtmction with the 254 Da tags in a hybrid 
mass difference/mass defect quantification approach to 
increase multiplexing with 4 Da mass difference-spaced 
clusters of mass defoct-based cha1mels. Jsotopologues of the 
DiPyr02 variant can be configured into 2-plex, 3-plex, and 
4-plex sets with respective minimum mass defects of l 8.48 
mDa, 8.31 mDa, and 5.84 mDa. lsotopolog11es of the 
DiPyr010 variant can be configured into 2-plex, 3-plex, 
4-plex. 5-plex, 6-plex, 9-plex. and 10-plex with with respec
tive minimum mass defects of 54.50 mDa, 26.79 mDa, 17.53 
mDa, 12.64 mDa, 9.22 mDa, 5.28 mDa, and 5.84 mDa. In 
an embodiment, the isotopically enriched compound or 
compom1ds are characterized by a fomu1la depicted in FIG. 
15, FJG. 27 o r FJG. 28. 
(0155) Possible isotopic configurations and the re lative 
mass defects between the different DiPyr06 isotopologues of 
the 2-plex, 3-plex. 4-plex, 6-plex, and 8-plex sets of FIGS. 
1B-IF are further shown in FlG. 3. Similarly, FIG. 4 shows 
heavy isotope con.figurations and relative mass defect spac
ing of an isotopically labeled lysine (K) able to be used in 
NeuCode SJLAC. AJso shown in FIG. 4 is the resolving 
power needed to identify different amounts of a yeast 
proteome using the NeuCode-Jabeled lysine for the di1forent 
mass defect spacing (see Merrill et al., Mol Cell Proteomics, 
20 I 4. 13:2503-2512). A library of approximately 8,000 
unique DiPyrO-labeled yeast tryptic peptides identified by 
data-dependent LC-MS/ MS was used to assess the Orbitrap 
resolving power necessary to resolve the multiplets of each 
multiplex set (FIG. 5) . A peptide is considered resolvable, 
and thus quantifiable, if its m/z difference is larger than its 
width at 10% maximum peak height. 

[0156] DiPyr06 quantificatfon is achievable on Orbitrap 
MS platforms at respective resolving powers of 120-140 k 
for 2-plex (Orbitrap Fusion, Orbitrap Elite, Q-Exactive HF, 
Q-Exactive), 240 k for 3-plex (Orbitrap Fusion, Orbitrap 
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Elite, and Q-Exactive I-JF), and 2:480 k for 4-plex and 6-plex 
(Orbitrap Elite and Orbitrap Fusion). Quantification with 
4-plex DiPyr02

, 8-plex DiPyr06
, or 10-plex DiPyr010 tags 

would require a fon1re Orbitrap platform or current FT-ICR 
platform with a resolving power approaching one million in 
order to quantify >95% of aU peptides. Resolving power 
comparisons between DiPyr06 labeled yeast digests and 
NeuCode SJLAC yeast tryptic and Lys-C digests are further 
shown in PIGS. 6 a nd 7. DiPyrO tags permit greater mul
tiplexing than NeuCodc SILAC at each resolving power 
increment. 
[0157] The DiPyr02

, DiPyr06, and DiPyr010 variants 
with two, six, and ten heavy isotopes may be combined in a 
hybrid mass difference/mass defect quantificatiou strategy to 
increase multiplexing at a given resolving power. For 
example, combining 2-plex DiPyr02

, 3-p lex DiPyr06
, and 

4-plex DiPyr010 enables 9-plex quantification (FIG. 22) at 
RP 240 k, which is sufficient for resolving the 17 .53-24.33 
mDa mass defect between the tags in each of the clusters. 
Given an instrument capable of RP 960 k, the 4-plex 
DiPyr02, 8-plex DiPyr06• and 10-plex DiPyr010 sets may 
be combined to achieve 22-plex quantification. FIG. 27 and 
FJG. 28 illustrate 5 D iPyrO2 isotopologues and 18 DiPyr010 

isotopologucs. respectively, including tl1e isotopic positions 
for each isotopologue, which can make up various multiplex 
sets in an embodiment of the invention. With the exception 
of three of the 10-plex DiPyr010 isotopologues, the various 
DiPyr02 and DiPyr010 multiplex sets can be synthesized 
with commercially available isotopic starting materials. 

[0158] Characterization and Application of the DiPyrO 
Reagent. 
(0159) Prior to synthesis of the mass defect isotopolog11es, 
the DiPyrO reagent was characterized using a light version 
of the tag for labeling a nd LC-MS2 analysis of labeled 
complex protein digest samples. To assess the optimal 
collision energy for D iPyrO-labeled peptides, a labeled 
yeast tryptic digest was analyzed via LC-MS2 on the Orbi
trap Elite at CJD NCE values of 24, 27, 30, 33, 36, a nd 39. 
ln anotJ1er experiment, the HCD collision energy was 
assessed with a labeled BSA tryptic digest at the same NCE 
values. The resulting numbers of identified PSMs and 
median XCorr values were plotted as fonctions of NCE 
(FIGS. l0A-8). ln general, DiPyrO labeled peptides require 
reduced collision energy for good fragmentation. While the 
difference in sample used between the two experiments does 
not allow fair comparison of CID and HCD, it is observed 
that an NCE vaJue of30 yields high numbers of high quality 
spectra and is suitable for botJ1 CJD and HCD. 

