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Abstract

We applied a multiplexed, mass spectrometry-based strategy to interrogate the proteome and 

phosphoproteome of three yeast strains under two growth conditions. The yeast proteins Bmh1 

and Bmh2, analogs to the 14-3-3 protein family, have a wide-array of cellular functions including 

the regulation of phosphorylation events. Similarly, rapamycin is a drug that can regulate 

phosphorylation events. By performing a series of TMT10-plex experiments, we investigated the 

alterations in the proteome and phosphoproteome of wildtype and two deletion strains (bmh1Δ and 

bmh2Δ) of S. cerevisiae treated with rapamycin and DMSO as a control. Our 3×3+1 strategy 

allowed for triplicate analysis of each of the three strains, plus an additional sample consisting of 

an equal mix of all samples. We quantified over 4000 proteins and 20,000 phosphorylation events. 

Of these, we quantified over 3700 proteins across all 20 samples and over 14,300 phosphorylation 

events within each drug treatment. In total, data collected from four TMT10-plex experiments 

required approximately one week of data collection on the mass spectrometer. This study 

underscores the complex cellular roles of Bmh1 and Bmh2 coupled with response to rapamycin 

treatment and emphasizes the utility of multiplexed proteomic techniques to elucidate 

comprehensive proteomes and phosphoproteomes.
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1. Introduction

Multiplexing strategies in mass spectrometry-based quantitative proteomics have 

significantly expanded the depth, efficiency, and throughput of comprehensive protein 

analyses. Employing isobaric labeling [1–3] enables the universal quantification of protein 

samples, with the current limitation being the number of available labels. Such labeling 

strategies are not limited to investigating protein level changes, which may be insufficient to 
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explain complex signaling events. As such, multiplexed isobaric labeling strategies may also 

be applied to interrogate the phosphoproteome.

Members of the 14-3-3 protein family are expressed in a wide range of organisms from yeast 

to higher order mammals. In Saccharomyces cerevisiae, two 14-3-3 orthologs, Bmh1 and 

Bmh2, are expressed [4–6]. Cells remain viable with deletion of either Bmh1 (bmh1Δ) or 

Bmh2 (bmh2Δ), albeit with a slight reduction in growth rate [6]. However, a double deletion 

of these two genes is lethal in most yeast strains, including S. cerevisiae [4, 6]. These 

dimeric proteins have very diverse roles as adapter/scaffold molecules, localization anchors, 

regulators of enzyme activity, signal transducers, regulators of cell cycle progression, 

transcriptional regulators, and are involved in apoptosis [7, 8]. The 14-3-3 protein family 

partake in diverse regulatory functions via interactions with proteins phosphorylated in 

conserved motifs. Binding motifs of Bmh1 and Bmh2 in yeast include two major sequences: 

RSXpSXP and RXY/FXpSP, where pS is phosphoserine and X can be any of several amino 

acids [9]. We expect substantial alterations in cellular signaling upon deletion of Bmh1 

and/or Bmh2 due to the roles of these proteins in diverse cellular mechanisms.

Similarly, rapamycin has a role in signaling pathways and alterations in protein 

phosphorylation. Rapamycin is a potent immunosuppressing antibiotic that is used 

commonly in yeast research [10]. In addition, this drug has demonstrated inhibition of tumor 

growth [11] and as such, downstream targets may be potential cancer therapies [12–14]. 

Rapamycin has been shown previously in mass spectrometry-based analyses to alter the 

yeast proteome [15, 16]. Because of the vast array of functions for the 14-3-3 family of 

proteins, we expect that a relationship, whether direct or indirect, exists between Bmh1/

Bmh2 and rapamycin. In fact, Bmh1 and Bmh2 have been shown to positively regulate 

rapamycin-sensitive signaling potentially via downstream interaction with a phosphoprotein 

integral to a key signaling cascade [17].

Herein, we explored the differences in the proteome and the phosphoproteome of wildtype, 

bmh1Δ, and bmh2Δ strains of S. cerevisiae in triplicate under standard growth conditions 

and following rapamycin treatment. We use a strategy, which employs novel TMT10-plex 

reagents to enhance our ability to analyze the proteomic alterations resulting from bmh1Δ 

and bmh2Δ gene deletions. As 14-3-3 proteins interact extensively with phosphopeptides, 

we expanded our analytical depth by performing a global phosphoproteomic analysis using a 

strategy analogous to that outlined for the protein analysis, albeit with an additional TiO2 

enrichment prior to TMT labeling. Using this strategy enabled the comprehensive analysis 

of the proteome and phosphoproteome of three yeast strains treated with rapamycin or 

DMSO as a control.

2. Materials and Methods

2.1 Materials

Tandem mass tag (TMT) isobaric reagents were from ThermoScientific (Waltham, MA). 

Titanosphere TiO2 5 μm particles were from GL Biosciences, (Tokyo, Japan). Water and 

organic solvents were from J.T. Baker (Center Valley, PA). Unless otherwise noted, all 

other chemicals were from Sigma (St. Louis, MO).
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2.2 Yeast strains

All three yeast strains – wildtype, bmh1Δ, and bmh2Δ - were derived from the same 

background (strain BY4742 MAT α, derived from S288c). Cultures were grown in standard 

yeast-peptone-dextrose (YPD) media to an optical density (OD) of 0.6. At this point, either a 

final concentration of 200 nM rapamycin (LC laboratory, Woburn, MA) or an equal volume 

of DMSO (for control samples) was added to the cultures, which were grown for an 

additional 90 min at 30°C.

