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Targeted identification of protein interactions in eukaryotic mRNA translation
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Summary

To identify protein-protein interactions and phosphorylated amino acid sites
in eukaryotic mRNA translation, we performed replicate TAP-MudPIT and control
experiments targeting S. cerevisiae genes previously implicated in eukaryotic mRNA
translation by their genetic and/or functional roles in translation initiation,
elongation, termination, or interactions with ribosomal complexes. Replicate
tandem affinity purifications of each targeted yeast TAP-tagged mRNA translation
protein coupled with multidimensional liquid chromatography and tandem mass
spectrometry analysis were used to identify and quantify copurifying proteins. To
improve sensitivity and minimize spurious, nonspecific interactions, we employed a
novel cross-validation approach to identify the most statistically-significant protein-
protein interactions. Using our experimental and computational strategies, we
validated the previously described protein composition of the canonical eukaryotic
mRNA translation initiation, elongation, and termination complexes. In addition, we
identified  statistically-significant  unpublished  protein interactions and

phosphorylation sites for S. cerevisiae’s mRNA translation proteins and complexes.
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Introduction

mMRNA translation is the process in which ribosomes and amino acid-charged
tRNAs decode mRNAs and synthesize polypeptides. It is an essential process for all
organisms. In eukaryotes, the coordinated translation of mRNAs, known as

translational control, is a major regulatory mechanism involved in many essential

biological processes, including development M stress response @ signaling B

el

plasticity 4 immune response Bl and cell growth Defects in protein synthesis

and translational control are major factors in human diseases, including fragile-X

[3c, 8]

syndrome ' and cancers . Many bacterial and viral pathogens target the human

[9]

protein translation process . Drug therapies focusing on the translation machinery

are being developed and are currently being used to treat various human diseases **

62,6364, 831 " As such, a comprehensive understanding of eukaryotic mRNA translation

and its control mechanisms is essential to understanding both normal and disease-

altered cellular processes.

Eukaryotic mRNA translation is a highly regulated process controlled by a
complex network of proteins and posttranslational modifications ** *1. Composed of
a small 40S and a large 60S subunit, the eukaryotic 80S ribosome is the site of protein
synthesis in eukaryotic cells. The generation of 80S ribosomes is an energy intensive
and highly complex process requiring the coordinate activity of a large number of

[12]

trans-acting protein assembly factors The 80S ribosomes interact with and

coordinate the interactions between mRNAs, amino acid-charged tRNAs, and protein

(31 80S ribosomes are

translation factors to synthesize new polypeptides in the cell
found in large numbers either freely in the cytoplasm or attached to the surfaces of

the endoplasmic reticulum. High resolution cryo-EM and x-ray crystallographic

structures of the 80S ribosome have been determined ™. Data show that the 40S
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subunit orchestrates the recruitment, pairing, and positioning of an mRNA’s codon

with the cognate anticodon of an aminoacyl tRNA ¢ °]

. The 60S subunit catalyzes
peptide bond formation between aminoacyl tRNAs and the growing polypeptide
attached to the peptidyl tRNA 1. A growing number of essential and nonessential
proteins have been identified that interact with the ribosome, mRNAs, and tRNAs to

mediate and regulate protein synthesis 1% 6],

Translation of eukaryotic mRNAs is typically divided into three phases: initiation,
elongation, and termination/recycling (Fig. 1). The eukaryotic translation initiation
phase is a multistage process in which the 40S and 60S ribosomal subunits along with
the initiator Met-tRNA; are assembled by a complex network of
eukaryotic initiation factors (elFs) into an 80S ribosome at the mRNA’s AUG

) [17]

initiation codon (Fig. 2A) ~"'. Several reviews describe our current understanding of

the eukaryotic translation initiation process and the functional roles of the initiation

[11a, 11e, 15b, 16-18]

factors . For most eukaryotic mRNAs, Kozak’s scanning model describes

(112,156, 391 | the Kozak

our current understanding of eukaryotic translation initiation
model, a network of interacting elF protein complexes (Fig. 2A) recruit the 40S
ribosomal subunit along with the methionyl initiator tRNA (Met-tRNA;) to the mRNA’s
5’ cap structure, where it scans the 5’UTR of the mRNA for an AUG start codon in a
favorable sequence context. When the Met-tRNA/’s anticodon aligns with the mRNA’s
AUG start codon, the elFs dissociate, and the 60S ribosomal subunit joins to form the
80S ribosome with the Met-tRNA, in the P site [11d, 1le, 156, 201 ' A|ternative models of

eukaryotic translation initiation have also been proposed and studied, including cap-

independent translation initiation involving internal ribosomal entry sites (IRES) .

Following initiation, the elongation phase of mRNA translation involves the 80S

ribosome traveling down the mRNA, reading codons, and recruiting cognate
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aminoacyl tRNAs to the ribosome’s A-site for the stepwise catalytic addition of
charged amino acids to the growing polypeptide, which is attached to the peptidyl
tRNA in the 80S ribosome’s P-site ***. The eukaryotic elongation phase requires a
network of eukaryotic elongation factors (eEFs) interacting with aminoacyl-tRNAs and

the mRNA-80S complex (Fig. 2B) (112, 22]

When the 80S ribosome reaches the mRNA’s stop codon, the ribosome complex
and a network of eukaryotic protein release factors (eRFs) (Fig. 2C) terminate
polypeptide synthesis and promote the release of the nascent polypeptide and

subsequent dissociation of the 80S ribosome into the 40S and 60S ribosomal subunits

(12, 22231~ The small and large ribosomal subunits are recycled for a new round of

translation initiation, elongation, and termination 223,

Protein-protein interactions are the physical contact of high specificity between

[24]

two or more protein molecules “*. By definition, a protein complex is a group of two

or more associated polypeptide chains linked by non-covalent interactions. The
interactions in the complex are physically mediated by a combination of forces

including electrostatic interactions, hydrogen bonds, van der Waals attraction, and