[0160) To optimize the reaction times for activation and 
labeling, a yeast tryptic digest was labeled and evaluated 
under a number of conditions based on the number of 
identified proteins & peptides and the number PSMs con
taining the DiPyrO label . Activation reactions were carried 
out for 30 min or I hr, and labeling was carried out for 30 
min, I hr, 2 hr, and 4 hr. Following LC-MS2 analysis on the 
Orbitrap Elite using a 120 min gradient for each sample 
(data not shown), it was determined that 30 min activation 
was sufficient, whereas 60 min activation yielded 11 % fewer 
protein groups and 15% fewer peptides. 171e 30 min labeling 
was sufficient, being fairly on par with the 1 hr labeling, 
while the 2 hr and 4 hr labelings slightly reduced the number 
of protein a nd peptide identifications. 
[0161) To assess labeling etJicicncy, yeast digests (tl)'psin, 
Lys C) were labeled for I hr (see generally FIG. 11) at a 25: I 
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or 50:l label to peptide ratio and analyzed on the Orbitrap 
Elite with an MS' resolving power of 120K over a 120 min 
elution gradient with CID fragmentation. Tue data was 
searched with DiPyrO tags specified as dynamic or static 
modifications on N-term and K residues to evaluate labeling 
efficiency. The numbers of identified protein groups, pep
tides, and PSMs are summarized in Table l below. 

TABLE 1 
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for 480 k), necessary for distinguishing mass defect signa
tures, is acquired in Orbitrap while the LTQ simultaneously 
performs CID MS2 analysis of the top N precursors. This 
greatly reduces the impact of the high resolution MS I scan 
on the overall duty cycle and results in greater numbers or 
acquired spectra. Three analyses were performed: 120 k 
FT-MS1 & HCD 15 k FT-MS2; 120 k FT-MS 1 & CID rapid 

DiPwO-l•beled vensi protein & pep1ide identification rat<,; aJtd labclinn efficiency. 

Proteins Peptides PSMs w/K N&Kmod 

Trypsin 50:1, Oyn N&K 978 3966 8327 6012 5939 
% Efficiency 98.8% 
Trypsin 25:1. Dyn N&K l013 4289 Ill l9 7925 4848 
% Efficiency 6 1.2% 
Trypsin 50:1. Stal N&K 1007 41 35 8625 6136 6136 
% Eflicicncy 100.0"/o 
Trypsin 25: l, SL•l N&K 927 3642 7596 4763 4 763 
% Efficiency 100.0"/o 
Lys C 50 :1. Dyn N&K 777 2307 5019 4881 4631 
% Efficiency 94.9% 
Lys C 25:1. Dyn N&K 799 3085 8779 8646 5067 
% Efliciency 58.6% 
Lys C 50:1. Stat N&K 793 2435 5090 4931 493 1 
% Ef11cicncy 100.0"/o 
Lys C 25:1. Stal N&K 695 2359 5 100 4991 4991 
% E fficiency 100.0"/o 

(0162] When DiPyrO is specified as a dynamic mod on 
both N-term & K, overall labeling efficiency is excellent at 
a 50:J label 10 peptide ratio, with over 99% of peptides 
carrying at least one DiPyrO tag. Nearly 99% or tryptic 
peptides containing lysine are labeled with two tags, and 
nearly 95% of Lys C peptides containing lysine are labeled 
with two tags. 

(0163] By incorporating two DiPyrO tags onto each pep
tide, the measured mass defect signanire between channels 
is doubled, and the resolution required for quantification is 
reduced. To ensure that a ll peptides in a sample can accou1-
modate two tags, Lys C or Lys N can be used as the enzyme 
for digestion to produce proteolytic peptides with lysine on 
the C -tenninal side or N-tenninal side, respectively. Since 
the DiPyrO tag is moderate in size, the presence of two tags 
does not severely limit analysis of labeled peptides. While 
the average Lys C and Lys N peptide is longer lhan the 
average tryptic peptide, they also tend to carry higher charge 
states due to internal arginine. The data from the labeling 
efficiency experiment, s11mmarized previously in Table 1, 
indicates that trypsin digestion provides a greater number of 
protein identifications than Lys C digestion, by about 25%, 
and greater numbers of peptide identifications as well. At a 
label to peptide ratio of 1 :50, labeling with two tags occurred 
at a slightly lower rate for Lys C peptides (94.9%) than for 
tryptic peptides (98.8%), though the overall labeling (either 
N-tenn or K) efficiencies were equal (99.8%). 

