1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Proteome Res. Author manuscript; available in PMC 2018 June 09.

-, HHS Public Access
«

Published in final edited form as:
J Proteome Res. 2018 June 01; 17(6): 2226—2236. doi:10.1021/acs.jproteome.8b00217.

SL-TMT: A Streamlined Protocol for Quantitative
(Phospho)proteome Profiling using TMT-SPS-MS3

José Navarrete-Perea’”, Qing Yu'#, Steven P. Gygi'", and Joao A. Paulo™”
TDepartment of Cell Biology, Harvard Medical School, Boston, MA 02115, United States

Abstract

Mass spectrometry (MS)-based isobaric labeling has developed rapidly into a powerful strategy for
high throughput protein quantification. Sample multiplexing and exceptional sensitivity allow for
the quantification of tens of thousands of peptides and by inference thousands of proteins from
multiple samples in a single mass spectrometry experiment. Accurate quantification demands a
consistent and robust sample preparation strategy. Here, we present a detailed workflow for SPS-
MS3-based quantitative abundance profiling of Tandem Mass Tag (TMT)-labeled proteins and
phosphopeptides, which we have termed the Streamlined (SL)-TMT protocol. We describe a
universally-applicable strategy that requires minimal individual sample processing and permits the
seamless addition of a phosphopeptide enrichment step (“mini-phos™) with little deviation from
the deep proteome analysis. To showcase our workflow, we profile the proteome of wild-type S.
cerevisiae yeast grown with either glucose or pyruvate as the carbon source. Here, we have
established a streamlined TMT protocol that enables deep proteome and medium-scale
phosphoproteome analysis.
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INTRODUCTION

Mass spectrometry-based technology is at the forefront of proteomics research. Bottom-up
proteomics is among the most commonly adopted proteome profiling strategies (1). This
technique characterizes peptide sequences from proteolytic digests by mass spectrometry
analysis and subsequently assembles peptides into protein identifications. Coincidently,
various technologies have emerged, such as isobaric labeling, that can quantitatively profile
these proteins in perturbed systems.

Tandem Mass Tag (TMT) reagents are NHS ester-based isobaric labels that are designed for
concurrent analysis of multiple samples (2). Each sample is differentially labeled with a
specific TMT tag, having the same total mass, but with mass deviations in the reporter and
balancer regions of the molecule (3). The TMT signal-to-noise values of sample-specific
reporter ions represent the relative abundance of each protein, allowing comparisons across
all pooled samples. Although the technique has the advantages of high-throughput sample
processing and multiplicity, one inherent limitation of TMT in MS2-based quantification is
reporter ion interference from the co-fragmentation of different co-isolated ion species (4).
However, synchronous precursor selection (SPS)-MS3 technology (4, 5), has been
successful in dampening this drawback. Performing SPS-MS3 divorces identification (MS2)
and quantification (MS3) into separate scans that can be optimized individually to
comprehensibly profile peptide and protein abundance.

Numerous sample preparation protocols are readily available and diverse instrument settings
have been published detailing TMT-SPS-MS3 strategies. However, little consistency in
methodology exists that can provide a bona fide reference protocol to researchers. For
example, certain protocols suggest desalting each sample prior to labeling (6), which adds
time, cost, and the potential for sample loss to the procedure. Differences in digestion buffer
(7) and precipitation techniques (8) are also common. In addition, up to 10 to 20 mg of
protein starting material is frequently recommended for phosphopeptide enrichment, which
is often unobtainable in sample-limited assays (9, 10).

Here, we describe a simple, yet universally applicable sample preparation strategy, which
incorporates an optional phosphopeptide enrichment step, thereby allowing for deep
proteome and medium-scale phosphoproteome analysis. We provide a detailed protocol,
which in our hands, has improved data quality and increased proteome depth and
throughput.

