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We developed a sample preparation protocol for rapid
and unbiased analysis of the membrane proteome using
an alimentary canal-mimicking system in which proteases
are activated in the presence of bile salts. In this rapid and
unbiased protocol, immobilized trypsin is used in the
presence of deoxycholate and lauroylsarcosine to in-
crease digestion efficiency as well as to increase the
solubility of the membrane proteins. Using 22.5 �g of
Escherichia coli whole cell lysate, we quantitatively dem-
onstrated that membrane proteins were extracted and
digested at the same level as soluble proteins without any
solubility-related bias. The recovery of membrane pro-
teins was independent of the number of transmembrane
domains per protein. In the analysis of the membrane-
enriched fraction from 22.5 �g of E. coli cell lysate, the
abundance distribution of the membrane proteins was in
agreement with that of the membrane protein-coding
genes when this protocol, coupled with strong cation
exchange prefractionation prior to nano-LC-MS/MS
analysis, was used. Because this protocol allows unbi-
ased sample preparation, protein abundance estimation
based on the number of observed peptides per protein
was applied to both soluble and membrane proteins
simultaneously, and the copy numbers per cell for 1,453
E. coli proteins, including 545 membrane proteins, were
successfully obtained. Finally, this protocol was applied
to quantitative analysis of guanosine tetra- and
pentaphosphate-dependent signaling in E. coli wild-
type and relA knock-out strains. Molecular & Cellular
Proteomics 8:2770–2777, 2009.

Despite the importance of cell surface biology, the conven-
tional shotgun proteomics strategy generally underrepresents
the membrane proteome because of inadequate solubilization
and protease digestion (1, 2). The ageless gel strategy, con-
sisting of SDS-PAGE followed by in-gel digestion, can par-
tially solve this problem (3–5), but the recovery from in-gel

digestion is generally lower than that from in-solution diges-
tion, and this approach is far from suitable for a rapid, simple,
and high throughput automated system. Numerous ap-
proaches have been reported to overcome the difficulties in
membrane proteome analysis, such as the use of surfactants
(2, 6–11), organic solvents (6, 7, 12–15), or chaotropic re-
agents (2, 6, 16). Acid-labile surfactants, such as RapiGest
SF, are among the most promising additives to enhance pro-
tein solubilization without interfering with LC-MS performance
(6, 10, 17–19). However, the cleavage step at acidic pH
causes loss of hydrophobic peptides because of coprecipita-
tion with the hydrophobic part of RapiGest SF (20). Recently,
we developed a new protocol to dissolve and digest mem-
brane proteins with the aid of a removable phase transfer
surfactant (PTS),1 such as sodium deoxycholate (SDC) (20).
The solubility of membrane proteins with SDC was compara-
ble to that with sodium dodecyl sulfate. In addition, the activ-
ity of trypsin was enhanced �5-fold in the presence of 1%
SDC because this rapid PTS method mimics conditions in the
alimentary canal in which bile salts such as cholate and de-
oxycholate are secreted together with trypsin. After tryptic
digestion, SDC is removed prior to LC-MS/MS analysis by
adding an organic solvent followed by pH-induced transfer of
the surfactant to the organic phase, whereas tryptic peptides
remain in the aqueous phase. This protocol offers a significant
improvement in identifying membrane proteins by increasing
the recovery of hydrophobic tryptic peptides compared with
the protocols using urea and RapiGest SF.

The goal of this study is to establish a membrane proteom-
ics method that is unbiased with respect to protein solubility,
hydrophobicity, and protein abundance; i.e. membrane pro-
teins can be as efficiently extracted and digested as soluble
proteins. So far, to our knowledge, little information about the
recovery of the membrane proteome has been reported. In-
stead, the number of identified membrane proteins or the
content of membrane proteins identified in the membrane-
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enriched fraction has been used as an indicator of the effi-
ciency of procedures for membrane proteome analysis (4, 5,
21–23). However, these parameters usually depend on the
experimental conditions, including the sample preparation
procedure and LC-MS instrument used. Therefore, it is diffi-
cult to compare data obtained with these protocols except in
the case of direct comparison. Furthermore, there has been
no report quantitatively comparing the recovery of membrane
proteome with that of soluble proteins.

