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ABSTRACT: Simple light isotope metabolic labeling (SLIM
labeling) is an innovative method to quantify variations in the
proteome based on an original in vivo labeling strategy.
Heterotrophic cells grown in U-[12C] as the sole source of carbon
synthesize U-[12C]-amino acids, which are incorporated into
proteins, giving rise to U-[12C]-proteins. This results in a large
increase in the intensity of the monoisotope ion of peptides and
proteins, thus allowing higher identification scores and protein
sequence coverage in mass spectrometry experiments. This
method, initially developed for signal processing and quantification
of the incorporation rate of 12C into peptides, was based on a
multistep process that was difficult to implement for many
laboratories. To overcome these limitations, we developed a new
theoretical background to analyze bottom-up proteomics data using SLIM-labeling (bSLIM) and established simple procedures
based on open-source software, using dedicated OpenMS modules, and embedded R scripts to process the bSLIM experimental
data. These new tools allow computation of both the 12C abundance in peptides to follow the kinetics of protein labeling and the
molar fraction of unlabeled and 12C-labeled peptides in multiplexing experiments to determine the relative abundance of proteins
extracted under different biological conditions. They also make it possible to consider incomplete 12C labeling, such as that observed
in cells with nutritional requirements for nonlabeled amino acids. These tools were validated on an experimental dataset produced
using various yeast strains of Saccharomyces cerevisiae and growth conditions. The workflows are built on the implementation of
appropriate calculation modules in a KNIME working environment. These new integrated tools provide a convenient framework for
the wider use of the SLIM-labeling strategy.

KEYWORDS: In vivo metabolic labeling, light carbon isotope, 12C, quantitative proteomics, data processing workflow, OpenMS, KNIME,
yeast

■ INTRODUCTION

We recently developed a new method to quantify protein half-
lives in vivo based on an original labeling strategy, simple light
isotope metabolic labeling (SLIM labeling),1 derived from the
pioneering work of the group of Marshall.2−4 Briefly, we grew
yeast cells on a synthetic medium containing glucose as the sole
source of carbon (referred to as the normal carbon condition
(NC): 98.93% 12C, 1.07% 13C) and shifted the cells to the same
medium containing U-[12C]-glucose as the sole source of carbon
(referred to as the 12C condition: 100% 12C). This allowed us to
follow the incorporation of the 12C-amino acids into proteins
rapidly synthesized by the cells over time. SLIM labeling is, with
the whole-organism heavy water labeling methodology,5,6 one of
the few methods that allows an integral labeling of the cellular
components, without bias in functional group requirement or
amino-acid composition. The SLIM-labeling strategy provides

several advantages for MS-based proteomics developments. The
isotope cluster for peptides remains strictly bound to the natural
monoisotopic ion, leading to a large increase in the intensity of
the monoisotopic ion of peptides and proteins. This allows for
better precision in the monoisotopic mass measurement, with
higher identification scores and protein sequence coverage1 in
mass spectrometry-based experiments. This method, initially
developed for signal processing and quantifying the incorpo-
ration rate of 12C into peptides, was based on a multistep process
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that was difficult to implement for many laboratories. It involved
(1) extracting the intensities of isotopologues using the
commercial software Progenesis QI for metabolomics, (2)
aligning the “Features” files with the peptide identification files
(Mascot files), (3) calculating the ratio of the monoisotope
intensity to the intensity of all isotopologues (called Riso), (4)
establishing the equation of the theoretical Riso values for each
peptide sequence, calculated using the MIDAs application7 as a
function of 12C enrichment, after determining the elemental
composition of each peptide and therefore the exact number of
carbons it contains, and (5) calculating the abundance of 12C in
each experimental peptide by fitting its experimental Riso to the
closest theoretical Riso. The data were then filtered to eliminate
outliers based on monoisotopic intensity, peptide size, and 12C
composition derived from the adjustment. Protein abundance
was calculated on the basis of the abundance of their three most
intense peptides (Top-3). The absence of an automated
processing tool contributed to limiting the widespread diffusion
of the method.
To overcome these limitations, we established the basis of a

new theoretical background to process the experimental data in
SLIM-labeling experiments and developed the appropriate
procedures based on open-source resources, using, in particular,
dedicated OpenMS modules8 for peptide identification in
conjunction with a modified version of FeatureFinderIdentifi-
cation.9 This solution provides a Gaussian fit of the intensities of
every isotopologue chromatographic trace (mass trace) for
peptides with a validated identification, allowing extraction of
the relevant information. The only experimental data required
for high-quality quantification are the abundance ofM0 andM1,
the monoisotopic ion, and the +1 isotopologue of the peptides
identified with high confidence. Computation of the 12C
abundance of peptides and the molar fraction of peptides from
the NC and 12C conditions in multiplexing experiments is
performed by implementing appropriate calculation modules in
a KNIME working environment.10,11 We also present the
theoretical basis for establishing appropriate filters to obtain
high-quality processed data from experimental datasets. These
new integrated tools provide a convenient framework that
enables wider use of the bSLIM-labeling strategy.
Theoretical Basis of bSLIM-Labeling Data Processing

The isotope cluster of every peptide Pept is defined as a series of
isotopologues (M0, M1, M2, ... Mn). Considering a peptide of
elemental composition: Cx Hy Nv Ow Su, the isotope cluster can
be described as the monoisotopic ion associated with a
distribution of neutrons among the various elements present
in the molecule. The intensities of the isotopologues can be
estimated by the enumeration of the isotopic contributions of
each element. In proteins, the elements are (12C, 13C), (1H, 2H),
(14N, 15N), (16O, 17O, 18O), and (32S, 33S, 34S, 36S). Phosphorous
is present only as the stable isotope 31P. A classical approach
combines polynomial distributions for all of the atoms in a
molecule to take into account all of the possible permutations of
neutrons of additional origin.12

Accordingly, the normalized intensity of themonoisotopic ion
M0 is given by

M P X( )
i x y v w u
X

A i
0

, , , ,
C,H,N,O,S

∏=
=
= (1)

where P(AX) is the probability of occurrence, expressed as
relative abundance, of the element X of mass number A. The
normalized intensity ofM1 is given by the polynomial expansion

to the 13C, 2H, 15N, 17O, and 33S terms of the distribution
(elements containing one extra neutron)
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Although formal expressions for higher-order isotopologues
have been produced,13 the present method uses only theM0 and
M1 intensities. The developed expressions of M0 and M1 are
provided in Supporting File S1.
Under standard conditions,14 P(12C) = 0.9893; P(13C) =