As an application to showcase our method, we compared the proteome of the budding yeast
S. cerevisiae grown in glucose- or pyruvate- containing medium. We determined the subset
of significantly altered proteins, which we annotated using gene ontology classifications.
Physiology, glucose is an important carbon source and changes in its availability affects
levels of certain metabolites, MRNAs, and proteins in the cell. Glucose targets the repression
or activation of several genes, such that a set of canonical proteins will be activated,
inactivated or degraded in presence of glucose (11). To analyze further these data, we
explored the behavior of canonical up- and down-regulated proteins in response to growth in
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glucose or pyruvate. By altering the carbon source, we expected metabolic changes which
should be reflected in the tricarboxylic acid cycle (12, 13), which we indeed observed. Our
data showed that this optimized and streamlined SPS-MS3 protocol is a robust protein and
phosphopeptide quantification strategy, and as such is an asset to any proteomics toolbox.

EXPERIMENTAL SECTION

Materials

Tandem Mass Tag (TMT) isobaric reagents, Pierce/BCA Protein Concentration Kit, Pierce
Quantitative Colorimetric Peptide Assay Kit, Trypsin, SOLA-HRP desalting columns, and
High-Select Fe-NTA Phosphopeptide Enrichment Kit were from ThermoFisher Scientific
(Rockford, IL). StageTip Empore-C18 material was purchased from 3M (St. Paul, MN).
Waters Sep-Pak cartridges (100 mg) were from Waters (Milford, MA). Lys-C protease was
from Wako (Boston, MA). Water and organic solvents were from J.T. Baker (Center Valley,
PA). cOmplete protease and PhosStop phosphatase inhibitors were from MilliporeSigma (St.
Louis, MO). The yeast strain was used was BY4716 from ThermoFisher Scientific
(Waltham, MA). Yeast synthetic complete media was from Sunrise Science (San Diego,
CA). Unless otherwise noted, all other chemicals were from ThermoFisher Scientific
(Waltham, MA).

Yeast growth and sample processing

We showcased our method using a TMT10-plex of yeast (S. cerevisiae wild-type strain
BY4716) grown in synthetic complete media supplemented with 2% glucose (n=5) or 2%
pyruvate (n=5) as the carbon source. We harvested the cells at ODggonm=0.8. Cells were
lysed by bead-beating in 8 M urea 200mM EPPS (4-(2-Hydroxyethyl)-1-
piperazinepropanesulfonic acid), pH 8.5 and with protease and phosphatase inhibitors.
Protein concentration was determined with the BCA assay. The BCA assay was performed
according to manufacturer’s instructions with samples that were diluted at least 1:20, to
ensure that the 8M urea has been diluted far below its compatibility limit. Samples were
reduced with 5mM TCEP, alkylated with 10 mM iodoacetamide that was quenched with 10
mM DTT. A total of 100 ug of protein were chloroform-methanol precipitated. Protein was
reconstituted in 200 MM EPPS pH 8.5 and digested by Lys-C overnight and trypsin for 6 h,
both at a 1:100 protease-to-peptide ratio. Directly to the digest, we added a final volume of
30% acetonitrile and labelled 100 ug of peptide with 200 pug of TMT. To check mixing
ratios, 2 ug of each sample were pooled, desalted, and analyzed by mass spectrometry.
Using normalization factors calculated from this “label check,” samples were mixed 1:1
across all channels and desalted using a 100 mg Sep-Pak solid phase extraction column. The
Pierce High-Select Fe-NTA Phosphopeptide Enrichment Kit was used to enrich
phosphopeptides from the pooled TMT-labeled mixture. The unbound fraction and washes
from this enrichment were combined and fractionated with basic pH reversed-phase (BPRP)
HPLC, collected in a 96-well plate and combined down to 12 fractions prior to desalting and
subsequent LC-MS/MS processing (14, 15).
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Mass spectrometry analysis

