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Abstract. Absolute quantification of protein targets using liquid chromatography-
mass spectrometry (LC-MS) is a key component of candidate biomarker validation.
One popular method combines multiple reaction monitoring (MRM) using a triple
quadrupole instrument with stable isotope-labeled standards (SIS) for absolute
quantification (AQUA). LC-MRM AQUA assays are sensitive and specific, but they
are also expensive because of the cost of synthesizing stable isotope peptide
standards. While the chemical modification approach using mass differential tags
for relative and absolute quantification (mTRAQ) represents a more economical
approach when quantifying large numbers of peptides, these reagents are costly
and still suffer from lower throughput because only two concentration values per

peptide can be obtained in a single LC-MS run. Here, we have developed and applied a set of five novel mass
difference reagents, isotopic N,N-dimethyl leucine (iDiLeu). These labels contain an amine reactive group,
triazine ester, are cost effective because of their synthetic simplicity, and have increased throughput compared
with previous LC-MS quantification methods by allowing construction of a four-point standard curve in one run.
iDiLeu-labeled peptides show remarkably similar retention time shifts, slightly lower energy thresholds for higher-
energy collisional dissociation (HCD) fragmentation, and high quantification accuracy for trypsin-digested protein
samples (median errors G15%). By spiking in an iDiLeu-labeled neuropeptide, allatostatin, into mouse urine
matrix, two quantification methods are validated. The first uses one labeled peptide as an internal standard to
normalize labeled peptide peak areas across runs (G19% error), whereas the second enables standard curve
creation and analyte quantification in one run (G8% error).
Keywords: Protein/peptide quantification, iDiLeu, DiLeu, Absolute quantification, Isotopic labeling, Standard
curve, Dimethylated amino acid
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Introduction

Protein candidate biomarker discovery generates long lists
of proteins that must be further verified by targeted abso-

lute quantification methods before being examined in clinical
applications. The considerable monetary and personnel invest-
ment devoted to creating these candidate lists has thus far
returned only a few biomarkers currently used clinically [1].
One major reason for the lack of clinical biomarkers is the

difficulty in verifying the majority of candidates generated by
discovery studies [1–3]. Immunoassay techniques, particularly
the enzyme-linked immunosorbent assay (ELISA), are com-
monly used approaches for biomarker verification. This highly
specific and sensitive assay uses a pair of antibodies
against a protein to quantify candidates from below the
ng/mL range [1]. Unfortunately, suitable antibodies for
immunoassays exist for less than 10% of the proteins
that comprise the human proteome [4]. High costs, ranging
from $50,000 to $100,000, and development times of up to a
year to develop an ELISA sufficient to validate a single candi-
date solidify the impracticalities of this method for large-scale
candidate verification [2, 4].

Quantification with liquid chromatography-mass spec-
trometry (LC-MS) is an attractive alternative to immunoassays.
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The absolute quantification (AQUA) technique using stable
isotope-labeled peptide standards was first demonstrated in
1996 [5] and later expanded by the Gygi group in 2003 [6].
The AQUA approach incorporates a known concentration of
stable isotope-labeled peptide to a protein digest that yields the
same unlabeled sequence. Abundances of the peptides are then
quantified by LC-multiple reaction monitoring (MRM), typi-
cally with a triple quadrupole instrument, and peptide concen-
tration is determined according to a previously constructed
standard curve. Peptides are used as surrogates representing
absolute protein abundance levels and can be quantified at sub-
femtomole levels [6, 7]. Protein quantification using the LC-
MRM AQUA approach is still frequently used because of its
simplicity, accuracy, sensitivity, and ability to multiplex for
measurement of multiple peptides in one run [8–11], and it has
even been applied to non-tryptic peptides [12]. Unfortunately,
the high cost of custom AQUA peptide synthesis (~$500 for
5 nmol) can limit the number of candidates analyzed by finan-
cially conscientious research groups.

Chemical derivatization of target peptide standards through
mass difference labeling produces peptide pairs with identical
retention times but different precursor ion masses, which can
be used for quantification or to generate hybrid labeling ap-
proaches like the combined precursor isotopic labeling and
isobaric tagging (cPILOT) technique [13]. The analysis of
MRM transitions at different concentrations of a light-labeled
peptide while maintaining a constant amount of a heavy-
labeled peptide establishes a normalized calibration curve of
peptide abundance. Tryptic digests from samples of interest are
then labeled with the light reagent, and the internal standard
peptide is spiked in at a known quantity. After MRM, the
normalized abundance of the candidate peptide is calculated
from the calibration curve and correlated back to the protein.
Absolute quantification via mass difference labels has been
demonstrated in multiple studies using AB SCIEX’s mass
differential tags for relative and absolute quantification
(mTRAQ) [14–18]. mTRAQ reagents label the N-terminus of
a peptide as well as primary or secondary amines through anN-
hydroxysuccinimide (NHS) ester moiety. Incorporation of a
triplex mTRAQ label adds ~141, 145, or 149 Da to the precur-
sor peptide mass depending on whether the light, medium, or
heavy reagent is used [19]. AB SCIEX designed mTRAQ
labels to be non-isobaric so that sequence-specific fragment
ions can be used asMRM transitions in absolute quantification.
This feature avoids the quantitative suppression that sometimes
occurs in reporter ion quantification attributable to co-isolated
precursor ions. Some groups have also used mTRAQ for
candidate discovery in relative quantification studies [20–22],
but one convincing report showed that although mTRAQ
quantification is more accurate than AB SCIEX’s isobaric
label, iTRAQ, it also has a greater standard deviation [23].
Furthermore, multiplexing samples with the triplex mTRAQ
kit creates samples with three times as many precursor ions
to select for MS2 events. A greater redundancy in MS2

scanning events results in more complete targeted analysis,
but discovery experiments in complex protein mixtures suffer

from under-sampling of the proteome [23]. Although mTRAQ
multiplexing is not ideal for global studies, it is an effective and
significantly more cost-efficient approach for biomarker veri-
fication over the AQUA method when large numbers of pep-
tides are examined. However, mTRAQ labels are still quite
expensive, costing~$134 per peptide candidate. Some studies
quantify peptides using labeled peptide internal standards as a
single point calibration [14], but higher accuracy results can be
obtained by constructing a calibration curve accounting for
response ratios between the labeled pair over a wide concen-
tration range [17]. The triplex chemistry of the mTRAQ re-
agent allows for at most two calibration points to be determined
per LC-MS run since these values must be normalized by the
third labeled peptide, restricting throughput.