0.0107; P(1H) = 0.999885; P(2H) = 0.000115; P(14N) =
0.99632; P(15N) = 0.00368; P(16O) = 0.99757; P(17O) =
0.00038; P(18O) = 0.00205; P(32S) = 0.9493; P(33S) = 0.0076;
P(34S) = 0.0429; P(36S) = 0.0002.
The quantification of bSLIM labeling allows determination of

the amount of 12C present in every peptide in experiments in
which the carbon isotope composition is manipulated to favor
12C incorporation. This amount is expressed as P′(12C) and the
residual amount of 13C as P′(13C).
For every peptide, it is possible to have experimental access to

at leastM0
exp andM1

exp. Equations 1 and 2 provide the theoretical
values ofM0 andM1, with the sum of the intensity (probability)
of all of the isotopologues normalized to 1.
It is therefore possible to set the equivalence

M
M
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Equations 1 and 2 are rearranged to set
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(3)

Let us define B as the sum of the terms that remain identical
under the NC and 12C conditions

B y
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and P′(12C) is obtained as
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P
x M

M x B M
( C)

( )
12 0

exp

1
exp

0
exp′ =

×
+ − × (4)

This equation makes it possible, for example, to follow the 12C
incorporation rate in the kinetics of SLIM labeling in vivo.

Quantitative Analysis of SLIM Labeling

When mixing given amounts of tryptic digests from the NC and
12C conditions, each peptide amount is the sum of the molar
fraction of the NC peptide and the 12C peptide present in the
initial samples.
Let us define the molar fractions of NC peptide (α) and the

12C peptide (1 − α)

Pept Pept (1 )Peptexp NC 12Cα α= + − (5)

The isotope cluster of Peptexp is defined as (M0
exp, M1

exp, M2
exp, ...

Mn
exp), while those of PeptNC and Pept

12C are defined as (M0
NC,

M1
NC,M2

NC, ...Mn
NC) and (M0

12C,M1
12C,M2

12C, ...Mn
12C), respectively,

as illustrated in Figure 1.
Considering the normalized expression ofM0 andM1, we may

write the following equalities

M
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The molar fraction α of nonlabeled peptide in the mixture is
therefore

M M M M
M M M M M M M M

0
12C

1
exp

0
exp

1
12C

0
exp

1
NC

0
exp

1
12C

1
exp

0
NC

1
exp

0
12Cα =

−
− − +

(6)

Knowing α allows us to compute the molar fraction of 12C-
labeled peptide (1 − α), and the ratio

R
NC
12C (1 )

α
α

= =
−

which can be classically taken as a fold change in omics studies
and analyzed as log 2(R).
Cases of Incomplete SLIM Labeling

The ideal situation described above applies only for hetero-
trophic organisms for which all of the amino acids can be
synthesized from a single U-[12C]-carbon source, such as U-
[12C]-glucose, U-[12C]-glycerol, or U-[12C]-acetate, such as
wild-type prokaryotic or eukaryotic microorganisms. However,
many laboratory strains and cells of higher eukaryotes either
carry mutations in genes required for the synthesis of selected
amino acids or rely on exogenous essential amino acids for their
growth. These amino acids must be added to the growth media
and are currently not available as U-[12C]-amino acids. They will
be incorporated into proteins in the NC form only. Therefore, to

Figure 1. Experimental spectra (top) of the peptide AGITVMNEIGLDPGIDHLYAVK (3+) from the protein YNR050c and the corresponding
theoretical spectra (bottom), under 12C (A and D) and NC (C and F) conditions, and from the same peptide from a 1:1 mixture of total extract from
the 12C and NC conditions (yeast strain S288c) (B and E).
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quantify the relative abundance of the peptide originating from
the NC condition and that from the 12C condition, we define a

new parameter,Mi
12C.max, corresponding to themaximum value of

the relative intensity reached by any isotopologue under 12C-
labeling conditions. To compute this parameter, the peptide
sequence is split into (i) the part that may be labeled and (ii) the
part that will remain nonlabeled due to the presence of NC
amino acids in the growthmedium. For example, in a yeast strain
auxotroph for histidine, leucine, and lysine, a peptide of the
sequence: TENLHQSLTGCLNDYSNAFGK will be consid-
ered as (TENQSTGCNDYSNAFG) + (LHLLK), the first part
being 100% 12C-labeled under the 12C condition, whereas the
second part remains NC, even under the 12C condition. To take

into account both contributions to compute the Mi
12C.max

parameter, we decompose the carbon composition x of the
amino acids into two fractions: Carbon-A (CA), composed of a
atoms for the part of the peptide that will be fully 12C-labeled in
the 12C condition, and Carbon-B (CB), composed of b atoms
for the part of the peptide that remains nonlabeled (thus
computed as in the NC condition), with x = a + b.
Therefore

M P X( )
i a b y v w u
X

A i
0

, , , , ,
C ,C ,H,N,O,SA B

∏=
=
= (7)
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M0
12C.max andM1

12C.max are obtained by setting P′(12CA) equal to 1,
and P′(12CB) equal to 0.9893
The quantification of the molar fraction (α) of the peptide

originating from the NC condition is therefore computed as

M M M M
M M M M M M M M

0
12C.max

1
exp

0
exp

1
12C.max

0
exp

1
NC

0
exp

1
12C.max

1
exp

0
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1
exp

0
12C.max

α =
−

− − +
(9)

Therefore

P
a M

M a B M
( C )

( )
12

A
0
exp

1
exp

0
exp′ =

×
+ − ′ × (10)

With

B b
P
P

B
( C )
( C )

B
13

B
12′ = ×

′
′

+

However, the probability of occurrence of 12C originating both
from the 12C-labeled peptides and from the naturally occurring
12C from nonlabeled peptides is given by

P
a P b P

a b
( C)

( C ) ( C )12
12

A
12

B′ =
× ′ + × ′

+ (11)

Further Extension of the bSLIM-Labeling Strategy.
The bSLIM-labeling method described thus far takes advantage
of the possibility to synthesize U-[12C]-amino acids in vivo from
a single U-[12C]-source of carbon, such as glucose. It is possible
to further reduce the complexity of the peptide/protein isotope
clusters by combining the 12C labeling with 14N labeling, using a
single U-[14N]-source of nitrogen, such as ammonium sulfate or
another convenient compound.
The overall processing of the experimental data remains

similar to that described above, except that the u P
P

( N)
( N)

15

14× term

from eq 3 is now equal to 0 when P(15N) is equal to 0 (100% 14N
condition).
It is therefore possible to set and process experimental data

from the four different combinations of labeling: Normal
Carbon/Normal Nitrogen, Normal Carbon/14N, 12C/Normal
Nitrogen, and 12C/14N.
Definition of the Practical Computation Parameters

We assessed the theoretical ranges of the various parameters
used to process the experimental datasets.