Mass spectrometric data were collected on an Orbitrap Fusion Lumos mass spectrometer in-
line with a Proxeon NanoL.C-1200 UHPLC. The 100 um capillary column was packed with
35 cm of Accucore 150 resin (2.6 um, 150A; ThermoFisher Scientific). Spectra were
converted to mzXML using a modified version of ReAdW.exe. Database searching included
all entries from the Saccharomyces Genome Database (SGD; August 21, 2017). This
database was concatenated with one composed of all protein sequences in the reversed order.
Searches were performed using a 50-ppm precursor ion tolerance for total protein level
profiling. The product ion tolerance was set to 0.9 Da. These wide mass tolerance windows
were chosen to maximize sensitivity in conjunction with SEQUEST searches and linear
discriminant analysis (16, 17). 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 phosphorylation analysis, deamidation (+0.984) on asparagine and
glutamine and phosphorylation (+79.966) on serine, threonine, and tyrosine were set as
variable modifications. Peptide-spectrum matches (PSMs) were adjusted to a 1% false
discovery rate (FDR) (18, 19). PSM filtering was performed using a linear discriminant
analysis, as described previously (17) and then assembled further to a final protein-level
FDR of 1% (19). Phosphorylation site localization was determined using the AScore
algorithm (13). AScore is a probability-based approach for high-throughput protein
phosphorylation site localization. Specifically, a threshold of 13 corresponded to 95%
confidence in site localization. Proteins were quantified by summing reporter ion counts
across all matching PSMs, as described previously (20). Reporter ion intensities were
adjusted to correct for the isotopic impurities of the different TMT reagents according to
manufacturer specifications. The signal-to-noise (S/N) measurements of peptides assigned to
each protein were summed and these values were normalized so that the sum of the signal
for all proteins in each channel was equivalent, to account for equal protein loading. Lastly,
each protein was scaled such that the summed signal-to-noise for that protein across all
channels was greater than 100, thereby generating a relative abundance (RA) measurement.
A detailed description of the methods in a step-by-step outline is available in the
Supplementary Materials.

RESULTS AND DISCUSSION

We describe an efficient and streamlined sample preparation strategy that can be adopted
easily to virtually any TMT-based quantitative proteomics experiment (Figure 1). Each
sample was processed in a one-pot format in which digestion and TMT labeling shared a
common buffer (200mM EPPS, pH 8.5). The method required only one C18 desalting step
from cell lysis to HPLC fractionation. We seamlessly incorporated centrifugation-based
phosphopeptide enrichment into this protocol to analyze alterations in protein
phosphorylation under the different carbon sources. This procedure was summarized in the
Methods section and step-by-step details are in the Supplementary Methods. Supplemental
Figure 1 outlined the major steps in the protocol, and included the approximate time
required for each step. Below we showcased our protocol by comparing yeast cultures grown
in synthetic complete media with 2% glucose or 2% pyruvate as the carbon source. The
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TMT10-plex experiment was organized in a five-versus-five sample arrangement
(Supplemental Figure 2).

Cell lysis, cysteine bond reduction and alkylation, and protein concentration
measurements were performed in a urea-containing buffer

Efficient cell lysis is essential for deep coverage of cellular proteomes (Figure 1A). Lysis
may be performed using 8M urea 200 mM EPPS pH 8.5, as described herein. However,
virtually any other buffer, such as RIPA buffer or 2% SDS, was compatible with our
protocol. We used urea as it was effortlessly removed for downstream mass spectrometry
applications. The buffer was supplemented with protease and phosphatase inhibitors. We
estimated lysis buffer volume that would result in a protein concentration of 1-3 mg/mL,
which we empirically determined to be ideal for protein precipitations. For example, adding
1 mL of lysis buffer to a cell pellet of a 100 mL S. cerevisiae culture having an OD600nm
reading of 0.8 resulted in ~3 mg/mL of protein. Here we used yeast, but for mammalian cell
culture, we typically add 1 mL of lysis buffer to a 15-cm 80% confluent culture dish of cells
and 500 pL to a 10-cm dish. It was important to note that this amount of lysis buffer used
varies with respect to cell type and confluency and must be determined empirically for a
specific experiment. The bicinchoninic acid (BCA) protein concentration assay was
incompatible with reducing reagent, thereby requiring the reduction and alkylation of
samples after determining protein concentration. Proteins solubilized in 8M urea-containing
buffers were prone to carbamylation if exposed to elevated temperatures. To avoid this
caveat, we reduced disulfide bonds with neutralized TCEP, alkylated with iodoacetamide
(IAA), and quenched with DTT, all at room temperature (Figure 1B). The protein was then
extracted from the lysed cells prior to digestion to ensure high efficiency of TMT labeling.