(0164) The identification rates of CID and HCD fragmen
tation modes were then compared. During data dependent 
acquisition on the Orbitrap Elite using HCD, any MS1 scans 
acq11ired in the Orbitrap must be completed before subse
quent HCD MS2 scans can be acquired. However, the 
Orbitrap Elite is capable of parallel MS I acquisition in the 
Orbitrap (FT) and CID MS2 acq11isition in the ion trap (IT). 
ln tl1is configuration, the time-intensive, high resolution 
MS1 transient (384 ms for 120K, 768 ms for 240 k, -1.6 ms 

Kmod N mod N orK 

5987 8261 8309 
99.6% 99.2% 99.8% 

7332 8021 10505 
92.5% 72.1% 94.5% 

485 1 4787 5007 
99.4% 95.4% 99.8% 

8177 5503 8613 
94.6% 62.7% 98.1% 

scan JT-MS2
; 240 k FT-MS 1 & CID rapid scan IT-MS2

. The 
numbers of identified protein groups, peptides, and PSMs, 
and acquired spectra are summarized in Table 2. At an MS1 

resolving power of 120 k, par<1llel CJD IT-MS2 acquisition 
collects nearly twice as many spectra as does HCD FT-MS2 

and results in 44% more protein groups, 35% more peptides, 
and 48% more PSMs. Doubling the MS I resolving power to 
240 k reduces the number of collected spectra by 10% which 
results in 7% fewer protein groups. 5% fewer peptides, and 
10% fewer PSMs . 

TABLE 2 

DiPyr0-1:,beled ye~~ pro1ein & peptide idcnlific~tion rates -
HCD vs. C ID. 

Proteins Pep1ides PSMs DiPy,O Mod Spectra 

120k MS ' & HCD 637 2987 5861 5770 l5527 
% w/ niod 98.4% 
120k MS 1 & C ID 918 4036 8693 8570 30013 
% wl mod 98.6% 
240k MS 1 & C ID 851 3824 7810 7689 26969 
% w/ mod 98.5% 

10165] To evaluate the effect of DiPyrO labeling on pep
tide identification, nanoLC-MS2 analyses of labeled and 
unlabeled yeast extract digest samples were compared using 
HC D fragmentation. Normaliw<l collision energy values of 
30 for the labeled sample and 35 for the unlabeled sample 
were specified while other acquisition parameters were 
equal. The peptide charge state, peptide length, and XCorr 
value distributions across identified PSMs were plotted as 
histograms to compare between samples (FIGS. 12A-C). It 
was observed that DiPyrO labeling leads to moderate charge 
state enhancement- labeled peptides are more evenly dis
tributed between 2+ and 3+ charge states at 42% and 47%, 
respectively, while unlabeled peptides are largely 2+(77%), 
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and 4+ charge state is likewise higher for labeled peptides 
(9%) than for unlabeled (2%). Labeling also enhances 
detection and identification of short peptides with 6-8 amino 
acids (21.6% labeled compared to I 2.5% unlabeled). lnter
estingly, labeling enhances the overall quality of MS2 spec
tra, as the distribution ofXCorr values spreads considerably 
further towards higher values-31 % of PSMs have an XCorr 
of 3.0 or greater in the labeled sample compared to 11 % in 
the tmlabeled sample, while 14% of labeled PSMs have an 
XCorr of 4.0 or greater compared 10 1% of unlabeled PSMs. 
This increase in identification confidence indicates that the 
DiPyrO tag enhances the fragmentation of peptides into 
sequence-infonuative product ions. An example BCD MS2 

spectrum of a DiPyrO yeast tryptic peptide yielding high 
coverage of b- and y-ions is shown (FIG. 13). TI1e labeled 
peptides produced a large number ofb- and y-ion fragments 
allowing for more confident peptide sequence identification. 
(0166] Fragmentation of DiPyrO-labeled peptides yields 
characteristic :fragment ions in the low mass region of BCD 
MS2 spectra which are analogous to isobaric tag reporter 
ions (FIG. 14A). The non-isotopic DiPyro tag gives rise to 
an intense ion at rn/z 176.12 and lower intensity ions at rn/z 
204. I J, 221.18, and 249.J 7. A multiplex set will give rise to 
several ions in four clusters due to the different isotopic 
configttrations of each tag (FIG. 148) . While these ions 
could be used for MS2-level quantification in the same 
manner as isobaric tag reporter ions, they will be subject to 
the same ratio distortion that arises due to precursor co
isolation. Since multiplex DiPyrO-Iabeled peptides produce 
several of these peaks, there is potential for the peaks to 
complicate peptide sequence identification using database 
search algorithms. especially if they share their mass with a 
peptide backbone fragment ion mass. It was recently 
reported that deconvoluting MS2 spectra and removing 
reporter ions can increase confidence in identification of 
labeled peptides (Sheng et al., Mol Cell Proteomics, 201 S, 
14: 405-417). It would likely benefit identification of 
DyPyrO-labeled peptides to preprocess MS2 spectra to 
remove these signature ions. 
(0167] Application of the Duplex and Triplex DiPyr06 

Tags for Labeling and Analysis of Complex Yeast Digest 
Samples. 
(0168] Data was collected from the application of duplex 
and triplex DiPyr06 tags for labeling and analysis of com
plex yeast digest samples. A yeast tryptic digest sample was 
labeled in duplex with a light DiPyrO004 1 ('

