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Yeast (Saccharomyces cerevisiae) has served as a key
model system in biology and as a benchmark for “omics”
technology. Although near-complete proteomes of log
phase yeast have been measured, protein abundance in
yeast is dynamic, particularly during the transition from
log to stationary phase. Defining the dynamics of pro-
teomic changes during this transition, termed the diauxic
shift, is important to understand the basic biology of pro-
liferative versus quiescent cells. Here, we perform tempo-
ral quantitative proteomics to fully capture protein induc-
tion and repression during the diauxic shift. Accurate and
sensitive quantitation at a high temporal resolution and
depth of proteome coverage was achieved using TMT10
reagents and LC-MS3 analysis on an Orbitrap Fusion
tribrid mass spectrometer deploying synchronous precur-
sor selection. Triplicate experiments were analyzed using
the time-course R package and a simple template match-
ing strategy was used to reveal groups of proteins with
similar temporal patterns of protein induction and repres-
sion. Within these groups are functionally distinct types of
proteins such as those of glyoxylate metabolism and
many proteins of unknown function not previously asso-
ciated with the diauxic shift (e.g. YNR034W-A and FMP16).
We also perform a dual time-course experiment to deter-
mine Hap2-dependent proteins during the diauxic shift.
These data serve as an important basic model for fer-
mentative versus respiratory growth of yeast and other
eukaryotes and are a benchmark for temporal quantita-
tive proteomics. Molecular & Cellular Proteomics 14:
10.1074/mcp.M114.045849, 2454-2465, 2015.

The yeast proteome serves as a valuable model in systems
biology (1) and as such has been used to gauge technological
milestones in proteomics. In recent years, the depth of protein
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identification in logarithmically-growing yeast has expanded
to near-comprehensiveness (>4000 identified proteins) (2-3).
However, the yeast proteome is dynamic, and understanding
regulatory networks requires a comprehensive grasp of the
timing of induction or repression of specific sets of proteins.
Proteome dynamics in yeast depend largely on substrate
availability, the major of which is glucose. The diauxic shift,
the transition from log phase growth on glucose to stationary
phase upon glucose exhaustion, involves temporal coordina-
tion of protein regulation that is still not completely under-
stood. Because log phase yeast resemble fermentative can-
cer cells, the diauxic shift is also considered important basic
model for understanding the requirements of proliferative cell
growth. As such, a landmark gene expression study of the
diauxic shift at the transcript level (4) has served as an impor-
tant resource in biology (5). However, despite recent pro-
gress, the dynamic nature of the diauxic shift at the proteome
level has not been adequately explored. Doing so requires the
ability to perform comprehensive quantitative proteomic anal-
ysis with a sufficient number of time-points to resolve the
timing of protein induction or repression. Although temporal
proteomic data changes have recently been reported within
both log and stationary phase (6) using six-plex quantitative
proteomics with TMT, and during the transition between log
and stationary phase using a four-plex Neucode strategy,
highly resolved proteomic data able to fully capture protein
dynamics between the two states are lacking.

Several recent advances in mass spectrometry and multi-
plexed quantitative proteomics potentiate accurate measure-
ments of highly resolved time courses at a comprehensive
depth of proteome coverage. First, tandem mass tag technol-
ogy (TMT)" has been expanded to compare up to 10 samples
simultaneously (TMT10) using isotopologue-containing re-
porter ions distinguishable by high-resolution mass spec-
trometry (7). TMT reagents work on the principle of isobaric
tagging whereby their addition to a peptide maintains a nom-
inal mass, but cleavable reporter ions are used to compare
peptide abundance between samples (8). Second, although

" The abbreviations used are: TMT, tandem mass tag; TMT10,
10 sample TMT; ADH, alcohol dehydrogenase; ALD, aldehyde
dehydrogenase.
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isobaric reporter ion tagging strategies have been plagued by
interference from co-isolated peptides, using MS3 scans for
reporter ion quantitation has been shown to ensure quantita-
tive accuracy (9). Third, the MS3 approach has recently been
enhanced by techniques to isolate multiple MS2 precursors
(SPS) for greater MS3 scan sensitivity (10). These advance-
ments, deployed on the Orbitrap Fusion tribrid mass spec-
trometer allow high temporal resolution (10 time points), pro-
teomic depth (>4500 proteins), and quantitative accuracy
(11). We here aimed to fully capture the intricate temporal
proteome dynamics over the full diauxic shift at a compre-
hensive level using 10-plex TMT and LC-MS3.

The data we present here extend current understanding of
protein dynamics during diauxic shift in yeast by virtue of the
high temporal resolution and comprehensive depth achieved.
Data were collected in triplicate allowing us to assess tempo-
ral significance, following which we applied a simple tem-
plate-profile matching strategy to map the timing of induction
or repression of proteins of specific functions in relation to
glucose exhaustion. The data set also resolves the timing of
the induction of many proteins of unknown function (e.g.
FMP16, YNRO34W-A, and TMA17) as well those not previ-
ously associated with the transition to stationary phase (e.g.
YKLO65W-A and PAI3). In an additional, dual time-course
experiment, we show both high reproducibility between anal-
yses of different strains and provide a putative list of proteins
dependent on the respiratory growth-related transcription
factor, Hap2. These include many known Hap2-dependent
proteins such as those of glyoxylate metabolism and oxidative
phosphorylation as well as several novel Hap2-dependent
proteins supporting carnitine metabolism (e.g. AGP2). These
data serve as a benchmark in temporal quantitative proteomics
and are a valuable resource for the biological community in
understanding fermentative versus respiratory metabolism in
eukaryotic cells.

