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ABSTRACT: The deuterium, a frequently used stable isotope in isotopic labeling for quantitative proteomics, could deteriorate
the accuracy and precision of proteome quantification owing to the retention time shift of deuterated peptides from the
hydrogenated counterpart. We introduce a novel three-plexed peptide “diethylation” using only *C isotopologues of
acetaldehyde and demonstrate that the accuracy and precision of our method in proteome quantification are significantly
superior to the conventional deuterium-based dimethylation labeling in both a single-shot and multidimensional LC—MS/MS
analysis of the HeLa proteome. Furthermore, in time-resolved profiling of Xenopus laevis early embryogenesis, our 3-plexed
diethylation outperformed isobaric labeling approaches in terms of the quantification accuracy or the number of protein
identifications, generating more than two times more differentially expressed proteins. Our cost-effective and highly accurate 3-
plexed diethylation method could contribute to various types of quantitative proteomics applications in which three of

multiplexity would be sufficient.
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B INTRODUCTION

LC—MS-based quantitative proteomics is being magnified as
an indispensable technique to discover the functional key
proteins in dynamic cellular processes of various biological
samples."”” Unlike in the next-generation DNA/RNA sequenc-
ing, the label-free quantification approach in proteomics has
been considered to be less accurate than labeling-based
approaches due to its run-to-run variation as well as limited
sequencing depth of LC—MS/MS.’ Thus to achieve more
accurate and reproducible proteome analyses, two orthogonal
labeling strategies, that is, isobaric and isotopic labeling
schemes, have been developed during the past decade.*™ "'
Isobaric labeling of peptides leads to an identical mass shift
of precursor ions but yields distinguishable quantitative
reporter ions via fragmentation in the gas phase such as MS/
MS (MS2) so that conceptually all identifiable peptides could
be quantifiable within the multiplexed analysis.”® However, a
major drawback of this method regarding quantification
accuracy has been reported: Coeluting other peptide ions
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within the isolation mass window of the precursor ion can be
cofragmented in collision cell, distorting reporter ion
intensities and resulting in compressed fold changes.'”"”
Although this issue can be solved in part by introducing an
additional collision mode of fragment ions (that is, MS3),"*"
which is solely allowed for a couple of high-end instruments,
the quantitatively interfering feature of isobaric labeling is often
observed even in the MS3 approach.'®

Conversely, the isotopic labeling via chemical or metabolic
process differentiates the mass of precursor ions with stable
isotopes at the MS1 level. Thus the interference effect of other
precursor ions can be bypassed even with commonly used
mass spectrometers such as Q-TOF or Q-Orbitrap, resulting in
superior quantification accuracy to isobaric labeling.'”'* Out of
various isotopic labeling techniques, the 3-plexed dimethyla-
tion (DM) of peptides using formaldehyde isotopologues

Received: October 3, 2018
Published: January 14, 2019

DOI: 10.1021/acs.jproteome.8b00775
J. Proteome Res. 2019, 18, 1078—1087


pubs.acs.org/jpr
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jproteome.8b00775
http://dx.doi.org/10.1021/acs.jproteome.8b00775

Journal of Proteome Research

containing deuterium has been predominantly adopted during
the past decade for various biological and medical proteomics
research,”'*~*° mainly due to the low cost of reagents and the
robust chemistry without side reaction.'” In DM-3plex
labeling, however, the different numbers of deuteriums
between the labeling channels often incur a considerable
discrepancy of retention times within a given labeled peptide.
This is because the deuterated species are slightly more
hydrophilic than the hgdrogenated counterpart (known as the
“deuterium effect”).””*® This “deuterium effect” can largely
compromise the quantification accuracy and result in under-
estimated fold changes.”