8O 15N4 ) and 
heavy DiPyr00600 (

2 H6) tag, combined, and analyzed via 
nanoLC-MS2 on an Orbitrap Elite system using a 120 
minute elution gradient (FIG. 1.6). The base peak ion (BPl) 
chromatogram was obtained and an FT-MS scan was 
acquired in the Orbitrap mass analyzer at a resolving power 
(RP) of 120 k at retention ti.me (RT)=66.4 minutes. The 
extracted ion chromatograms of a DiPyr06-labeled peptide 
detected with charge state 2+ and 3+ at n:i/z 642 and 963 are 
also shown along with the isotopic peak clusters with 
baseline-resolved peaks for the light- and heavy-labeled 
samples (FIG. 16). Extracted ion chromatograms of several 
DiPyr06-labeled peptides detected in the aforementioned 
sample are illustrated in FlG. 17 alongside the peptides' 
isotopic peak clusters, showing baseline-resolved peaks for 
the light- and heavy-labeled samples. 
(0169] A yeast tryptic digest sample was labeled in triplex 
with light DiPyr00041 (180JSN4) , medium DiPyr02220 

(13 C/ fI2
15 N2) and heavy OiPyr00600 (2H6) tags, combined, 

21 
Oct. 18, 2018 

and analyzed via LC-MS on an Orbitrap Blite system using 
a 120 minute elution gradient (FIG. 18). The BPl chromato
gram was obtained and an FT-MS scan was acquired in the 
Orbi trap mass ana lyzer. Tiie isotopic peak clusters of a 
peptide at 111/z 777 detected in back-to-back FT-MS scans at 
RP 30 k and 240 k are a lso shown. The differentially labeled 
peptide samples are indistinguishable at RP 30 k, but are 
evident at 240 k. enabling quantification by comparison of 
the three peaks arising from the light, medium, and heavy 
DiPyrO-labeled samples. This peptide was detected with a 
3+ charge state and was labeled with a single DiPyrO tag at 
the N-terminus. The triplex DiPyrO-labeled peptide peaks 
are baseline resolved at 240 k. but not at 120 k (FIG. 19). 
[0170] FIG. 20 shows similar data from a yeast sample 
labeled in triplex with a light DiPyr00 041 tag, medium 
DiPyr02220 tag and heavy DiPyr00600 tag in a 2: 1 :2 ratio, 
respectively, and analyzed via LC-MS on an Orbitrap Elite 
system. Isotopic peak clusters of peptides at rn/z 4 71, 628 
and 942 detected in back-to-back FT-MS scans at RP 30 k 
and 240 k are shown. The differentially labeled peptide 
samples are indistinguishable at RP 30 k, but are evident at 
240 k. enabling quantification by comparison of the three 
peaks arising from the light, medium, and heavy DiPyr06 -

labeled samples. After processing with MaxQuant (version 
J .S.S.!) software, approximately 76% of identified proteins 
and 64% of identified peptides were successfully quantified 
using the triplex DiPyr06 tags. 
[01.71] A comparison was performed between a tryptic 
peptide carrying a single DiPyrO tag with a lryptic peptide 
carrying two DiPyrO tags (FIG. 21) . The tryptic peptide with 
an N-terminal amine and a C-terminal arginine (R) residue 
carried a single tag. while the peptide with an N-terminal 
amine and a C-terminal lysine (K) residue, with side-chain 
amine, carried two tags thereby doubling the imparted mass 
defect and was more readily baseline resolved at RP 240 k. 
Doubling the mass defect difference between channels can 
enable multiplexed analysis at lower resolving powers. 
[0172) Application of the duplex DiPyr06 tags for label
ing and analysis of metabolite standards. A sample contai11-
ing a mixture of amine-containing metabolite standards
amino acids phenylalanine (165.0790 Da), tryptophan (204. 
0899 Da), and leucine/isoleucine (131.0946 Da)- was 
dissolved in in 0.5 M TEAB butler and labeled in duplex 
witl1 a light DiPyrO0041 (16N4

18O; +254.1561) tag and a 
heavy DiPyrO0600 (2H6 ; +254.20138) tag at a 25:1 ratio (by 
weight) of tag to metabolite standard for l hour. The labeled 
samples were combined at a 2:1 ratio and analyzed via 
nanoLC-MS2 on an Orbitrap Elite system using a 30 minute 
elution gradient. FJG. 23 shows FT-MS scan spectra 
acquired in the Orbitrap mass analyzer at RP 120 k along 
with the extracted ion chromatograms of each DiPyrO
labeled amino acid detected with charge state I+ at rn/z 420, 
459, and 386. The isotopic peak clusters show baseline
resolved peaks for the light- and heavy-labeled samples. 
[0173] Application of the duplex DiPyrO6 tags for label
ing and analysis of glycans. Ovalbumin glycoprotein stan
dard was denatured and g lycans were released with 
PNGaseF overnight. Released N-glycosylamines were sepa
rated from the deglycosylated protein by centrifugation at 
14,000xg. To detem1ine appropriate labeling conditions, the 
freshly released glycans were either dissolved in 05 M 
TEAB buffer or dried completely prior to addition of freshly 
activated non isotopic DiPyrO tag (in dry DMF) at 25: I or 
SO: I ratio (by weight) of tag to origina l glycoprotein mass. 
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Labeling of dried g)ycans resulted in efficient labeling in I 
hour. FlG. 24 shows the labeling efficiencies of the identified 
glycans for the 25: I and 50: I ratio samples following 
MALDI-MS analysis on a MALDJ Orbitrap LTQ XL system 
and comparison of signal intensities of unlabeled and 
labeled glycan peaks. A 50:1 ratio provides nearly complete 
labeling for all but one high-mass N-glycosylamine. 
MALDI-MS spectra of abundant unlabeled and labeled 
glycans detected in the mass range of 1200-2000 m/z are 
shown in FIG. 25. 
[0174] Freshly released g)ycan samples were then dried 
and labeled in duplex with a light DiPyr00041 (1 5N4