[24, 25]

hydrophobic effects . Protein complexes are the foundation of many biological

processes in the cell and perform a vast array of essential biological functions

[24]

including mRNA translation The close proximity of the protein components in

the complex can improve the rate and selectivity of binding interactions between the

[24, 25]

protein complex and its substrates, leading to higher cellular efficiency . Specific

members of the complex may have different functions %, and they may either

activate or inhibit one or more of the complex’s other protein components [24,25]
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The comprehensive mapping of the protein interactions in protein complexes
provides potentially new insights into novel, unexpected protein interactions,
biochemical functions, and regulation in a cellular process. A number of genetic and

biochemical approaches have been developed to identify and characterize protein-

[25]

protein interactions The discovery of novel or unexpected protein interactions

enables putative functional or biochemical roles to be assigned to previously
uncharacterized proteins in a biological process. The screening and development of
pharmaceutical agents that target protein-protein interactions are being actively

pursued for treating a variety of human diseases and abnormalities, including various

[24b, 26, 61, 62]

cancers . Eukaryotic mRNA translation has emerged as a therapeutic target

for a growing number of human diseases ** ).

Several large-scale studies have applied epitope-tagging and mass spectrometry

[27]

to identify protein-protein interactions on a global scale '“". Alternative approaches

for identifying protein-protein interactions, including the yeast 2-hybrid method,
have also been used to target binary protein interactions for both specific proteins or

a targeted organism’s proteins on a global scale [ %,

Multiple public databases
catalogue the vast number of identified protein-protein interactions 2 2. The
Biological General Repository for Interaction Datasets (BioGRID) is a public database
that archives and disseminates genetic and protein interaction data from model

organisms and humans 7.

Tandem affinity purification coupled with mass spectrometry (TAP-MS) was
developed as a generic protocol to purify a targeted protein expressed at its natural

level under native conditions and to identify the interacting proteins copurifying with

[31]

the targeted protein ©~. The epitope-tagged TAP protein is often referred to as the

“bait” and the co-purifying proteins as the “prey” proteins. Despite the success of
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6 of 39



Accepted Article

WWWw.proteomics-journal.com Page 7 Proteomics

TAP-MS experiments to identify protein interactions, nonspecific interactions
between bait and prey proteins challenge investigators to distinguish in an unbiased
manner between nonspecific bait-prey interactions (false interactions/false positives)

[32]

and authentic in vivo interactions ©~. Aggregate databases of protein contaminants

commonly observed in protein affinity purification-mass spectrometry experiments

[33]

have been assembled “*'. Various statistical and computational tools to process and

analyze mass spectrometry data such as QPROT **, CompPASS **, and MSFragger 3¢
have been developed to process and analysis mass spectrometry-derived protein
interaction data to reduce the false discovery rate while maintaining the sensitivity to
identify true interactions between the bait and prey proteins, especially transient or

weak interactions 2.

We originally identified the S. cerevisiae protein Asclp as a novel component of

the yeast 405 ribosomal subunit &7

Given the high percentage of uncharacterized
genes in the sequenced genomes of eukaryotic organisms, we hypothesized that
unexpected and unpublished proteins are associated with eukaryotic mRNA
translation complexes. To test this hypothesis, we performed a large-scale,
systematic, replicate tandem affinity purification (TAP) and mass spectrometry
analysis (Fig. S1) on S. cerevisiae translation initiation, elongation, termination, and
ribosome-associated proteins (Table S1). TAP-tagged yeast strains for each targeted
protein were either obtained from previous projects designed to study the S.
cerevisiae proteome or generated in this project ®8. Using our library of TAP-tagged
yeast strains targeting previously identified mRNA translation protein factors (Fig. 2A,
B, C and Table S1), we performed replicate protein purifications under native
conditions. To identify and quantity the purified proteins from each TAP-tagged

strain, we employed two-dimensional microcapillary liquid chromatography coupled

This article is protected by copyright. All rights reserved.
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with micro-electrospray ionization and automated tandem mass spectrometry
(MudPIT) on the trypsin-digested purified protein complexes B7al - To identify the
peptide sequences of the tryptic protein fragments, each acquired tandem mass
spectrum was computationally compared to the entire S. cerevisiae proteome using
the Sequest algorithm . The identified peptides were then reassembled into a list of

proteins and abundance factors calculated using the mass spectrometry data 7> 4%

406, 40cn]  Multiple computational approaches were then used to identify the most
statistically significant prey proteins interacting with each bait protein. Using a novel
strategy, we merged independent statistical approaches to identify the most
statistically significant protein-protein interactions focusing on unexpected,
unpublished interactions. In this study, the identification of previously identified
protein interactions (Fig. 2A, B, C) validated the published data and supported our

experimental and bioinformatics approaches to identify new, unpublished protein

interactions.

Protein phosphorylationis a reversible post-translational modification of
proteins in which an amino acid residue typically a serine, threonine, or tyrosine
residue is covalently modified by a protein kinase and the addition of phosphate
group “Y. Phosphorylation alters the structural conformation of a protein, causing it
to become either activated, deactivated, or modifying its functiontl. Protein
phosphorylation has been shown to be an important regulatory mechanism for

reversibly modulating mRNA translation activity (42

In this study, the copious
amounts of acquired mass spectrometry data obtained identifying the targeted S.

cerevisiae mRNA translation bait and interacting prey proteins were also analyzed to

identify unexpected and unpublished phosphorylated amino acid residues.

This article is protected by copyright. All rights reserved.
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The identification of both unexpected and unpublished proteins interacting with
the canonical S. cerevisiae translation initiation, elongation, or termination proteins
and complexes as well as the identification of potentially reversible phosphorylation
sites expands our fundamental knowledge of this essential biological process. The
unexpected and previously unpublished protein interactions and protein
phosphorylation sites discovered in this study are expected to drive future functional,
mechanistic, and structural studies to dissect their roles in the essential eukaryotic

biological process of mRNA translation.