Here we report a novel 3-plexed diethylation (DE) method
for highly accurate quantitative proteomics, in which DE is
acetaldehyde-based reductive alkylation of peptides.’’™*
Because all mass shifts are introduced by "*C isotopologues
of acetaldehyde, our DE-3plex method is free from the
deuterium effect; therefore, the multiplexed peptides are
coeluted in LC—MS analysis. Also, C isotopologues of
acetaldehyde are all commercially available and cost-effective
overall (<$10 for labeling of 100 ug proteome). Our systematic
comparison via both single-shot and multidimensional analyses
demonstrates that the DE-3plex labeling significantly outper-
forms the conventional DM-3plex labeling in terms of both
quantitative accuracy and precision. For instance, the proteins
with the 10-fold change were accurately quantified in the DE-
3plex, whereas they were not accurately quantified in the DM-
3plex.

Besides, when compared with isobaric labeling (tandem
mass tag (TMT)),° the DE-3plex method shows superior
quantification accuracy or a greater number of identified
proteins with comparable accuracy, depending on the
instrumental mode in isobaric labeling, from the analysis of
the maternal to zygotic transition (MZT) of Xenopus laevis
embryos (stages 1, 8, and 13). We believe that with all of these
advantages the new DE-3plex labeling could be the method of
choice for 3-plexed proteomics applications.

B EXPERIMENTAL SECTION

Enolase and HelLa Sample Preparation

Enolase from baker’s yeast was purchased from Sigma-Aldrich.
HeLa cells were grown in DMEM supplemented with 10%
fetal bovine serum. Cell pellets were lysed in 8 M urea with 50
mM ammonium bicarbonate (ABC, pH 8.5) containing 1X
Halt protease inhibitor (Thermo Fisher). The HeLa lysates
and yeast enolase samples were reduced by 10 mM DTT for 1
h at 37 °C, followed by alkylation with 40 mM iodoacetamide
for 30 min at 37 °C in the dark. Samples were diluted with SO
mM ABC to <1 M of urea concentration, followed by LysC
(Wako) digestion with 2% (w/w) at 37 °C for overnight. The
remaining activity of LysC was quenched by acidifying the
sample with 0.4% TFA, and the resulting digests were desalted
by C18 SPE cartridge (Supelco).

Xenopus laevis Embryo Sample Preparation

X. laevis were obtained from NASCO and the Korean Xenopus
Resource Center for Research. Embryos were collected as
described.>® In brief, 800 units of human chorionic
gonadotrophin (Dae Sung Microbiological Laboratories) was
injected into a female X. laevis 12 h before collection. Eggs
were obtained in 1X MMR (Marc’s Modified Ringer) and in
vitro fertilized using macerated testis. Fertilized embryos were
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dejellied with 2% cysteine, pH 7.8. Nieuwkoop and Faber
stages were used for developmental staging.

A single embryo of Xenopus laevis in each stage (1, 8, 13)
was individually lysed with lysis buffer (250 mM sucrose, 1%
NP-40 substitute (Sigma), S mM EDTA, 1X Halt protease
inhibitor, and 20 mM HEPES (pH 7.2)), followed by
deyolking.’* 40 ug of deyolked proteome from a single
embryo was further denatured at 90 °C for 10 min, and
cysteine residues were alkylated. The alkylated sample was
subjected to in-filter LysC digestion using a 30 kDa MWCO
Amicon filter (0.5 mL, Millipore), followed by quenching of
protease and desalting, as described above. The resulting 20 ug
of LysC digest for each stage was preserved for the next
labeling experiments.