2.3 Cell lysis and protein digestion

Yeast cultures were harvested by centrifugation, and resuspended at 4°C in a buffer 

containing 50 mM HEPES pH 8.5, 8 M urea, 75 mM NaCl, protease (complete mini, 

EDTA-free), and phosphatase (PhosphoStop) inhibitors (Roche, Basel, Switzerland). Cells 

were lysed using the MiniBeadbeater (Biospec, Bartlesville, OK) in microcentrifuge tubes at 

maximum speed at three cycles of 60 sec each, with 3 min pauses between cycles to avoid 

overheating of the lysates. After centrifugation, lysates were transferred to new tubes. The 

protein concentration in the lysate was determined by bicinchoninic acid (BCA) protein 

assay (ThermoScientific, Waltham, MA).

Proteins were subjected to disulfide reduction with 5 mM dithiotreitol (37°C, 25 min) and 

alkylation with 10 mM iodoacetamide (room temperature, 30 min in the dark). Excess 

iodoacetamide was quenched with 15 mM dithiotreitol (room temperature, 15 min in the 

dark). Methanol-chloroform precipitation was performed prior to protease digestion. In 

brief, four parts neat methanol was added to each sample and vortexed, one part chloroform 

was added to the sample and vortexed, and three parts water was added to the sample and 

vortexed. The sample was centrifuged at 4000 RPM for 15 min at room temperature and 

subsequently washed twice with 100% acetone, prior to air-drying.

Samples were resuspended in 8 M urea, 50 mM HEPES, pH 8.5. The protein extract was 

then diluted to 1 M urea with 50 mM HEPES pH 8.5 and digested at 37°C for 3 hrs with 

LysC protease at a 100:1 protein-to-protease ratio. Trypsin was then added at a 100:1 

protein-to-protease ratio and the reaction was incubated overnight at 37°C.

2.4 Phosphopeptide enrichment

Phosphopeptides were enriched using a method based on that of Kettenbach and Gerber 

[18]. In brief, Titanosphere TiO2 5 μm particles (GL Biosciences, Tokyo, Japan) were 

washed three times with 2 M lactic acid/50% acetonitrile. Peptides were resuspended in 2.5 

mL of 2 M lactic acid/50% acetonitrile. For ~10 mg of peptide digest, 40 mg beads were 

added and incubated with gentle rotation for 1 hr at room temperature. Beads were washed 

twice with 2.5 mL of 2 M lactic acid/50% acetonitrile, then twice with 2.5 mL of 50% 

acetonitrile/0.1% trifluoroacetic acid (TFA), and finally twice with 2.5 mL of 25% 

acetonitrile/0.1% TFA. Enriched phosphopeptides were eluted twice with 500 μL of 50 mM 

K2HPO4 pH 10 and vacuum centrifuged to dryness.
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2.5 Tandem mass tag labeling

In preparation for TMT labeling, desalted peptides (both for protein and phosphopeptide 

level analysis) were resuspended in 70 μL of 200 mM HEPES, pH 8.5. Peptide 

concentrations were determined using the microBCA assay (ThermoScientific, Waltham, 

MA). Approximately 50 μg of peptides from each sample were labeled with TMT reagent. 

The samples labeled with TMT131 were mixtures of 5.6 μg of unlabeled peptide from each 

of the 18 individual samples (i.e., we used a mix of all 18 whole proteome samples for 

protein level TMT10-plexes, and another mix of all 18 phosphopeptide samples for 

phosphopeptide level TMT10-plexes). TMT reagents (0.8 mg) were dissolved in anhydrous 

acetonitrile (40 μL) of which 10 μL was added to the peptides along with 20 μL of 

acetonitrile to achieve a final acetonitrile concentration of approximately 30% (v/v). 

Following incubation at room temperature for 1 hr, the reaction was quenched with 

hydroxylamine to a final concentration of 0.3% (v/v). The TMT-labeled samples were 

pooled at a 1:1:1:1:1:1:1:1:1:1 ratio. The sample was vacuum centrifuged to near dryness 

and subjected to C18 solid-phase extraction (SPE) (Sep-Pak, Waters).

2.6 Off-line basic pH reversed-phase (BpRP) fractionation

For protein-level and phosphoproteome analysis, we fractionated the pooled sample using 

BpRP HPLC. We used an Agilent 1100 pump equipped with a degasser and a photodiode 

array (PDA) detector (set at 220 and 280 nm wavelength) from ThermoFisher (Waltham, 

MA). Peptides were subjected to a 50 min linear gradient from 5% to 35% acetonitrile in 

10mM ammonium bicarbonate pH 8 at a flow rate of 0.8 mL/min over an Agilent 

300Extend C18 column (5 μm particles, 4.6 mm ID and 220 mm in length). The peptide 

mixture was fractionated into a total of 96 fractions which were consolidated into 12. 

Samples were subsequently acidified with 1% formic acid and vacuum centrifuged to near 

dryness. Each eluted fraction was desalted via StageTip [19], dried via vacuum 

centrifugation, and reconstituted in 5% acetonitrile, 5% formic acid for LC-MS/MS 

processing.