In this study, we used a modified version of our PTS pro-
tocol with immobilized trypsin columns to reduce the diges-
tion time and evaluated its suitability for unbiased quantitation
of the membrane proteome. In addition, we applied this pro-
tocol to estimate the copy numbers per cell of 1,453 proteins,
including 545 membrane proteins, using the exponentially
modified protein abundance index (emPAI). Finally, this rapid
and unbiased PTS protocol was applied to the quantitative
analysis of Escherichia coli BW25113 wild-type and relA
knock-out (KO) strains.

EXPERIMENTAL PROCEDURES

Materials—Sodium carbonate, SDC, sodium N-lauroylsarcosinate
(SLS), ammonium bicarbonate, dithiothreitol, iodoacetamide, mass
spectrometry grade lysyl endoprotease, ethyl acetate, acetonitrile,
acetic acid, methanol, and trifluoroacetic acid were purchased from
Wako (Osaka, Japan). Modified trypsin was from Promega (Madison,
MA). 4-(2-Aminoethyl)benzenesulfonyl fluoride hydrochloride was
from Nacalai (Kyoto, Japan). Poroszyme-immobilized trypsin enzyme
and iTRAQ reagents were purchased from Applied Biosystems (Fos-
ter City, CA). C18 and strong cation exchange (SCX) Empore products
were from 3M (St. Paul, MN). Water was purified by a Millipore Milli-Q
system (Bedford, MA).

Sample Preparation—Whole cell lysate and the membrane-en-
riched fraction of E. coli K12 strain BW25113 were prepared as de-
scribed previously (20, 24). Proteins were extracted with 12 mM SDC,
12 mM SLS, and 50 mM ammonium bicarbonate containing 1 mM

4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride; reduced with
10 mM dithiothreitol at room temperature for 30 min; and alkylated
with 55 mM iodoacetamide in the dark at room temperature for 30 min.
The protein mixture was 5-fold diluted with 50 mM ammonium bicar-
bonate and digested by loading it onto pipette tips packed with the
immobilized trypsin beads at 100 � g for 15 min. An equal volume of
ethyl acetate was added to the eluent solution, and the mixture was
acidified with 0.5% trifluoroacetic acid (final concentration) according
to the PTS protocol reported previously (20). The mixture was shaken
for 1 min and centrifuged at 15,700 � g for 2 min, and then the
aqueous phase was collected. Tryptic peptides were fractionated
with SCX-StageTips and desalted with C18-StageTips (25–27).

Nano-LC-MS/MS Analysis—An LTQ-Orbitrap XL (Thermo Fisher
Scientific, Bremen, Germany) or a QSTAR-XL (AB/MDS-Sciex,
Toronto, Canada) with a nano-LC interface (Nikkyo Technos, Tokyo,
Japan), Dionex Ultimate3000 pump with FLM-3000 flow manager
(Germering, Germany), and HTC-PAL autosampler (CTC Analytics,
Zwingen, Switzerland) was used for nano-LC-MS/MS measurement
with self-pulled needle columns (150-mm length, 100-�m inner diam-
eter, 6-�m opening) (28). The injection volume was 5 �l, and the flow
rate was 500 nl/min. Other LC conditions as well as MS acquisition
conditions were described in the previous study (24).

Data Analysis and Bioinformatics—The raw data files were ana-
lyzed by Mass Navigator v1.2 (Mitsui Knowledge Industry, Tokyo,

Japan) to create peak lists on the basis of the recorded fragmentation
spectra for Mascot v2.2 (Matrix Science, London, UK) to identify
E. coli K12 proteins registered in GenoBase (January 31, 2006; 4,316
entries). All parameters used in this process are described in supple-
mental Table S1. A precursor mass tolerance of 3 ppm (LTQ-Orbitrap)
or 0.25 Da (QSTAR) and a fragment ion mass tolerance of 0.8 Da
(LTQ-Orbitrap) or 0.25 Da (QSTAR) were used with strict trypsin
specificity, allowing for up to two missed cleavages. Carbamidom-
ethylation of cysteine was set as a fixed modification, and methionine
oxidation was allowed as a variable modification. Peptides were
rejected if the Mascot score was below the 95% confidence limit
based on the “identity” score of each peptide, and a minimum of two
peptides with at least 7 amino acid residues was required for protein
identification. In cases where the identified protein was a member of
a multiprotein family featuring similar sequences, the protein was
identified according to the highest number of matched peptides and
Mascot score. False-positive rates (FPRs) were estimated by search-
ing against a randomized decoy database created by the Mascot Perl
program supplied by Matrix Science. The GRAVY values for identified
proteins were calculated according to Kyte and Doolittle (29). Proteins
exhibiting positive GRAVY values were recognized as hydrophobic.
Mapping of transmembrane (TM) domains for the identified proteins
was conducted using the TM hidden Markov model (TMHMM) algo-
rithm (30). Information on the subcellular location of identified proteins
was obtained from gene ontology component terms. Proteins with TM
domains according to the TMHMM algorithm or positive GRAVY
scores were classified as membrane proteins. Protein abundance
was estimated according to emPAI using the number of observed
precursor ions per protein (31).