EXPERIMENTAL PROCEDURES

Yeast Culture and Harvest—The yeast strain DBY7286 was ob-
tained from the laboratory of David Botstein, Princeton University
(Princeton, NJ) and S288C (WT and AHap2) was from the Mata
deletion collection (BY4742; Mate, his3A, leu2A, lys2A, ura3A) (Open
Biosystems, Hunstville, AL). TAP tag strains used in validation exper-
iments or AHap2 experiments were either from the TAP tag collection
or made as described therein (12). For temporal proteomics experi-
ments, an overnight culture was used to inoculate 1L cultures, in
triplicate, at an OD600 nm of 0.1 and cultures were grown at 30 °C
with shaking (250 RPM) in yeast peptone dextrose media. The volume
harvested for the first time point was 50 ml and subsequent harvest
volumes were prorated to contain an equal number of cells based on
the OD600 nm. Cells were pelleted at 2500 X g, washed once with
water and stored at —80 °C.

Protein Extraction, Digest, and TMT Labeling— Cells were lysed in
6 M guanidine-HCI, 50 mm HEPES, pH 8.5, containing Roche com-
plete mini protease inhibitor mixture (2 tablets per 10 ml) (Roche,
Madison, WI). Lysis was performed by three cycles of bead beating
(45 s per cycle) with 1 min rests on ice between cycles using a
BioSpec Mini-Beadbeater. Lysates were cleared by centrifugation at

13,000 X g for 5 min. Protein concentrations were determined using
a BCA assay (Thermo-Fisher Scientific, Rochford, IL). Cysteine resi-
dues in the lysates were reduced using 5 mwm dithiothreitol for 40 min
at room temperature, then alkylated using 14 mm iodoacetamide for
40 min in the dark at room temperature and quenched using 5 mm
dithiothreitol. Aliquots containing 100 ng of protein were diluted to 1.5
M guanidine-HCI, 50 mm HEPES (pH 8.5) and digested for 3 h using
endoproteinase Lys-C (Wako, Osaka, Japan) at a ratio of 1:200 Lys-
C/protein. Samples were then further diluted to 0.5 M Guanidine-HCI
and digested overnight with trypsin (Promega, Madison, WI) at a ratio
of 1:50 trypsin/protein. Digested peptides were desalted using 50 mg
solid-phase C18 extraction cartridges (Waters, Milford, MA) and ly-
ophilized. Dried peptides were re-suspended in 200 mm HEPES (pH
8.5), 30% acetonitrile and labeled using 10 wl of TMT10 (10-plex)
reagents (Thermo-Fisher Scientific, Rochford IL) pre-aliquoted at a
concentration of 20 pg/ml in anhydrous acetonitrile. The labeling
reaction proceeded for 1 h at room temperature, then was quenched
with hydroxylamine (Sigma, St. Louis. MO) at a final concentration of
0.5%. Samples were mixed equally, desalted using a 200 mg solid-
phase C18 extraction cartridge (Waters), and lyophilized.
2D-LC-MS3—TMT10-labeled samples were fractionated using
high-pH reversed phase chromatography performed with an Agilent
300-Extend, 4.6 mm X 250 mm, 5 um C18 column (Agilent, Santa
Clara, CA). The flow rate was 800 wl/min and a gradient of 5% to 40%
acetonitrile (10 mm ammonium formate, pH 8) was applied using an
Agilent 1100 pump (Agilent). Beginning at 10 min of peptide elution,
fractions were collected every 0.38 min. Every 12th fraction was
combined to a single sample creating 12 fractions, which were de-
salted using homemade stage-tips as previously described (13), and
lyophilized. For the 10-plex time point data sets (in biological tripli-
cate) each fraction was analyzed on an Orbitrap Fusion (Thermo
Fisher Scientific, San Jose, CA) mass spectrometer. All fractions in
the first replicate were also analyzed using an Orbitrap Elite mass
spectrometer (Thermo Fisher Scientific). The 10-plex experiment
comparing AHap2 to WT was analyzed on an Orbitrap Elite mass
spectrometer. Chromatography for LC-MS3 analysis on both mass
spectrometers was performed using identical chromatography meth-
ods applied using a Thermo EASY nLC (Thermo Fisher Scientific,
Rockford, IL). Peptides were separated on a 75 um X 30 cm column
packed with 0.5 cm of Magic C4 resin (5 wm, Michrom Bioresources,
Auburn, CA) and the remainder of the column with Maccel C18 AQ
resin (3 um, Nest Group, Southborough, MA). Peptides were sepa-
rated at a flow rate of 300 nL/min using a gradient of 8-26% aceto-
nitrile (0.125% formic acid) over 170 min followed by 10 min at 100%
acetonitrile. LC-MS3 analysis on the Elite was performed as previ-
ously described (7). Briefly, over a 3 h gradient of peptide elution the
10 most abundant MS1 ions were fragmented and multiple MS2 ions
were selected for a specialized MS3 scan where multiple MS2 ions
are captured for the MS3 scan (an early version of SPS based on
collection of multiple isolation notches). For LC-MS3 analysis on the
Fusion, MS1 scans were acquired over an m/z range of 400-1400,
120K resolution, AGC target of 2e5, maximum injection time of 100
msec. MS2 scans were acquired on the 10 most-abundant MS1 ions
of charge state 2-6 using an isolation window of 0.5 Th, CID activa-
tion with a collision energy of 35%, rapid scan rate, AGC target of
4000, dynamic exclusion for 30 s, and maximum injection time of 150
msec. MS3 scans were acquired using SPS of 10 isolation notches,
m/z range of 100-1000, 60K resolution, AGC target of 5e4, HCD
activation at 55%, and maximum injection time of 250 msec.
Protein Identification and Quantification—Instrument data files
(.raw) were converted to mzXML using a modified version of Read-
W.exe and MS2 spectra were searched against a database of trans-
lated sequences (concatenated in forward and reverse orientation)
for all predicted ORFs for Saccharomyces cerevisiae (http://www.
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yeastgenome.org/download-data; downloaded February 16, 2010)
using the Sequest (Ver28) algorithm (14). The added mass of the TMT
reagent (229.162932) on lysine residues and peptide N termini, and
carbamidomethylation (57.02146) on cysteine were set as fixed mod-
ifications. Methionine oxidation (15.99492) was set as a variable mod-
ification. A precursor mass tolerance of 10 ppm and 1 Da product ion
mass tolerance were used. False positive rates were controlled using
the target-decoy approach (15) using the concatenated reversed
database. A linear discriminant analysis model was employed to
distinguish correct and incorrect peptide identifications based on
XCorr, ACn, peptide length, and charge state. Peptide hits less than
7 amino acids in length were excluded. After peptides were grouped
into proteins, multiplied linear discriminant analysis probabilities were
used to score proteins, which were then sorted and filtered to a
maximum of 1% false discovery rate. TMT10 reporter ion S/N values
in the MS3 scans were used to quantify matching peptides and the
sum of reporter ion peptide S/N values for each protein was used in
protein quantitation. Unless otherwise noted, relative protein levels
are expressed as a percent of the total S/N for all samples. Data sets
have been deposited to the PRIDE database and can be accessed
using the accession numbers PXD001334 (Fusion Replicate 1),
PXD002092 (Fusion Replicate 2), PXD002093 (Fusion Replicate 3),
PXD001335 (Elite), and PXD001338 (AHap?2).