Diethylation of Peptides and Other Chemical Labeling

The lyophilized peptides were resuspended with 100 mM
sodium acetate buffer (pH 5.5) for reductive alkylation.” First,
for DE, one of three acetaldehyde '>C isotopologues
(CH,CHO (Sigma), CH,;"*CHO (Sigma), and *CH;"*CHO
(Cambridge Isotope Laboratories) for light, medium, and
heavy labeling, respectively) was added to the peptides sample
to be of 500 mM concentration, followed by the addition of
NaBH,;CN (Sigma) to be 250 mM (Figure la). For DM, a
formaldehyde isotopologue (CH,O (Sigma), CD,0 (CDN
Isotopes), and *CD,0 (Sigma) for light, medium, and heavy
labeling, respectively) was combined with the adequate
reducing reagent (NaBH;CN for light and medium labeling
or NaBD;CN (CDN Isotopes) for heavy labeling) (Figure
Sla). All dimethylating reagents were added at same
concentration, as in the case of DE. Samples were briefly
vortexed and incubated for 1 h at room temperature (RT) in
the Thermomixer (Eppendorf) with SO0 rpm. The reductive
alkylation process can be repeated once more if necessary. The
reductive alkylating reagents were quenched by the addition of
1 M ABC solution to be 500 mM. TMT labeling of X. laevis
samples was carried out by following the manufacturer’s
recommendation. Twenty ug of digests from a single embryo
for each stage was divided into two identical aliquots and
subjected to duplicate TMT labeling, as follows: TMT-126 and
-129 for stage 1, TMT-127 and -130 for stage 8, TMT-128 and
-131 for stage 13.

Multidimensional Mid-pH RPLC Fractionation

Microscale (20 ug (HeLa) or 30 ug (X. laevis)) mid-pH
reversed-phase liquid chromatography (RPLC) off-line fractio-
nation was carried out using an in-house packed 200 ym i.d.
C18 capillary column operated by nanoACQUITY ultra-
performance liquid chromatrography (UPLC) (Waters) at 3
uL/min of flow rate with a linear gradient of solvent A (10 mM
ABC in water) and solvent B (10 mM ABC in 90% ACN)
from 2 to 40% of solvent B for 90 min. The eluent was
automatically collected into the 96-well plate per each minute
using Triversa NanoMate (Advion) and then concatenated to
6 (HeLa) or 24 (X. laevis) fractions.

LC—MS/MS or LC—MS3 Analysis

LC—MS/MS analysis of enolase and HeLa samples for the
comparison of DE- and DM-3plex was carried by Q-Exactive
Orbitrap MS (Thermo Fisher Scientific) coupled to a
nanoACQUITY UPLC equipped with an in-house-packed
trap (150 gm i.d. X 3 cm) and analytical column (75 ym i.d. X
100 cm) using 3 um of Jupiter C18 particle (Phenomenex). A
linear gradient of solvent A (water with 0.1% formic acid) and
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Figure 1. Three-plexed peptide diethylation (DE). (a) Scheme for 3-plexed DE of Lys-C digested peptides using acetaldehyde *C isotopologues.
(b) Representative MS/MS spectra of DE-labeled (top) and dimethylation (DM)-labeled peptide (bottom) for QVHPDTGISSK. Superimposed
extracted ion chromatograms (XICs; light, red line; medium, green line; heavy, blue line) and full mass spectra of DE-3plexed (c) and DM-3plexed
GPSSVEDIK (d) at several elution time points (#1, #2, and #3) spanning from the beginning to the end of the XIC. Red arrows indicate the

labeled amino groups.

solvent B (ACN with 0.1% formic acid) in ACN) was applied
at a flow rate 300 nL/min: 5 to 10% solvent B for the initial 5
min and 10 to 40% solvent B for the next 90 min.

X. laevis embryogenesis was profiled using Orbitrap Fusion
Lumos Tribrid MS (Thermo Fisher Scientific) coupled to the
aforementioned LC system. For the MS2-only method for the
analyses of DE-3plex and TMT-MS2 samples, full MS scans
(m/z 300—1500) were acquired at a resolution of 60k (at m/z
200). Higher-energy collisional dissociation (HCD) fragmen-
tation was performed under 30% of normalized collision
energy (NCE) via precursor isolation within 1.6 Th of window.
The MS2 scans were acquired at a resolution of 15k (ITmax 30
ms and AGC 2E4). For the MS3 analysis, the most intense 10
ions were first isolated at 0.5 Th of precursor isolation width
under the identical full MS scan settings for CID MS2 in ion
trap (ITmax 150 ms and AGC 4E3). The 10 most intense MS2
fragment ions were synchronously isolated for HCD MS3
(AGC 1.5ES, ITmax 250 ms, and NCE 55%) at 2 m/z of
isolation width. All of the raw mass data sets have been
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deposited to the PRIDE Archive (ProteomeXchange) with the
data set identifier PXD012117.