Measurement of Protein Copy Numbers per Cell by Isotope Dilu-
tion—The copy numbers of proteins expressed in E. coli BW25113
were measured by the isotope dilution method as described (32). In
this case, we used a stable isotope-labeled E. coli cell lysate, includ-
ing 59 enzymes with known amounts ranging from nine to 70,000
copies per cell (33). In total, 36 proteins with at least two quantified
peptides per protein were directly quantified using Mass Navigator.

E. coli mRNA Microarrays—E. coli BW25113 was grown as de-
scribed previously (20, 24). For the microarray experiment, we fol-
lowed the labeling and hybridization methods of Oshima et al. (34).
DNA from E. coli BW25113 was used for the control channel. Dupli-
cate two-color experiments were performed using an E. coli gene
array named nara_operonEcoK12 registered on the ArrayExpress
database. Raw data files were analyzed by the statistical algorithm
in ImaGene version 4.0 (BioDiscovery, Los Angeles, CA) using the
default parameters. In the absolute analysis of the mRNA present,
we set the threshold of 0.1 for signal intensity, and the mRNA signal
intensity for each gene was calculated as the mean of values
obtained.

Measurement of Protein Abundance of ATP-binding Cassette
(ABC) Transporters Using Synthetic Peptides—Seven ABC trans-
porter complexes consisting of the TM subunits and the soluble
subunits were selected for quantitation. Two tryptic peptides for each
subunit protein were extracted for peptide synthesis using the criteria
as described previously (35). The synthetic peptides were purchased
from Sigma-Genesis with certificate of analysis. d7-Leucine-labeled
E. coli BW25113 cell lysate spiked with known amounts of these
synthetic peptides was used to quantify the TM subunit proteins and
the soluble subunits of these ABC transporters by the isotope dilution
method, and the SILAC (stable isotope labeling by amino acids in cell
culture) quantitation was performed between the labeled and unla-
beled lysates as described (35). In total, seven TM subunit proteins
and six soluble subunit proteins of ABC transporters were quantified.

Quantitative Membrane Proteome Analysis for relA KO Strains—
E. coli K12 BW25113 wild-type and relA KO strains from the Keio
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collection (36) were used in this study. Cells were grown in LB
medium at 37 °C with shaking and were harvested at the stationary
phase. The preparation of membrane-enriched fraction and the tryptic
digestion was performed as described above. Peptides were fraction-
ated into five vials using SCX-StageTips and were analyzed by means
of nano-LC-MS/MS with the LTQ-Orbitrap instrument. Labeling of the
peptides with iTRAQ reagents was performed according to the man-
ufacturer’s protocol. The iTRAQ-labeled peptides were desalted us-
ing C18-StageTips and were analyzed using the nano-LC-MS/MS
system with QSTAR. The database searches for protein identification
were performed as described above except that N-terminal and lysine
modifications with the iTRAQ reagent were set as fixed modifications.
Protein quantitation by iTRAQ was performed only for proteins with
three or more identified peptides.