Temporal Profile Matching and Functional Analysis— Triplicate data
sets were assessed for significance using the time course package in
R Bioconductor, which uses a multivariate empirical Bayes model to
rank temporally changing proteins (16). The mb.long function was
employed to calculate a Hoteling T? statistic and rank proteins ac-
cording to their temporal abundance changes using a one-dimen-
sional method (where one-sample protein profiles are tested against
the null hypothesis that the expected temporal profile = 0). The top
48% (as suggested by the % moderation values calculated by time
course) of T%-ranked proteins (T?>127) (Fig. 2) were selected for
further temporal profiling using a template matching strategy. For
template matching, temporal profiles were assumed to match 1 of 6
profiles; induced early, induced late, induced then repressed, re-
pressed early, repressed late, repressed then induced. Template
values used for each time point are shown in supplemental Data file
S3. Proteins were matched against each temporal profile using the
summed Euclidean distance for all time-points. Proteins were then
assigned to the template with the minimum summed Euclidean dis-
tance. DAVID analysis (http://david.abcc.ncifcrf.gov/summary.jsp)
was conducted for each list using all of the identified protein acces-
sion numbers as a background, and using only “molecular function”
GO terms. YEASTRACT analysis was conducted using the “rank by
TF” function and all activating and inhibiting transcription factors were
assessed.

Immunoblotting— Overnight cultures of TAP strains were used to
inoculate 6 ml of yeast peptone dextrose at an OD600 nm of 0.1 and
cultures were grown at 30 °C with shaking (250 RPM). Log-phase
samples (4 ml) were harvested at an OD600 nm of 1-1.2, and sta-
tionary-phase samples (1 ml) were harvested after 24 h (OD600 nm of
7-8). Cells were centrifuged at 2500 X g, washed with water and
stored at —80 °C. Lysis was performed in a buffer containing 50 mm
Tris, 150 mm NaCl, 0.5% Nonidet P-40 and 1 tablet of Roche Com-
plete Ultra protease inhibitor mixture (Roche, Madison, WI) per 10 ml
lysis buffer. Cells were lysed by three cycles of bead beating (45 s per
cycle) using a BioSpec Mini-Beadbeater with 1 min rests on ice
between cycles. Lysates were cleared by centrifugation at 13,000 X
g for 5 min. Protein concentrations were determined using a BCA
assay (Thermo-Fisher Scientific, Rochford, IL). Extracts were sepa-
rated by SDS-PAGE, transferred to nitrocellulose membranes, immu-
noblotted with peroxidase antiperoxidase antibody (1:1000) (Sigma)
for 1 h, and developed using chemiluminescence substrate (Perkin-

Elmer, Waltham, MA). Membranes were stripped using Restore West-
ern blot Stripping Buffer (Thermo Scientific) and reprobed using actin
(MP Biomedicals, Santa Ana, CA) as a loading control.