2.7 Liquid chromatography and tandem mass spectrometry

Our mass spectrometry data were collected using an Orbitrap Elite mass spectrometer 

(Thermo Fisher Scientific, San Jose, CA) coupled to a Proxeon EASY-nLC II liquid 

chromatography (LC) pump (ThermoFisher Scientific). Peptides were separated on a 100 

μm inner diameter microcapillary column packed with ~0.5 cm of Magic C4 resin (5 μm, 

100 Å, Michrom Bioresources) followed by ~20 cm of Maccel C18 resin (3 μm, 200 Å, Nest 

Group). For each analysis, we loaded ~1 μg onto the column.

Peptides were separated using a 3 hr gradient of 6 to 30% acetonitrile in 0.125% formic acid 

at a flow rate of ~300 nL/min. Each analysis used the multi-notch MS3-based TMT method 

[20] [21]. The scan sequence began with an MS1 spectrum (Orbitrap analysis; resolution 

60,000; mass range 300–1500 m/z; automatic gain control (AGC) target 1 × 106; maximum 

injection time 150 ms). The top ten precursors were then selected for MS2/MS3 analysis. 

MS2 analysis consisted of collision-induced dissociation (quadrupole ion trap analysis; 

AGC 2 × 103; normalized collision energy (NCE) 35; q-value 0.25; maximum injection time 

100 ms). Following acquisition of each MS2 spectrum, we collected an MS3 spectrum using 
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our recently described method in which multiple MS2 fragment ions are captured in the 

MS3 precursor population using isolation waveforms [20] with multiple frequency notches. 

MS3 precursors were fragmented by high energy collision-induced dissociation (HCD) and 

analyzed using the Orbitrap (NCE 50; AGC 1.5 × 105; maximum injection time 250 ms, 

isolation specificity 0.8 Th, resolution was 30,000 at 400 Th). By using AGC targets well 

below 1.5 × 105, coalescence of TMT10-plex reporter ions should not be an issue [22].

2.8 Data analysis

Mass spectra were processed using a Sequest-based in-house software pipeline [23]. Spectra 

were converted to mzXML using a modified version of ReAdW.exe. Database searching 

included all entries from the yeast SGD (Saccharomyces Genome Database) (August 10, 

2012), which was concatenated with a reverse database composed of all protein sequences in 

the reversed order. Searches were performed using a 50 ppm precursor ion tolerance for total 

protein level analysis and 20 ppm for phosphopeptide analysis. The product ion tolerance 

was set to 1 Da. These wide mass tolerance windows were chosen to maximize sensitivity in 

conjunction with Sequest searches and linear discriminant analysis [23, 24]. TMT tags on 

lysine residues and peptide N termini (+229.163 Da) and carbamidomethylation of cysteine 

residues (+57.021 Da) were set as static modifications, while oxidation of methionine 

residues (+15.995 Da) was set as a variable modification. For phosphopeptide analysis, 

+79.966 Da was set as a variable modification on serine, threonine, and tyrosine.

Peptide-spectrum matches (PSMs) were adjusted to a 1% false discovery rate (FDR) [25, 

26]. PSM filtering was performed using a linear discriminant analysis, as described 

previously [23], while considering the following parameters: XCorr, ΔCn, missed cleavages, 

peptide length, charge state, and precursor mass accuracy. For TMT-based reporter ion 

quantitation, we extracted the signal-to-noise (S/N) ratio for each TMT channel and found 

the closest matching centroid to the expected mass of the TMT reporter ion.

The search space for each reporter ion was limited to a range of 0.002 Th to prevent overlap 

between the isobaric reporter ions. For protein-level comparisons, PSMs were identified, 

quantified, and collapsed to a 1% peptide false discovery rate (FDR) and then collapsed 

further to a final protein-level FDR of 1%. Moreover, protein assembly was guided by 

principles of parsimony to produce the smallest set of proteins necessary to account for all 

observed peptides.

Proteins and phosphorylation sites were quantified by summing reporter ion counts across 

all matching PSMs using in-house software, as described previously [23]. Briefly, a 0.002 

Th window around the theoretical m/z of each reporter ion (126: 126.127 Th, 127N: 127.124 

Th, 127C: 127.131 Th, 128N: 128.128 Th, 128C: 128.134 Th, 129N 129.131 Th, 129C: 

129.138 Th, 130N: 130.135 Th, 130C: 130.1411 Th, 131: 131.138 Th) was scanned for ions, 

and the maximum intensity nearest the theoretical m/z was used. PSMs with poor quality, 

MS3 spectra with more than seven TMT channels missing, less than 100 TMT reporter 

summed signal to noise ratio, or no MS3 spectra were excluded from quantitation [27]. 

Protein and phosphosite quantitation values were exported for further analysis in Excel or 

MatLab.
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For both protein and phosphorylation site quantitation, each reporter ion channel was 

summed across all quantified proteins and normalized assuming equal protein loading of all 

10 samples. To compare among different datasets, data were normalized to the TMT131 

channel (separately for the total protein and phosphoprotein data). One-way ANOVA was 

then used to identify proteins that were differentially expressed across strains. A Bonfferoni-

corrected p-value <0.01 was considered statistically significant [28].