180 ; 
+254.1561) tag and a heavy DiPyr00 600 (2H6; +254.20138) 
tag, combined at a J: I ratio. and analyzed via nanoHlLIC
LC-MS2 on an Orbitrap Q-Exactive HF system using a 40 
minute elution gradient. FIG. 26A shows an example FT-MS 
scan spectrum acquired in the Orbitrap mass analyzer at RP 
240 k of a DiPyrO-labeled glycan doublet at m/z 858.9 along 
with the extracted ion chromatograms of the light- and 
heavy-labeled samples. The isotopic peak clusters show 
baseline-resolved peaks for the light- and heavy-labeled 
samples. FlG. 26B shows the annotated HCD FT-MS2 

spectrum of the doublet at m.lz 858.9 containing a complete 
set of fragment ions for confident structural idenrification of 
the DiPyrO6-labeled glycan. 
(0175] Conclusions. The synthetic reaction steps and con
ditions for the DiPyrO tags have been determined and 
several isobaric multiplex sets comprised of isotopologues 
carrying six heavy isotopes have been successfully synthe
sized. Complex yeast digest samples have been labeled and 
analyzed by nanoLC-MS2 on the Orbitrap Elite to evaluate 
fragmentation of labeled peptides. Optimization of the label 
to peptide ratio for complete labeling of both N-tennini and 
lysine s ide-chains to double the mass defect and reduce the 
resolution required for analysis bas been perfonued for 
trypsin and Lys C digest samples. Quantification of t.ryptic 
peptide samples as well as double-labeled Lys C peptide 
samples was perfonned to compare resolving power require
ments and proteomic coverage. 111e mass defect-based 
duplex and triplex DiPyr06 sets have been used to demon
strate the performance of the tags for complex proteome 
quantification, amine-containing metabolite quantification, 
and N-glycosylamine quantification using high-resolution 
(RP 240 k) Orbitrap MS acquisition. Il1e work accom
plished thus far has yielded promising results and estab
lished the viabilil'y of the DiPyrO mass defect tags as a 
robust MS quantification approach. 
(0176) All references throughout this application, for 
example patent documents including issued or granted pat
ents or equivalents; patent application publications; and 
non-patent literal'ure documents or other source material; are 
hereby incorporated by reference hereiu in their entireties, as 
though individually incorporated by reference, to the extent 
each reference is at least partially not inconsistent with the 
disclosure in this application (for exan1ple, a reference that 
is partially iuconsistent is incorporated by reference except 
for the partially inconsistent portion of the reference). 
(0177] T he tem1s and expressions which have been 
employed herein are used as tem1s of description and not of 
limitation, and there is no intention iu 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 tbe scope of 
the invention claimed. Thus, it should be understood that 
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although the present invention bas been specifically dis
closed by preferred embodiments, exemplary 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 iuvention as defined 
by the appended claims. The specific embodiments provided 
herein are examples of usefol 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 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 numbe r o r 
optional composition and processing elements and steps. 
[0178] When a group of substiruents is disclosed herein, it 
is understood that all individual members of that group and 
all subgroups, including any isomers, enantiomers, and 
diastereomers or the group members, arc disclosed sepa
rately. When a Markush group or other grouping is used 
herein, all individual members of the group and all combi
nations 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 o r diastereomer of the compound is not speci
fied, for example, in a formula or in a chemical name, that 
description is intended to include each isomers and 
enantiomer o f the compound des<-Tibed individual or in any 
combination. Additionally, un less otherwise Spt--cified, all 
isotopic variants of compounds 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 deuteritm1 or tri
timu. Isotopic variants of a molecule are generally use fol as 
standards in assays for the molecule and in chemical and 
biological research related to the molecule or its use. Meth
ods 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 diiforently. 
[0179] Many of the molecules disclosed hereiu 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 quatemized (e.g., amines)]. All possible ionic 
forms of such molecules and salts thereof are intended to be 
iucluded individually in the disclosure herein. With regard to 
salts of the compounds herein, one of ordinary skill iu the art 
can select from among a wide variety of available counte
rions those that are appropriate for prepar.ition of salts of this 
invention for a given application. ln 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. 
[0180] Every fonuulation or combination of components 
described or exemplified herein can be used to practice the 
invention. unless otherwise stated. 
(0181] Whenever a range is given in the specification, for 
example, a temperature range, a time range, or a composi
tion or concentration range, all intem1ediate ranges and 
subranges, as well as all individual values included in the 
ranges given are intended to be included in the disclosure. lt 
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. 
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(0182) All patents and publications mentioned in the 
specification are indicative of the levels of skiJJ of those 
skilled in the art to which the invention pertains. References 
cited herein are incorporated by reference herein in their 
entirety to indicate tl1e 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 embodi
ments that are in the prior art. For example, when compo
sition of matter are claimed, it should be understood that 
compotu1ds known and available in the art prior to Appli
cant's invention, including compounds for which an 
enabling disclosure is provided in the references cited 
herein, are not intended to be included in the composition of 
maner c laims herein. 