RESULTS

Comprehensive 10-plex Temporal Profiling of the Diauxic
Shift—To capture the full profile of the diauxic shift, we har-
vested triplicate cultures of yeast (DBY7286; MATa, ura3,
GAL2) at 10 time-points over 33 h after inoculation (Fig. 1A).
Glucose was exhausted from the media after 15 h, and coin-
cided with a decreased growth rate (OD600 nm) (Fig. 1B).
After cell lysis and proteolytic digestion, peptide samples
were labeled using 10-plex TMT reagents (Fig. 1A), mixed
equally and fractionated by basic pH reversed phase chro-
matography into 12 fractions. To collect the quantitative data
we employed a 3 h LC-MS3 analysis with synchronous pre-
cursor selection (SPS)-enabled Orbitrap Fusion mass spec-
trometer, designed to achieve both a high level of quantitative
precision and number of peptide measurements. We as-
sessed gains in peptide measurements because of the ad-
vanced instrument by re-analyzing the fractions from replicate
1 with a previous generation Orbitrap Elite mass spectrometer
running a 3 h multinotch LC-MS3 method. We observed
nearly twice the number of identified peptides on the Fusion
(supplemental Fig. S1A) resulting in 24 and 14 total quantified
peptides per protein using the Fusion and Elite respectively
(supplemental Fig. S1C). Further, only 221 proteins were
quantified by only 1 peptide on the Fusion compared with 443
on the Elite. Similar numbers of identified proteins were ob-
served for analyses on both instruments (supplemental Fig.
S1B, supplemental Data file S1, S2).

Herein, we refer only to the 3 replicate data sets analyzed
using the Orbitrap Fusion (summarized in Fig. 1C). These
measurements of the dynamics of the yeast proteome re-
sulted in a data set that models protein abundance changes
with a combined depth of coverage and temporal resolution
not previously achieved in yeast (>4500 proteins, 10 time
points). Quantitative protein measurements in the data set
overlap highly with previous static yeast data sets of log
phase yeast whereby 3974 proteins are quantified in common
between our data set and those identified in log phase yeast
by Hebert et al. (2), and Kulak et al. (3) (supplemental Fig. S2).
Data from biological replicates were highly correlated (sup-
plemental Fig. S3). Analysis of replicate data using time
course revealed that 48% of the proteins (measured in at least
two replicates) in the data set were considered moderated.
This corresponded to a time course-generated T? statistic of
127. The utility of the T2 statistic is demonstrated in Fig. 2. We
observed few changes between early time points, which con-
firms the precision of the triplicate LC-MS3 analyses. In vali-
dation experiments, samples were grown to log and station-
ary phase using TAP-tagged strains. These experiments were
used to validate the induction or repression of several proteins
in the data set by immunoblotting. They include proteins for
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Fic. 1. Comprehensive and temporal proteomic profiling of the diauxic shift in yeast using TMT10. A, Proteomic sampling and labeling
scheme. In triplicate, 10 culture aliquots were acquired over a 33 h time period following inoculation, spanning the logarithmic and stationary
phases of growth. Cells were lysed, digested, labeled with TMT10 reagents and combined to a single sample per replicate. Each sample was
then separated into 12 fractions by basic-pH reversed phase chromatography and each fraction was analyzed by LC-MS3 using an Orbitrap
Fusion mass spectrometer. B, Glucose and ODg, ., throughout the course of the experiment. C, Heatmap of relative intensities (% of the total
TMT reporter ion signal) for each protein representing abundance changes for 4547 proteins across 10 time-points during the diauxic shift. D,
Specific examples of temporal protein profile data and validation using immunoblotting of TAP-tagged strains grown to log (L) or stationary
phase (S). Error bars represent the standard error of triplicate protein relative intensity measurements.

which a role in the diauxic shift had previously been known
(ACS1, FBP1, AAH1, and GLY1) as well as those whose func-
tions are currently unknown (SPG4, FMP16, YNR034W-A, and
TMA17) (Fig. 1D). Data have been submitted to the PRIDE
database (see Methods).

Template matching and functional interpretation—Time-
course analysis with 10 time points provided a high level of
temporal detail in protein profiles. We thus proposed that we
would be able to measure specific temporal patterns of pro-
tein induction or repression for the moderated proteins in the
data set. A simple template-matching strategy was used
whereby protein abundance profiles with T? statistics greater
than 127 were matched to template profiles. Based around
depletion of glucose (at ~15 h) we formed “early-induced,”

“late-induced,” “induced-then-repressed,” “early-repressed,”
“late-repressed,” or “repressed-then-induced” template pro-
files (Fig. 3A). The total Euclidean distance was then meas-
ured between each protein profile and template profile. Pro-
teins were assigned to the profile with the least total Euclidean
distance for all time points (Fig. 3A). The corresponding num-
ber of matching proteins for each profile were; 899 early-
induced proteins, 69 late-induced proteins, 10 induced-then-
repressed proteins, 1040 early-repressed proteins, and 72
late-repressed proteins, (Fig. 3A, supplemental Data file S3).
No proteins matched a template of repressed-then-induced.

To understand the temporal regulation of specific functional
groups of proteins during the diauxic shift, we used DAVID
functional annotation tool (17) to assign over-represented GO
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Fic. 2. Statistical analysis of the triplicate Fusion data sets. All
proteins measured in at least two of the replicate analyses were
assigned a T2 statistic using the time-course package in R Biocon-
ductor. Shown are the calculated log,, T2-statistics plotted against
the log, values for the 33h/5h time point ratios. Examples are shown
demonstrating the utility of the raw time-course-generated T-statis-
tics in assessing temporal changing proteins.