Figure 2. Relationship between theM1/M0 ratios and the number of carbon atoms per peptide at various 12C enrichment levels. A: 98.93% 12C (NC
condition); B: 99.1975% 12C; C: 99.465% 12C; D: 99.7325% 12C; and E: 100% 12C (12C condition).
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The relative abundance of 12C incorporated in the SLIM-

labeling experiments must be in the range 0.9893≤ P′(12C)≤ 1

Themolar fraction of unlabeled peptidemust be in the range 0

≤ α ≤ 1

As shown in eq 3, M
M

1
exp

0
exp is a linear function of the mass of the

peptide, reflected by the number of carbon atoms x and B and
the contribution of the other elements in themass of the peptide.

Figure 2 shows the plot of M
M

1
exp

0
exp over the number of carbon

atoms for tryptic peptides computed for various abundances of

Figure 3. A. KNIME workflows for protein sequence database preparation (yellow box) for peptide identification and feature extraction (orange box)
and parsing of the. featureXML files and extraction of all relevant features and Protein IDs (green box). B. KNIME workflows for 12C enrichment
evaluation and quantitative analysis of the differential abundance of proteins in normal carbon versus 12C-labeling conditions for total labeling (green
box) and partial labeling (yellow box).
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total 12C from the whole proteome of the yeast Saccharomyces
cerevisiae, restricted to the mass range 600−6000 Da used in
bottom-up proteomics experiments. This allows us to set the

range of acceptable exper imenta l M
M

1
exp

0
exp va lues to

0.01 3.6M
M

1
exp

0
exp≤ ≤

Implementation of the Experimental Data Processing
Workflow

The workflow is composed of two distinct components for (i)
peptide identification and feature extraction (Figure 3A) and (ii)
computation of P′(12C) and log2(R) (Figure 3B).
Peptide Identification and Feature Extraction. This

pipeline is based on OpenMS (v2.6.0) plug-in nodes used inside
the KNIME (v4.2.2) environment.
Experimental mass spectrometry .raw files were converted to

mzML files using the MS-convert tool from Proteowizard.15,16

The S. cerevisiae protein sequence database consisted of the
UniProt UP000002311 reference proteome augmented with
shuffled entries produced using the DecoyDatabase node of
OpenMS,
In the present workflow, we use X!Tandem17 as a protein

sequence database search engine, with XTandemAdapter linked
to the PeptideIndexer, peptide spectrum matches (PSM)
Feature extractor, PercolatorAdapter, and Epifany18 for FDR
filtering and IDFilter OpenMS nodes. The X!Tandem E-value
threshold was set to 0.001 and FDRs were computed at 1%, both
at the peptide and protein level, using the posterior error
probability (PEP) scores of the peptide spectrum matches
(PSMs). The resulting idXML file was processed, together with
the initial mzML file, using a modified version of the
FeatureFinderIdentification (FFId) node.9 This version allows
modeling the mass trace of every isotopologue by applying a
Gaussian fit (or Exponential Modified Gaussian fit) to its
chromatographic elution profile. This allowed extraction of the
features (height of the peak, area, and detailed statistics) of five
isotopologues on every isotope cluster, associated with quality
scores. These data were retrieved from the FFId output files in
featureXML format. We then used XPath to generate two. tsv
files, one containing all of the features associated with every
identification, the second containing the corresponding protein
ID and accession number. To process batches of experimental
files, we made use of KNIME’s ZipLoopStart and ZipLoodEnd
nodes.
Computation of P′(12C) and log2(R). The features- and

“ProtID”-containing files were joined to restore the association
between the peptide and protein identifications.
We defined a first KNIME “metanode” with a series of filters

to select the peptides with high-quality modeled features, flagged
as “0(valid)” by FFId for M0 and M1. The other filters are
database search engine-specific and can be easily edited
depending on the preferred peptide identification strategy. In
the present workflow, based on XTandemAdapter, we trans-
formed certain post-translational modifications into a custom
one-letter code: “(oxidation)” as O, “(acetyl)” as B, and
“(phospho)” as Z. We included filters to remove the peptides
with the “(Gln->pyro-Glu)” and “(Glu->pyro-Glu)” modifica-
tions, since FeatureFinderIdentification tended to attribute the
value 0 to M0 from the peptides identified with these
modifications.
We also set two filters to remove small (<800 Da) and low-

intensity peptides (M0_model_area <1E6 in our experiments).

The second metanode computes the amino-acid composition
of each peptide and therefore their elemental composition,
including the elements present in the post-translational
modifications. We used the Unimod19 elemental composition
of oxidation: O, acetylation: H(2)C(2)O, and phosphorylation:
HO(3)P.
In cases of incomplete labeling, we introduced specific nodes

to compute the number of nonlabeled residues in the peptide
sequence (auxotrophies, H, L, and K in the example above) and
the number of carbon atoms associated with these residues. As
described above, these atoms are therefore referred to as
Carbon-B (CB) in the rest of the “partial labeling workflow”. The
settings can be easily modified in the configuration dialog box
associated with these nodes to adjust for the actual experiments.
The elemental composition of each peptide is used to

calculate the theoretical M0 and M1 values at the natural 12C
abundance (98.93%) and when 12C is 100%. In partial labeling

experiments, we compute M0
12C.max and M1

12C.max, taking into
account the fraction of carbon atoms (CA) that can be labeled,
and the fraction (CB) not labeled.