2.9 Phosphopeptide motif analysis

For the phosphorylation dataset, site localization was evaluated via AScore [24]. Sites with 

an Ascore >13 were extracted and these local sequences were analyzed further using the 

PhosphoSitePlus (http://www.phosphosite.org) motif analysis tool [29]. Sequences were 

centered at the phosphorylated residue and extended six amino acids on each side, thereby 

giving a length of 13 amino acids for each phosphorylation site.

2.10 Data access

Supplemental Tables 1 and 2 list the proteins and phosphosites, respectively, as well as 

normalized TMT reporter ion intensities used for quantitative analysis. RAW files will be 

made available upon request.

3. Results and Discussion

3.1 We quantified over 4100 yeast proteins using a multiplexed TMT 10-plex-based 
strategy

Using the methods as outlined in Figure 1 (with additional details in Supplemental Figure 1), 

we performed quantitative mass spectrometry analyses on three yeast strains (wildtype, 

bmh1Δ, and bmh2Δ treated with DMSO or rapamycin) for which we determined the relative 

protein abundance of over 4100 proteins. First, we compared protein abundance ratios for 

the three yeast strains treated with DMSO. We identified 4127 proteins, of which 4061 were 

quantified across all DMSO-treated samples. Similarly, we compared protein abundance 

ratios for yeast cultures with the addition of rapamycin, we identified 4061 proteins, of 

which 3930 were quantified in all rapamycin-treated samples. All proteins and associated 

quantitative values are listed in Supplemental Table 1. In total, 3736 proteins were 

quantified across all 20 samples.

We performed an ANOVA for each protein across the dataset, and corrected for multiple 

testing using the Bonferroni method [30]. We used the Tukey’s post-hoc test for each 

protein to ascertain which of the three strains differed significantly. In addition, we imposed 

a second threshold requiring a 2-fold increase or decrease in protein abundance among 

samples. The numbers of proteins up- and down-regulated for each comparison were 

summarized in Supplemental Table 3. We then subjected these differentially abundant 

proteins to two-dimensional clustering using the Euclidean distance metric (Figure 2). The 

samples clustered as expected, that is, triplicates clustered together, and the two deletion 

mutants clustered closer to each other than wild-type. In addition, we submitted these 

proteins to KEGG pathway analysis and extracted enriched pathways. First, we examined 

proteins from the DMSO-treated control cultures showing significant increases in abundance 
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in the deletion compared to the wildtype strain. Glycolysis/gluconeogenesis represented the 

pathway with the greatest number of proteins of higher abundance when comparing the 

deletion strains to wildtype (Figure 2A). Two examples include GLK1 (glucokinase) and 

HXK1 (hexokinase isoenzyme 1), both of which catalyze the phosphorylation of glucose at 

carbon-6 in the first irreversible step of glucose metabolism [31] [32]. Next, we examined 

proteins with statistically significant higher abundance in the deletion strains compared to 

the wildtype strain in the rapamycin-treated cell cultures. Here, oxidative phosphorylation 

pathway was enriched with the highest number of proteins (Figure 2B). Two examples 

included NDE1 (NADH Dehydrogenase, External) and NDI1 (NADH Dehydrogenase 

Internal), which were both NADH dehydrogenases. NDE1 is a mitochondrial external 

NADH dehydrogenase that catalyzes the oxidation of cytosolic NADH [33], while NDI1 

transfers electrons from NADH to ubiquinone in the respiratory chain [34].

Conversely, when examining proteins that are of lower abundance comparing the deletion 

strains to wildtype in DMSO-treated samples, the pathway with the highest number of 

proteins was metal ion-binding (Figure 2A). Examples of such proteins include FET4 

(FErrous Transport) and ZPR1 (Zinc finger PRotein). FET4 is a low-affinity Fe(II) 

transporter of the plasma membrane that can also bind other metals such as copper, cobalt, 

and zinc [35], while ZPR1 has two zinc finger domains and translocates from the nucleus to 

the cytoplasm in starved cells [36]. Similarly, the pathway with the greatest number of 

proteins of lower abundance when comparing the deletion strains to wild-type in rapamycin-

treated samples was vitamin biosynthesis (Figure 2B). Two examples include BNA2 

(Biosynthesis of Nicotinic Acid 2) and BNA4 (Biosynthesis of Nicotinic Acid 4), both of 

which are involved in the biosynthesis of NAD from tryptophan via kynurenine. 

Interestingly, aside from NAD being an essential cofactor for cellular redox reactions and 

energy metabolism, the mammalian ortholog of BNA4 is a putative therapeutic target for 

Huntington disease [37].

As expected, the deletion of Bmh1 or Bmh2 genes had a complex effect on the cellular 

proteome. Rapamycin treatment resulted in additional protein abundance differences to 

those observed between the deletion and wildtype strains, thereby perturbing further various 

cellular pathways. As such, we investigated more thoroughly the effects of these proteomic 

alterations, resulting from the gene deletions and rapamycin treatment, at the signaling level 

by examining the changes in the phosphoproteome.