Database Searching and Quantitative Analysis

The MaxQuant suite®® (ver. 1.5.2.8) was used for the
quantitative analysis of all of the diethylated and dimethylated
samples. The UniProt human database (March 2016) or
PHROG reference set”” was used, and the false discovery rate
(FDR) of the protein group and peptide spectrum match
(PSM) were set to <1%. For 3-plexed modifications on the N-
terminus and lysine, 28.0313, 32.0564, and 36.0756 Da were
filled in as the light, medium, and heavy labels, respectively, for
DM, whereas 56.0626, 58.0693, and 60.0670 Da were used for
DE. More than two nonredundant peptides for a specific
protein group were used for protein quantification.

Proteome Discoverer (PD) ver. 2.1 (Thermo Fisher
Scientific), which is the most popular software platform for
TMT labeling, was used for the quantitative analysis of TMT-
labeled X. laevis data sets. The assignment of MS2 spectra was
carried out using the SEQUEST algorithm, and the resulting
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Figure 2. Quantitative accuracy and precision of DE-3plex versus DM-3plex in HeLa. Superimposed histograms of peptide ratios (medium to light
(M/L), heavy to light (H/L), and heavy to medium (H/M)) from DE-3plex (red) and DM-3plex (green) methods, respectively, in an equimolar
mixture of labeled HeLa cell lysate (a) in a single-shot LC—MS/MS analysis and (b) in multidimensional LC—MS/MS analyses. Inserted %

numbers mean % CV value for the analysis.

peptide hits were filtered at maximum 1% FDR by the
Percolator algorithm. Carbamidomethylation of cysteine and
TMT labeling of lysine and peptide N-terminus were set as
fixed modifications, whereas the methionine oxidation was
considered as a variable modification. Full Lys-C specificity
with up to two missed cleavage sites was applied. Mass
tolerances for precursor and fragment ions were set to 10 ppm
and 0.6 Da, respectively. The reporter ion ratios reported from
PD were adjusted by applying the isotopic correction factors of
the TMT kit provided by the manufacturer. Only all reporter
ions containing spectra were designated as “quantifiable
spectra”.

For the clustering analysis, log, fold changes between
embryonic stages were calculated. The k-means clustering of
log, fold changes was done using the SciPy package, open-
source scientific tools for Python (http://www.scipy.org). Data
analysis and visualization following clustering analysis were
carried out by in-house software.

Assessing Quantification Precision of DE-3plex-,
TMT-MS2-, and TMT-MS3-Labeled X. laevis Samples

The precision analysis was assessed by gathering the peptides
matching to a single protein and measuring the CV values of
their quantity ratios (as such peptides are expected to have the
same ratio). In detail, per protein with more than three
matching peptides, we examined the CV values of the peptide
quantity ratios between stages 1 and 8, 8 and 13, and 1 and 13.
By drawing the histograms for CV values obtained from the
proteins, the precision was assessed. For a fair comparison, we
used only overlapping peptide—protein matches found in two
comparison sets. For this analysis, we used only the first sample
of the two replicates. Only nonredundant peptides were

1081

counted, and the proteins that do not make a protein group
were selected. Per protein, the ratio CV values were calculated
for both labeling schemes and used to draw Figure 4c¢,d.