Materials and Methods

Yeast techniques

Media and protocols used for growing yeast in this study have been

previously described .
Yeast strains

The S. cerevisiae TAP strains used in this project have been previously
described ¥ and were obtained from Open Biosystems, Inc. To construct a TAP-
tagged Sui3 yeast strain (ALO85), the yeast strain CVY1 (MAT« ura3-52 his3-A200
lys2-80 trp1-A901) was transformed with the PCR product generated from the
amplification of the TAP cassette in the plasmid pFA6a-kanMX6-CTAP4 using the

primers shown below (44

This article is protected by copyright. All rights reserved.
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5’-
ATTAAAACCGGTTTCCAAGCTACCGTTGGTAAGAGAAGGAGAATGCGGATCCCCGGGTTAA

TTAA-3’

and

5’-
AAATCCGTATTTATTATATATATGCTAACAGGTAAAGCACCAACAGAATTCGAGCTCGTTTAA

AC-3

Tandem affinity purification

For the purification of translation complexes, each TAP-tagged strain and an
untagged yeast strain (control) were grown in 2 L of YPD medium to an O.D.gy of 2-4
and processed (Fig. $1) 1“8 Yeast cells were pelleted at 2,300xg for 10 min at 4°C
and washed with ice-cold water. Cells were broken open using a BioSpec bead beater
and ice-cold 0.4-0.6 mm glass beads in lysis buffer (1% NP-40, 6 mM Na,HPO,, 4 mM
NaH,PO,, 150 mM NaCl, 2 mM EDTA, 50 mM NaF, 4 ug/ml leupeptin, 0.1 mM Na3;VO,,
and 1x Roche Complete Protease Inhibitor). The crude lysates were centrifuged at
2,300xg for 5 min at 4°C. The partially-cleared lysates were mixed with 1 ml of a 1:1
slurry of IgG-Sepharose resin (Amersham) equilibrated in lysis buffer without

protease inhibitors and incubated for 1 h on a nutator at 4°C. The IgG-Sepharose

This article is protected by copyright. All rights reserved.
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resin was pelleted by centrifuging at 200xg for 2 min at 4°C. The lysates were
discarded, and the IgG-Sepharose beads were resuspended in 10 mM Tris-HCl pH 8,
150 mM NaCl, 0.1% NP-40. The resuspended beads were transferred to BioRad Poly-
prep chromatography columns. The IgG-Sepharose beads were equilibrated in TEV
buffer (10 mM Tris-HCI pH 8, 150 mM NaCl, 0.1% NP-40, 0.5 mM EDTA, and 1 mM
DTT). After capping the bottoms of the columns, 300 units of TEV protease in 2 ml of
TEV buffer were added, and the columns were incubated for 1 h on a nutator at room
temperature. The elution from each column was transferred to a new, capped poly-
prep column and mixed with 6 ml of calmodulin binding buffer (0.1% NP-40, 10 mM
Tris-HCl pH 8, 150 mM NaCl, 1 mM MgOAc, 1 mM imidazole, 2 mM CaCl,, 10 mM f3-
mercaptoethanol). Each solution was mixed with 300 pl of a 1:1 slurry of calmodulin
affinity beads (Stratagene) equilibrated in calmodulin binding buffer, and the beads
were incubated for 1 h on a nutator at 4°C. Proteins were eluted from the beads
with 1 ml of 10 mM Tris-HCI pH 8, 150 mM NaCl, 0.02% NP-40, 1 mM MgOAc, 1 mM

imidizole, 20 MM EGTA, and 10 mM B-mercaptoethanol.

This article is protected by copyright. All rights reserved.
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Precipitation of TAP elution

To concentrate the eluted complexes for mass spectrometry analysis, 85% of
each TAP elution was precipitated with trichloroacetic acid, washed with acetone,

and resuspended in 20 pl of 100 MM ammonium bicarbonate, 5% acetonitrile.
Trypsin digestion of protein complexes

Resolubilized TAP-isolated proteins were reduced with a 1/10 volume of 50 mM
dithiothreitol at 65°C for 5 min and then alkylated with a 1/10 volume of 100 mM
iodoacetamide at 30°C for 30 min in the dark. To digest the proteins, 2 pg of
modified trypsin (Promega) was added, and the reactions were incubated for 18 h at

37°C.

Mass spectrometry analysis of trypsin-digested protein complexes

Each trypsin-digested TAP sample was analyzed using multidimensional protein
identification technology (MudPIT) B> *! (Fig. S1). Briefly, a fritless, 100 um i.d.
microcapillary column was packed with 9 cm of 5 um Cy5 reverse-phase material
(Synergi 4u Hydro RP80a, Phenomenex) followed by 3 cm of 5 um strong cation
exchange material (Partisphere SCX, Whatman), and finally 2 cm of the initial Cyg
reverse-phase material. The trypsin-digested TAP sample was loaded directly onto
the triphasic column equilibrated in 0.1% formic acid, 2% acetonitrile. The triphasic
column was placed in-line with an LCQ-Deca-XP-Plus or LTQ-OrbitrapXL ion trap mass
spectrometer (Thermo Fisher, Inc). An automated 6-cycle multidimensional
chromatographic separation was performed using buffer A (0.1% formic acid, 5%
acetonitrile), buffer B (0.1% formic acid, 80% acetonitrile), and buffer C (0.1% formic

acid, 5% acetonitrile, 500 mM ammonium acetate) at a flow rate of 0.3 pl/min. The

This article is protected by copyright. All rights reserved.
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first cycle was a 20 min isocratic flow of buffer B. Cycles 2-6 consisted of 3 min of
buffer A, 2 min of X% buffer C, 5 min of buffer A, and a 60 min linear gradient to 60%
buffer B. Cycles 2-6 used 15, 30, 50, 70, and 100% of buffer C, respectively. During
the linear gradient, the eluting peptides were analyzed by one full MS scan (400-2000
m/z) followed by five MS/MS scans on the five most abundant ions in the full MS scan

while operating under dynamic exclusion.