For each sample, 100 pg of protein was methanol-chloroform precipitated and then

digested

Between the time of lysis and methanol-chloroform precipitation, the sample is stored at
room temperature. As the actual precipitation step is also performed at room temperature,
we have no urea precipitation throughout the protocol. We aliquoted 100 ug of protein which
were diluted in a total of 100 L of lysis buffer for methanol-chloroform precipitation
(Figure 1C). Using 100 ug of protein at a 1 mg/mL concentration was key to streamlining
the methanol-chloroform precipitation protocol. Following the first centrifugation of a
methanol-chloroform precipitation procedure, a protein interface formed between the
aqueous and organic layers. Interestingly, 75-100 g of protein generally produced a thin
uniform disk at this interface in a standard 1.5 mL microfuge tube. To eliminate one washing
step, we aspirated both layers, carefully rotating the microfuge tube so that the protein disk
attached to the tube wall, thereby allowing access to, and aspiration of, the bottom layer.
Traditional methanol-chloroform precipitation includes two methanol washing steps after the
protein disk is formed. As we remove both liquid layer and leave only the pellet in the tube,
we can omit the second methanol wash as only trace residue remains, which has no effect on
digestion efficiency and reduces sample loss. Moreover, the pellet was not allowed to dry
completely following the wash, so as to not hinder protease digestion. Typically, ~10 uL of
methanol remained following protein precipitation. Digestion was performed in a 100 pL
volume at a protein concentration of approximately 1 mg/mL. We used 200 mM EPPS
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pH8.5 for digestion and TMT labeling. Although HEPES and TEAB are often recommended
and can be used for TMT labeling, pH 8.5 is beyond the buffering capacity of HEPES, and
we have observed contaminant peaks when TEAB buffer is used. Also, using a denaturant-
free buffer eliminated an extraneous desalting step prior to TMT labeling. Lys-C was added
at a 1:100 protease: protein ratio overnight at room temperature, shaking gently on a vortex
(Figure 1D). Trypsin was then added at a 1:100 ratio and the sample was digested further on
a 37°C shaker at a 45° angle (to avoid particulates settling at the bottom of the tube) for 6
hrs.

A single desalting step was performed on the pooled TMT10-plex sample after TMT
labeling and protein-loading normalization

TMT labeling was performed directly in the digestion buffer (Figure 1E). We avoided buffer
exchange on individual samples as was outlined in other TMT protocols (6), thereby
sidestepping variable sample losses due to separate desalting steps. As such, no buffer
exchange or desalting was required until all samples were combined (i.e., prior to HPLC
fractionation). We added anhydrous acetonitrile to a final volume of 30% and 5 pL of a 20
pg/uL dilution of the appropriate TMT label to 100 ug of sample. The reaction was
incubated for 60 minutes, with a quick vortex every 10 minutes. Prior to quenching the TMT
reaction, a “label check” was performed to ensure that the total amount of protein in each
channel was equal, the labeling efficiency was high, and the digestion continued to
completion. The TMT-compatible Pierce Quantitative Colorimetric Peptide Assay kit can
also verify that equal amounts of total protein was analyzed in each sample. Under certain
experimental conditions, however, such as immunoprecipitations, equal loading may not be
expected and normalization to total protein is counterproductive. In such instances, not
normalizing, or normalizing to a specific protein (e.g., a bait from an affinity precipitation)
would be recommended. Nonetheless, for proteome profiling experiments, slight
adjustments were required to equate the total amount of protein in each channel, due to
slight variability in protein precipitation. The “label check” revealed that the TMT labeling
efficiency (>98%) and missed cleavage rate (<9%) were acceptable, thus we quenched
unreacted TMT with 0.03% hydroxylamine and the samples were pooled (Figure 1F).
Hydroxylamine also reversed undesired labeling of tyrosine residues (21). Quenching of
unreacted TMT is not performed until after the “label check” has been analyzed. As such,
more label can be added if necessary without requiring buffer exchange. The labeled
samples are stored at —80°C until the “label check” has been analyzed. Once samples are
pooled, desalting with solid phase extraction (SPE) was performed using C18-based SEP-
PAK or SOLA-HRP cartridges prior to the phosphopeptide enrichment (optional) and basic
pH reversed-phase (BPRP) fractionation.