B RESULTS AND DISCUSSION

Three-Plexed Peptide Diethylation (DE-3plex) Using '3C
Isotope

Although the conventional DM-3plex has been used in
numerous quantitative proteomics studies, the quantification
accuracy of the method has been often doubtful due to the
innate “deuterium effect” originated from the use of deuterated
formaldehydes and cyanoborodeuteride®' (Figure Sla). To
solve this chronic issue, our DE-3plex method uses only the
B3C isotope to introduce mass shifts. Figure la shows that at
least 4 Da of mass spacing (2 Da at N-terminus and 2 Da at
lysine residue) between labeling channels can be obtained via
reductive dialkylation of LysC-digested peptides using '>C
forms of acetaldehyde (acetaldehyde-1->C and acetaldehy-
de-'*C,). The DE of peptides shows quantitative labeling
efficiency on primary amines in HeLa (Table S1). Also, the
fragmentation pattern of diethylated peptides was very similar
to that of dimethylated ones, yielding a characteristic al
ion***? (Figure 1b and Figure S1b), probably due to very close
gas-phase basicity between dialkyl amines.*’

As expected, the superimposed extracted ion chromatograms
(XICs) of individual labeling channels (light, medium, and
heavy) in DE-3plex showed a complete coelution pattern
(Figure 1c), whereas the counterpart from DM-3plexed
peptide showed a sequential elution ;)attern (Figure 1d),
which is known as the deuterium effect.””** Consequently, the
diethylated peptides showed consistent relative ratios between
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Figure 3. Temporal proteomics design and identification results in early embryogenesis of Xenopus laevis. (a) Experimental design for the
comparative evaluation of the DE-3plex method with isobaric TMT-labeling approaches. (b) Comparison of identified protein groups between DE-
3plex and TMT-MS2 (top) and between DE-3plex and TMT-MS3 (bottom), respectively. The numbers of proteins groups were from a single

replicate data set only for the individual method.

channels at all elution time points spanning from the beginning
to the end of the XICs (Figure 1c). However, the dimethylated
peptides showed significantly fluctuating intensity ratios. In
particular, the elution time shift between heavy (blue line) and
light channels (red line) was substantial, resulting in the most
distorted intensity ratios in the DM-3plex method (Figure 1d).

Enhanced lonization and Profiling Depth from Peptide
Diethylation

In the LC—MS/MS data set from an equimolar mixture
composed of nonlabeled (NL), dimethylated, and diethylated
HeLa peptides, we found that the average intensity ratios of
diethylated and dimethylated over NL peptides were 4.0 and
1.8, respectively (Figure S2a, Table S2). This result indicates
that the electrospray ionization efficiency of diethylated
peptides is higher than those of the dimethylated peptides as
well as the original NL peptides. The enhanced ionization
might be attributed to more favorable desolvation of
diethylated peptides because the diethylated peptides are
eluted at later retention time with higher organic solvent
composition than NL or even dimethylated peptides (Figure
S2b). The enhanced ionization from DE over DM was
confirmed in the large-scale data set as well. The area of total
ion chromatogram (TIC) from diethylated sample was about
two times higher than that from the dimethylated sample
under the identical LC—MS/MS setting (Figure S2c, Table
S3).

The enhanced ionization of diethylated peptides positively
affected the proteome profiling depth. When the diethylated
LysC digest of HeLa lysate (20 pg) was subject to LC—MS/
MS analysis via mid-pH RPLC fractionation, 23 and 12% more
of nonredundant peptides and protein groups, respectively,
than dimethylated sample were identified at 1% FDR on the
same analysis setting and scale (Figure S2d,e and Table S4).
Considering that both labeling schemes show a very similar
fragmentation pattern (Figure 1b and Figure S1b), the
improved profiling depth from DE over the DM method can

1082

be credited to the enhanced ionization efficiency of diethylated
peptides.

Notably, in the very early elution time range, a number of
nonredundant peptides were exclusively identified in the DE
over the DM sample (Figure S2f and Table SS). The
histograms of exclusively identified peptides from DE and
DM samples, respectively, along with the predicted normalized
elution times (pNETs)"' showed that a much larger number of
hydrophilic peptides with <0.15 of pNET were identified in the
DE sample. This observation indicates that those exclusively
identified hydrophilic peptides in the DE sample are safely
recovered and well-separated with enhanced sensitivity by
virtue of DE labeling; otherwise, they are likely to be lost
during the sample cleanup or loading step. Intriguingly, the
boosting capability of DE in hydrophobicity also suggests that
DE-3plex could be used for the multiplexed RPLC—MS
analysis of amine-containing metabolites,” which otherwise
are hardly retained on the C18 stationary phase.