Mass spectrometry data analysis

RAW data files generated by the MudPIT experiments were converted to an
ASCIl peak list using the program extractms2 to identify +1 or multiply charged
precursor ions (Jimmy Eng and John R. Yates Ill, personal communication). For
multiply charged precursor ions (z > +2), an independent search was performed on
both the +2 and +3 mass of the parent ion. Initial analysis of all acquired tandem
mass spectrometry data used the SEQUEST-PVM algorithm with the precursor
peptide mass tolerance set to 3 Da and a forward and reverse S. cerevisiae ORF
protein database (SGD.fasta.6718) with a fixed cysteine modification of 57 Da and no

[39, 46]

enzyme specificity Fully-tryptic peptides identified with a 5% false discovery

rate were processed into a list of identified proteins and protein abundance factor

(PAF) values as previously described 7% 40 40% 401, 47]

. We define a protein’s PAF value
as the total number of non-redundant spectra that correlated significantly to each
cognate protein, normalized by the molecular weight of the protein (x10%) 1% %% we
counted MS/MS spectra representing the +2 and +3 charge states of the same
peptide sequence as two distinct spectra when calculating the PAF values. PAF values

were used to semi-quantify the relative abundance of each identified protein from

the TAP experiments to identify statistically significant protein-protein interactions
(403
This article is protected by copyright. All rights reserved.
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Significance Analysis of Microarrays (SAM) to identify protein-protein interactions

To identify statistically significant protein interactions from TAP-tagged yeast
strains, we employed Significance Analysis of Microarrays (SAM) and the list of mass
spectrometry-identified proteins and their PAF values . Each TAP-tagged
translation protein was independently purified with TAP and analyzed with MudPIT in
replicate (n = 2-7). As controls, we performed TAP on the untagged parental yeast
strain followed by MudPIT analysis in replicate (n = 15) using the identical protocol
performed on the targeted TAP-tagged yeast strains. To measure the strength of the
relationship between each TAP bait and identified prey protein, SAM analysis was run
comparing the identified proteins’ PAF data from replicate TAP-tagged bait
experiments to control experiments using 1000 permutations and a two-class

unpaired test with the Wilcoxon test statistic *%.

Cross-validation and identification of statistically significant protein-protein

interactions

To cross-validate the most statistically significant protein-protein interactions,
especially the unexpected interactions, SAM analysis was combined with a second,
independent computational approach Significance Analysis of INTeractome (SAINT)
[32a] (Fig. S3). SAINT was designed to assign confidence scores to protein-protein
interaction data generated from protein affinity-purifications coupled with mass

spectrometry analysis 2%,

In our cross-validation approach to identify statistically significant protein-

protein interactions, an independent analysis of the Sequest output was first

performed using the De-Noise algorithm (4]

. The De-Noise algorithm maximizes the
number of correct peptides identified at a 5% false discovery while reducing the

This article is protected by copyright. All rights reserved.
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number of incorrect peptide identifications 49

Protein assembly and spectral
counting of the peptides identified with De-Noise were performed using ProteolQ
v2.6 (Premier Biosoft) to derive updated PAF values for the identified proteins.
Second, to significantly increase the stringency of both the SAM and SAINT analysis,
we dramatically expanded the number of control samples (Fig. S4). In addition to
comparing TAP-tagged strains to the untagged parent strain, we reasoned that a TAP-
tagged strain could also be compared to results from unrelated TAP bait proteins.
For example, strains with TAP-tagged elongation and termination factors can serve as
negative controls for strains with TAP-tagged initiation factors. Third, the identified
proteins and their updated PAF values from replicate experiments were imported and
processed independently using SAM and SAINT. For the cross-validated approach, the
SAM analysis was performed comparing each TAP-tagged translation factor to the
expanded number of controls using 1000 permutations and a two-class unpaired test
with the Wilcoxon test statistic. For SAM, the d(i) value, which is like the ‘t’ value
from a t-test, was converted to a p-value using the R programming language for
statistical computing and a one-tailed test. For the SAINT analysis, we used previously
described settings and the normalized spectra count data (PAF) from the replicate

TAP bait and the expanded control data sets .

Because of the difference in the metrics used by SAM and SAINT to score the
bait-prey pairs, the p-value scores derived from the SAM and SAINT scores were
normalized using the formula shown below, where X; is the bait-prey score calculated
by SAM or SAINT and ,,Xj and ,qX; are the maximum and minimum of bait-prey

scores from the replicate TAP-bait experiment.

Xnorm(ij) = (Xij-minXij) / (maxXij — minXij)

This article is protected by copyright. All rights reserved.
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The interaction pairs were then ranked by averaging the normalized scores from SAM
and SAINT for the replicate experimental data sets. The average score for each bait-
prey pair was converted to a corresponding z-score using statistical information from
the data population created from the merged SAM and SAINT output. For the bait-
prey pairs in a TAP experiment, we made three assumptions: 1) there are numerous
nonspecific bait-prey interactions that are generated at each step of a TAP
experiment; 2) the nonspecific or false bait-prey pairs follow a normal distribution; 3)
the true bait-prey pairs should not fall in a normal distribution and can be identified
as outliers that are statistically distinguished from the nonspecific bait-prey pairs with
a high confidence level (99% or 95%). Using the R statistical software package, a
standard z-score distribution was generated to identify the bait-prey outliers and

bait-prey interactions at the >99% (outlier) and 95% confidence intervals.