RESULTS AND DISCUSSION

In this study, we used the PTS mixture of 12 mM SDC and
12 mM SLS for the extraction of the E. coli BW25113 pro-
teome instead of 120 mM SDC because this mixture gave
slightly superior results (supplemental Table S2). To acceler-
ate the trypsin digestion, we used a spin-type minicolumn
packed with trypsin-immobilized beads at 100 � g for 15 min.
Note that we did not encounter clogging of the spin column
during sample loading because the PTS mixture solubilized
the membrane pellet completely as judged by visual inspec-
tion. Using this rapid PTS protocol, we digested 22.5 �g of the
whole cell lysate of E. coli BW25113 and fractionated it into
five vials using SCX-StageTips followed by nano-LC-MS/MS
in triplicate. As a result, 1,270 proteins were identified for the
whole cell lysate with 0.54% FPR (supplemental Table S3). To
categorize these proteins roughly based on their abundance,
we used the signal intensities of the corresponding genes
measured in the DNA microarray experiment, and the distri-
bution of the protein abundance for identified proteins was
plotted against the gene expression. As shown in Fig. 1A, a
bias to identify more abundant proteins was observed for the
whole cell lysate proteome data. The reason for this bias is
that the StageTip-based off-line SCX fractionation was insuf-
ficient to reduce the high complexity and the wide dynamic
range of the sample (3). We also compared the membrane
proteins identified from the whole cell lysate with the soluble
proteins. As shown in Fig. 1B, the distribution patterns of both
proteomes were in agreement with each other; i.e. there was
no difference in the ability to identify membrane proteins and
soluble proteins despite the difference in solubility. To reduce
the bias due to protein abundance, we used the membrane-
enriched fraction from the 22.5 �g of lysate of E. coli
BW25113. As expected, the number of identified membrane
proteins increased (485 membrane proteins with 1.2% FPR;
supplemental Table S4), and the distribution pattern became
closer to that of mRNA as compared with that obtained by
using the urea protocol for the membrane-enriched lysate
(173 membrane proteins; Fig. 2A) and that in the study by
Corbin et al. (1) (170 membrane proteins; Fig. 2B). These
results indicate that the recovery of low abundance proteins
was significantly improved by applying the rapid PTS protocol

to less complex samples, such as the membrane-enriched
fraction.

Because TM proteins generally have lower solubility as the
number of TMDs per protein increases and multispanning TM
proteins are generally difficult to digest with trypsin, we next
examined the dependence of the identification efficiency in
the PTS protocol on the number of TMDs per protein. The
distribution of the number of TMDs per protein for 322 TM
proteins identified in this study was compared with that of 541
TM proteins encoded by mRNAs detected in microarray anal-
ysis, 1,043 TM proteins registered in the GenoBase database,
and 100 TM proteins identified by the urea protocol (Fig. 3).
The distribution pattern of proteins identified by the rapid PTS
protocol was consistent with both that of proteins encoded by
the detected mRNAs and that of GenoBase-registered TM
proteins, whereas the urea protocol provided less consistent
distribution pattern. These results indicated that the efficiency
of the rapid PTS protocol for identification of TM proteins is
independent of the number of TMDs per protein. This is

FIG. 1. Comparison of E. coli mRNA expression profile with
profile of the corresponding proteins identified by rapid PTS
protocol from E. coli whole cell lysate. E. coli whole cell lysate (22.5
�g) was digested, and the resultant peptides were fractionated using
SCX-StageTips (five fractions). These five samples were analyzed in
triplicate by nano-LC-MS/MS using the LTQ-Orbitrap. A, the con-
tents of proteins identified by the rapid PTS protocol (white bars)
and mRNAs detected by DNA microarray (black bars) were plotted
as a function of mRNA signal intensity. B, the protein abundance
distribution for membrane proteins was compared with that for
soluble proteins identified from the whole cell lysate.
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consistent with the fact that proteases such as trypsin and
chymotrypsin can cleave a TMD if a cleavage site exists within
it (supplemental Fig. S1).

Protein abundance index (PAI), defined as the number of
observed precursor ions per protein divided by the number of
observable peptides per protein, is linearly related to the
logarithm of protein amount. Based on this, emPAI, defined as
10PAI � 1, was introduced to estimate protein abundance (31).
However, emPAI has been applied only to soluble proteins
because the recovery of membrane proteins is generally lower
than that of soluble proteins. This would also be true for
spectral count-based protein abundance estimation (37). To
show that there is no difference in the recovery of soluble and
membrane proteins using the rapid PTS protocol, we com-
pared the emPAI values of soluble proteins with those of
membrane proteins. In this case, we used 1,146 mRNA ex-

pression data as a reference scale for emPAI data from 820
soluble and 326 membrane proteins. As shown in Fig. 4, a
moderate correlation between genes and proteins was ob-
served both for soluble and membrane proteins, and impor-
tantly, the relationship between soluble proteins and soluble
protein-coding genes was highly consistent with that between
membrane proteins and membrane protein-coding genes, in-
dicating that membrane proteins were extracted and digested
without any solubility-related bias. Thus, it was considered
that the recoveries of soluble and membrane proteins from
whole cell lysate were similar when the rapid PTS protocol
was applied.