Cost and throughput disadvantages of mTRAQ could be
solved by the existence of an easily produced mass difference
label with a greater multiplexing capability. A 5-plex isotope
dimethyl labeling method has recently been reported, but this
method has not been applied to absolute quantification, and
singly labeled peptides differ by only 2 Da [24]. Increasing the
“plex” of mass difference labels to five would allow for col-
lection of up to four peptide concentration values per LC-MS
run, significantly improving the amount of quantitative data
captured per run and reducing the number of runs for calibra-
tion curve construction. Labeled tryptic peptides could also be
confidently quantified in one LC-MS run by spiking in a
concentration range of synthetic peptide standards labeled by
the remaining four reagent channels prior to sample clean-up.

The theoretical benefits of a 5-plex mass difference label
have inspired our research team to design and synthesize the
isotopic N,N-dimethyl leucine (iDiLeu) reagent. The general
structure of the iDiLeu label is the same as our custom isobaric
label, DiLeu [25], with a few key exceptions. Stable 13C, 15N,
2H, and 18O isotopes are placed onto the iDiLeu reagent back-
bone by formaldehyde dimethylation and 18O exchange to
maximize the mass differences between labels, but the carbonyl
group does not function as a balance group that adjusts for the
reporter region’s increasing mass. The resulting iDiLeu set is
composed of five dimethylated leucines that target the N-
terminus and lysine side chains of peptides through an amine-
reactive triazine ester. Benefits of the original DiLeu label that
are maintained in the iDiLeu variant include its synthetic
simplicity, high yield (85%), modest mass, high intensity re-
porter ion production, and efficient peptide labeling [25]. In
this report, we explore the use of 5-plex iDiLeu for absolute
quantification of peptides and proteins using four labels to
build a peptide calibration curve and the fifth to either label
peptides in a complex sample or as a labeled internal standard.
A Thermo Q-Exactive Orbitrap was used to demonstrate
iDiLeu quantification using precursor extracted ion chromato-
gram peak areas, reporter ion intensities, and higher-energy
collisional dissociation (HCD) fragment ions. Fragmentation
ramp tests compared peptide identifications from a yeast tryptic
digest as a function of normalized collision energy (NCE) for
iDiLeu-, iTRAQ-, and TMT-labeled peptides using a Thermo
Orbitrap Elite.
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Experimental
Chemicals

Isotopic reagents for label synthesis including leucines
(L-leucine, L-leucine-1-13C, 15N, and L-leucine-1-13C),
heavy formaldehydes (CD2O and 13CD2O), sodium
cyanoborodeuteride (NaBD3CN), 97%

18O water (H2
18O),

and deuterium water (D2O) were obtained from ISOTEC Inc.
(Miamisburg, OH, USA). Sodium cyanoborohydride
(NaBH3CN), formaldehyde (CH2O), hydrogen chloride gas
(HCl), iodoacetamide (IAA), tris-hydrochloride, reagent-
grade formic acid (FA), triethylammonium bicarbonate
(TEAB), N,N-dimethylformamide (DMF), 4-(4, 6-dimethoxy-
1, 3, 5-triazin-2-yl)-4-methylmorpholinium tetrafluoroborate
(DMTMM), N-methylmorpholine (NMM), and bovine serum
albumin (BSA) were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Neuropeptide standard allatostatin I
(AST-I, GDGRLYAFGL-NH2) was purchased from Ameri-
can Peptide Company (Sunnyvale, CA, USA). Sequencing
grade trypsin was acquired from Promega (Madison, WI,
USA). Urea, ammonium bicarbonate, ACS grade methanol
(MeOH), dichloromethane (DCM, CH2Cl2), and acetonitrile
(ACN, C2H3N) were purchased along with Optima LC/MS
grade ACN, water, and formic acid from Fisher Scientific
(Pittsburgh, PA, USA). The 8-plex iTRAQ reagents were
provided by AB SCIEX (Foster City, CA. USA) while
TMT0 was provided by Thermo Pierce (Rockford, IL, USA).

Synthesis of Isotopic N,N-Dimethylated Leucine
(iDiLeu)

Dimethylation (Scheme 1) was accomplished by suspending
either L-leucine or isotopic L-leucine (L-leucine-1-13C, 15N,
and L-leucine-1-13C) in H2O or D2O with a 2.5 molar
excess of sodium cyanoborohydride (NaBH3CN) or sodium
cyanoborodeuteride (NaBD3CN). The reaction vial was
sealed and placed in an ice-water bath. Light (CH2O,
37% w/w) or heavy formaldehyde (CD2O and 13CD2O,
20% w/w) was then added at a 2.5 molar excess, and the
reaction mixture was stirred for 30 min. Dimethylation
progress was monitored by ninhydrin staining on a thin-
layer chromatography (TLC) plate. Dimethyl leucines were
purified by flash column chromatography (DCM/MeOH)
and dried with a Büchi RE 111 Rotovapor (Flawil, Switzerland).