Identification of phosphorylated residues

To identify phosphorylated amino residues in the identified proteins, we first
screened the MS-MS analysis of each TAP-purified translation complex for loss of
phosphoric acid from the precursor ions from. From the MudPIT mass spectrometry
analysis of the purified yeast translation complexes, the five most intense
fragmentation ions acquired in each MS/MS spectra were screened for a neutral m/z
loss of either 98 (z=+1), 49 (z=+2), or 32.67 (z=+3) from the precursor ion (Fig. S5 and
Fig. 7). Tandem mass spectra with at least one of these motifs were re-analyzed
using the SEQUEST algorithm assuming differential phosphorylation (+80 Da) on
either serine, threonine, or tyrosine residues and a yeast protein database of

translation factors derived from the S. cerevisiae protein database. Tandem mass

This article is protected by copyright. All rights reserved.
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spectra significantly correlating to fully tryptic phosphopeptides were manually

evaluated

Results and Discussion

Purification of Eukaryotic Translation Factor Complexes

To identify both expected and novel protein-protein interactions involving
known eukaryotic mRNA translation factors, we performed a systematic, replicate
affinity purification and tandem mass spectrometry analysis on TAP-tagged S.
cerevisiae proteins implicated in eukaryotic translation initiation, elongation, or
termination, or previously shown to interact with the yeast ribosome (Fig. 2A, B, C;
Fig. S1; and Table S1). In addition to validating the current models of the mRNA
translation initiation, elongation, and termination protein complexes, we
hypothesized that unexpected protein-protein interactions would be identified that
would be the starting point for new functional, mechanistic, and structural studies of
eukaryotic mRNA translation. Our ultimate goal is a comprehensive functional and
mechanistic understanding of the essential process of eukaryotic mRNA translation,
including identification of all the protein factors and posttranslational modifications

involved.

Using a library of S. cerevisiae TAP strains, we targeted the canonical eukaryotic
translation initiation, elongation, termination proteins and S. cerevisiae proteins
previously shown to interact with the yeast ribosome (Fig. 2A, B, C and Table S1).
The TAP-tagged strains were grown and harvested under identical conditions in
biological replicates (see Materials and Methods). An equivalent number of yeast
cells from each strain was used for the purification of the TAP-tagged bait protein and

This article is protected by copyright. All rights reserved.
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its associated prey proteins under nondenaturing, relaxed stringency BY " Each
targeted yeast strain was broken open using glass beads (see Materials and
Methods) and low speed centrifugation was used to remove unlysed cells from the
crude lysates. The partially cleared extracts were used for the first affinity capture
with IgG-coupled beads (see Materials and Methods). A TEV protease solution was
next used to release the TAP-tagged complexes from the IgG column under
nondenaturing conditions. The TEV-released protein flow through was mixed with
calmodulin-coupled beads for a second affinity capture. The captured protein
complexes were released from the calmodulin column using an EDTA solution BY. As
a negative control to identify nonspecific bait-prey interactions, we used fifteen
replicates (n=15) of an untagged, control yeast strain prepared in parallel with the

TAP-tagged translation gene yeast strains.

Identification of Purified Proteins

To identify and quantify the purified proteins, 85% of the final TAP-purified
protein complexes released from the calmodulin column were analyzed using
multidimensional microcapillary liquid chromatography coupled with tandem mass
spectrometry (MudPIT) (Fig. S1). Each TAP-purified complex was trypsin-digested
and loaded directly onto a triphasic microcapillary liquid chromatography (LC) column
and fractionated using a five step MudPIT gradient to obtain both precursor and

[37a]

MS/MS fragmentation data on selected precursor ions . The mass spectrometry

data were computationally compared to a forward and decoy S. cerevisiae protein
database using the SEQUEST algorithm to identify significant tryptic peptide hits at a

[51]

5% false discovery rate ~". The identified peptides were assembled into proteins as

This article is protected by copyright. All rights reserved.

18 of 39



Accepted Article

WWWw.proteomics-journal.com Page 19 Proteomics

described in earlier studies B7> %% %% 400 T4 measure the abundance of the purified
proteins, a protein abundance factor (PAF) was calculated for each identified protein
as previously described % % 4% Qur PAF quantification approach relies on the
direct relationship between a protein’s abundance in the sample and the frequency
its peptides are selected for MS/MS analysis normalized by the molecular weight of

[40i, 40j]

the protein . In multiple, independent published studies, we have successfully

used PAFs to identify unexpected interactions in yeast transcription factor complexes

and ribosome complexes 37" 40¢ 408, 40i, 40}, 40n, 52]

. For each TAP-tagged bait translation
factor and the control experiments, the output from the analysis of the MS/MS
results was processed into a list of identified prey proteins and PAFs pairs, similar to
the experimental data generated from a DNA microarray experiment “% ¥ The

paired lists of identified proteins and PAF values were used for statistical analysis to

identify the most significant bait-prey protein-protein interactions.

Identification of Statistically Significant Protein-Protein Interactions in mRNA

translation

We first attempted to identify significant protein-protein interactions in mRNA
translation by simply comparing the PAF values of prey proteins identified from the
TAP-tagged bait strains to the prey proteins identified from the control strain. For
each identified protein, a relative abundance factor (RAF) was calculated by dividing
the average PAF of a protein in the TAP purifications by the average PAF of same

[40i,

protein in the control purifications 0l We screened for proteins with a >2-fold

enrichment. However, this initial approach did not measure the statistical

significance of the protein interactions with the targeted bait genes "

. In addition,
replicate TAP and mass spectrometry analysis of the same tagged gene occasionally

produced variable results.
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To address the problems of nonspecific background noise and data variability,
we assumed that each prey protein in mRNA translation interacting with a bait
protein would show variability with a normal distribution and a standard deviation for
both the replicate TAP bait-prey and control data sets. Based on this presupposition,
we initially used hierarchical clustering to identify significant protein interactions. An
example of this analysis focusing on the known S. cerevisiae elF2B initiation complex
is shown in Fig. 3. elF2B is a guanine nucleotide exchange factor and an essential
eukaryotic translation initiation complex *3. The elF2B protein complex catalyzes the
conversion of inactive elF2-GDP to active elF2-GTP, which mediates the binding of the
initiator tRNA"* to the ribosome in a GTP-dependent manner (1%, 16l The s.
cerevisiae elF2B translation initiation factor is composed of five protein subunits
Gedlp, Ged2p, Ged6p, Ged7p, and Gen3p ™ 3L Using the mass spectrometry-
identified proteins and PAF values from replicate TAP purifications of each of the five
known elF2B components and a negative control data set, we employed hierarchical
clustering to identify statistically significant proteins interacting with the elF2B
complex (Fig. 3). Visual analysis of clustered proteins identified the 5 known
components of elF2B (Gcd6p, Gcn3p, Ged7p, Gedlp, and Ged2p) all clustering
together separate from the controls. Surprisingly, a group of six unexpected proteins
also clustered with the known elF2B proteins (YBR159Wp, Cat2p,

YAR010Cp/YBRO12Wp, Faalp, Arf2/1p, and Dpm1p).