3.2 Phosphoproteomic analysis revealed differences in phosphorylation levels upon 
treatment with rapamycin

Using methods based on the protein level analysis, we investigated comprehensively the 

global phosphoproteome of the three yeast strains treated with either rapamycin or DMSO as 

a control. We performed phosphopeptide enrichment to determine phosphorylation state 

differences among wildtype, bmh1Δ, and bmh2Δ strains in response to rapamycin treatment. 

From this analysis, we identified over 2300 non-redundant phosphoproteins between our 

two TMT10-plex experiments (Table 1). A total of 2230 phosphoproteins were identified in 

the DMSO-treated culture, while 2211 phosphoproteins were identified in the rapamycin-

treated cultures with < 1% false discovery rate. Comparing the two experiments revealed a 
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high degree of overlap, as 2114 phosphoproteins (>99%) were common between the two 

datasets. Moreover, we identified over 4,000 unique phosphothreonine (pT) and 

approximately 17,000 phosphoserine (pS) peptides in the DMSO- and rapamycin- treated 

datasets with < 1% false discovery rate, corresponding to a total of 6,717 and 23,878 non-

redundant pT and pS phosphopeptides, respectively, between the two datasets. The number 

of phosphopeptides was relatively consistent for pT and pS peptides at the total peptide, 

unique peptide, and protein levels when comparing DMSO- and rapamycin-treated samples 

(Table 1).

3.3 Phosphoproteomic and subsequent phosphorylation consensus sequence analyses 
revealed differences in phosphosites among wildtype, bmh1Δ, and bmh2Δ yeast strains

We quantified 14,595 phosphorylation sites in the DMSO-treated dataset and 14,608 in the 

dataset of the rapamycin-treated samples yielding a total of 22,974 unique sites at <2% FDR 

(Table 1). As with the total protein analysis, we performed ANOVA across the datasets and 

corrected for multiple testing using the Bonferroni method [30]. Again, we used the Tukey’s 

post-hoc test for each phosphorylation site to determine which strain(s) differed significantly 

from the others. We also imposed a second threshold requiring a 2-fold increase or decrease 

in phosphosite abundance among samples. Several thousand phosphorylation sites were 

altered among the strains, which we listed in Supplemental Table 2 and summarized in 

Supplemental Table 4. Considering all three yeast strains investigated, significant 

phosphorylation site alterations (Supplemental Table 4) were more prevalent than protein 

alterations (Supplemental Table 3). Moreover, the deletion strains showed consistently more 

phosphosites in higher abundance than lower abundance with respect to wildtype. We 

postulated that the propensity of Bmh1 and Bmh2 to bind phosphopeptides resulted in a 

protective effect preventing dephosphorylation via phosphatases, an event which therefore 

may not be as prominent in the deletion strains.

In addition, we used PhosphoSitePlus motif analysis tool [29] to determine the consensus 

amino acid sequences around which phosphorylation events occur in our datasets. For this 

analysis we used the phosphorylated residues that were present at statistically different 

levels along with the six flanking residues on either side. We compared phosphosites 

quantified in bmh1Δ and bmh2Δ versus wildtype. The results revealed that phosphosites of 

higher abundance when comparing the deletion strains to wildtype included those with 

RRxS and similar consensus sites, while those of lower abundance contained SP and similar 

sites (Supplemental Figure 2). In addition, we subjected these significantly altered 

phosphorylation sites to hierarchical clustering using the Euclidian distance metric. As 

expected, triplicate samples clustered closest together while deletion strains grouped closer 

to each other than to wildtype (Figure 3). Heat maps of phosphorylation sites demonstrating 

statistically significant differences between either deletion strain and wildtype were 

constructed for DMSO-treated controls (Figure 3A) and rapamycin-treated cultures (Figure 

3B). Below, we highlighted two proteins displaying these expression patterns for higher or 

lower abundance with respect to DMSO or rapamycin treatment.

We surveyed the sites with increased phosphorylation in the DMSO-treated yeast cultures 

(Supplemental Figure 2A). Here, both bmh1Δ and bmh2Δ with respect to wildtype showed 
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increased phosphorylation of sites with the motifs RRxS, RxxS and RxS. Examples of 

proteins with increased phosphorylation of RRxS motifs included MSN2 (Multicopy 

suppressor of SNF1 mutation 2) and SSK2 (Suppressor of Sensor Kinase) (Figure 3A). 

MSN2 is a transcriptional activator, which translocates from the cytoplasm to the nucleus 

under stress conditions [38], while SSK2 is MAP kinase kinase kinase whose 

autophosphorylation promotes actin cytoskeleton recovery after osmotic stress [39].

Similarly, sites with increased phosphorylation when comparing rapamycin-treated deletion 

strains and wildtype cultures also included RRxS and RxxS motifs (Supplemental Figure 

2B). Examples of RRxS motif-containing proteins included MSN2 (Multicopy suppressor of 

SNF1 mutation 2) as in the DMSO-treated cell cultures, and MSN4 (Multicopy suppressor 

of SNF1 mutation 4) (Figure 3B). Both of these proteins are transcriptional activators, which 

translocate from the cytoplasm to the nucleus under stress conditions and target specific 

genes [38] [40].

Moreover, for the DMSO-treated yeast cultures, sites with decreased phosphorylation with 

respect to wildtype included those containing SP, SxP, and SD (Supplemental Figure 2C). 