terms (Benjamini-Hochberg corrected p value < 0.05) to each
of the protein profile groupings formed by template matching.
We also used the YEASTRACT transcription factor (TF) en-
richment tool (18) to determine transcription factors that were
over-represented as regulators of expression of proteins
within each group. The late-induced proteins were signifi-
cantly enriched by GO terms “glyoxylate cycle” and “fatty acid
oxidation” as well as TF’s such as the HAP2,3,4 complex and
CATS8. Late-induced temporal regulation of these functions is
evidenced by known glyoxylate cycle and fatty acid proteins
plotted in Fig. 3B. Several proteins of unknown function are
also in this late-induced group such as YMR206W (induced by
a mean of 163-fold) and YNL195C (induced by a mean of
80-fold) (Fig. 3B). In contrast the early-induced proteins were
significantly enriched by GO terms “stress response,” “glyco-
gen metabolism,” “oxidative phosphorylation,” and “proteol-
ysis” as well as TF’s such as BAS1, MSN2, and MSNA4.
Early-induced temporal regulation of these functions is evi-
denced by known stress and oxidative phosphorylation pro-
teins plotted in Fig. 3C. Several proteins of unknown function
are also in this late-induced group such as ISF1 (induced by a
mean of 20-fold), YNR034W-A (induced by a mean of 30-fold),
TMA10 (induced by a mean of 80-fold), and TMA17, (induced
by a mean of ninefold) (Fig. 3C). No GO terms were signifi-
cantly enriched in the induced-then-repressed group of pro-
teins. However, several proteins of various functions followed
this trend including proteins of unknown function including
YOR385W (Fig. 3D). The early-repressed group of proteins

was enriched in “ribosome biogenesis,” “amino acid trans-
port,” and “RNA-mediated transposition” and TFs such as
FHL1 and RAP1. These terms are evidenced by known com-
ponents of these processes (Fig. 3E). In contrast, the late-
repressed group of proteins was of various functions and
although no GO annotations were enriched in the group,
several examples are plotted in Fig. 3F.

Comparison to Gene Expression Data—We next compared
our data set with the landmark gene expression diauxic shift
data set of Derisi et al. This data set has served as the most
complete model of genomic changes during the diauxic shift
in yeast and has been a useful resource in systems biology.
As aresult of additional time-points we collected after glucose
depletion compared with Derisi et al., we capture the induc-
tion of many stationary-phase proteins that showed no
change in the Derisi et al. data set. These are exemplified by
GDH3, CIT3, and POX1 (supplemental Fig. S4). For direct
comparison, we matched the mean log, ratios around the
point of glucose exhaustion (15 h in this study, 18 h in Derisi)
and compared by heat-map (Fig. 4A) and plotting of log,
ratios against each other (Fig. 4B). Although most proteins
correlate well, we observed differences between the data sets
not attributable to our data set containing additional time-
points. For example, the induction of the proteins GAP1,
GPH1, and TMA17, and repression of HIP1, CPR4, YNL155W,
HXT3, and DOT®6 in Fig. 4C showed high fold changes in our
data prior to glucose exhaustion. These same genes showed
either no change or minimal change in the Derisi et al. gene
expression data. Our protein data set also fully captures pro-
tein dynamics during the diauxic shift for 158 proteins (mea-
sured in at least two replicates) not measured in the mRNA
study and many are induced or repressed significantly at the
protein level during the diauxic shift (supplemental Fig. S5A,
S5B). Most of these 158 proteins are small (less than ~100
amino acids long) (supplemental Fig. S6) and thus not consid-
ered as true ORFs for the gene expression study. Other larger
proteins, are mostly mitochondrial genome-encoded (e.g.
QO0050), transposable elements (e.g. YPL257W-B, YHR214C-
B), or plasmid encoded (e.g. RO0O30W) (supplemental Fig. S6),
also not considered for the gene expression study.

Temporal Measurements of Isoform-specific Differences—
Here, time-course TMT10 with a high number of peptides
collected with the Orbitrap Fusion resulted in delineation be-
tween important isoforms of metabolic enzymes. Crucially
important in the utilization of ethanol in the diauxic shift are
alcohol dehydrogenases (ADH1-5). We here benefit from the
high number of unique peptides per protein to show the
differences in the dynamics between, for example, the etha-
nol-metabolizing ADH2 isoform and the ethanol-producing
ADH1, ADH3, ADH4, and ADH5 isoforms during the diauxic
shift (Fig. 5A). We also observe differences in temporal
dynamics between the aldehyde dehydrogenases (ALD2-6),
for which the glucose-repressible ALD2, ALD3, and ALD4
isoforms were induced during the diauxic shift but not the
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Fic. 3. Time-course application of TMT10 facilitates comprehensive temporal protein profiling, differentiating between early and late
changes in protein abundance during the diauxic shift. A, Proteins from the data set were assessed for significance using the time-course
package in R, then temporally moderated proteins were matched to specific template protein profiles as shown; early-induced (899 proteins
total), late-induced (69 proteins total), induced then repressed (10 proteins total), early-repressed (1040 proteins total), or late-repressed (72
proteins). Matching was based on Euclidean distance between 10-plex TMT protein profiles and the given template. Over-represented GO
terms were assigned to the list of proteins matching each template profile using DAVID with a Benjamini Hochberg corrected p value < 0.05.
Examples of proteins from over-represented GO terms (if assigned) are shown for B, late-induced, C, early-induced, D, induced then repressed,

E, early-repressed, and F, late-repressed proteins.

K*/Mg2+-activated ALD5 and ALD®6 isoforms (Fig. 5B). Gyc-
eraldehyde-3-phosphate dehydrogenase (TDH1-3) and gluta-
mate dehydrogenases (GDH1-3) also display isoform-specific
differences in our data set (Fig. 5C, 5D). Furthermore, although
specific amino acid permeases (HIP1, DIP5, TAT1, BAP2, and
LYP1) were repressed during the diauxic shift, high affinity gen-
eral amino acid permeases (GAP1 and AGP1) were induced
(supplemental Fig. S7).