While the graphical clustering experiment clearly showed the known elF2B
protein components grouping together as a complex (Fig. 3), we reasoned that
confident identification and statistical confirmation of the unexpected proteins
interacting with elF2B required a more rigorous statistical analysis to validate the
unexpected protein interactions. Therefore, we employed Significance Analysis of
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Microarray (SAM) to statistically analyze the mass spectrometry data for each TAP-
tagged translation protein to identify interacting proteins. SAM was originally
developed to analyze DNA microarray data to identify genes with statistically
significant changes in mRNA transcription during a response “®. SAM’s statistical
algorithm uses repeated permutations of the data and non-parametric statistics to
determine if the change in expression of a gene is significantly related to the stimulus

48 The application employs a modified t-test to compare the two sets of data with

variances that are close to zero .

In this project, we employed SAM to identify
statistically significant bait-prey interactions by comparing protein identifications and
PAF pairs from the replicate purifications of the bait proteins to 15 replicate control
experiments (Revised Table $2). Our goals were first to validate existing models of
the composition of the eukaryotic translation complexes (Fig. 2 and Revised Table

S2), and second to identify unexpected, statistically significant bait-prey protein

interactions (Revised Table S2).

Our application of SAM to identify statistically significant protein-protein
interactions using the TAP and control datasets proved to be successful. We found
that the interacting proteins were specific to one of the three phases of eukaryotic
protein translation (Fig. 1 and Revised Table S2). The data showed no translation
initiation, elongation, or termination protein factors were overlapping or shared
during the three phases of protein translation (Fig. 1 and Revised Table S2). This
result supports models showing initiation, elongation, and termination are distinct
processes in translation that do not share protein factors, except for the ribosome. In
addition, for the targeted eukaryotic mRNA translation initiation, elongation, and
termination complexes (elF, eEF, and eRF), our SAM analysis successfully identified
the previously described eukaryotic canonical protein interactions (Fig. 2A, B, C and
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Revised Table S2). Our application of SAM analysis also identified unexpected protein
interactions (Revised Table S2). As seen with the hierarchical clustering analysis,
SAM analysis showed all five of the known elF2B protein subunits copurifying (Ged1p,
Gcd2p, Ged6p, Ged7p, and Gen3p) and revealed a group of proteins interacting at a
statistically-significant level with each protein component of the elF2B complex (Fig.
4 and Fig. S2). One protein YBR159Wp significantly associated with all five subunits of
the elF2B complex. TAP purification from a YBR159W-TAP strain followed by MS and
SAM analysis showed all five elF2B components copurifying with TAP-tagged
YBR159Wp (Fig. 4 and Fig. S2). Based on this discovery, we named the YBR159W
locus IFA38 and experimentally tested its functional role in S. cerevisiae translation
54 The functional roles of the remaining unexpected proteins found interacting with
elF2B (Cat2p, YAR010Cp/YBRO12Wp, Faalp, Arf2/1p, and Dpmilp) will need to be

experimentally dissected in future studies.

One of our statistically significant interactions was between the termination
factor eRF1/Sup35p and the protein Rnglp. Previous studies have shown a rng1 null

[67]

yeast strain encodes a nonessential gene ©". A rnqgl null yeast strain leads to loss of

the [PIN+] prion and decreased de novo generation of the [PSI+] prion phenotype ..
To experimentally validate the Sup35p-Rnglp interaction, we purified TAP-tagged
Rnglp and used Western blots with an anti-Sup35p antibody to show that Sup35p

copurifies with Rnglp (Fig. 5).

When examining the interacting proteins for each bait protein using SAM
(Revised Table S2), we were excited to find additional unexpected and unpublished
interactions with the canonical translation proteins. The five known core
components of the elF3 complex (Rpglp, Niplp, Prtlp, Tif35p, and Tif34p) all

significantly interacted with each other as previously described (MCB 18:4935, 1998).
This article is protected by copyright. All rights reserved.
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Interestingly, all five of the elF3 core proteins also showed significant but lower
scoring interactions with the components of the multifactor complex (MFC): Hcrlp,
Tif5p, and Suilp ®°. Furthermore, two of the five components of elF3, Rpglp and
Prtlp, both showed statistically significant interactions with the elF5B initiation factor

Funl2p.

Refined Statistical Analysis of the MudPIT Results to Cross Validate Protein

Interactions

To statistically support the unexpected protein-protein interactions in this
project and improve the reliability and sensitivity to detect and identify bait-prey
interactions, we developed a novel strategy that combines the outputs from different
statistical approaches together to identify and cross-validate the most significant
protein-protein interactions (Fig. S3). Significance Analysis of Interactome (SAINT) is
a computational approach used to identify and analyze protein-protein interactions
based on label-free quantitative spectral counts ®* *. Unlike SAM’s calculation of
the relative difference between negative control and experimental test data, SAINT
uses the spectral count information from the experimental and control data sets to
compute the probability of a true interaction using a Bayesian approach %, It
assumes the probabilities of spectral counts to be Poisson distributions representing
either true or false bait-prey pairs. Using a Poisson distribution, SAINT infers the
probability of a spectral count distribution for a false bait-prey interaction directly
from negative controls. To estimate the probability of the spectral count for true bait-
prey interaction, it uses joint modeling of the entire bait-prey association matrix built

from multiple replicates of test samples. The prior probability of a true interaction is
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the proportion of true interactions in the dataset. With the inferred parameters,
SAINT calculates the average probability score of a true bait-prey pair for a given prey

across all bait replicates 2%,

In this study, we merged the statistical outcomes from
the SAM and SAINT algorithms to cross validate the identified protein interactions

(Fig. S3).