Decreases were observed for several SP containing phosphosites, including BEM1 (Bud 

EMergence) and BNI1 (Bud Neck Involved) (Figure 3A). BEM1 is an SH3-domain-

containing protein involved in establishing cell polarity and morphogenesis [41] [42]. 

Likewise, BNI1 nucleates the formation of linear actin filaments involved in cell processes, 

such as mitotic spindle orientation, and is required for the initiation of bud growth [43].

Similarly in the rapamycin-treated yeast cultures, SP and SD were included, along with SQ, 

as sites with decreased phosphorylation in deletion strains with respect to wildtype 

(Supplemental Figure 2D). Two examples of proteins with decreased abundance in 

phosphorylation include MSN4 and MID1 (Figure 3B). Interestingly, not only did MSN4 

have an RRxS motif-containing phosphosite with higher abundance in the deletion strains 

than wildtype (as mentioned above), but it also contained a phosphosite with an SP motif-

containing peptide, which was quantified at a lower abundance in the deletion strain than 

wildtype. Likewise, this phosphorylation pattern was similar to that of another SP motif-

containing protein MID1 (Mating pheromone-Induced Death), which is an O-glycosylated 

plasma membrane protein that is a sensor for cell wall integrity signaling and activates the 

associated pathway [44, 45]. The decrease in phosphorylation of the SQ motif was unique to 

rapamycin-treated samples with respect to control. Additionally, SxP, albeit with a low score 

(3.8–4.0), was overrepresented in terms of increased phosphorylation in the DMSO-treated 

cultures.

Some of the global effects in altered phosphosites of bmh1Δ or bmh2Δ deletion strains were 

independent of rapamycin treatment. We observed alterations in the phosphorylation states 

of local sequence patterns in the rapamycin-treated cell cultures that were similar to those in 

the DMSO-treated cultures. That is, we detected an increase in RRxS motif-containing 

phosphosites and a decrease in SP motif-containing phosphosites. We noted increases in 

phosphorylation at RRxS and RxxS sites for both the DMSO- and rapamycin-treated 

wildtype strain. Interestingly, RRxS and RxxS motifs are known PKA or Akt binding sites, 

respectively [46, 47]. Moreover, we observed an analogous increase in phosphorylation 

Paulo and Gygi Page 9

Proteomics. Author manuscript; available in PMC 2016 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



levels for SP sites in mutant strains with respect to wildtype, again independent of 

rapamycin treatment. In general, these data demonstrated that when comparing the bmh1Δ 

or bmh2Δ strains to wildtype, local sequences containing basic (R, K) or hydrophilic 

residues (N, R, K) upstream from the potentially phosphorylated residue showed increased 

phosphorylation, while those with a proline (P) immediately following the potentially 

phosphorylated residue showed decreased phosphorylation.

3.4 Using the cross-over TMT131 channel allowed for comparison between the DMSO- and 
rapamycin-treated TMT10-plex datasets

We also compared proteins in the wildtype samples across TMT10-plex datasets by 

normalizing the nine channels in each set to the 131 channel in that dataset. We performed 

ANOVA for each strain and defined a statistically significant difference in protein 

abundance as having a Bonferroni-corrected p-value< 0.01. In addition, we required the fold 

change upon rapamycin treatment to be greater than 2 (either up or down). Supplemental 

Table 5 summarized the number of differentially expressed proteins and phosphosites.

Proteins demonstrating a statistically significant difference in abundance when comparing 

either deletion strain to the wildtype were subjected to two-dimensional hierarchical 

clustering using the Euclidian distance metric (Supplemental Figure 3). In addition, these 

proteins were submitted to KEGG pathway analysis [48]. Proteins of higher expression in 

the rapamycin-treated samples compared to the DMSO-treated samples were characterized 

as having roles in metabolism, while those down-regulated had roles in ribosome structure 

and function (Supplemental Table 6). Two examples of proteins displaying higher 

expression in the deletion strains than wildtype included CIT1 (Citrate synthase) and GDH3 

(Glutamate DeHydrogenase). CIT1, the rate-limiting enzyme of the TCA cycle, catalyzes 

the formation of citrate via condensation of acetyl coenzyme A and oxaloacetate [49]. 

Similarly, GDH3 is involved in energy metabolism as exemplified by its role in synthesizing 

and balancing the distribution of alpha-ketoglutarate to glutamate biosynthesis and energy 

metabolism [50]. Conversely, when examining proteins of lower abundance, comparing 

rapamycin to DMSO-treated samples, the highest number of proteins were classified as 

being of ribosomal origin. Of particular interest was the concept that all yeast ribosomal 

proteins have a mammalian homolog [51]. Two examples of proteins displaying lower 

expression in the deletion strains versus wildtype were RPP1B (Ribosomal protein P1 beta) 

and RPP2B (Ribosomal protein P2 beta). Both RPP1B and RPP2B are involved in the 

interaction of translational elongation factors with the ribosome [52, 53]. These results were 

consistent with a previous analysis by Dephoure and Gygi [16], which also showed higher 

abundance of metabolic proteins and lower abundance of ribosomal proteins in rapamycin-

treated cultures versus controls for wildtype S. cerevisiae.