Fe-NTA centrifugation-based columns were used to enrich phosphopeptides after sample
pooling and before proteome fractionation

Previously-published protocols simply desalted and fractionated the pooled sample via basic
pH reversed-phase chromatography prior to analysis by mass spectrometry (13-15).
Recently, simple and efficient centrifugation-based phosphopeptide enrichment has been
introduced commercially as the Pierce Fe-NTA Phosphopeptide Enrichment Kit (Figure
1G), which has been shown to have a very high recovery rate (22). These convenient IMAC

J Proteome Res. Author manuscript; available in PMC 2018 June 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Navarrete-Perea et al.

Page 7

spin columns can process 50 pug to 5 mg of peptide and can yield up to 150 pg of
phosphopeptides. Incorporation of this phosphopeptide enrichment step (which we term
“mini-phos”) into a standard TMT workflow required only a single additional sample
preparation step. The phosphopeptides from 1 mg of pooled, TMT-labeled peptides were
enriched, while the unbound peptides and washes were saved for deep proteome analysis.
The enriched phosphopeptides were desalted via StageTip and two separate 3 hr SPS-MS3
analyses were performed. Two distinct mass spectrometry methods were used, each
exploiting differences in phosphopeptide fragmentation, with one method using collision-
induced dissociation coupled to multistage activation (CID-MSA) and another using higher
energy collisional dissociation (HCD) for the MS2, as well as the MS3, scan. Details of the
specific parameters are available in the Supplementary Methods.

Basic pH reversed-phase (BPRP) fractionation allowed for deep proteome analysis

Following enrichment, the unbound fraction plus the washes were combined, desalted, and
fractionated via basic pH reversed-phase chromatography (Figure 1H), as described
previously (13) and outlined in the Supplementary Methods. For this full proteome analysis,
a total of 96 fractions were collected and concatenated so that every 24t fraction was pooled
(i.e., samples in wells A1, C1, E1, and G1 were combined) and only alternating pooled
fractions (a total of 12) were analyzed (13). Alternatively, if <300 ug of total peptide was to
be fractionated, comparable proteome depth may be achieved using Pierce high-pH
reversed-phase spin columns according to manufacturer’s instructions (23). Each peptide
fraction was analyzed using a 2.5 hr SPS-MS3 method (Figure 11).

Database searching, peptide quantification, and protein assignments may be performed
with various analysis tools

Following data acquisition, database searching can be performed using various open source
and commercial search engines (Figure 1J). We used an in-house SEQUEST-based suite,
most aspects of which have been implemented in ProteomeDiscoverer (ThermoFisher
Scientific). Other software packages, such as MaxQuant (24, 25) or PEAKS (26), can also
analyze SPS-MS3 data.

Here we describe briefly our data processing strategy. Database searching was performed
with SEQUEST. Our peptide false discovery rate was set at 1%. For peptide quantification,
we extracted the TMT signal-to-noise and column normalized each channel to correct for
equal protein loading. We implemented two peptide cut-off filters: isolation purity (>0.7)
and summed signal-to-noise (>100 S:N summed over all channels in a TMT10-plex).
Isolation purity is the percentage of the signal in the MS1 isolation window that originated
from the peptide of interest. The TMT signal-to-noise (S:N) value for peptides passing these
criteria were summed, thereby giving more weight to the most intense peptides. The data
were scaled such that the signal-to-noise value of the reporter ions for each protein across all
10 channels was 100. We summarized the data for protein and phosphorylation sites
acquired for the yeast experiment in Figure 2A and Figure 3A. Our TMT10-plex proteome
analysis quantified a total of 71,160 peptides, of which 44,499 were unique. These peptides
were assigned to a total of 4,613 non-redundant proteins at a 1% false discovery rate (FDR).
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From our medium-scale TMT10-plex phosphoproteome analysis, we quantified a total of
4,589 phosphorylation events.