The third metanode calculates the experimental M
M

1
exp

0
exp ratio and

filters the data according to the maximum theoretical ratio in the
mass range considered (0−6000 Da). The next node computes
the abundance of 12C according to eq 4.
The last metanode determines the molar fractions of normal

carbon (NC) and 12C-labeled peptides in multiplexing experi-
ments by implementing eq 6. Next, the ratio NC

12C
is calculated

and log 2-transformed.
Integration of bSLIM-Labeling Quantification Data at

the Protein Level.To edit variations of protein abundance, we
integrated an R script into the workflow through the KNIME R-
snippet node. This script allows the grouping of peptides per
protein and calculation of the mean and median of the log 2 of
the NC

C12 ratios, both for all of the quantified peptides and using

only the three peptides with the highest M0_model_area
intensity (Top-3).
The final results are written into an Excel file for further

biological interpretation.
The overall SLIM-labeling data processing workflow is

presented in Figure 2A,B. When processing a 1.53 Gb mzML
file with the S. cerevisiae protein sequence database, the overall
process from peptide identification to protein quantification is
executed in an average of 1355 s per file of experimental data (on
Intel Xeon Gold 6134, 8 Cores, 3.2−3.7 GHz Turbo, 24.75 Mo
Cache and 16 Go 2666 MHz DDR4 RAM). Most of this time
was dedicated to the peptide identification and filtering steps
including Percolator and Epifany (343 s), FFId (305 s), and
features and protein ID extraction (707 s).
The complete workflows are provided as Executable files E1

and E2. The files can be directly imported into a valid KNIME
instance and run as provided, with the appropriate adjustments
of certain parameters (protein sequence database, ion intensity
threshold, auxotrophies) specific to the user’s experimental
conditions. The complete list of the parameters used for each
node of the pipelines is provided in Supporting Files S2 and S3.

■ EXPERIMENTAL PROCEDURES

Strains and Growth Conditions

S. cerevisiae strains S288c (MATα SUC2 gal2 mal2 mel flo1 flo8-
1 hap1 ho bio1 bio6)20 and its isogenic derivative BY4742
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(MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0)21,22 were used
throughout this work. S288c cells were grown on a defined
synthetic medium (Yeast Nitrogen Base, with ammonium
sulfate, without amino acids, Difco BD Life) with glucose (0.5%
w/v) as the sole source of carbon. BY4742 cells were grown
under the same conditions, with filter-sterilized L-Histidine, L-
Leucine, L-Lysine, and Uracil having 20, 100, 50, and 20 mg/L
final concentrations, respectively. We ran two types of cultures
using either regular glucose (N-Glc) or glucose containing only
12C carbon atoms (U-[12C]-glucose, Euriso-Top, Saint-Aubin,
France; filter-sterilized; 12C-Glc). The carbon isotopic compo-
sition of N-Glc is 98.93% 12C/1.07% 13C. Cell cultures (100
mL) were inoculated at an initial OD600 of 0.03 with liquid pre-
cultures (10 mL of the same medium inoculated at an OD600 of
0.03 with colonies freshly grown on YPD agar plates) and
incubated in an orbital shaker at 30 °C. The cells were collected
by centrifugation for 5 min at 1200g. The cell pellet was
resuspended in 10 vol/g cells of lysis buffer pH 7.5 consisting of
20 mMTris HCl, 140 mMNaCl, 5 mMMgCl2, 1 mMDTE, and
one tablet of protease inhibitor cocktail 2X Sigma fast/10 mL
lysis buffer. The cell extracts were prepared by vortexing the cell
suspension for six cycles of 2 min in the presence of a 2 vol/vol
cell suspension of acid-washed glass beads (0.45−0.5 mm Ø).
The cell lysate was diluted twice in the same buffer and large cell
debris removed by centrifugation for 10 min at 1200g. The
supernatant, referred to hereafter as the cell homogenate, was
rapidly frozen in 5 mg protein/mL aliquots and stored at −80
°C. After a BCA protein assay, specific amounts of protein
extracts from 12C-Glc and N-Glc cultures were mixed for liquid
chromatography with tandemmass spectrometry (LC-MS/MS)
processing.
LC-MS/MS Acquisition

Protein extracts (40 μg) were precipitated with acetone at −20
°C. The protein pellets were collected by centrifugation. The
acetone supernatant was carefully removed and the protein
pellet resuspended in 20 μL 25 mM NH4HCO3 containing
sequencing-grade trypsin (0.2 μg/μL aliquots, Promega) and
incubated overnight at 37 °C. The resulting peptides were
desalted using ZipTip μ-C18 pipette tips (Pierce, Thermo
Fisher Scientific) and analyzed on aQ Exactive Plus coupled to a
Nano-LC Proxeon 1000 equipped with an Easy Spray ion source
(all from Thermo Scientific). Peptides were separated by
chromatography with the following parameters: Acclaim
PepMap100 C18 pre-column (2 cm, 75 μm i.d., 3 μm, 100
Å), LC EASY-Spray C18 column (50 cm, 75 μm i.d., 2 μm bead
size, 100 Å pore size) operated at 55 °C, 300 nL/min flow rate,

gradient from 95% solvent A (water, 0.1% formic acid) to 35%
solvent B (100% acetonitrile, 0.1% formic acid) over a period of
97 min, followed by column regeneration for 23 min, giving a
total run time of 2 h. Peptides were analyzed in the Orbitrap cell,
in full ion scan mode, at a resolution of 70 000 (at m/z 200),
with a mass range of m/z 375−1500 and an Automatic Gain
Control (AGC) target of 3 × 106. Fragments were obtained by
higher-energy C-trap dissociation (HCD) activation with a
collisional energy of 30%, and a quadrupole isolation window of
1.4 Da.MS/MS data were acquired in theOrbitrap cell in Top20
mode, at a resolution of 17 500 with an AGC target of 2 × 105,
with a dynamic exclusion of 30 s. MS/MS spectra of the most
intense precursors were acquired first. Peptides with an
unassigned charge state or those that were singly charged were
excluded from the MS/MS acquisition. The maximum ion
accumulation times were set to 50 ms for MS acquisition and 45
ms for MS/MS acquisition.

Experimental Validation of the Bottom-Up Quantification
Pipeline

We collected experimental datasets using the cell extracts from
the yeast cultures grown under NC or 12C conditions to test and
validate our data processing pipelines.
The first two datasets consisted of a series of samples of (i)

S288c and (ii) BY4742 peptides. In both cases, peptides were
analyzed as 1:0, 0.75:0.25, 0.5:0.5, 0.25:0.75, and 0:1 vol/vol
mixtures of identical amounts of total protein extracts prepared
from the NC and 12C conditions, respectively. For BY4742, we
expected lower 12C incorporation rates, as the His, Leu, and Lys
residues remain unlabeled.
The third dataset consisted of an analysis of 1:1 mixtures of

identical amounts of protein from S288c and BY4742 extracts
prepared under the 12C or NC condition (S288C-12C vs
BY4742-NC and S288c-NC vs BY4742-12C, with biological
duplicates and technical replicates). This allowed quantitative
analysis of proteome differences between two yeast strains, often
referred to as “wild-type” strains, in a very stringent condition, as
only a few proteins are expected to vary significantly. The
quantitative results obtained were analyzed using a non-
supervised Bayesian clustering algorithm AutoClass@IJM.23,24

The information content of the various classes was evaluated
using the SaccharomycesGenome Database25 (SGD) annotation
files and GO-term analysis tools (SGD and BiNGO26).
Figure 4 shows the inferred 12C abundance in the various

samples as box plots and the correlation with the theoretical
values expected from an incomplete labeling of the peptides, due
to the presence of nonlabeled amino acids in the growth media.