3.5 Changes in phosphorylation state were typically not a consequence of increased 
protein abundance

When expanding our investigation from protein abundance changes to phosphoproteomic 

alterations, we were concerned that differences in phosphorylation states may be correlated 

with alterations in protein expression, rather than cell signaling-induced changes. We 

created histograms (smoothed using the probability density function) to compare the 
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distribution of the alterations at the protein and phosphopeptide levels due to rapamycin 

treatment with respect to DMSO control treatment. At the protein level, rapamycin and 

DMSO treatments led to similar alterations across the three strains (Figure 4A). However, 

we noted a narrower distribution of alterations as illustrated by the bmh1Δ curve with 

respect to the other two curves, indicating that the global alterations due to rapamycin at the 

protein level for bmh1Δ was less than that for the wildtype and bmh2Δ strains. For the 

phosphorylation analysis, the curves for the three strains were closer in shape to each other 

and broader than those of the protein level analysis (Figure 4B). Such curves demonstrated 

that alterations in phosphorylation states were much greater than those of protein 

abundances, as the curves level off at six-fold for the phosphosite analysis and three-fold for 

the protein analysis. For comparison, we showed that the reproducibility among the 

replicates is strong in contrast with the large differences between DMSO and rapamycin 

treatment. When comparing the three wildtype replicates from the protein (Supplemental 

Figure 4A) and phosphorylation site (Supplemental Figure 4B) analyses, we noted that the 

curves leveled off at 0.5-fold, which was substantially lower than the 3- and 6-fold 

differences observed when comparing abundance differences due to rapamycin. From these 

data, we showed that global phosphorylation site differences were substantially greater than 

protein differences upon rapamycin treatment.

Our datasets enabled the comparison of statistically significant changes in phosphorylation 

states with alterations in corresponding protein levels to ensure that phosphorylation changes 

were due to signaling events and not differences in protein expression. The majority of 

changes in phosphorylation states, comparing within TMT10-plex datasets (Supplemental 

Figure 5), were largely independent of protein alterations. This concept is also true when 

comparing the wildtype sample treated with DMSO versus rapamycin (Supplemental Figure 

6). However, when focusing at the individual peptide level, such protein alterations should 

be considered if concomitant changes were observed. Thus, although only a minority of 

alterations observed in phosphorylation states may be attributed to changes in protein 

abundance, protein expression differences should be examined as necessary when 

investigating changes in phosphosites.

The protein MSN4 exemplified that differences in abundance at the phosphorylation level 

did not generally reflect differences at the protein levels. At the protein level, we observed a 

modest increase in protein abundance over wildtype in the bmh2Δ DMSO-treated sample 

(Supplemental Figure 7A), while in the rapamycin-treated (Supplemental Figure 7B) 

sample, we observed no significant change in protein expression. At the phosphorylation site 

level, six sites were common in both treatments (Supplemental Figure 7C). Of these, several 

phosphosites showed increased abundance in mutants compared to wildtype (e.g., S531, 

S446, and T479), while S119 showed a decrease in phosphorylation, as was expected for 

this SP site. When comparing bmh1Δ and bmh2Δ, we observed differences in the 

phosphorylation levels of S558 and T317. Four phosphorylation sites were identified in only 

the DMSO-treated samples, with three (T321, T661, and S327) of higher abundance in the 

mutants compared to wildtype, while one, S537, which contained an SP site, showed a lower 

abundance in the mutants (Supplemental Figure 7D). Similarly, we identified eight 

phosphorylation sites as present only in the rapamycin-treated samples (Supplemental 
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Figure 7E). Here, two phosphorylation sites (T142 and S373) showed a modest increase in 

the deletion strains, four showed (S294, T535, T332, and T539) decreases in the mutants 

compared to wildtype, while two (S488 and S263) demonstrated an increase in the bmh1Δ 

strain compared to the other strains. The differences in phosphorylation states, as observed 

in these data, reflected the interaction of Bmh1 and Bmh2 on different phosphorylation sites, 

in addition to the global effects of rapamycin on the phosphoproteome. Further studies 

focusing on specific differences in phosphorylation sites may reveal the mechanisms of 

action regulating such alterations.

3.6 Data obtained for TMT10-plex correlated well with that from a previous TMT6-plex 
experiment

We compared a previously collected TMT6-plex dataset to that of the TMT10-plex total 

proteome level experiments described above to ensure that TMT10-plex provided a greater 

analytical depth while not altering protein ratios. The TMT6-plex experiment was designed 

like the TMT10-plex (wildtype versus bmh1Δ versus bmh2Δ), but with duplicates instead of 

triplicates and without the “mix” channel, that is in a 2+2+2 format. We compared the total 

proteins identified between the TMT6- and TMT10-plex datasets for both DMSO- and 

rapamycin-treated cultures. These experiments revealed over 80% protein overlap between 

the TMT6-plex and TMT10-plex datasets for both the DMSO- (Supplemental Figure 8A) 

and rapamycin-treated cultures (Supplemental Figure 8B). Combining the DMSO- and 

rapamycin-treated datasets resulted in over 88% overlap (Supplemental Figure 8C) in 

protein identifications between TMT6-plex and TMT10-plex. The magnitude of the overlap 

may be attributed to the comprehensiveness of the proteome coverage in both datasets. We 

interrogated further the data using only proteins identified by greater than one peptide in 

both datasets to increase stringency. More specifically, correlation plots for the DMSO-

treated control cultures comparing the protein abundance ratios of bmh1Δ:wildtype and 

bmh2Δ:wildtype (Supplemental Figure 9A and B) showed Pearson correlation (R2) values of 

over 0.74. Similarly, correlation plots for rapamycin-treated cultures (Supplemental Figure 

9C and D) showed R2 values of over 0.82. Therefore, we are confident that TMT10-plex 

allows for greater throughput, while attaining similar protein abundance ratios with more 

robust statistics than traditional TMT6-plex.