Bioinformatic tools can extract meaningful biological information and aid in drawing
insightful conclusions from these data

Many methods are available to determine proteins demonstrating statistically significant
changes in abundance, including linear modeling (27, 28) or simply the application of a two-
sided t-test and fold change threshold (29). Statistical analysis may be performed in R with
Bioconductor, for example, or other software packages such as MatLab and/or Mathematica.
Orthogonal validation by other means, such as protein microarrays, western blotting, or
parallel reaction monitoring, for example should be performed for targets to be pursued
further regardless of the statistical method chosen.

Here, student T-tests are performed for each protein or phosphorylation site measurement
and a p-value is chosen a priori. In our case, a p-value of 0.001 was chosen that implies
0.1% chance of false positive. However, this chance of a false positive was per test, as such
if one performs more than one test, the overall false positive rate for the entire dataset
increases (30). As thousands of statistical tests are performed within an experiment, multiple
testing corrections - such as the Benjamini-Hochberg false discovery rate (31) or more
stringent Bonferroni correction (32) - should be applied to ensure that the false positive rate
was low. In addition to the FDR correction, a fold change cut off is used to remove proteins
(or phosphorylation sites) that are statistically different, but with absolute differences that
are small. The fold change cut-off was estimated after computing the coefficient of variation
(CV) of each protein in the data set, as suggested previously (29). Only proteins with CVs
greater than the 97th percentile were considered significantly changing. To be deemed a
significantly altered protein, criteria included a Student’s t-test with a Benjamini-Hochberg-
corrected p-value<0.001 and a fold-change beyond +/— 1.75. Of the 4,613 proteins identified
in our dataset, 502 and 726 were significantly low or high, respectively, in abundance
(Figure 2A). Likewise, of the 4,589 phosphorylation events quantified, we determined 299
and 1,056 of these phosphorylation events to be significantly low or high, respectively, again
accepting a Student’s t-test with a Benjamini-Hochberg corrected p-value<0.001 and a fold
change beyond +/- 1.75 (Figure 3A).

Data from proteomic workflows may also be analyzed with software suites originally used
for genetic research, such as MeV (Multi-experiment viewer) (33) or GSEA (gene set
enrichment analysis) (34). In addition, the widely-used Perseus (35) is a proteomics-centric
stand-alone software program that can be used for the analysis of data obtained from
virtually any mass spectrometry platform. These programs are also useful to assess data
quality. For example, heat maps, principal components analysis (PCA), and hierarchical
clustering under the appropriate conditions will reveal the agreement among replicates, cell
type and/or response to exogenous perturbations. In addition, data are commonly displayed
in two dimensions as a volcano plot (-log10 p-value vs. log2 fold change).

In our example of yeast grown in glucose versus pyruvate, we showed for the protein level
analysis: a heatmap of hierarchical clustering (Figure 2B), PCA plot (Figure 2C), and a
volcano plot displaying the —log10 of p-value for all quantified proteins versus log2
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(pyruvate/glucose) (Figure 2D). PCA can reduce multidimensional data in efforts to interpret
the results by discovering clusters and important patterns (36). The heatmap and associated
dendrogram show the expected clustering of replicates. Similarly, the PCA analysis shows
that 96.8% of the variance can be explained by the first principle component which separates
the samples by carbon source. The volcano plot illustrated the 502 proteins with
significantly lower abundance (top left quadrant) and the 726 proteins with significantly
higher abundance (top right quadrant). Similarly, for the phosphoproteome analysis, we
showed: a heatmap (Figure 3B), PCA plot (Figure 3C), and a volcano plot (Figure 3D). The
heatmap and associated dendrogram revealed the expected clustering of replicates, similar to
the protein level analysis. Likewise, the PCA illustrated that 89.2% of the variance can be
explained by the first principle component which separated the samples by carbon source.
The volcano plot illustrated the 299 phosphorylation events with significantly lower
abundance (top left quadrant) and 1,056 phosphorylation events with significantly higher
abundance (top right quadrant).