Figure 4. 12C incorporation levels in the peptides from the experimental standard curves made of mixtures of known amounts of 12C-labeled and
nonlabeled peptides (100% NC, 75% NC-25% 12C, 50% NC-50% 12C, 25% NC-75% 12C, and 100% 12C) from (A) the prototrophic yeast strain
S288c (n = 4) and (B) the auxotrophic yeast strain BY4742 (n = 4). (C) Corresponding total 12C incorporation into proteins from BY4742.
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■ RESULTS AND DISCUSSION

Here, we describe an easy-to-use and straightforward workflow
to process bSLIM-labeling quantitative proteomics data. The
workflow (Figure 4A,B) is implemented in the KNIME
environment and uses open-source resources from the OpenMS
suite and dedicated R scripts.
The workflow integrates a series of nodes for peptide

identification through a database search engine, the calculation
of appropriate FDR metrics, feature detection for high-
confidence identified peptides, and extraction of the intensity
of every isotopologue in every isotope cluster of these peptides.
Although we used X!Tandem in this study, other search engines
are supported by OpenMS, such as MS-GF+, Mascot, or
OMSSA. These search engines may be used with ad hoc
parameters and produce the idXML files required for feature
detection. Typically, we identified approximately 25 000
peptides with X!Tandem E-values better than 1E-3 at a 1% FDR.
A key node in this workflow is OpenMS FeatureFinder-

Identification (FFId). This node was originally developed for
label-free quantitative proteomics, with an efficient algorithm to
extract the raw data (m/z and intensity) of peptides at the MS1
level, find chromatographic peaks (features), and model peptide
elution by a Gaussian fit. A control algorithm provides a quality
score for each feature. Here, we used a modified version of FFId
that allows extraction of the data (raw and modeled) from every
isotopologue trace of each identified peptide isotope cluster. All
of the analyses were performed using the “Model Area” values, a
metric commonly used in modern label-free quantification
software.27 Since most of the developments of the SLIM-
labeling quantification method presented here rely on accurate
M0 and M1 intensity measurements, we selected only the data
that passed the quality control step (flagged as “0 = valid”) for
further processing. Applying this stringent filter reduces the total
number of entries to an average of 14−16 000.
All of the datasets were acquired using anOrbitrapQ-Exactive

Plus mass spectrometer. Although this instrument is remarkable
in terms of mass accuracy, there may be some concerns about
the precision of ion intensity measurements in isotope
clusters28−30 using the Orbitrap as a mass detector, with errors
above 20% in the M1 intensity measurement for low-abundance
ions. We attempted to overcome this limitation by running
samples at different AGC target values (from 1E5 to 5E6) and

different resolutions (from 7.5 to 120 K) in the MS1 acquisition
step. However, this did not significantly improve the output of
the analysis workflow. The datasets obtained in our standard
conditions were nonetheless considered to be of sufficient
quality to validate the methods and workflows.
These experimental uncertainties have important consequen-

ces when computing the incorporation of 12C in SLIM-labeling
experiments and the fraction of nonlabeled peptides in
quantitative experiments. Indeed, we use the experimental M0
and M1 data with reference to the corresponding theoretical
values computed both under the NC condition and under 100%
enrichment in the 12C condition, together with the elemental
composition of the peptides. Under ideal conditions, the
P′(12C) value should be in the range of 0.9893−1, and the
nonlabeled peptide fraction α between 0 and 1. However, when
running our workflow to compute these factors, we found a large
fraction of peptides (3−4 000) with α values (as an example)
between 1.005 and 1.007 instead of 1, or between −0.008 and
−0.009 instead of 0. We chose to correct the value of these
outliers to 1 or 0, respectively. After these corrections, the
average number of high-quality data points to process was 11−
12 000 per dataset.
Figure 4A, computed using eq 4, shows the 12C incorporation

levels in the peptides from the experimental standard curves,
composed of mixtures of known amounts of 12C-labeled- and
nonlabeled peptides (100% NC, 75% NC-25% 12C, 50% NC-
50% 12C, 25% NC-75% 12C, and 100% 12C) from the yeast
strain S288c. Equation 4 states that the variation of 12C levels
follows an equilateral hyperbola, as observed in the experimental
data.
The SLIM-labeling and protein quantification strategy is well

adapted to prototroph organisms, such as wild-type micro-
organisms that can grow using glucose as the sole source of
carbon to sustain all amino-acid biosynthesis. However,
incomplete labeling is likely to occur in most biological studies
involving laboratory strains with growth dependence for specific
amino acids, used as selection markers, or in cell cultures
requiring essential amino acids, such as human cell lines. We
adapted the SLIM-labeling data processing to these situations by
enumerating the amino-acid residues that cannot be 12C labeled
in every peptide sequence and calculating the number of
associated carbon atoms. We therefore defined a new element

Figure 5. (A)Molar fraction of the nonlabeled peptides in proteins of the prototrophic yeast strain S288c from the experimental standard curves made
of mixtures of known amounts of 12C-labeled and nonlabeled peptides (100% NC, 75% NC-25% 12C, 50% NC-50% 12C, 25% NC-75% 12C, and
100% 12C) (n = 4). (B) Molar fraction of the nonlabeled peptides in proteins of the auxotrophic yeast strain BY4742 from the experimental standard
curves made of mixtures of known amounts of 12C-labeled and nonlabeled peptides (100% NC, 75% NC-25% 12C, 50% NC-50% 12C, 25% NC-75%
12C, and 100% 12C).
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(referred to as “carbon-B”) in the elemental composition, which
represents the isotope distribution of natural carbon. This
element is incorporated into eqs 4 and 7 with the same status as
hydrogen, nitrogen, oxygen, and sulfur, which have an isotope
distribution that remains invariant under full 12C-labeling
conditions. We numerically tested this approach using MIDAs
(on the command line), in which we added this new element
with the features of regular carbon. The numerical simulations
showed that eq 9 indeed allowed us to quantify only the
exclusive contribution of the NC peptide from theNC condition
but not that related to the NC part of the peptides
(auxotrophies) from the 12C condition.
Analogous to Figure 4A,B, computed using eq 10, shows the