Future innovation will likely generate new reagents allowing for an even higher degree of 

multiplexing. Previously, Dephoure and Gygi used a hyperplexing-based strategy to 

investigate the dynamic response of protein expression to rapamycin in wildtype yeast, 

while monitoring 18 samples simultaneously [16]. Using an innovative approach that 

combined SILAC (stable isotope labeled amino acids in cell culture) and TMT6-plex, 2981 

proteins were quantified. Among the advantages of our TMT10-plex strategy used herein is 

overcoming the need for metabolic labeling and the ability to apply this technique beyond 

yeast and other cultured cells to any sample including human tissue and fluids [54, 55]. 

However, we foresee the potential of using the hyperplexing strategy combining metabolic 

labeling with isobaric tagging to increase further the multiplexing capabilities of TMT10-

plex in cultured systems.
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4. Concluding remarks

In this study, we use multiplexed quantitative mass spectrometry-based techniques to 

investigate comprehensively the proteomic and phosphoproteomic alterations in three yeast 

strains (wildtype, bmh1Δ, and bmh2Δ) of S. cerevisiae. The Bmh1 and Bmh2 proteins have 

roles in a wide-array of cellular functions and thereby have far-reaching effects on the 

proteome and phosphoproteome of S. cerevisae. Our 3×3+1 strategy allowed for triplicate 

analysis of each of the three strains, plus an additional sample consisting of an equal mix of 

all samples analyzed. We quantified 4185 proteins and 22,974 phosphorylation sites, thereby 

providing a resource to investigate further the proteome and phosphoproteome of these yeast 

strains. Of these, we quantified 3736 proteins across all 20 samples and over 14,300 

phosphorylation events within each of drug treatment, 6105 of which were quantified in all 

20 samples. This study highlights the complex cellular roles of Bmh1 and Bmh2, as well as 

rapamycin, in budding yeast.

The use of multiplexed proteomic techniques was essential to elucidate comprehensive 

proteomes in a high throughput manner. The TMT10-plex strategy requires only 

approximately 36 hr of analysis per dataset, while data collection for each individual sample 

could require weeks. Several previously published studies have successfully used TMT10-

plex for various applications. Further studies may be developed using the 3×3+1 strategy as 

outlined herein with these or other yeast deletion strains and with other treatments or forms 

of cellular stress. In conclusion, we have used a TMT10-plex strategy to quantitatively 

compare the proteomic and phosphoproteomic profiles of three yeast strains (wildtype, 

bmh1Δ, and bmh2Δ) with DMSO and rapamycin treatment and, as such, have assembled one 

of the largest catalogs of yeast proteins and potential phosphorylation sites to date in a single 

experiment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Experimental overview
A) Three yeast strains (wildtype, bmh1Δ and bmh2Δ) were grown in biological triplicate. 

Cultures were split so that half was treated with rapamycin and the other half with DMSO as 

a control. Mass spectrometric analysis was performed at the protein and phosphopeptide 

levels. B) Representation of the 18 samples (plus two mixed samples) that were used for 

each analysis. Illustrated is the experimental set-up for both the protein and phosphosite 

level experiments.
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Figure 2. Clustering diagrams of proteins with statistically significant differences in abundance
A) Proteins in the DMSO-treated control cultures with examples of those enriched in select 

KEGG pathways. We highlighted two proteins that were up-regulated in gluconeogenesis/

glycolysis and down-regulated in metal ion binding. B) Proteins in the rapamycin-treated 

cultures. We highlighted two proteins that were up-regulated in oxidative phosphorylation 

and down-regulated in vitamin biosynthesis. The color scale of the heat map was capped at 

+/−2 and represented log2(mutant/wildtype). * indicates statistical significance as 

demonstrated by a Bonferroni-corrected p-value <0.01.
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Figure 3. Clustering diagrams of phosphosites with statistically significant differences in 
abundance
A) Phosphosites in the DMSO-treated control cultures with examples of those enriched in 

certain KEGG pathways. We highlighted two phosphorylation sites that were up-regulated 

with RRxS sites and down-regulated with SP sites. B) Phosphosites in the rapamycin-treated 

control cultures. We highlighted two phosphorylation sites that were up-regulated with 

RRxS sites and down-regulated with SP sites. The color scale of the heat map was capped at 

+/−3 and represented log2(mutant/wildtype). * indicates statistical significance as 

demonstrated by a Bonferroni-corrected p-value <0.01.
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Figure 4. Global alterations in proteome and phosphoproteome of wildtype, bmh1Δ and bmh2Δ 
yeast strains resulting from rapamycin treatment
The histograms were smoothed using the probability density function and showed log2 fold 

change for rapamycin-to-DMSO treatment at the A) protein and B) phosphosite levels.
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