Caution: Formaldehyde and sodium cyanoborohydride
are toxic by inhalation, in contact with skin, or if
swallowed, and may cause cancer and heritable genetic
damage. These chemicals and reactions must be handled
in a fume hood.

18O Exchange

The d12 label requires an 18O exchange (Scheme 1) before
formaldehyde dimethylation. L-leucine-1-13C, 15N was dis-
solved in 1 N HCl H2

18O solution (pH 1) and stirred at 65°C

for 4 h. After HCl evaporation, leftover acid was removed with
StratoSpheres PL-HCO3 MP resin (Agilent Technologies,
Santa Clara, CA, USA).

iDiLeu Activation to Triazine Ester Form

One milligram of each iDiLeu label was dissolved in
50 μL of anhydrous DMF and combined in a 0.9× molar
ratio with DMTMM and NMM. Activation occurred at
room temperature by vortexing the reaction mixture for
1 h. Peptide labeling directly after iDiLeu activation pro-
duces optimal results.

Protein Reduction, Alkylation, and Digestion

Saccharomyces cerevisiae whole-protein extract provided by
Promega (Madison, WI, USA), mouse urine proteins provided
by the Marker lab, and BSA were digested separately using the
samemethod. Cysteine residues were reduced by adding 5 mM
DTT and incubating for 1 h at 37°C. Free thiol groups were
alkylated in the presence of 15 mM IAA for 15 min in the dark
at room temperature. The alkylation reaction was quenched by
5 mMDTT. Each protein sample was diluted with 50 mM Tris
HCl (pH 8) to reduce the urea concentration to ≤1 M before
adding enough trypsin required for a 50:1 protein:enzyme ratio.
Proteins were digested for 16 h in a 37°C water bath. Digests
were quenched by acidifying to pH G3 using TFA, desalted
with either SepPak C18 SPE cartridges (Waters, Milford, MA,
USA) or C18 OMIX pipette tips (Agilent Technologies), and
dried down by vacuum centrifugation with a Savant SC 110

Scheme 1. Synthetic steps required to produce each iDiLeu
reagent
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SpeedVac concentrator (Thermo Scientific, Waltham, MA,
USA). Peptides were dissolved in 0.5MTEAB before labeling.

Peptide Labeling

Bovine serum albumin tryptic peptide and AST-I aliquots were
separately labeled in triplicate with a 10× w/w excess of
iDiLeu, whereas yeast tryptic peptides were labeled with
a 4× w/w excess of iDiLeu. Anhydrous DMF was added
to the reaction mixture until the organic:aqueous ratio
was ~75%. Yeast tryptic peptides were also labeled with
TMT and iTRAQ according to the manufacturer’s proto-
cols. After vortexing the reactions for 2 h, labeling was
quenched by adding hydroxylamine to a concentration of
0.25% the total sample volume. Labeled BSA aliquots
were combined in ratios of 1:1:1:1:1, 10:0:5:1:10, and
1:2:5:8:10, whereas AST-I aliquots were combined in
ratios of 1:3:7:10 and 1:10:50:100. Combined AST-I samples
were then serially diluted to concentration ranges of 0.1–1000
fmol (amount injected onto column) and combined with mouse
urine tryptic peptide background already containing the fifth
labeled AST-I standard. All labeled samples were then dried
using a SpeedVac.

Strong Cation Exchange

Labeled BSA peptides were resuspended in strong cation ex-
change (SCX) resuspension buffer (Protea Biosciences, Mor-
gantown, WV, USA). Residual iDiLeu reaction byproducts
were removed from each digest using SCX spintips according
to the manufacturer’s instructions. Yeast peptides labeled with
iDiLeu, iTRAQ, and TMT0were dissolved in 10mMKH2PO4,
20% ACN (v/v), pH 3. Peptides were fractionated with SCX
liquid chromatography using a polySULFOETHYL A
200 mm×2.1 mm, 5 μm, 300 Å column (PolyLC, Columbia,
MD, USA). Buffer A consisted of 10 mMKH2PO4, 20% ACN
(v/v), pH 3, and buffer B was 10 mM KH2PO4, 500 mM KCl,
20% ACN (v/v), pH 3. After peptide loading, buffer B was
increased from 3% to 48% in 90 min at a flow rate of
0.2 mL/min. Fractions were collected every 1.5 min and
combined into eight vials determined by the UV-Vis trace
at a wavelength of 215 nm. All samples were then dried
using a SpeedVac before another desalting step.

LC-MS and LC-MS2 Acquisition

Labeled BSA, AST-I, and yeast peptides were dissolved in
0.1% formic acid(aq) (FA) (v/v) and separated using a Waters
nanoAcquity UPLC system before introduction into either a
Thermo Q-Exactive Orbitrap or Orbitrap Elite. Mobile phase A
was 0.1% FA, and mobile phase B was ACN in 0.1% FA. The
BSA and AST-I peptides were injected and loaded onto a
Symmetry C18 nanoAcquity trap column (180 μm×20 mm,
5 μm) in 99% A at a flow rate of 5 μL/min for 5 min. Peptides
were separated on a 1.7 μm BEH C18 column (75 μm×
100 mm, 130 Å) at a flow rate of 300 nL/min with a 30 min

gradient ramping from 3% to 35% B. Precursor quantification
experiments were performed in profile mode using full MS
scans ranging from m/z 380 to 2000 at a resolution of 140 K.
The automatic gain control (AGC) target was set to 1×106,
while the maximum injection time (IT) was 100 ms. Identifi-
cation of labeled BSA peptides occurred by selecting the top 10
precursor ions from m/z 380 to 2000 and then placing those
ions on a 25 s exclusion list. Precursor scan resolutionwas 70K
with an AGC of 1×106, a maximum IT of 100 ms, and an
isolation window of 2.0 Th. Tandem mass spectrometry
parameters on the Q-Exactive included a resolution of
17.5 K, an AGC target of 1×105, a maximum IT of
150 ms, an NCE of 28, and a fixed first mass at m/z 110.
Multiplexed (MSX) targeted MS2 (t-MS2) experiments were
acquired at a resolution of 17.5 K, an AGC target of 1×105,
a maximum IT of 200 ms, an MSX count of five, isolation
windows of 0.5–2.0 Th, and an NCE of 28.