Highly Accurate Proteome Quantification by DE-3plex
Method

The proteome quantification accuracy and precision of the DE-
3plex method were comparatively assessed with the DM-3plex
method in both single-shot and multidimensional LC—MS/
MS analyses (Figure S3).

In a Single-Shot Analysis. The equimolar mixtures of all
three light (L), medium (M), and heavy (H) labeling channels
were prepared for both DE and DM using the individually
labeled LysC digest of yeast enolase or HeLa cell lysate. The
samples were subsequently subject to a single-shot LC—MS/
MS analysis in triplicate. First, the DE-3plex labeling of enolase
peptides yielded peptide quantification ratios quite close to the
expected ratio of 1.00 (e.g,, 1.03 (M/L), 1.04 (H/L), and 1.01
(H/M) on average from triplicate analysis), whereas the
dimethylated peptides showed rather inaccurate fold changes
of 0.66 (M/L), 0.73 (H/L), and 1.13 (H/M) (see Figure S4
and Table S6). Furthermore, the variation of fold change in the
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Figure 4. Quantitative accuracy and precision of DE-3plex compared with isobaric labeling in embryogenesis of X. laevis. Scatter plots of protein
quantification ratio on the log2 scale (stage 13 to 1) from DE-3plex versus TMT-MS3 (a) and versus TMT-MS2 (b), respectively. Histographic %
CV distribution of peptide quantity ratios with the same matching protein for DE and TMT-MS3 (c) and for DE and TMT-MS2 (d). Because
peptides with the same matching protein are expected to have the same quantity ratios, their CV values are used to measure the quantification

precision. (See the Experimental Section for details.)

DE-3plex method was much smaller than that in DM-3plex,
highlighting the outperforming precision of the DE-3plex
method (Figure S4). These results collectively show that the
coelution character of DE-3plex favorably affects the
quantification accuracy and precision. The superimposed
histograms in Figure 2a demonstrate that DE-3plex is a more
accurate and precise method than DM-3plex, even in the
highly complex sample such as HeLa lysate: The median ratios
of peptides were 1.02 (M/L), 1.00 (H/L), and 1.02 (H/M)
with 13~20% coeflicient of variation in the equimolarly 3-
plexed DE sample, whereas they were 0.95 (M/L), 0.83 (H/
L), and 0.90 (H/M) with higher CV (16~77%) than DE in
the equimolar mixture of DM-labeled samples (Table S7).

We also benchmarked DE-3plex in various mixtures with
known ratios (L/M/H 1:2:4 and 1:5:10) as compared with
DM-3plex in a single-shot analysis. Lau et al.”” reported that
protein ratio compression was observed even at 5:1 H/L ratio
in DM-3plex, and it became worse at higher H/L ratio such as
10:1. We also observed consistent ratio compression at 4:1 H/
L ratio in the DM-3plex method, 3.3 H/L ratio for the 4:1
mixture, and 7.9 H/L ratio for the 10:1 mixture (Figure SS,
Table S8). The measured quantification ratio from the DE-
3plex method, on the contrary, was almost exactly proportional
to the expected ratio (Figure SS), demonstrating its highly
accurate response in such a high dynamic range.

In Multidimensional Analysis. The 20 ug of equimolar
mixtures for DE-3plex and DM-3plex, respectively, were
subject to multidimensional LC—MS/MS analysis using mid-
pH microscale RPLC offline fractionation.”® In brief, each
equimolar mixture sample was separated on a capillary C18
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column (i.d. 200 pgm) at pH 8 and fractionated into 96 wells.
Then, the 96 wells were concatenated into six fractions,**
which were subject to the final LC—MS/MS analysis.