(0183] As used herein, "comprising" is synonymous with 
"including," "contain.ing." or "characterized by," and is 
inclusive or open-ended and does not exclude additional, 
unrecited elements or method steps. As used herein, "con
sisting of' excludes any element, step, or ingredient not 
specified in the claim element. As used herein. "consisting 
essentially of' does not exclude materials or steps that do not 
materially alfoct the basic and novel characteristics of the 
claim. In each instance herein any of the terms "compris
ing", "consisting essentially of" and "consisting of' may be 
replaced with either of the other two tcm1s. TI1e invention 
illustratively described herein suitably may be practiced in 
the absence of any element or elements. limitation or limi
tations which is not specificaJly disclosed herein. 

(0184] It must be noted that as used herein and in the 
appended claims, the singular forms "a", "an". and "the" 
include pluraJ reference unJess 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 inter
changeably. TI1e 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 interchangeable with the 
expression "as in any one of claims XX-YY." 

(0185) 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 specifi
cally exemplified can be employed in the practice of the 
invention without resort to w1due 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 tem1s of description and not of limitat io n, and there is no 
intention that in the use of such tenns 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 feanires, 
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. 
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1-69. (canceled) 
70. A composit ion comprising an isoiopically enriched 

compotmd for use as a labeling reagent in mass spectrometry 
analysis, said compound having the formula (FXl): 

(FXI) 

wherein A is an amine reactive group, carbonyl reactive 
group, or thiol reactive group; 

wherein Z is a linking group; 
wherein each of R.3-R5 is independently a hydrogen, 

C 1-C4 all-yl or C 1-C4 acetyl, or wherein at least two of 
R3 -R.5 combine to form an 5 or 6 membered aromatic 
or alicyclic ring; 

wherein each of R1, R2 and R6 is independently a hydro
gen, C,-C4 alkyl or C 1-C4 acctyl; 
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wherein any number of carbons in the compound are 12C 
or 13C; 

wherein any number of nitrogens in the compound are 
t4N or isN; 

wherein any number of hydrogens in the compound are 
1H or 2H: 

wherein any number of oxygens in the compound are 160 
or 180; 

wherein n is an integer selected from the range of 1 to 5: 

wherein m is O or 1; 

provided that at least two atoms of formula (FXl) inde
pendently selected from a carbon atom, nitrogen atom, 
oxygen atom and hydrogen atom that is independently 
a heavy isotope; and wherein the isotopically enriched 
compound is present in an amount in excess of the 
natural isotopic abundance. 

71. The composition of claim 70, wherein said isotopi
cally enriched compound is characterized by formula (FXl ) 
having: 

at least two 13C isotopes; or 

at least one 13C isotope and at least one 15N isotope; or 

at least one 13C isotope and at least one 2H isotope; or 

at least one 13C isotope and at least one 180 isotope: or 

at least two 15N isotopes: or 

at least one 15N isotope and at least one 2H isotope; or 

at least one 15N isotope and at least one 180 isotope; or 

at least two 2 H isotopes; or 

at least one 2 H isotope and at least one 180 isotope; at 
least two 180 isotopes; or 

at least one 13C isotope, at least one 15N isotope and at 
least one 2H isotope; or 

at least one 13C isotope, at least one 15N isotope and at 
least one 180 isotope. 

72. The composition of claim 70, wherein A in formula 
(FXl) is selected from the group consisting of: a triazine 
ester. a NHS ester, a TFP ester, au isothiocyanate, an 
isocyanate, a bydrazide, an aminooxy, and iodoacetyl. 

73. The composition of claim 70. wherein Z in formula 
(FXJ) is a group corresponding 10 an amino acid or peptide. 

74. The composition of claim 70, wherein said isotopi
cally enriched compound is characterized by formula (FX2): 

(FX2) 

wherein each * symbol independently designates an atom 
that may be one of said heavy isotopes. 
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75. 111e composition of claim 70, wherein said isotopi
cally enriched compound is characterized by the formula: 

XN° o• 

~ -~ · . . . N N A 
• H 

N 

. / . "· 
wherein each * symbol independently designates an atom 

that may be one of said heavy isotopes. 

76. The composition of claim 70, wherein said isotopi
cally enriched compound is characterized by formula (FX6) 

(FX6) 

77. The composition of claim 76, wherein said isotopi
cally enriched compound is characterized by formula (FX7), 
(FX8), (FX9), (FXlO), (FXll ), (FX12), (FX13), (FX14), 
(FX 15), (FX 16), or (FX 17): 

(FX7) 

(FX8) 

(FX9) 

26 
Oct. 18, 2018 

-contim1ed 
(FXIO) 1N 0 I nc Be 

N ~ N.,.... ' 13c .,.... ' 13c~, 
H I 

N 
H2DC/ ' cDH2 

(FXI I) 

1'" 0 ) l, .. ~ A• 
H 

ISN 

H2DC/ ' coH2 

(FXl2) 

1't 0 

N~ ij~ A 

N 
H2DJJC_..... ' 13CDH2; 

(FXIJ) 

J1~~ A 
_.....N, 

HD2 13C JJCDiH: 

(FX14) 

11 "o 

N ~~A 
_..... N, 

H313C 13CH3 

(FX15) 

1,N 0 
II II 
Jc Ile.._ Be Be 

N / ......_ ~ .,...- iJc/ ' 111/ "' 

/ N ........... 