Yeast digest peptides were injected in triplicate and loaded
onto a column fabricated with an integrated emitter as previ-
ously described [26]. The 15 cm, 75 μm i.d. column was
packed with 1.7 μm 150 Å, BEH C18 material extracted from
a Waters UPLC column (part no. 186004661). Peptides were
loaded onto this column in 100% A (0.1% FA(aq)) for
14.29 min at a flow rate of 0.350 μL/min, which was also the
flow rate for the entire LC-MS run. Solvent B (ACN, 0.1% FA)
was increased from 0% to 5% over 0.1 min, and then to 30%
over the next 80 min. Normalized collision energy ramp tests
were conducted by operating the Orbitrap Elite at an MS
resolution of 30 K, MS2 resolution of 15 K, and an isolation
width of 2 Th. The most abundant ion from m/z 380 to
1800 in each cycle was isolated 10 times to be fragmented
with normalized HCD energies of 5, 10, 15, 20, 25, 30,
35, 40, 45, and 50.

Data Analysis and Isotopic Interference Corrections

Identification of BSA tryptic peptides was performed with
Proteome Discoverer (1.4.0288, Thermo Scientific). Raw files
were searched against the Bos taurus proteome database from
Uniprot using the Sequest HT algorithm. Peptides pro-
duced by a tryptic digest with a maximum of two missed
cleavages were matched using precursor and fragment
mass tolerances of 50 ppm and 0.02 Da, respectively.
iDiLeu labeling of N-termini and lysine residues (+141.1154,
+144.1313, +147.1409, +150.1631, and +153.1644 Da) and
carbamidomethylation of cysteine residues (+57.0215 Da)
were chosen as static modifications. Methionine oxidation
(+15.9949 Da) was chosen as a dynamic modification.

The Coon OMSSA (Open Mass Spectrometry Search Al-
gorithm) Proteomic Analysis Software Suite [27] (COMPASS)
was used for identification and HCD energy comparisons of
iDiLeu, TMT0, and iTRAQ labeled yeast peptides. The
Uniprot reference database for Saccharomyces cerevisiae was
searched using OMSSA with the enzyme trypsin and two
missed cleavages allowed. Precursor and fragment mass toler-
ances of 50 ppm and 0.01 Da were used with static
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modifications accounting for cysteine carbamidomethylation
and N- te rminus / lys ine incorpora t ion of iDiLeu
(+141.1154 Da), TMT0 (+224.1525 Da), or iTRAQ
(+304.1990 Da). Methionine oxidation was once again chosen
as a dynamic modification. Tandem mass scans were grouped
by activation energy and the unique peptide false discovery rate
was set to ≤1%.

Raw quantitative data was processed manually in Thermo
Xcalibur 2.2 using either peak areas generated by the Genesis
peak detection algorithm or ion intensities. A series of correc-
tion factors were applied in Microsoft Excel using a script
developed in PTCMathcad 14 (Needham,MA, USA) to rectify
raw quantitative values from both precursor and fragment data
using a previously reported method [28]. Calibration curves
and box plots were constructed in Microsoft Excel and
Graphpad Prism (v. 6.0) software.

Results and Discussion
iDiLeu Reagent Synthesis

Mass difference reagents differ from their isobaric counterparts
by introducing unique mass additions to the labeled peptide’s
mass. The iDiLeu tags each consist of an isotopic variant of
N,N-dimethyl leucine and exploit the amine reactivity of the
triazine ester to selectively label the N-terminus and lysine side
chains of a peptide. The choice of a triazine ester amine-
reactive group over NHS ester has been previously discussed
but is primarily due to its high reactivity with dimethylated
leucine, resulting in a rapid activation time of 1 h [25]. iDiLeu
labels were synthesized and activated in two to three steps.
Dimethylation of light and heavy leucine gave yields of 85%–
90% whereas the 18O-exchange rate was nearly quantitative
due to the high excess of H2

18O to leucine. iDiLeu can be
activated to the amine-reactive form in 1 h with DMTMM/
NMM in anhydrous DMF. Although light and heavy
dimethylated leucines have been reported to maintain stability
for years when kept in dry conditions, the amine-reactive
reagent should be used immediately upon activation for highest
labeling efficiency (999.99%) and accuracy [25]. All isotopic
leucine variants and other reagents involved in iDiLeu synthe-
sis are commercially available, and the cost of a 5-plex labeling
with 100 μg of a peptide standard or digest is under $5.00,
which represents a significant cost advantage over previously
discussed absolute quantification experiments.

Mass additions of 141.1, 144.1, 147.1, 150.2, and 153.2 Da
are efficiently incorporated [25] into peptides by the d0, d3, d6,
d9, and d12 labels (Scheme 2). Each label adds a relatively
modest mass and modifies the peptide sequence by only one or
two dimethyl leucine residues. iDiLeu labels are comparatively
light to minimize drastic elevations in peptide hydrophobicity
that negatively impact the chromatographic separation and
number of peptide identifications in an LC-MS2 experiment.
For instance, it has been shown that the largest number of
peptides was identified using the lighter 4-plex iTRAQ in

comparison to 6-plex TMT (229.1629 Da) and 8-plex iTRAQ
(304.1990 Da) [29].