Based on this quantitative evaluation, we calculated emPAI
values of 1,453 proteins, including 545 membrane proteins,
and estimated the absolute copy numbers per cell for each
protein using the calibration line between emPAI values and

FIG. 2. Abundance distribution of
membrane proteins identified under
different conditions. E. coli membrane-
enriched fraction (22.5 �g) was digested,
and resultant peptides were fractionated
using SCX-StageTips (five fractions)
followed by nano-LC-MS/MS. Analyses
were done in triplicate. The abundance
distribution of identified proteins was
plotted against the gene expression.
The abundance distribution for mem-
brane proteins identified from the
membrane-enriched fraction and from
the whole cell lysate by means of the
rapid PTS protocol was compared with
that for the membrane-enriched frac-
tion examined by the conventional urea
protocol (A) and with that found by
Corbin et al. (1) (B).
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absolute amounts for 36 soluble proteins, which were meas-
ured by the isotope dilution method with stable isotope-la-
beled E. coli BW25113 lysate (33). To validate the emPAI-
based copy numbers of proteins estimated in this study, we
compared the emPAI-based copy numbers of 26 proteins
with the concentrations taken from the literature (38). As
shown in supplemental Fig. S2, the emPAI-based copy num-
bers of these proteins correlate well with literature values over
a range of more than 3 orders of magnitude (r � 0.87).

Because emPAI is a semiquantitative parameter (31), we
used more accurate abundance values obtained by the
stable isotope-based approach to validate that membrane

proteins were extracted and digested without any solubility-
related bias. ABC transporters were selected as examples
because all ABC transporters have TM subunit proteins
and soluble subunit proteins associated with the TM pro-
teins on one side of the membrane. The obtained abun-
dance values for seven membrane subunit proteins and six
soluble subunit proteins were well correlated with their
mRNA expression data, independently of their solubility
(Fig. 5). We also confirmed the moderate correlation be-
tween the isotope-based protein abundance and emPAI,
supporting the validity of emPAI values in this experiment
(supplemental Fig. S3).

FIG. 3. Comparison of numbers of
TM domains of membrane proteins
identified according to rapid PTS pro-
tocol with number of mRNAs ex-
pressed and database values. All pro-
teins with TM domains were extracted
from the GenoBase database. In total,
1,043 TM proteins from the database,
542 TM proteins encoded by mRNA ex-
pressed in microarray analysis, and 322
TM proteins identified from E. coli cells
according to the rapid PTS protocol
were used to calculate the content (per-
centage) of proteins having various num-
bers of TM domains.

FIG. 4. Correlation between abundance of mRNAs and membrane proteins or soluble proteins identified from whole cell lysate.
mRNA expression levels were estimated from the signal intensities measured in the DNA microarray analysis. In total, 1,146 mRNA expression
data were used as a reference scale for emPAI values from 820 soluble and 326 membrane proteins identified from the whole cell lysate. Closed
circles, soluble proteins. Open circles, membrane proteins.
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Finally, we applied this rapid PTS protocol to quantitative
proteome analysis for membrane and soluble proteins regu-
lated by guanosine tetra- and pentaphosphate ((p)ppGpp)
using E. coli relA KO and wild-type BW25113 cells. RelA is the
major synthetase of (p)ppGpp, which is accumulated under

conditions of nutrient starvation in bacteria (39). It is known
that relA KO induces dynamic changes in the gene expression
of several membrane protein-coding genes (40, 41). In partic-
ular, flagellum- and chemotaxis-related protein-coding genes
were reported to be up-regulated in relA KO under nutrient-

FIG. 5. Comparison of protein ex-
pression with mRNA expression for 7
transmembrane and 6 soluble sub-
unit proteins from 7 ABC transporter
complexes. Protein expression levels
were quantified by the isotope-based
method, and the amounts injected
(amol) for LC-MS/MS were used as pro-
tein amounts for this graph. The plotted
proteins (with the number of TMDs cal-
culated by TMHMM in parentheses)
were ArtI (0), FtsE (0), HisP (0), MalE (0),
LolD (0), OppF (0), ArtM (5), FtsX (4), HisJ
(1), HisQ (5), MalF (8), LolC (4), and
OppA (1). Closed circles, soluble pro-
teins (TMD � 0). Open circles, TM pro-
teins (TMD � 0).