To enhance our cross-validation strategy to identify the most statistically
significant protein interactions, we employed four components. First, we used a
more rigorous statistical algorithm DeNoise to validate the peptide identifications

[49¢, 57]

from the Sequest output results The DeNoise algorithm employs a novel

strategy to identify the most statistically significant proteins from the Sequest output

files 14957

. Second, since our initial SAM analysis of the bait-prey protein interaction
data detected no overlapping protein components between translation initiation,
elongation, and termination phases, we greatly expanded the control data set to
include results from both the untagged yeast strain and the unrelated TAP-tagged
strains (Fig. S4). Third, to computationally validate true bait-prey interactions, we
employed a strategy that combines the outputs from both SAM and SAINT (Fig. S3).
This combined analysis involved 3 steps: (a) normalizing of the scoring metric from
SAM and SAINT, (b) identifying the overlapping bait-prey pairs between SAM and
SAINT, and (c) ranking and statically validating the overlapping bait-prey pairs. The
normalized data from the two approaches were merged together to cross-validate
bait-prey pairs. The bait-prey pairs were then ranked by averaging the normalized
scores from SAM and SAINT. Finally, we developed a statistical approach in which the
average score for each bait-prey pair was converted to a corresponding z-score using
statistical information from the data population created from the whole output of
SAM and SAINT. In doing so, we made three assumptions: 1) there are numerous
This article is protected by copyright. All rights reserved.
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nonspecific bait-prey interactions that are generated and reported due to systematic
errors in each step of a TAP experiment; 2) the nonspecific bait-prey pairs follow a
normal distribution; 3) the true bait-prey pairs should not fall in the nonspecific bait-
prey pair distribution and can be identified as outliers and statistically distinguished
from nonspecific bait-prey pairs with high confidence. With the converted z-score, a
percentile value for each bait-prey pair could be calculated, and the confidence level
for the right tail could be determined (e.g. outliers at 99% and 95% confidence levels)

(Revised Table S3).

We used the strategy merging SAM and SAINT to help verify the statistically
significant interactions of the unexpected and unpublished proteins with the
canonical translation factors initially identified with SAM (Fig. 6). We identified a
complex of seven proteins (Sea4p/YBL104Cp, Rtclp/YOL138Cp, Mtc5p/YDR128Wp,
Iml1p/YJR138Wp, Seh1p/YGL1001p, Rmd11p/YHLO23Cp, Npr2p/YELO62Wp) that our
statistical validation strategy shows interacting with Gcd11p of the conserved elF2
translation initiation complex. Current models show elF2 having multiple functions
during initiation, including recruitment of the initiator Met-tRNA to the 40S subunit

and selection of the AUG start codon

. Second, we identified the interaction of
Rnylp with the elF4A/Tiflp translation initiation factor. Interestingly, Rnylp is
predicted to function as a nonspecific endoribonuclease (RNase) ®%. Our SAM-SAINT
cross-validation computational strategy statistically supported many of the
unexpected protein interactions initially identified using SAM (Fig. 6). In total, we
identified 126 proteins that have novel, unexpected interactions with the translation
machinery. Our cross-validation analysis statistically supported 52 of the unexpected
protein interactions as significant. The statistical analysis strongly suggests that
these protein interactions would be the strongest candidate genes to initially select
This article is protected by copyright. All rights reserved.
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for functional and mechanistic experimental validation. Overall, the data and results
from this study are expected to be the foundation for new studies that dissect the
functional and mechanistic roles of the unexpected protein interactions in

eukaryotic protein synthesis.

Identification of Phosphoproteins Associated with Translation

Reversible protein phosphorylation is major posttranslational modification
regulating eukaryotic translation and signal transduction pathways . To identify
phosphorylated amino acids among the purified translation proteins, we re-analyzed
the acquired tandem mass spectrometry data using the SEQUEST algorithm assuming
differential phosphorylation (+80 Da) on serine, threonine, or tyrosine residues using
a protein database of translation factors derived from the S. cerevisiae ORF database
(Fig. S5 and Fig. 7). Tandem mass spectra significantly correlating (Cn>2) with fully
tryptic phosphopeptide sequences were manually evaluated. For a Sequest-identified
phosphopeptide to be accepted as “true,” the MS/MS spectra of the peptide were
required to have a phosphoric acid neutral loss ion of either 98 (z=+1), 49 (z=+2), or
32.67 (z=+3) from the precursor ion m/z value as one of the 5 most intense ions in
the MS/MS spectrum. In addition, the majority of the major fragment ions in the
MS/MS spectrum had to be identified as either a b- or y-fragment ion (Fig. S5 and Fig.

7). Using these criteria, we identified unexpected phosphorylation sites for 27

Accepted Article

translation initiation proteins (Table S4). The functional role of the identified
phosphorylation sites in global or transcript-specific translation activity is unknown.
Future experiments will be needed to identify the phenotype and/or functional role

of the modified amino acids in translational activity.
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Conclusion

Protein-protein interactions are the physical contact of high specificity

[24]

between two or more protein molecules “*. Mapping a protein’s interactions

provides potentially new insights into its biochemical functions and regulation (251,
The discovery of novel or unexpected protein interactions enables putative
functional or biochemical roles to be assigned to previously uncharacterized
proteins in a biological process. In this study, we performed an in-depth proteomic
analysis on S. cerevisiae genes previously shown to be involved in eukaryotic mRNA
translation to identify both expected and unexpected, unpublished protein
interactions and phosphorylated amino acid residues. Using replicate tandem
affinity purification and tandem mass spectrometry analysis of targeted genes
previously shown to be involved in mRNA translation initiation, elongation, and
termination combined with novel computational strategies, we identified both
previously published interactions and unexpected, unpublished protein interactions
and phosphorylated amino acids. The data and results from this study are expected
to be the foundation for new studies that dissect the functional, regulatory, and

mechanistic roles of the unexpected protein interactions and phosphorylated amino

acids in eukaryotic mRNA translation.
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Figure Legends