Chromatographic Behavior of iDiLeu-Labeled
Peptides

A common misconception involving chemical labels is that
deuterium incorporation, regardless of location, will shift re-
tention times of peptides labeled with deuterium-based re-
agents far enough from those labeled with hydrogen-based
reagents to render quantification unreliable. Methods to control
deuterium effects have been published since 2002 and include
grouping deuterium atoms around polar functional groups,
minimizing the number of deuterium substituents, and reduc-
ing the number of derivatization sites [30]. In another study, it
was revealed that the bias in ratio calculation caused by reten-
tion time differences between H2- and D2-formaldehyde la-
beled peptides is only about 3% [31]. iDiLeu and DiLeu labels
group deuterium around the more polar amine group of leucine.
According to solvophobic theory, the probability of deuterium
interacting with a column’s stationary phase is reduced by
placing it next to a hydrophilic group that has little to no affinity
to the stationary phase [30]. This theory is corroborated by our
own iDiLeu labeling results. Scheme 1 shows that the struc-
tures of the 5-plex iDiLeu reagents incorporate from zero to six
deuterium atoms at the dimethylated amine, and Figure 1 is a
chromatogram of iDiLeu-labeled BSA peptides combined in
ratios of 1:2:5:8:10. Visual inspection of the nine randomly
chosen peptides from the chromatogram reveals that no appre-
ciable retention time differences exist between peptides labeled
by d0 (0 2H) and d12 (6 2H). Since iDiLeu quantification
values consist of either the area under entire peaks or intensity
sums, it is unlikely that miniscule retention time differences
could impact the iDiLeu method’s accuracy. When the higher
cost of 13C and 15N isotopes is taken into account, strategic 2H
positioning becomes the preferred method of heavy isotope
incorporation.

HCD Collision Energy Comparisons Between
iDiLeu, iTRAQ, and TMT

As previously stated, mass difference and isobaric labels must
be designed so that their incorporation onto peptides does not
hinder chromatographic separation or peptide spectral matches
(PSMs). We compared the fragmentation and number of PSMs
generated by HCD fragmentation of yeast tryptic peptides
labeled by iDiLeu, 8-plex iTRAQ, and 6-plex TMT by using
an Orbitrap Elite to isolate the most abundant precursor ions 10
times, acquiring MS2 spectra at HCD normalized collision
energies of 5, 10, 15, 20, 25, 30, 35, 40, 45, and 50. The
maximum number of target PSMs, although significantly lower
for iTRAQ labeled peptides (2549), was comparable for both
iDiLeu and TMT labeled peptides (3492 and 3661), as
displayed in Figure 2a–c. The optimal number of target PSMs
after TMT and iTRAQ labeling required a higher normalized
HCD collision energy than what is typical for peptide
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fragmentation. In contrast, iDiLeu labeling performed
better using slightly reduced collision energies and an
adequate range of collision energies for acceptable num-
bers of target PSMs. The difference in collision energies
recommended for use with iDiLeu and iTRAQ or TMT
is represented by the MS2 spectra of the tryptic peptide,
ADVLTAFLNK (Supplemental Figure 1). At a normal-
ized energy of 25, the iDiLeu-labeled peptide fragmented
into a dimethylated leucine immonium ion and a multi-
tude of b- and y-ions useful for identification. Neither
TMT- nor iTRAQ-labeled peptides produced adequate
fragmentation at this lower HCD energy. iDiLeu suffered
from secondary fragmentation at the higher collision
energy of 35, resulting in mostly dimethyl immonium
ion and fewer peptide backbone fragments. In contrast,
TMT and iTRAQ showed complete precursor fragmenta-
tion, intense reporter ion production, and more b- and
y-ions at this higher HCD energy. The different range
for optimal normalized collision energies for iDiLeu (25–
30) in comparison to the two commercial tags (30–35)

may stem from the fact that iDiLeu-labeled peptides are struc-
turally similar to normal peptides, only differing by an added
dimethylated leucine and/or labeled lysine.

iDiLeu Quantification and Correction Factors

iDiLeu-tagged peptides differ from one another by 3, 6, 9, and
12 Da. A peptide of charge +2 that is labeled by 5-plex iDiLeu
solely at its N-terminus will, therefore, produce five monoiso-
topic precursor peaks shifted from one another by 1.5m/z.
Peptides with multiple labeling sites enjoy little isotopic enve-
lope interference in their monoisotopic signals, but those with
only one iDiLeu modification experience varying amounts of
interference. Examples of interference in peptides with charges
of +2 and +3 and one or two attached iDiLeu labels are shown
by Supplemental Figure 2. The use of algorithms to correct for
isotopic interference in mass difference labels has been
reported previously [19], and our lab has already imple-
mented the i-Tracker method for reporter ion corrections
into our DiLeu quantitative workflow [26, 30]. These cor-
rections were extended to iDiLeu-labeled peptides to ac-
count for interferences and variations in the isotopic distri-
bution of a peptide resulting from incorporation of distinct
isotopic labels (Supplemental Figure 2). Using the i-Tracker
method, intensity values from the isotopic distribution of a
precursor peptide were added to the monoisotopic peak’s
raw signal and interfering peaks were subtracted from it
[28]. Construction of an equation for each labeled peptide
results in the following system of equations:

Sd0 ¼ xd0⋅ Id0
Sd3 ¼ xd3⋅ Id3 þ yd0⋅ Id0
Sd6 ¼ xd6⋅Id6 þ yd3⋅Id3
Sd9 ¼ xd9⋅Id9 þ yd6⋅Id6 þ zd12⋅Id12
Sd12 ¼ xd12⋅Id12 þ yd9⋅Id9