12C incorporation levels in the peptides from the experimental
standard curves for the yeast strain BY4742, which requires
exogenous histidine, leucine, and lysine for growth. These
residues cannot therefore be labeled in the 12C condition. The
experimental data show that the incorporation in 12C is similar
to that measured in the extracts from the S288c strain, meaning
that the SLIM-labeling strategy allows accurate analysis of 12C
incorporation rates, even when there is some heterogeneity in
the distribution of nonlabeled amino acids in the identified
peptides. In a typical experiment with 10 950 peptides (average
length: 16 residues), the content of H, L, and K represented
from 0 to 62% of the peptide composition, with a mean value of

16.5% (average size of the peptides: 16 residues). However,
since a part of the peptides could not incorporate extra 12C due
to auxotrophy, the total amount of 12C calculated using eq 11
remained lower (Figure 4C), with a broader distribution of 12C
at each point.
We obtained a linear relationship between the NC fraction

and the expected amount of the NC:12C peptides for the points
of the standard curve, both under conditions of full labeling
(S288c, Figure 5A) and conditions of partial labeling (BY4742,
Figure 5B).
Although the standard curves were established by mixing

controlled amounts of peptides from the same strain, grown in
the same medium but with different glucose source (NC and
12C conditions), it is still possible to calculate the fold change
(FC) for each peptide, defined as the ratio of the ion count from
the 12C sample to that from the original NC sample calculated
using the bSLIM-labeling quantification. The log 2(FC)s were
indeed centered on 0 in the 1:1 mix (50% of each sample) and
varied according to the expected ratio, both with the S288c
(total labeling) and BY4742 (partial labeling) samples (Figure
6).
The variability under the extreme conditions (1:0 and 0:1,

NC:12C) reflects that one of the terms of the ratio tends to 0,
and thus the ratio tends to infinity.

Figure 6. Log 2 transform of the NC/12C ratios at the peptide level from the experimental standard curvesmade of mixtures of known amounts of 12C-
labeled and nonlabeled peptides (100% NC, 75% NC-25% 12C, 50% NC-50% 12C, 25% NC-75% 12C, and 100% 12C) from the S288c and BY4742
strains.

Figure 7. Left: Distribution of 12C incorporation in protein samples from 1:1 mixtures of the S288c-12C and BY4742-NC conditions (left), from the
BY4742 -12C and S288c-NC conditions (center), and total 12C calculated for the later sample (right). Right: Distribution of the log 2 transform of the
NC/12C ratios at the protein level from the 1:1 sample mixtures from the S288c-12C and BY4742-NC conditions (left) and the BY4742-12C and
S288c-NC conditions (right).
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Overall, these results underscore the soundness of the
theoretical grounds for the data processing in SLIM-labeling
quantification.
We tested the specificity and sensitivity of the SLIM-labeling

quantitative strategy by comparing the differences in protein
abundance at the proteome level between the two yeast strains
S288c and its isogenic derivative BY4742, the latter strain
carrying null alleles for the URA3, HIS3, LEU2, and LYS2 genes.
These strains are considered to be prototypical “wild-type”
laboratory strains. We performed a label swap to compare the
quantitative data of 12C-labeled S288c versus NC BY4742
extracts and BY4742 12C labeling (giving rise to partial labeling)
versus NC S288c extracts. The distributions of 12C incorpo-
ration (Figure 7A) and of the log 2(FC) (Figure 7B) were
similar to those expected from samples of closely related
proteome composition and abundance.
The overall analysis allowed us to identify 4162 proteins.

However, the quantification was performed on only the 3354
proteins identified by at least eight peptides in the eight samples
resulting from two biological and two technical replicates.
The proteins encoded by the genes used as auxotrophic

markers (Ura3, Leu2, Lys2, His3) exhibited an average
log 2(FC), ranging from 3 to 6 for strain S288c. His3 is a
protein not easy to detect and quantify, since it is a low-
abundance protein in wild-type cells.31 Here, the quantification
and the measured FC for the auxotrophy-related proteins clearly
showed the sole contribution of the S288c proteins when
observed in the S288c-NC vs BY4742-12C condition, indicating
the power of the bSLIM method.
Several unexpected differences were also uncovered by this

analysis. Two classes of 13 and 22 proteins were overexpressed
more than 3- and 2-fold, respectively, in the S288c genetic
background (Supporting Figure 1). A third class, consisting of
50 proteins, were underexpressed more than 2-fold in S288c.
Among the overexpressed proteins in S288c, the samples were
representatives of the three pathways for glutamate synthesis
(Gdh1, Gdh3, Gln1, Glt1). Gln1 is known to be regulated by
nitrogen source and amino-acid limitation. As all of the amino
acids in S288c are synthesized endogenously from glucose, this
result suggests that their synthesis may be sufficient to sustain
growth but sufficiently limited to trigger specific regulation
pathways. A number of proteins involved in mitochondrial
functions were also more abundant in S288c than BY4742 (e.g.,
Cox5A, Cox9, Cox12, Cox13, Cox2, Tim11, Aco1, Aco2, and
many subunits of the F0−F1 ATPases). This is consistent with
the data of Young andCourt32 andDimitrov et al.,33 showing the
importance of the genetic background on mtDNA stability and
respiratory competence in yeast. Although the S288c strain was
selected based on its auxotrophy for biotin due to bio1 and bio6
mutations, other proteins of the biotin biosynthesis pathway
(Bio4, Bio2, Bio3) were specifically found to be more highly
produced by S288c than BY4742. These proteins are involved in
the de novo biotin synthesis from 7-keto-8-aminopelargonate, a
precursor derived from alanine metabolism (for a recent review,
see Perli et al.34).
Among the proteins overexpressed in BY4742, many appear

to be related to the main pathways involved in the synthesis of
histidine, leucine, and lysine, the amino acids added to the
BY4742 growth media to supplement the genetic auxotrophy
present in this strain. The leu2 mutation affects not only the
penultimate step of leucine biosynthesis (3-Isopropylmalate to
(2S)-2-Isopropyl-3-oxosuccinate reaction) but also an early step
of the valine and isoleucine biosynthesis pathways at the 2-