(FXI 6) 

}L~ N N A 
H 

_..... N......_ 
03e CD, 
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-continued 
(FXl 7) 

78. The composition of claim 70, wherein said isotopi
cally enriched compound is characterized by fomrnla 
(FXJ 8), (FX 19), (FX20) or (FX21 ): 

(FX18) 

(FX19) 

(FX20) 

(FX21) 

79. A kit comprising a plurality of different isotopicaJJy 
enriched isotopologues for use as a labeling reagents for 
mass spectrometry analysis, said isotopically enriched iso
topologues independently having the formula (FXI): 

(FXl) 
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wherein A is an amit1e reactive group. carbouyl reactive 
group, or thiol reactive group; 

wherein Z is a linking group; 
wherein each of R3 -R5 is independently a hydrogen, 

C,-C4 alkyl or C, -C4 acety l, or wherein at least two of 
R3-R5 combine to fom1 an 5 or 6 membered aromatic 
or alicyclic ring; 

wherein each of R 1 , R 2 and R 6 is independently a hydro
gen. C,-C4 alkyl or C1-C4 acetyl; 

wherein any number of carbons in the compound are 12C 
or 13C; 

wherein any number of nitrogens in the compound are 
t4N or isN; 

wherein any number of hydrogens in the compound are 
1H or 2H; 

wherein any munber of oxygens in the compound are 160 
or '80; 

wherein n is an integer selected from the range of 1 to 5: 
wherein m is 0 or 1; 
wherein at least a portion of said isotopologues are 

characterized by a mass difference that is less than or 
equal to 55 mDa; and 

wherein the isotopicaUy enriched isotopologues are pres
ent in an amount in excess of the nan1ral isotopic 
abundance. 

80. The kit of claim 79 comprising 2, 3, 4, 5, 6, 7, 8, 9, 
10 or more of said different isotopically enriched isotopo
logues. 

81. The kit of claim 79, wherein at least a portion of said 
isotopologue:; are characterized by mass differences less 
than or equal to 25 mDa. 

82. The kit of claim 79. wherein at least a portion of said 
isotopologues are reactive with the amine group of a pep
titide. protein, glycan, or metabolite. 

83. The kit of claim 79, wherein at least a portion of said 
isotopologues are reactive with the carbonyl group of a 
peptide, protein, glycan, or metabolite. 

84. The kit of claim 79, wherein at least a portion of said 
isotopologues are reactive with the thiol group of a peptide, 
protein, or metabolite. 

85. A method of labeling a target molecule contain.ing one 
or more amine groups, said method comprising: 

a) providing said taiget molecules; and 
b) reacting said taiget molecules with an isotopically 

enriched compound, thereby generating isotopically 
labeled target molecules; w herein each isotopically 
enriched isotopologne independently has the formula 
(FXJ ): 

(FXl) 

wherein A is an amine reactive group, carbonyl reactive 
group, o r thiol reactive group; 

wherein Z is a linking group; 
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wherein each of R3-R5 is independently a hydrogen, 
C 1-C4 aU .. -yl or C 1-C4 acetyl, or wherein at least two of 
R3 -R5 combine to form an 5 or 6 membered aromatic 
or alicyclic ring; 

wherein each of R 1, R2 and R6 is independently a hydro
gen, C 1-C4 alkyl or C 1-C4 acetyl; 

wherein any number of carbons in the compound are 12C 
or 13C; 

wherein any munber o f nitrogens in the compound are 
'4N or ,sN; 

wherein any number of hydrogens in the compound are 
1H or 2H· 

wherein au; nt11uber of oxygens in tbc compound are 160 
or 180 ; 

wherein n is an integer selected from the range of I to 5; 
wherein m is O or I; 
provided that at least two atoms of formula (FXl) inde

pendently sele.cted from a carbon atom, nitrogen ato,u, 
oxygen atom and hydrogen atom that is independently 
a heavy isotope. 

86. A method of analyzing target molecules using a mass 
spectrometry technique, said method comprising: 

a) providing said tai:get molecules in a plurality of dif
ferent samples: and 

b) reacting said target molecules in each san1ple with a 
different isotopically enriched isotopologue, thereby 
generating samples comprising isotopically labeled tar
get molecules, wherein each of said different isotopi
cally enriched isotopologues independently has the 
formula (FXl ): 

(FXt) 

wherein A is an amine reactive group, carbonyl re.active 
group, or thiol reactive group; 

wherein Z is a linking group; 
wherein each of R3-R5 is independent"ly a hydrogen, 

C1-C4 aU .. -yl or C1-C4 acetyl. or wherein at least two of 
R3 -R5 combine to form an 5 or 6 membered aromatic 
or al icyclic ring; 

wherein each of R 1, R2 and R6 is independently a hydro
gen, C.1 -C4 alky1l or C 1-C4 acetyl; 

wherein any m1mber of carbons in the compound are 12C 
or 13C; 

wherein any munber o f nitrogens in the compound are 
14N or isN; 

wherein any number of hydrogens in the compound are 
1H or 2H· 

wherein an; number of oxygens in the compound are 160 
or 180 : 

wherein n is an integer selected from the range of l to 5; 
wherein mis 0 or l ; 
provided that at least two atoms of formula (FX l ) inde

pendently selected from a carbon atom, a nitrogen 
atom, an oxygen atom and a hydrogen atom are inde-
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pendently heavy isotopes; and wherein at least a por
tion of said isotopologues are characterized by a mass 
difference that is less than or equal to 55 mDa; and 

c) analyzing said isotopically labeled target molecules for 
each sample using said mass spectrometry technique. 