Figure 2b illustrates the histographic distribution of the
quantification ratio of peptides between labeling channels. The
results from both DE-3plex (1.02 (M/L), 1.03 (H/L), and
1.01 (H/M)) and DM-3plex (0.98 (M/L), 0.83 (H/L), and
0.85 (H/M)) were fairly close to the expected ratio (1.00).
However, the quantification precision in DM-3plex coupled to
multidimensional analysis**® was significantly inferior
(24~76% CV) to that of DE-3plex (11~14% CV). This
shows that the fold-change result of an individual protein from
the multidimensional analysis of DM-3plex method would not
be as reliable as that of DE-3plex (Tables S9 and S10).
Collectively, like the case of a single-shot analysis, these results
clearly demonstrate that DE-3plex generates highly accurate
and precise quantification results in the large-scale proteomics
experiment via multidimensional separation.

Proteomic Profiling of X. laevis Embryogenesis Using
DE-3plex versus Isobaric Labeling

We applied the DE-3plex method to X. laevis embryos (stages
1, 8, and 13) to explore the landscape of proteome change in
X. laevis early embryogenesis. Also, the isobaric labeling was
carried out in parallel for the comparison with DE-3plex. Via
deyolking, 20 pg of LysC digest from a single embryo in each
stage was individually labeled by DE-3plex method, that is,
stage 1 by DE-light, stage 8 by DE-medium, and stage 13 by
DE-heavy channel (Figure 3a, left). Pooled sample (60 pg) of
all three stages was divided into two aliquots; then, each
aliquot was subject to duplicate multidimensional LC—MS/
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Figure S. Heat map (a) and clustering analysis (b) of temporal protein expression level in embryogenesis of X. laevis from DE-3plex, TMT-MS3,
and TMT-MS2 methods, respectively. k-means clustering of log, protein fold changes into eight clusters was carried out. The thickness of the
median line and inserted number indicate the protein number in the cluster. The blue dotted box represents the DEP clusters exceeding the median

temporal change threshold (1.5-fold).

MS analysis via mid-pH microscale RPLC offline fractionation.
In the case of TMT labeling, we allowed the use of the higher
multiplexity for the duplicate analysis of the three stages (total
6plex): 20 ug of deyolked digest sample from a single embryo
was divided into two identical aliquots and subjected to
duplicate TMT labeling. One fractionated set of the pooled
TMT-6plex sample was analyzed by MS2 mode only (TMT-
MS2), whereas the other set was analyzed by MS3 mode'*'*
(TMT-MS3) (Figure 3a, right).

From the limited sample amount (30 ug of peptides
equivalent to 1.5 embryos), we successfully identified nearly 8k
protein groups (7696) in a single replicate of DE-3plexed
sample from PD analysis at 1% of protein level FDR (Figure
3b). Intriguingly, the DE-3plex labeling generated a larger
number of protein groups than TMT-MS2 or TMT-MS3
under the identical analysis platform (Figure 3b, Figure S6a,
and Table S11). Given that the TIC area sum of all fraction
data sets was comparable between DE-3plex and TMT-MS2
data sets (Figure S6a), the larger number of protein
identification from the DE-3plex data set indicates that the
solid character of the C—N ¢ bond in DE for gas-phase
fragmentation might be more beneficial to protein identi-
fication than the innate fragile feature of the TMT moiety
yielding complex fragment ions such as complementary ion
clusters,”” despite the lower peptide sampling efficiency in DE-
3plex owing to increased precursor ion complexity.

The quantitative fold changes of the DE-3plex method
between stages showed highly positive correlation with isobaric
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labeling (Figure 4a,b) and comparable quantitative precision to
the isobaric method (Figure 4c,d). We found that the
quantitative dynamic range of DE-3plex was quite similar to
that of TMT-MS3 (Figure 4a) but far wider than that of TMT-
MS2 (Figure 4b). These results indicate that the proteome
quantification by the DE-3plex method is as accurate as that by
the TMT-MS3 approach, which is known to have significantly
higher quantification accuracy'*"> but longer sequencing duty
cycle (and thus reduced identification*®) than the TMT-MS2
approach. When considering that the TMT-MS3 mode is
available on only a couple of high-end instrument types such as
the Fusion Tribrid system, the quantitative capability of DE-
3plex by common mass spectrometers, that is, TMT-MS3-
comparable quantification accuracy with more comprehensive
identification, can be particularly beneficial for researchers
using normal instruments. The highly accurate quantification
power of DE-3plex was confirmed again in the comparison
with another isobaric labeling (iTRAQ)* carried out in
identical stages of frog embryos (Figure S7a). To crosscheck
our result, we referred to the previously reported Western blot
(WB) assay of a few selected proteins, Xcdc6" (Figure S7b)
and Lin28A* (Figure S7c), and found that the DE-3plex
results were well-matched with the WB data.