oxobutanoate production reaction. Our data show that certain
compensatory mechanisms were activated in BY4742, as the
Ilv2,3,5 proteins were overexpressed, as well as Leu1,4,5,9 and
Bat1,2, which are directly involved in terminal reactions of
leucine and valine biosynthesis. We made a similar observation
concerning the histidine regulon, in which His1, 4, 7, and 2 were
more abundant in the BY4742 genetic context. However, the
extent of the differences in protein synthesis was less than that
observed for the leucine regulon. Analysis of the proteins of the
lysine biosynthesis pathway showed a general increase in the
abundance of proteins involved in lysine biosynthesis in the
S288c context in our dataset, presumably caused by the absence
of the Lys5 target protein Lys2. Surprisingly, most of the
proteins involved in arginine biosynthesis (Arg4, 8, 5, 6, 1, 7)
were also more abundant in the BY4742 context. This may be
related to the observed decreased in mitochondrial function,
which affects the arginine biosynthesis pathway.35 The global
analysis of these differences in protein abundance is presented in
Supporting Data (AutoClass classification), in which the
proteins with similar expression profiles are found in well-
defined clusters. Not surprisingly, most proteins exhibited
similar abundance in S288c and BY4742. The detail of certain
representative clusters is presented in Supporting Figure 1, in
which protein abundance varying by a factor >2 are shown.Most
of the proteins discussed above are found in these clusters.

■ CONCLUSIONS

Here, we present an original and highly efficient workflow to
process bSLIM-labeling data based on open-source resources.
The overall data analysis process is rapid, i.e., less than 20 min
from raw data to protein quantification, and the input and
output use standard file formats (mzML, .tsv, Excel files). The
workflows are robust and well adapted to processing data in
experiments in which proteins are fully labeled with 12C, as well
as in experiments in which proteins are only partially labeled,
due to the requirement of essential amino acids not yet available
as U-[12C]-AA. The workflows are easy to edit for adaptation for
specific experiments. It is possible to extend them with new
functionalities and to add additional tools and features to the
analysis. For example, we used X!Tandem as a database search
engine for peptide identification in the present workflow, but it is
possible to add other search engines and combine the results
files in a single idXML file for feature extraction. The sensitivity
of the quantification method allowed us to compare the
proteome of two isogenic yeast strains that theoretically differ
solely by the absence of four proteins that are missing due to
their corresponding gene deletion. Indeed, we were able to
demonstrate their absence, but we also revealed a number of
other differences, showing that the overall physiology of these
strains is different, especially in terms of their mitochondrial
function and the amino-acid metabolism. This has important
consequences for all studies based on comparative genomics in
the yeast S. cerevisiae. These factors should all help us to promote
dissemination of the bSLIM-labeling quantitative proteomics
approach as a cost-effective method, with great potential for
applications both for bottom-up and top-down analyses.

■ ASSOCIATED CONTENT

*sı Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jproteome.0c00478.

Journal of Proteome Research pubs.acs.org/jpr Article

https://dx.doi.org/10.1021/acs.jproteome.0c00478
J. Proteome Res. 2021, 20, 1476−1487

1485

http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.0c00478/suppl_file/pr0c00478_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.0c00478/suppl_file/pr0c00478_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.0c00478?goto=supporting-info
pubs.acs.org/jpr?ref=pdf
https://dx.doi.org/10.1021/acs.jproteome.0c00478?ref=pdf


Supplemental File S1: Development of the relative
intensity calculation for the isotopologues M0 and M1
from a peptide sequence. Supplemental File S2: Excel
folder with the complete description of the parameters
used for each node of the Executable files E1 and E2.
Supplemental File S3: Text file describing the regular
expressions associated with each node of the Executable
files E1 and E2. Supplemental File S4 (.zip format):. cdt
file of the AutoClass clustering of the S288c vs BY4742
SLIM-labeling-based quantitative analysis. Supplemental
Figure F1: Clusters of proteins with similar expression
profiles with characteristic fold changes in the quantitative
analysis of a 1:1 mixture of proteins from the prototrophic
yeast strain S288c and the auxotrophic yeast strain
BY4742 in label-swap experiments (data from technical
duplicates of biological replicates; n = 4). The partial
labeling condition on the left columns corresponds to
BY4742 grown on 12C-glucose, while the right columns
correspond to the 12C-glucose labeling of S288c
Executable file E1 (.zip format). KNIME workflows
(.knwf file) for protein sequence database preparation,
peptide identification, and feature extraction and parsing
of the. featureXML files, and extraction of all relevant
features and Protein IDs. File name: bSLIM_5i_w_mo-
del_area_Identification_FFId. Executable file E2 (.zip
format). KNIME workflows (.knwf file) for 12C enrich-
ment evaluation and quantitative analysis of the differ-
ential abundance of proteins in normal carbon versus 12C-
labeling conditions for total labeling or partial labeling.
File name: bSLIM_5i_w_model_area_R-snippet_Quan-
tif_Prot_total_partial_labeling (PDF)
Supplemental File S2_(Parameter_Knime4.2.2Work-
flow_Nov2020) (XLSX)
Supplementa l F i le S4_(AutoClass_S288cvs -
BY4742_12C_NC&Glc_swap.cdt) (ZIP)
E1_K4.2.2_Oms2.6.0_Identification_FFId_(model 5i)
_Nov2020 (ZIP)
E2_K4.2.2_Oms2.6.0_FFiD_5i_w_model_area_R-
snippets_Quantif_Prot_total&partial_labeling_-
Nov2020 (ZIP)

■ AUTHOR INFORMATION
Corresponding Author

Jean-Michel Camadro − ≪ Mitochondria, Metals, and
Oxidative Stress ≫ Group, Université de ParisCNRS, Institut
Jacques Monod, 75013 Paris, France; ProteoSeine@IJM,
Université de ParisCNRS, Institut Jacques Monod, 75013
Paris, France; orcid.org/0000-0002-8549-2707;
Email: jean-michel.camadro@ijm.fr

Authors

Nicolas Sénécaut − ≪ Mitochondria, Metals, and Oxidative
Stress ≫ Group, Université de ParisCNRS, Institut Jacques
Monod, 75013 Paris, France; orcid.org/0000-0001-7948-
6776

Gelio Alves − National Center for Biotechnology Information,
NLM, NIH, Bethesda, Maryland 20894, United States

Hendrik Weisser − STORM Therapeutics Limited, Cambridge
CB22 3AT, U.K

Laurent Lignier̀es − ProteoSeine@IJM, Université de Paris
CNRS, Institut Jacques Monod, 75013 Paris, France