87. The method of claim 86. comprising wherein 2, 3, 4. 
5, 6, 7 . 8, 9, 10 or more different samples are reacted with 
different isotopically enriched isotopologues. 

88. ·foe method of claim 86, wherein a t least a portion o f 
said isotopologues are characterized by a mass differences 
less than or equal to 25 mDa. 

89. The method of claim 86, wherein at least a portion of 
said isotopologues are reactive with the amine, carbonyl, or 
thiol group of a peptide, protein. g lycan, or metabolite. 

90. ·n1e method of claim 86, wherein at least five atoms 
of formu la (FXl) independently selected from a carbon 
atom, a nitrogen atom, an oxygen atom and a hydrogen atom 
are independently heavy isotopes. 

91. The method of claim 86. wile.rein said isotopically 
enriched isotopologues are independently characterized by 
formula (FXJ) having: 

at least two 13C isotopes; or 
at least o ne 13C isotope and at least one 15N isotope; or 
at least one I 3C isotope and at least one 2H isotope; or 
at least one 1 3C isotope and at least one 180 isotope; or 
at leas1 two 15 N isotopes: or 
at least one 15N isotope and at least one 2H isotope; or 
at least one 15N isotope and at least one 180 isotope; or 
at least two 2H isotopes; or 
at least one 2H isotope and at least one 1 80 isotope; at 

least two 180 isotopes; or 
at least one 13C isotope, at least one 15N isotope and at 

least one 2H isotope; or 
at least one I 3C isotope, at least one 15N isotope and at 

least one 1 80 isotope. 
92. The method of claim 86, wherein each of said isoto

pically enriched isotopologues is independently character
ized by fonnula (FX2): 

(FX2) 

wherein each " symbol independently designates an atom 
that may be one of said heavy isotopes. 

93. T he method o f claim 86 further comprising the step of 
quantifying the relative amounts of the labeled target mol
ecules in said di:fferent samples. 

94. A method of making an isotopically enriched labeling 
reagent comprising the steps of: 

providing an amino acid precursor; 
chemically reacting said amino acid precursor w ith a first 

reagent so as to provide an optionally substituted 
pyrimidine group; and 

chemically reacting the carboxylic acid group of said 
amino acid precursor with a second reagent to provide 
an amine reactive group, carbonyl reactive group, or 
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thiol reactive group to form said isotopically enriched 
labeling reagent having the formula: 

(FXt) 

wherein A is an amine reactive group, carbonyl reactive 
group, or thiol reactive group; 

wherein Z is a linking group; 
wherein each of R3 -R5 is independently a hydrogen, 

C 1-C4 alb.-yl or C 1-C4 acetyl, or wherein at least two of 
R3-R5 combine to form an 5 or 6 membered aromatic 
or alicyc)ic ring; 

wherein each of R 1, R2 and R6 is independently a hydro
gen, C1-C4 alkyl or C 1 -C4 acetyl; 

wherein any number of carbons in the compound are 12C 
or 13C; 

wherein any mllllber of nitrogens in the compound are 
14N or isN; 

wherein any number of hydrogens in the compound are 
1 H or 2 1:J; 

wherein any number of oxygens in the compound are 160 
or 180; 

wherein n is an integer selected from the range of 1 to 5; 
wherein m is 0 or I : 
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provided that at least two atoms of fonnula (FX 1) inde
pendently selected from a carbon atom, nitrogen atom, 
oxygen atom and hydrogen atom are independently a 
heavy isotope; and 

wherein the isotopically e11ricbed isotopologue is present 
in an amount in excess of ihe natural isotopic abun
dance, 

wherein said a mino acid precursor is an isotopically 
enriched a111ino acid precursor characterized i11 that said 
amino acid precursor contains at least two atoms that 
are heavy isotopes, or said first reagent or said second 
reagent is an isotopically enriched reagent character
izexl in that said reagent contains at least two atoms that 
are heavy isotopes. wherein said heavy isotopes are 
present in an amount in excess of the nal11ral isotopic 
abundance. 

95. The method of claim 94, wherein said amino acid 
precursor is an isotopically enriched amino acid precursor 
characterized in that said amino acid precursor contains at 
least two atoms that are heavy isotopes, wherein said heavy 
isotopes are present in an amount .in excess of the natural 
isotopic abundance. 

96. The method of claim 94, wherein said amino acid 
precursor is isotopically enriched arginine. 

97. The method of claim 96 comprising the step of 
derivatizing the guanidine group of the arginine to fonn the 
optionally substituted pyrimidine group. 

98. The method of claim 97 further comprising the step of 
perfonniug palladium-catalyzed dimethylation with formal
dehyde on said amino acid precursor prior to fonuing the 
optionally substituted pyrimidine group. 

99. The method of claim 94, wherein the carboxylic acid 
group of said amino acid precursor is reacted to form a 
triazine ester. 

* * * * * 