10-Plex Dual Time-course to Determine Hap2-dependent
Proteins—We next conducted a repeat experiment using a
dual time-course 10-plex experimental setup (Fig. 6A) to pro-
file both WT and AHap2 strains during the diauxic shift. This

setup allowed us to both assess reproducibility of our original
10-plex data set and define a putative list of Hap2-regulated
proteins. We chose Hap2 because it plays a role in regulating
many proteins during the switch to respiratory metabolism
during the diauxic shift but such regulation has not been fully
described. Also, many of the strongly induced proteins in our
initial 10-plex TMT data set are proposed to be regulated by
the Hap2,3,4 transcription factor complex. We harvested WT
or AHap?2 yeast over 24 h after inoculation, collecting five
time-points for each strain (Fig. 6A). We observed no differ-
ence between the growth (OD600 nm) or media glucose con-
centrations between WT and AHap2 cells (supplemental Fig.
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Fic. 4. Correlation of the time-course TMT10 data set with mRNA data from Derisi et al. A, Aligned heatmaps of time-course profiles
between the two studies. To directly compare the two studies, data are expressed as log, ratios to the earliest time point (proteins shown
appear in all 3 replicate TMT10 analyses). B, The latest time-points are compared with the earliest time-points for the log,, ratios in both studies.
Genes or proteins in the top-left and bottom-right quadrants differ between this study and Derisi et al. C, Examples of several proteins induced
or repressed in this study (at the protein level) but not in the data set of Derisi et al. (MRNA level).

S8). Cells were lysed, digested, labeled with 10-plex TMT
reagents, separated into 12 fractions using basic-pH reversed
phase chromatography and analyzed by an LC-MSS3
method (Fig. 6A). A side-by-side comparison of protein
profiles from our first and second 10-plex experiments,
which were performed on two different yeast strains
(DBY7286 and BY4742) confirms a high degree of repro-
ducibility for protein diauxic shift responses between these
two strains (Fig. 6B). We also confirm their correlation by
comparing log, ratios of representative time-points be-
tween the first (25 h/5 h ratio) and the second (24 h/4 h ratio)

experiments (WT-only) (supplemental Fig. S9). These data
demonstrate the repeatability of the diauxic shift between
these two strains. Hap2-dependent proteins were determined
from differences between protein profiles of the WT and
AHap?2 strains. We observed few differences between WT and
AHap?2 strains in log phase before glucose was exhausted
(supplemental Fig. S10). However, in stationary phase (24 h)
(supplemental Fig. S10) we observed 63 proteins with WT-
AHap?2 differences greater than 10 (mean fold difference of
3.8). These proteins we considered to have the strongest
Hap2-dependence (supplemental Data file S4). Analysis of
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Fic. 5. Differences in the induction of specific isoforms of various metabolically important proteins during the diauxic shift; A,
Aldehyde dehydrogenases, B, Alcohol dehydrogenases, C, Glyceraldehyde-3-phosphate dehydrogenases, and D, Glutamate dehydroge-
nases. Error bars represent the standard error of triplicate protein relative intensity measurements.

these 63 proteins using DAVID functional annotation tool known glyoxylate metabolism and oxidative phosphorylation
(Benjamini-Hochberg corrected p value < 0.05) revealed en-  proteins shown in Fig. 6C. Among these proteins we also
richment of the GO terms glyoxylate metabolism and oxida- observed Hap2-dependence for proteins contributing to the
tive phosphorylation. These annotations are evidenced by glyoxylate pathway via carnitine metabolism (CAT2 and
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Fic. 6. Dual time-course TMT10 profiling of Hap2-regulated proteins during the diauxic shift. A, Proteomic sampling and labeling
scheme. Five aliquots from BY4742 WT and AHap2 strains were acquired over a 24 h time period following inoculation, spanning the
logarithmic and stationary phases of growth. Cells were lysed, digested, labeled with 10-plex reagents and combined to a single sample. The
sample was then separated into 12 fractions by basic-pH reversed phase chromatography and each fraction was analyzed by LC-MS3. B,
Reproducibility between experiments represented by aligned heatmaps of relative intensities (% of the total for each protein) for the initial
10-plex time-course and the 10-plex dual time-course. C, Proteins with relative intensity differences between WT (Blue) and AHap?2 (Red)
during the diauxic shift. D, Validation of PCK1, ACH1, and AGP2 dependence on Hap2. Each protein was TAP-tagged in the AHap2 strain and
measured by immunoblot in a separate experiment in either log (L) or stationary (S) phase.

YAT1). Interestingly, we also observe Hap2-dependence for
the glutamine permease, AGP2 (Fig. 6C), which acts further
upstream of carnitine metabolism. For confirmation of some
observed Hap2-dependent proteins in the data set, we first
TAP-tagged several in the AHap2 background. Then, in
repeat experiments, we grew these TAP strains to log and

stationary phase. By TAP immunoblotting we confirm Hap2-
dependence for proteins with known Hap2-regulated func-
tions (PCK1 and ACH1) and for AGP2 (Fig. 6D).
Surprisingly, we observed 53 proteins that had WT-AHap2
differences less than —10 (mean fold difference of 2.2) (sup-
plemental Data file S4). These proteins were considered either
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negatively regulated by Hap2 under WT conditions or induced
to compensate stress caused by the reduction in abundance
of many of the Hap2-regulated proteins. Functional analysis
of these 53 proteins revealed enrichment of GO terms related
for heat stress. Data have been submitted to the PRIDE da-
tabase (see methods).