Fig. 1. Canonical phases of eukaryotic mRNA translation. Shown are the 40S and 60S
ribosomal subunits interacting with a typical eukaryotic 5’-capped and 3’-polyA
mMRNA during the three phases of eukaryotic translation, resulting in the synthesis of
an mRNA-encoded polypeptide. In the initiation phase of cap-dependent initiation,
the 40S subunit interacts with the 5’ end of the mRNA and scans the 5’ UTR until it
recognizes the AUG start codon. Alternatively, in cap-independent translation
initiation, the 40S subunit interacts directly with the start codon, typically in the
context of an internal ribosome entry site (IRES). After the AUG start codon is
recognized, the 60S subunit joins the 40S subunit to form the 80S ribosome to start
the elongation phase. The 80S ribosome then begins to synthesize an mRNA-
encoded polypeptide, covalently linking amino acids until it reaches the stop codon.
In the termination phase, the stop codon of the mRNA’s protein coding sequence
enters the 80S ribosome. The completed polypeptide is hydrolyzed from the peptidyl
tRNA and released from the 80S ribosome. The 80S ribosome separates into the 40S
and 60S subunits, and the mRNA and deacylated tRNA are released. For the three
phases of eukaryotic translation, separate networks of initiation, elongation, and
termination protein factors transiently interact with the mRNA, aminoacyl tRNAs, and

ribosomal subunits (see Figure 2A, 2B, 2C).
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Fig. 2A, B, C. Canonical translation factors and interactions during eukaryotic mRNA
translation initiation, elongation, and termination. For the underlined S. cerevisiae
proteins in Fig. 2 and the S. cerevisiae genes listed in Table S1, TAP-tagged yeast
strains were either created or obtained and used for TAP to affinity purify the tagged
protein and interacting proteins. The mass spectrometry approach 2-D LC-MS/MS
(MudPIT) was used to purify, analyze, identify, and quantify the expected and
unexpected peptides and proteins interacting with each targeted TAP-tagged protein.
Fig. 2A. The canonical yeast translation initiation factors and their previously
identified protein interactions. Fig 2B: The canonical yeast translation elongation
factors and their previously identified protein interactions. Fig 2C: The canonical
yeast translation termination factors and their previously identified protein

interactions.
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Fig. 3. Hierarchical clustering of MudPIT identified and quantified proteins purified
from elF2B TAP strains showing the unexpected S. cerevisiae proteins Cat2p, Tefdp,
Faalp, Dpmilp, Arf2/1p, YBR159Wp, and YARO10Cp/YBRO12W-Ap copurifying with

the elF2B translation initiation complex.
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Fig. 4. SAM analysis of the TAP-tagged proteins in the S. cerevisiae elF2B initiation
factor complex. Each of the TAP-tagged components of the elF2B complex (Gcd2p,
Gcd6p, Gen3p, Gedlp, and Ged7p) and untagged control yeast strains were grown
and purified in replicate, and the proteins were identified and quantified using
MudPIT (see Materials and Methods). Statistical Analysis of Microarrays (SAM) was
then used to compare the list of identified proteins and PAF pairs for each elF2B TAP-
tagged protein to the results from 15 replicate control experiments (See Material and
Methods). The top panel (A) shows the SAM results for the TAP-Gecd6p protein. The
SAM graphical outputs show the expected elF2B proteins all copurifying with Ged6p
along with YBR159Wp. To confirm these results, a TAP-tagged YBR159W yeast strain
was grown, processed, and analyzed using the identical protocol. The bottom panel
(B) shows all five elF2B protein components copurifying with the TAP-tagged
YBR159Wp protein. As supporting evidence, Fig S2 shows the SAM results for the
other canonical components of the elF2B complex (Gcd2p, Gen3, Ged1 and Ged7) and

their interaction with YBR159Wp.

i
i

Revised Fig 4

!
|
i
!

TAP-God2 SAM s
e e s

Ty

)

4

|
i

Accepted Article

HHIT

[———
-
g

This article is protected by copyright. All rights reserved.

34 of 39



Accepted Article

WWWw.proteomics-journal.com Page 35 Proteomics

Fig. 5. TAP-Western blot validating the interaction of the yeast Rnq1-TAP complex
with Sup35p. TAP was performed using a TAP-tagged Rngl and untagged control
yeast strains up to the IgG affinity step. The IgG-captured proteins were eluted by
cleavage with the TEV protease; the. calmodulin affinity purification was not done.
The eluted proteins were separated by SDS-PAGE, electroblotted to PVDF, and
probed with commercial rabbit polyclonal antibodies against S. cerevisiae Sup35p
(ABNOVA). The CTRL-TAP lane contains eluted proteins from an untagged yeast strain

prepared and run side-by-side with the Rnql-TAP protein sample.
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Fig. 6. Unexpected protein-protein interactions identified for canonical S. cerevisiae
mRNA translation initiation, elongation, and termination protein complexes using the
TAP-MudPIT strategy (Fig. S1). * indicates that the interaction was identified both

with SAM and the SAM-SAINT cross-validation algorithms.
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Fig. 7. Tandem mass spectrometry identification of phosphorylated peptides from the
purified and trypsin-digested S. cerevisiae TAP mRNA translation initiation complexes.
The dominant fragment ion seen in each MS/MS spectrum is the neutral loss peak
(+98) caused by the loss of phosphoric acid from the selected precursor ion. (A)
Tandem mass spectrum of a phosphorylated Sui2p tryptic peptide from the purified
elF2 complex. (B) Tandem mass spectrum of phosphorylated Cdc33p tryptic peptide

from the purified elF4E complex.
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Statement of Significance:

MRNA translation is the essential biological process in which
ribosomes and amino acid-charged tRNAs decode mRNAs to
synthesize polypeptides. We performed a large-scale,
systematic tandem  affinity purification and mass
spectrometry analysis on S. cerevisiae translation initiation,
elongation, termination, and ribosome-associated proteins to
identify unexpected protein interactions and phosphorylated
amino acids. The identified novel protein interactions and
phosphorylation sites involving translation initiation,
elongation, termination, and ribosome-associated proteins
are expected to drive future functional, mechanistic, and
structural studies to dissect their roles in eukaryotic mRNA
translation.
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