The S variable is the uncorrected signal of a monoisotopic
peptide peak while x, y, and z are fractional contributions of a
peptide’s total intensity, I, and represent the percentages of a
peptide’s distribution existing as a monoisotopic peak, inter-
ference with the heavier mass-labeled peptide, or interference

Scheme 2. Peptide labeling and mixing with iDiLeu to produce a standard curve based on peak areas

Figure 1. iDiLeu-labeled BSA in ratios of 1:2:5:8:10. Nine pep-
tides were randomly selected to show that retention times are
not significantly shifted from one another because of 2H incor-
poration. Strategic placement of 2H around polar functional
groups reduced the probability of them interacting with C18

stationary phases. Retention time differences between d0-
and d12-labeled peptides are displayed above each selected
peptide extracted ion chromatogram
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with the lighter mass-labeled peptide, respectively. The equa-
tions show that the raw signal of each peptide is a sum of its
monoisotopic peak intensity and interferences from neigh-
boring peptides. The system of equations was symbolically
rearranged to solve for I using MathCad and transferred to
Excel to process data more efficiently. Transformed equa-
tions are shown in Supplemental Figure 3. Raw signal
values are obtained in any iDiLeu experiment, but the
fractional contributions must be experimentally determined
for each peptide of interest by labeling digest aliquots with
each reagent and running the labeled BSA samples sepa-
rately. Each labeled peptide requires a tailored correction
factor at the MS level because its isotopic distribution is

unique due to charge, number of amino acids, amino acid
combination, and number of times labeled.

iDiLeu’s quantitative performance was first characterized
by labeling tryptic BSA peptides in triplicate at molar
ratios of 1:1:1:1:1 and analyzing the precursor ratios, nor-
malized to d0, with LC-MS. Across 35 peptides (nine runs,
315 values), the median uncorrected ratio values were
1.00:1.00:1.10:0.85:0.90 compared with the median
corrected values of 1.00:1.03:1.06:0.85:1.06. Altough both
datasets show acceptable relative quantification accuracy
under 15% error, the d12:d0 channel ratio is substantially
higher after correction. Another quantitative test considered
the channels that typically experience the most interference

Figure 2. Number of target PSMs identified from eight fractions of iDiLeu- (a), TMT0- (b), and 8-plex iTRAQ- (c) labeled yeast tryptic
peptides according to NCE. Although TMT and iTRAQ incorporation elevates the HCD energy required to generate sufficient
fragmentation for identification, most IDs using iDiLeu are found at an NCE of 25

Figure 3. Tukey boxplots of log2-transformed fold changes for iDiLeu-labeled BSA tryptic peptides at ratios of 1:1:1:1:1 (a), (c) and
1:0:5:1:10 (b), (d). Precursor quantitation from triplicate injections was used for relative quantification in (a) and (b). A 5-plex t-MS2

method targeted 24 BSA peptides over 1 Th isolation windows from the most accurate and precise labeling replicate (c), (d). Ratios
were compressed in (c) and (d) because of significant co-isolation of interference ions along with targeted precursors. Reporter ion
channel ratios acquired from the t-MS2 method were plotted versus precursor channel ratios in (e). The t-MS2 method suffered from
higher variability and hindered quantification by compressing ratios
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(d6, d9, and d12) at ratios of 5:1:10 and normalized these
values to d0-labeled peptide intensities. The importance of
correction factors was highlighted in this data set, showing
uncorrected medians of 5.48:0.91:7.37 versus corrected me-
dians of 5.32:0.87:8.56. In this case, the d12-tagged chan-
nel’s median error was 26.3% in the uncorrected data, but
the curated ratios were once again all within 15% error.
Channel d9 appears to be more accurate in the uncorrected
data, but interference peaks from d6 and d12 contribute to
the d9 monoisotopic peak intensity, artificially raising its
normalized value before correction. Peptides labeled with
d12 have much lower precursor intensities before correction
because their distributions consist of a lower fraction of
monoisotopic ion and an isotopic envelope that extend to
m/z values below the peptide’s exact mass (Supplemental
Figure 2). Figure 3a and b display Tukey boxplots constructed
from the log2-transformed precursor ratios discussed above.
Each ratio is normalized to the d0 channel, representing com-
binations at 1:1:1:1:1 (Figure 3a) and 10:0:5:1:10 (Figure 3b).
Ratio values from 35 peptides labeled and injected in
triplicate constitute each plot. Medians show high accuracy
(G15% error) and high precision, corroborating previous
data showing that ratio compression is nonexistent when
quantification is based on precursor values [23]. High-
resolution and accurate mass (HR-AM) mass spectrometers
like the Q-Exactive Orbitrap instrument used for this work
ensure an extra level of selectivity for accurate relative
or absolute quantification when an MS scan resolution of
140 K is selected.