DISCUSSION

Protein abundance in yeast is dynamic and a greater un-
derstanding of temporal protein dynamics during utilization of
different substrates provides insight to protein function. Pro-
teome dynamics during the diauxic shift are particularly im-
portant because they serve as a basic model for fermentative
versus respiratory metabolism underlying cancer cell prolifer-
ation. We here use 10-plex TMT to achieve comprehensive
proteome analysis (4547 proteins) over 10 time-points of the
diauxic shift thus resulting in more than 45,000 protein mea-
surements in a single experiment. The data set is unique in
that it fully captures the diauxic shift over an extended time-
course with the temporal resolution needed to distinguish
expression patterns at a comprehensive level. We were thus
able to determine global patterns of late- versus early-induc-
tion of proteins in the diauxic shift (Fig. 3). We have ensured a
high level of accuracy by collecting the data in biological
triplicate and performing MS3 reporter ion quantitation using
SPS on the Orbitrap Fusion mass spectrometer. This has
allowed quantitation of more total peptides per protein (24 on
average (single replicate) than by analysis with a previous
generation, Orbitrap Elite, mass spectrometer (14 on average)
and more than previous yeast duplex quantitative studies of
11 (19) and 15 (20) (on average).

Although, it was the subject of a landmark study of the first
comprehensive microarray analysis to understand gene reg-
ulation in eukaryotes (4), proteomic approaches toward the
diauxic shift have suffered from either low proteomic depth of
targeted mass spectrometry or the low sample throughput of
shotgun approaches. For example, using multiple reaction
monitoring (MRM) to profile the diauxic shift has offered tem-
poral coverage of central carbon metabolism, but at a depth
of less than 100 proteins. Although not comprehensive, a
shotgun approach employing four-plex labeling by amine-
reactive neutron-encoded labels has allowed more proteins to
be quantified (1543) but with lower coverage of carbon me-
tabolism and few time-points to delineate temporal patterns
(21). More recently, six-plex TMT achieving comprehensive
levels of protein quantifications of either log phase or station-
ary phase (6). However, the study did not aim to capture the
temporal transition between the two states as we have done
here so many diauxic shift-regulated proteins were not shown
to change in abundance. For example, in the six-plex study,
proteins such as FBP1, a well-known stationary phase-in-
duced gluconeogenesis protein, did not change within log or
stationary phase, but a mean of 76.2-fold induction was cap-
tured in our data set.

The previous most comprehensive and temporal “omics”
capture of the diauxic shift is thus the gene expression data
set of Derisi et al. (Fig. 4), which allowed us to assess further
the accuracy of our proteomic data set. The same yeast strain
(DBY7286) was used in both studies. Many of the temporal
patterns we observe here are consistent with the seven time
point gene expression data set of Derisi et al., in which the
induction of stress and oxidative phosphorylation proteins
precedes glucose depletion but induction of glyoxylate pro-
teins occurs after glucose depletion (Fig. 3). This strategy is
important in yeast survival because stress-related proteins
must be induced to handle accompanying increases in oxi-
dative stress during the respiratory transition. Indeed, in Fig.
3, stress response proteins slightly precede a more gradual
induction of oxidative phosphorylation proteins. Once glucose
is depleted, cells then induce proteins to fuel respiration
through glyoxylate metabolism (using ethanol) and fatty acid
oxidation, also evident in Fig. 3. The over-represented tran-
scription factors we observed for each pattern of induction
are consistent with their roles in stress (MSN2, MSN4, and
HSF1 in early-induced proteins) and glyoxylate cycle function
(Hap2,3,4, and CATS8 in late-induced proteins) (22, 23). The
temporal groupings also provide insight to the regulation of
proteins of unknown function. For example, YNR0O34W-A (Fig.
1D) has previously been shown to be regulated by MSN2/
MSN4 (24) and thus may play a role in cell stress. An inter-
esting group of proteins that emerged from our temporal
analysis are those induced before but repressed after glucose
depletion (Fig. 3), the functions of which are varied or un-
known but likely important in nutrient responses. For example,
KSP1, which was induced-then-repressed is a serine/threo-
nine kinase involved in TOR signaling (25).

The repression of ribosomal proteins we observed is con-
sistent with the study of Derisi et al. and other studies,
whereby the energy-intensive process of ribosomal biogene-
sis is repressed under various stress conditions. By virtue of
the high temporal resolution of our data, we were able to
observe a decrease in ribosomal protein abundance prior to
glucose depletion, rather than after as in the gene expression
data set of Derisi et al. This suggests a role for either degra-
dation or decreased translation of ribosomal proteins prior to
their repression at the transcript level, or involvement of yet-
unknown regulatory pathways. Although several of these pro-
teins have previously been shown to be decreased transla-
tionally upon glucose depletion (26), their repression prior to
glucose depletion suggests they are regulated by other fac-
tors such as oxidative stress. Notably, oxidative stress pro-
teins are also induced at this time (Fig. 3). The over-repre-
sented transcription factors in the repressed protein group is
consistent with their regulation by ribosome-regulating tran-
scription factors FHL1 and RAP1, which are highly active only
during growth on glucose (27).