Discriminating between differences in signaling events and alterations in protein expression
is imperative when profiling phosphoproteome changes. In this data set, for example, of the
1,094 phosphorylation sites that were significantly different and had corresponding protein
level quantification. Of these, approximately one third (356) showed significantly different
levels in protein quantification as well. We provided several examples of protein and
phosphopeptide abundance ratios overlaid in a single plot (Figure 4). These proteins have
different regulation patterns between cells grown in glucose or pyruvate. Specifically, we
showcased the abundance profiles of 12 phosphorylation sites that are each associated with
one of five proteins, specifically: NUP159 (NUclear Pore 159), DCP2 (mMRNA DeCaPping
2), RGA1 (Rho GTPase Activating Protein 1), PCK1 (Phosphoenolpyruvate CarboxyKinase
1), and DDR48 (DNA Damage Responsive 48). Except for PCK1 and DDRA48, these
proteins had consistent protein abundance levels between carbon sources but patterns for
phosphorylation sites differ. NUP159 is a nucleoporin component of the nuclear pore
complex and contributes directly to nucleocytoplasmic transport. Here, two sites increased
similarly in the pyruvate-grown cultures, while another peptide remained constant with the
protein level (Figure 4A-C). Also, for DCP2, a transcription initiating protein, two sites
increased differentially in the pyruvate-grown cultures, while one remained unchanged
(Figure 4C-F). For RGAL, a GTPase-activating protein, the phosphorylation at one site
increased, while two other sites remained constant, like the corresponding protein profile
(Figure 4G-I). However, we note that a site on PCK1 (an enzyme involved in
gluconeogenesis) was among the most highly altered phosphorylation sites (Figure 4J).
However, the phosphorylation site profile was well correlated with the protein itself, likely
meaning that changes observed in the phosphorylation profiles may have been due to
increased protein abundance rather than signaling. A phosphorylation site on DDR48, a
DNA damage-response protein, had a distinctly different profile when compared to its
protein level. Whereas the protein abundance was elevated when the cultures were grown in
pyruvate, phosphorylation of this site decreased. Additional studies will be needed to
determine the role of this site regarding its altered profile when cultures are grown on
pyruvate. The examples highlighted in Figure 4 illustrated the importance of determining the
protein abundance profiles that corresponded to altered phosphorylation sites, as was

J Proteome Res. Author manuscript; available in PMC 2018 June 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Navarrete-Perea et al.

Conclusion

Page 10

integrated into our method when analyzing the unbound fraction from the phosphopeptide
enrichment column.

In addition, statistically significant proteins or phosphorylation events can be explored
further using a wide array of on-line tools. Web server-based software such as Panther (37),
GOirilla (38), DAVID (39), Bioplex (40), and KeGG (41) allowed us to extract biological
information from the collected data. Information gained from these databases allowed for
the classification of proteins based on their molecular function, cellular compartment,
associated biological pathways and protein-protein interactions, among other characteristics.
For phosphorylation site analysis, several on-line programs were also available to explore
further phosphorylation sites, related kinases, and associated networks, including Signor
(42), Networkin/Kinforest (43), and PhosphoSitePlus (44). In particular, PhosphoSitePlus
incorporates an expansive array of tools, such as motif searching and a sequence logo
generator.

In addition, we used PantherGo-slim biological processes (Fisher’s Exact Test with FDR
multiple test correction threshold of 5%) to illustrate the gene ontology enrichment
categories for all quantified proteins in our data set (Figure 5A). As expected, when
changing the culture’s carbon source, the majority of the significantly altered proteins
participate in metabolic processes. In addition, we showed the canonical down- and up-
regulated proteins (Figures 5B and C) in response to pyruvate versus glucose as the carbon
source follow predictable patterns. Again, we observed that many of the proteins with
altered abundance fell under the metabolic process category. As such, we explored further
the relative abundance profiles of Krebs Cycle proteins in response to glucose as the carbon
source (Figure 5D). The heatmaps compared the abundance profiles of Krebs Cycle proteins
from cultures grown with pyruvate or glucose as the carbon source. Once again, as expected,
enzymes that metabolize pyruvate were up-regulated generally in samples in which pyruvate
was used as the carbon source (45).