Targeted-MS2 (t-MS2) applications, such as parallel reac-
tion monitoring (PRM) [32] using quadrupole-equipped HR-
AM mass spectrometers like the Q-Exactive or Orbitrap Fu-
sion, have gained popularity in the last 2 y [33–37].
Multiplexed t-MS2 methods accumulate product ions from
selected precursor masses before transferring these ions to the
Orbitrap mass analyzer. iDiLeu reagents can be fragmented by
CID or HCD to form dimethylated immonium reporter ions
distinguished by m/z values of 114.1, 116.1, 119.1, 122.2, and
123.2. Equations accounting for reporter ion interferences were
implemented for each dimethylated immonium ion using
purity-correction calculations shown in Supplemental Figure 4.
We extended a multiplexed (5-plex) t-MS2 method to target 24
random iDiLeu-labeled BSA tryptic peptides placed on an
inclusion list and compared quantitative results using reporter
ions versus precursor ions. Figure 3c and d show Tukey
boxplots derived from theoretical log2-transformed reporter
ion ratios of 1:1:1:1:1 and 10:0:5:1:10. At ratios of 1:1:1:1:1
(Figure 3c), reporter ion quantification appeared to be accurate
but less precise than the precursor example. Difficulties arose
when labeled peptides at ratios of 10:0:5:1:10 (Figure 3d) were
analyzed. Multiple 5-plex clusters of iDiLeu-labeled peptides
complicate spectra considerably, suggesting that co-isolation of
different peptides in t-MS2 analyses is common. In fact, about
half of the chosen peptides were isolated with interfering
peptide clusters, consequentially yielding significant ratio com-
pression among peptide channels. Techniques to minimize or
eliminate isobaric co-isolation exist but were not explored
because of instrumental and practical considerations [38–41].

Figure 4. Example of an iDiLeu-labeled +2 peptide cluster interfering with the isolation of an iDiLeu-labeled +3 peptide cluster. In
(a), t-MS2 method using an isolation window of 1.6 Th selected five iDiLeu-labeled BSA peptides along with two co-isolated
interference peptides. The MS2 spectrum in (b) shows co-isolated +2 peptides had a substantially negative effect on iDiLeu reporter
ion quantification, increasing the d9 and d12 channels greatly in comparison to d0, d3, and d6. Fragments of interfering +2 peptides
rendered quantification using b- and y-ions impossible until the isolation window was lowered. The MS2 spectrum in (c) was
acquired with an isolation width of 0.5 Th, allowing for quantification using b-ion fragments or sometimes y-ion fragments if a C-
terminal lysine is present
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When reporter ion channel ratios were plotted according to
precursor channel ratios (Figure 3e), it was found that reporter
ion quantification is less accurate and less precise compared with
precursor quantification values. An example of t-MS2 co-
isolation is provided by Figure 4a and b. In Figure 4a, precursor
ions of equal ratios were fragmented using five isolation
widths of 1.6 Th. Significant co-isolation of a d9- and
d12-labeled +2 peptide skewed reporter ion intensities and
adversely affected quantitative accuracy (Figure 4b). Various
instances of co-isolation increase the variability in iDiLeu
quantification and compress peptide ratios. Peptide co-
isolation can also hamper identification and quantification from
b- and y-ion intensities by either complicating spectra with
extra fragments or completely masking peaks of interest. The
b- and y-ion clusters in Figure 4c were undetected at an
isolation width of 1.6 Th but were revealed after lowering the
window to fragment fewer +2 interference peaks. In this case,
lowering the isolation window to 0.5 Th produced fragment ion
clusters in Figure 4c that can be used for peptide quantification
in the absence of HR-AM mass spectrometers.

Previously, we discussed how a digest of interest should be
labeled with each iDiLeu reagent and run separately to deter-
mine unique correction factors for each peptide. These labeled

digests can then be combined into ratios of increasing
concentration to determine the most linear and accurate
peptide surrogates for protein quantification. Figure 5a plots
actual iDiLeu-labeled BSA channel ratios (1:2:5:8:10) nor-
malized to d0 against the theoretical ratios injected onto the
column. The linear relationship is characterized by a slope
close to unity and a small y-intercept. Three peptides were
chosen in Figure 5b to represent BSA abundance,
CASIQK, AWSVAR, and GACLLPK, based on their lin-
earity (R2=~0.990) and accuracy at each channel (G15%
error). In an absolute quantification study, peptides can be
chosen experimentally to represent all candidate proteins
based on their accuracy, variability, and linearity across a
range determined by the researcher.

Allatostatin I Quantification inMouse Urine Peptide
Matrix

We envision two methods of absolute peptide/protein quantifi-
cation using iDiLeu (Supplemental Figure 5). The first technique
requires labeling a peptide standardwith all five iDiLeu reagents.
Four labeled standards are then serially diluted to construct a
standard curve across an order of magnitude. These peptides can

Figure 5. Representation of peptide selection from aBSAdigest with channel ratios of 1:2:5:8:10. Plotting the actual iDiLeu channel
ratios against the theoretical iDiLeu ratios revealed a linear response comprising all identified BSA peptides (a). Three peptides were
chosen as surrogate peptides to represent BSA concentrations in (b). Each of these peptides was characterized by signal response
versus concentration being close to unity and high linearity
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then be further diluted into aliquots to span a wider concentration
range. The fifth labeled peptide is added at a constant concen-
tration to each aliquot, acting as an internal standard for normal-
ization across multiple runs. Each concentration range aliquot is
then added to an unlabeled digest before any sample cleanup
steps occur. Once a response curve has been constructed across
multiple LC-MS runs, the labeled internal standard peptide can
be added to a protein digest modified by one iDiLeu reagent.
After this sample has been run, peptide concentration can be
determined from the normalized peak area according to the
pregenerated calibration curve. We demonstrated this concept’s

proof-of-principle by preparing a solution of AST-I labeled with
d0, d3, d6, and d9 mixed to deliver amounts of 100, 300, 700,
and 1000 fmol on-column. Labeling efficiency of AST-I was
determined to be 999.7% across iDiLeu reactions, meaning that
inefficient or unequal labeling of peptides was not a significant
source of error in this experiment. This stock solution was
serially diluted twice for an overall concentration range of 1–
1000 fmol and combined with 100 fmol of d12-labeled peptide
before being spiked into mouse urine tryptic peptide back-
ground. Allatostatin-I modified with d0 was spiked into mouse
urine peptide matrix at on-column amounts of 8.00, 25.0, and