FIG. 6. Quantitation of flagellum and chemotaxis proteins in relA KO and wild-type cells. Membrane-enriched fractions from relA KO
and wild-type cells were digested with the trypsin-immobilized column. The resultant peptides were fractionated using SCX-StageTips (five
fractions). These five samples were analyzed by nano-LC-MS/MS using the LTQ-Orbitrap in triplicate analysis. The emPAI values of proteins
for relA KO cells were compared with those for wild-type. More than a 4-fold change in emPAI ratios was defined as a significant change of
protein expression level based on the iTRAQ ratios. White, up-regulated proteins in relA KO cells. Black, not identified in this study. Asterisk,
membrane proteins.
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starved conditions (40). We first used an iTRAQ quantitation
approach to quantify these proteins in the wild-type and relA
KO cells. A limited number of quantified proteins were ob-
tained (384 proteins). The use of pulsed Q dissociation with
the LTQ-Orbitrap instrument (42) did not significantly improve
the number of quantified proteins in our case. On the other
hand, the emPAI values were obtained for more than 1,000
proteins, including 25 flagellum- and chemotaxis-related pro-
teins from the identification results of the wild-type and the
KO cells, and the emPAI ratios of the KO cells to the wild-type
cells could be used for relative quantitation. To set the proper
threshold for the emPAI ratio, iTRAQ ratios and emPAI ratios
were compared with each other (supplemental Fig. S4). As a
result, it was found that 91.1% of proteins with more than a
4-fold change in emPAI ratios had iTRAQ ratios with more
than a 1.5-fold change (41 of 45 proteins; supplemental Table
S5). Based on this, we defined proteins with more than a
4-fold change in emPAI ratios as “up- or down-regulated
proteins.” Consequently, using the emPAI-based approach,
we identified 1,302 proteins and quantified them by using
emPAI ratios (supplemental Table S6). The FPRs calculated
for E. coli wild-type and relA KO cells were 0.38 and 0.46%,
respectively. The duplicate sample preparation coupled with
duplicate LC-MS runs for each sample demonstrated that the
reproducibility of the emPAI ratios was, on average, 45.8%
relative S.D., which was satisfactory considering the accuracy
of emPAI (74.0% on average). For membrane proteins, 567
proteins were quantified both from E. coli wild-type and relA
KO cells, and 173 membrane proteins were regulated, includ-
ing carbon starvation protein A, CstA, which has 18 trans-
membrane domains. In total, 114 up-regulated membrane
proteins were found in the relA KO cells, including 25 flagel-
lum- and chemotaxis-related proteins. Note that all of the
quantified proteins related to flagellum and chemotaxis (Fig.
6) were up-regulated in relA mutant as expected (40). In E. coli
wild-type, down-regulation of these proteins under conditions
of nutrient starvation is advantageous for cell survival because
flagellum production and high motility require considerable
energy (43). On the other hand, we confirmed that three
membrane proteins, acid-resistance membrane protein, cyto-
chrome bd-II oxidase subunit I, and hydrogenase 1 small
subunit, decreased in the relA KO strain as reported previ-
ously at the gene expression level (41). We also observed
other membrane proteins potentially regulated by (p)ppGpp
signaling, including 19 transporters and antiporters (supple-
mental Table S7).

Conclusions—We have demonstrated here for the first time
that membrane proteins can be quantitatively extracted, di-
gested, and identified with efficiency similar to that in the case
of soluble proteins by means of the rapid PTS protocol. Using
this high throughput and unbiased approach for quantitative
membrane proteomics, the absolute amounts of 1,453 pro-
teins, including 545 membrane proteins, were simultaneously
estimated based on emPAI. This protocol, coupled with em-

PAI quantitation, was applied to quantitative membrane pro-
teome analysis of E. coli BW25113 wild-type and relA KO
cells in the stationary phase, and many membrane proteins
were quantified as “regulated” proteins in terms of the re-
sponse to stimulation. Because this rapid PTS protocol is
applicable not only to bacterial cells but also to eukaryote
cells and tissues, this approach may be universally suitable for
sample preparation in quantitative proteomics.

Data Availability—All peptides identified in this study with
annotated MS/MS spectra are available free in Keio University
Pepbase peptide database.
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