Notably, the heat map and clustering analysis of temporal
expression level shows that DE-3plex generates a higher
portion of protein groups classified as differentially expressed
protein (DEP) clusters than isobaric labeling (Figure Sa,
Figure S8, and Table S12). When applying a median temporal
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change threshold (1.5-fold) for the DEP cluster, six DEP
clusters with 2476 proteins including two clusters showing a
maternally deposited and zygotically degraded pattern were
observed in the DE-3plex, whereas four DEP clusters with a
significantly reduced number of proteins (839 proteins)
remained in TMT-MS3 (Figure Sb). Even worse, TMT-MS2
analysis resulted in ambiguous patterns of temporal change
except only two compressed DEP clusters (Figure Sb).
Regarding the use of protease, the trypsin digestion instead
of Lys-C would be more optimal for TMT labeling because a
greater number of proteins (>30%) could be identified in
tryptic digests compared with Lys-C digests, generating a
higher number of DEPs for TMT-labeling approaches than this
study. However, even if reflecting the potential gain from
trypsin digestion, the possible DEP number in the TMT-MS2
or MS3 approach might not exceed that of DE-3plex in this
biological context. Collectively, all of these observations
support the fact that the DE-3plex method can be a general
choice for the specific 3-plexed quantitative proteomics studies,
representing a greater number of DEPs.

An innate drawback in our method would be the
incompatibility to other proteases such as trypsin and Glu-C.
To enable the three of multiplexity with >4 Da of mass spacing
between channels, greater than or equal to two amino groups
per peptide would be necessary, which could be obtainable
from the use of Lys-C protease. With other proteases, the mass
spacing between channels would be relatively small (2 Da),
resulting in overlapping isotopic distributions and compromis-
ing the quantification performance. Thereby, our method
could offer only duplex (light and heavy) for the research
projects requiring other proteases or incompatible to Lys-C
digestion.

Furthermore, the three of multiplexing power in our method
might not be sufficient for most of the large-scale proteomics
experiments where a large number of samples should be
analyzed (e.g, medical proteomics experiments for biomarker
discovery). However, we believe that the 3-plexed proteomics
design including triple SILAC is still being actively used, and
our method can contribute to that kind of experiments. For
instance, in many biological experiments, comparative experi-
ments between three conditions such as two experimental
conditions with a wild-type control are common (e.g.,
starvation, inhibitor-treated, and normal media condition for
ribophagy study).’® In this type of biological study, the
quantification accuracy should be reliable for biological
discovery when dealing with subtly changed protein targets.
As we demonstrated, because the DE-3plex method allows for
highly accurate and precise quantification, this method can be
valuably used for those quantitative proteomic studies in which
three of multiplexity would be sufficient.

In conclusion, our newly developed 3-plexed peptide DE
considerably improves the quantification accuracy and
precision of the proteome compared with the conventional
DM-3plex approach and thereby could be directly applied to
other DM-based proteomics techniques or applications, for
example, Terminomics (N- or C-TAILS)*”*' or amino
metabolome profiling.”’ Furthermore, our new method
provides comparable quantification performance with a higher
number of protein identifications to the MS3-based isobaric
labeling method, which is allowed only by high-end instru-
ments. We believe that our cost-effective and highly accurate
DE-3plex method can contribute widely to much proteomics
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research including dramatically changing developmental
systems such as early embryogenesis.
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