Figure 6. Calibration curves constructed from three injections of three AST-I peptide labeling mixtures (n=9 total) spiked into
mouse urine peptide background. The curve in (a)was constructed from 1–1000 fmol (amount injected on column), utilizing the d12
channel as an internal standard to normalize precursor signal responses in ratios of (1:3:7:10) across three LC-MS runs. Peak areas
in (b) at ratios of (1:10:50:100) were used to make response curves from 0.1–10, 1–100, and 10–1000 fmol (amount injected on
column). The d0 channel was spiked into mouse urine peptides along with each calibration curve solution in order to quantify a
predetermined concentration of AST-I in a single run
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500 fmol and combined with 100 fmol of d12-labeled AST-I.
After three LC-MS runs, a 12-point calibration curve was built
from 1–1000 fmol based on precursor peak areas and normalized
to d12 (Figure 6a). The resulting curve showed high linearity
(R2=0.998) and small variation from each injection. From this
curve, peptide amounts from triplicate injections of d0-labeled
AST-I were back-calculated and displayed in Table 1. This
method was found to be quite accurate, showing errors less than
19% (with average error at ~7%), and demonstrating comparable
precision between injected amounts with RSDs under 11%.

The second quantification method consists of making single
calibration curve solutions of iDiLeu-labeled peptide standards
spanning two orders of magnitude and spiking that mixture into
a prelabeled digest. We demonstrated this technique by labeling
an AST-I standard with the d3, d6, d9, and d12 labels and
combining the labeled peptides so that their quantities on column
were 10, 100, 500, and 1000 fmol. This solution was diluted
twice to aliquots of 1–100 fmol and 0.1–10 fmol. Labeled AST-I
(d0) was separately combined with mouse urine peptide aliquots
in the following amounts: 0.250, 2.50, 7.50, 25.0, 75.0, 250, and
750 fmol. Calibration curve solutions were then matched with
mouse urine digests containing AST-I concentrations within
their range so that curve generation and quantification were
accomplished in one run. Figure 6b shows the resulting AST-I
response curves normalized to the d12 channel. Each range
shows high linearity and responses close to unity, but variability
increases somewhat in the 0.1–1 fmol range. Femtomole
amounts below 0.1 fmol ceased to follow a linear trend, meaning
the experimental linear range for AST-I quantification is from
~0.1 fmol to 91000 fmol. The iDiLeu method’s linear range,
limit of quantification, and limit of detection will vary depending
on each peptide’s ionization efficiency because of factors like
hydrophobicity and basicity. Table 1 shows calculated amounts
of AST-I from the “one-run” quantification method. The accu-
racy at 0.250 fmol, 83.7%, was 8.8% lower than the least
accurate AST-I measurement from 1–1000 fmol, 92.5%. These
results suggest that AST-I measurements with the highest

accuracy occur between 1 and 1000 fmol. Both iDiLeu methods
are viable quantification methods, but the “one-run” method is
more accurate with higher throughput. The higher accuracy of
this method in comparison to the first is most likely due to the
fact that the response curve and peptide surrogate are analyzed in
one LC-MS run, eliminating errors caused by building a stan-
dard curve from multiple acquisitions.

Conclusions
Mass spectrometry’s role in the absolute quantification of
candidate proteins has increased due to its sensitivity, through-
put, and avoidance of antibody development. Approaches with
LC-MRM AQUA assays and mTRAQ quantification have
substantially increased the confidence in LC-MS quantifica-
tion, but their associated costs may limit the number of exper-
iments or candidate proteins analyzed. Our iDiLeu reagent is a
cost-effective alternative solution to targeted quantification.
The label efficiently couples to peptides and increases the
throughput of targeted quantification assays by allowing a
four-point calibration curve to be constructed in one LC-MS
run. Characterization of iDiLeu revealed the following: (1)
incorporated 2H atoms do not skew retention times of labeled
peptides; (2) efficient fragmentation for characterization and
quantification is achieved at lower NCE values; (3) while
peptide fragment ions can be selected for quantification, pre-
cursor quantification of iDiLeu-labeled peptides with HR-AM
mass spectrometers is selective, accurate and precise over a
concentration range of 1–1000 fmol, outperforming similar
experiments using iDiLeu reporter ions from a t-MS2 method.
iDiLeu’s low cost, ease of production, and accurate perfor-
mance should foster its use in proteomics and peptidomics
workflows. Our lab is currently implementing protein quanti-
fication strategies where relative quantification with DiLeu is
used in candidate protein biomarker discovery, and targets are
validated using the iDiLeu technique.

Table 1. Calibration Curve Statistics for AST-I Precursor Peak Area Quantification using d12 as an Internal Standard acrossMultiple Runs or a Four-Label Curve to
Quantify AST-I in a Single Run

Allatostatin-I, iDiLeu internal standard method (n=3)

Expected amount (fmol) Calculated amount (fmol) Standard deviation (fmol) Relative standard deviation (%) Percent accuracy (%)
8.00 7.64 0.780 10.2 95.5
25.0 20.4 1.64 8.04 81.8
500 507 53.9 10.6 101

Allatostatin-I, iDiLeu single run method (n=3)

Expected amount (fmol) Calculated amount (fmol) Standard deviation (fmol) Relative standard deviation (%) Percent accuracy (%)
0.250 0.209 0.0005 0.240 83.7
2.50 2.50 0.644 25.7 100
7.50 7.07 2.68 37.9 94.2
25.0 25.8 1.18 4.58 103
75.0 75.7 6.49 8.57 101
250 231 15.7 6.81 92.5
750 718 63.8 8.88 95.7
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