Samuel Terrier − ProteoSeine@IJM, Université de Paris
CNRS, Institut Jacques Monod, 75013 Paris, France

Lilian Yang-Crosson − ≪Mitochondria, Metals, and Oxidative
Stress ≫ Group, Université de ParisCNRS, Institut Jacques
Monod, 75013 Paris, France

Pierre Poulain − ≪Mitochondria, Metals, and Oxidative Stress
≫ Group, Université de ParisCNRS, Institut Jacques Monod,
75013 Paris, France

Gael̈le Lelandais − Institut de Biologie Intégrative de la Cellule,
91190 Orsay, France

Yi-Kuo Yu − National Center for Biotechnology Information,
NLM, NIH, Bethesda, Maryland 20894, United States;
orcid.org/0000-0002-6213-7665

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jproteome.0c00478

Author Contributions

N.S., G.A., P.P., Y.-K.Y., and J.-M.C. conceptualized the method.
N.S., H.W., L.Y.-C., P.P., G.L., and J.-M.C. contributed to the
development of the post-processing algorithms. N.S. and J.-M.C.
designed and implemented the post-processing algorithms. N.S.,
L.L., and S.T. performed the experiments. N.S., G.L., and J.-M.C.
analyzed the data. N.S. and J.-M.C. wrote the manuscript with
input from all of the authors.

Notes

The authors declare no competing financial interest.
The mass spectrometry proteomics data have been deposited to
the ProteomeXchange Consortium via the PRIDE36 partner
repository with the dataset identifier PXD021329. A training set
with. mzml files from partial labeling, and total labeling data have
been deposited to the ProteomeXchange Consortium via the
PRIDE partner repository with the dataset identifier
PXD021502.

■ ACKNOWLEDGMENTS
This work was supported in part by Agence Nationale de la
Recherche grant ANR-18-CE44-0014. NS received a thesis
grant-in-aid from the Center for Interdisciplinary Research
(CRI-Paris). The English text was edited by Alex Edelman &
Associates.

■ REFERENCES
(1) Léger, T.; Garcia, C.; Collomb, L.; Camadro, J. M. A Simple Light
IsotopeMetabolic Labeling (SLIM-labeling) Strategy: A Powerful Tool
to Address the Dynamics of Proteome Variations In Vivo. Mol. Cell.
Proteomics 2017, 16, 2017−2031.
(2) Marshall, A. G.; Senko, M. W.; Li, W. Q.; Li, M.; Dillon, S.; Guan,
S. H.; Logan, T. M. Protein molecular mass to 1 Da by C-13, N-15
double-depletion and FT-ICR mass spectrometry. J. Am. Chem. Soc.
1997, 119, 433−434.
(3) Shi, S. D.; Hendrickson, C. L.; Marshall, A. G. Counting individual
sulfur atoms in a protein by ultrahigh-resolution Fourier transform ion
cyclotron resonance mass spectrometry: experimental resolution of
isotopic fine structure in proteins. Proc. Natl. Acad. Sci. U.S.A. 1998, 95,
11532−11537.
(4) Rodgers, R. P.; Blumer, E. N.; Hendrickson, C. L.; Marshall, A. G.
Stable isotope incorporation triples the upper mass limit for
determination of elemental composition by accurate mass measure-
ment. J. Am. Soc. Mass Spectrom. 2000, 11, 835−840.
(5)Wang, D.; Liem, D. A.; Lau, E.; Ng, D. C.; Bleakley, B. J.; Cadeiras,
M.; Deng, M. C.; Lam, M. P.; Ping, P. Characterization of human
plasma proteome dynamics using deuterium oxide. Proteomics - Clin.
Appl. 2014, 8, 610−619.

Journal of Proteome Research pubs.acs.org/jpr Article

https://dx.doi.org/10.1021/acs.jproteome.0c00478
J. Proteome Res. 2021, 20, 1476−1487

1486

http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.0c00478/suppl_file/pr0c00478_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.0c00478/suppl_file/pr0c00478_si_002.xlsx
http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.0c00478/suppl_file/pr0c00478_si_003.zip
http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.0c00478/suppl_file/pr0c00478_si_004.zip
http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.0c00478/suppl_file/pr0c00478_si_005.zip
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jean-Michel+Camadro"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-8549-2707
mailto:jean-michel.camadro@ijm.fr
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nicolas+Se%CC%81ne%CC%81caut"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-7948-6776
http://orcid.org/0000-0001-7948-6776
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gelio+Alves"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hendrik+Weisser"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Laurent+Lignie%CC%80res"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Samuel+Terrier"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lilian+Yang-Crosson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pierre+Poulain"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gae%CC%88lle+Lelandais"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yi-Kuo+Yu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-6213-7665
http://orcid.org/0000-0002-6213-7665
https://pubs.acs.org/doi/10.1021/acs.jproteome.0c00478?ref=pdf
https://dx.doi.org/10.1074/mcp.M117.066936
https://dx.doi.org/10.1074/mcp.M117.066936
https://dx.doi.org/10.1074/mcp.M117.066936
https://dx.doi.org/10.1021/ja9630046
https://dx.doi.org/10.1021/ja9630046
https://dx.doi.org/10.1073/pnas.95.20.11532
https://dx.doi.org/10.1073/pnas.95.20.11532
https://dx.doi.org/10.1073/pnas.95.20.11532
https://dx.doi.org/10.1073/pnas.95.20.11532
https://dx.doi.org/10.1016/S1044-0305(00)00158-6
https://dx.doi.org/10.1016/S1044-0305(00)00158-6
https://dx.doi.org/10.1016/S1044-0305(00)00158-6
https://dx.doi.org/10.1002/prca.201400038
https://dx.doi.org/10.1002/prca.201400038
pubs.acs.org/jpr?ref=pdf
https://dx.doi.org/10.1021/acs.jproteome.0c00478?ref=pdf


(6) Borzou, A.; Sadygov, V. R.; Zhang, W.; Sadygov, R. G. Proteome
Dynamics from Heavy Water Metabolic Labeling and Peptide Tandem
Mass Spectrometry. Int. J. Mass Spectrom. 2019, 445, No. 116194.
(7) Alves, G.; Ogurtsov, A. Y.; Yu, Y. K. Molecular Isotopic
Distribution Analysis (MIDAs) with adjustable mass accuracy. J. Am.
Soc. Mass Spectrom. 2014, 25, 57−70.
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