Apart from some of the more characterized diauxic-shift
related protein changes already mentioned by others such as
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the glyoxylate pathway and gluconeogenesis, many more
proteins of unknown functions are induced or repressed in our
data set. Many were not previously profiled during log to
stationary phase transition. The 158 proteins not included in
the Derisi et al. data set were mainly not previously measured
because they are small (e.g. SIP18), mitochondria-encoded
(e.g. Q0050), or plasmid-encoded (e.g. YPL257W-B). The di-
auxic shift data for these proteins is thus novel, and many of
them were shown to be highly induced or repressed (supple-
mental Fig. S5). Included in this group is the aforementioned,
early-induced, YNRO34W-A. Many differences we observed
resulted from the 10-plex nature of the experiment that al-
lowed data collection over more time-points after glucose
depletion (e.g. GDH3 and POX1, supplemental Fig. S4). These
examples illustrate the benefit of fully capturing the diauxic
transition. Other diauxic shift-regulated proteins unique to our
data that were induced before glucose exhaustion are consist-
ent with other literature. For example GAP1 and GPH1 gene
expression (Fig. 4C) have been shown to be induced during
various stress conditions including glucose deprivation (5, 28).

Whereas the Derisi et al. data set did not distinguish be-
tween several important isoforms of, for example, aldehyde
dehydrogenases because of cross-hybridization of similar se-
quences, our data set does (Fig. 5). Such specificity is impor-
tant in yeast biology because the glucose-repressible ADH2
isoform catalyzes the formation of acetaldehyde from ethanol,
whereas the others catalyze the reverse reaction during fer-
mentative metabolism (29). The isoform-specific expression
of aldehyde dehydrogenases in our data set is also consistent
with known behavior of these proteins during the diauxic shift
(5). The ability to globally measure differences in groups of
functionally similar proteins highlights the comprehensive-
ness of our data set. For example, we profiled most of the
known amino acid permeases, and show high induction of
general amino acid permeases (GAP1 and AGP1), consistent
with previous studies (30), but a clear repression of specific
amino acid permeases (supplemental Fig. S7).

Confirming the accuracy of our data set, our results were
reproducible in a second experiment with a different WT yeast
strain (Fig. 6) in the dual time-course experiment. In yeast,
global proteomic analysis in deletion strains has been per-
formed in duplex but many yeast pathways are only regulated
dynamically. For example, many transcription factors are only
activated during the transition to stationary phase and thus
require temporal quantitation. Such is the case for the
Hap2,3,4 TF complex (31), which is predicted to regulate
many of the proteins we observed to be induced during the
diauxic shift. Hap2 is a crucial component of this complex (1).
Our global, dual time-course data set comparing WT and
AHap2 strains demonstrates the benefit of 10-plex TMT to
facilitate the analysis of temporally dependent regulatory pro-
teins. High similarity between the temporal protein changes of
WT and AHap?2 strains (Fig. 6B) provided confidence in our
ability to select Hap2-regulated proteins. Moreover, the dif-

ferences we detect between the WT and AHap2 strains al-
most exclusively occur after the diauxic shift (at the 24 h time
point) highlighting the role of Hap2 in the transition to respi-
ratory growth. Our observation that many glyoxylate cycle,
gluconeogenesis, and oxidative phosphorylation proteins are
dependent upon Hap2 during the diauxic shift is consistent
with the predicted regulation of the these processes by the
Hap2,3,4 complex. These observations are also consistent
with a previous gene expression analysis of Hap2-induced
genes grown on galactose (32), which simulates substrate
utilization during stationary phase and activates similar regu-
latory networks. Previous reports have not, however, made a
relationship between Hap2 and the induction of carnitine me-
tabolism proteins. Specifically of interest from our data was
regulation of carnitine acetyl tranferases, CAT2 and YAT1, as
well as the carnitine transport protein AGP2 (33). We confirm
AGP2 as a Hap2-dependent protein during stationary phase
(Fig. 6D). Further studies are needed to better understand the
role of Hap2 in regulating carnitine metabolism. Carnitine
metabolism regulation by Hap2, although not understood, is
consistent with other Hap2-regulated proteins because car-
nitine provides acetyl CoA to the glyoxylate cycle. Negative
regulation of stress related proteins (e.g. HSP12, SOL4) has
also not previously been linked to Hap2 but should be further
explored. Although we observed no reduction in growth or
glucose consumption in AHap2 cells, growth differences may
not be expected until several hours beyond the time-course of
this experiment. Besides determining Hap2-dependent pro-
teins, we propose that similar 10-plex TMT dual time-course
experiments (e.g. WT versus deletion strains) have the poten-
tial to help understand other regulatory networks important
during temporal shift.

To conclude, we utilized 10-plex TMT and the SPS-MS3
method to conduct a comprehensive mapping of protein
abundance dynamics during the diauxic shift in yeast. Our
data set fully captures time-resolved expression measure-
ments such that proteins of similar temporal expression pro-
files could be grouped, representing distinct functions. We
further demonstrate a dual time-course TMT10 approach,
detailing proteins dependent on the respiratory transcription
factor, Hap2, and revealing a connection between Hap2 and
carnitine metabolism. The high level of both analysis depth
and temporal resolution make these data a valuable resource
to the yeast community. Further, as the most temporally re-
solved shotgun proteomics study to date (10 time-points)
these data represent a benchmark in measuring temporal
protein dynamics to understand protein regulation.
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This article contains supplemental Figs. S1 to S10 and Data files
S1 to S4.
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