We have outlined our streamlined sample preparation workflow, SL-TMT, for SPS-MS3
analysis, which now seamlessly incorporated a medium-scale phosphopeptide enrichment.
Our methodology allowed for the completion of an end-to-end TMT-based deep proteome
analysis and an overview of the major phosphoproteome alterations in less than a typical
workweek. This protocol has evolved over time, as demonstrated by a series of previous
publications (13, 15, 46-48), all of which resulted in among the deepest TMT-based
proteome analyses at that time. The single desalting step in our protocol was performed on
the combined sample, thereby decreasing the variability among samples. As such, following
the BCA protein assay, only the methanol-chloroform precipitation step had any associated
sample-to-sample processing variability. Moreover, the incorporation of FPD (49) or FASP
(50) into this workflow may help eliminate the variability due to precipitation. Although we
implemented a phosphorylation enrichment step to our already streamlined TMT workflow,
further improvements may enhance this analysis. Relatively few phosphorylation sites were
identified by this “mini-phos” method compared to other published works (48, 51). Several
enrichment strategies have been performed without prior sample fractionation including
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those using metal oxides or ions (52-57) and using motif-specific antibodies (58). However,
we begin with less than 1 mg of total protein, representing 10 to 100 times less starting
material than used in other methods. In addition, fractionation directly from the final
StageTip desalting, for example with steps of 10%, 20%, and 70% acetonitrile or using the
TAFT (59) technique may increase further the number of quantified phosphopeptides. In
addition, application of MS3-based identification and quantification (MS3-1DQ) may be
beneficial if specific peptides are targeted (60, 61). As with any methodology, room for
improvement persists, yet our streamlined TMT protocol offered a solid scaffold upon which
others may build. In summary, we have presented an optimized TMT-based workflow (SL-
TMT) that required minimal individual sample processing but enabled high-coverage
proteomic and medium-scale phosphoproteomic analyses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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pH reversed-phase (BPRP) HPLC. The fractions were desalted by StageTip and ) analyzed
by SPS-MS3. J) Database searching, and reporter ion quantification was performed. In
addition, bioinformatics analysis extracted meaningful biological information from the
protein and phosphopeptide data.
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Figure 2. Summary of deep proteome data set

A) Table of quantified proteins in this data set. B) Heatmap of hierarchical clustering and B)
PCA (principal components analysis) of the replicate samples in the TMT10-plex that plots
principal component 1 versus principal component 2. C) Volcano plot displaying the —log10
(p — value) versus log2 (average pyruvate/average glucose) for all quantified proteins. *
Quantified across all 10 channels. T Benjamini-Hochberg-corrected p-value<0.001 and a

fold change beyond + 1.75.
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Figure 3. Summary of medium-scale phosphoproteomics data set
A) Table of quantified phosphopeptides in this data set. B) Heatmap of hierarchical

clustering and C) PCA (principal components analysis) of the replicate samples in the
TMT10-plex that plots principal component 1 versus principal component 2. D) Volcano
plot displaying the —log10 (p — value) versus log2 (average pyruvate/average glucose) for all
quantified phosphopeptides. * Quantified across all 10 channels. t Benjamini-Hochberg-
corrected p-value<0.001 and a fold change beyond + 1.75.
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Figure 4. Examples of phosphorylation sites and associated protein levels
Phosphorylation site profiles (bars) were overlaid on its associated protein profiles (circles)

showing phosphorylation event profile for yeast culture with glucose (purple) and pyruvate
(orange) as the carbon source. We provide examples of the protein and phosphorylation site
relative abundance profiles for: A) - C) NUP159, D) - F) DCP2, G) - 1) RGAL, J) PCK1,
and K) DDR48. TMT RA, tandem mass tag relative abundance.
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