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Abstract
Eukaryotic translation requires a suite of proteins known as eukaryotic initiation factors (eIFs).
These molecular effectors oversee the highly regulated initiation phase of translation. Essential to
eukaryotic translation initiation is the protein eIF2, a heterotrimeric protein composed of the
individually distinct subunits eIF2α, eIF2β, and eIF2γ. The ternary complex, formed when eIF2
binds to GTP and Met-tRNAi, is responsible for shuttling Met-tRNAi onto the awaiting 40S
ribosome. As a necessary component for translation initiation, much attention has been given to
the phosphorylation of eIF2α. Despite several previous investigations into eIF2 phosphorylation,
most have centered on α- or β- subunit phosphorylation yet little is known regarding γ-subunit
phosphorylation. Herein, we report eight sites of phosphorylation on the largest eIF2 subunit with
seven novel phosphosite identifications via high resolution mass spectrometry. Of the eight sites
identified, three are located in either the switch regions or nucleotide binding pocket domain. In
addition, we have identified a possible kinase of eIF2, protein kinase C (PKC), which is capable of
phosphorylating threonine 66 (thr-66) on the intact heterotrimer. These findings may shed new
light on the regulation of ternary complex formation and alternate molecular effectors involved in
this process prior to 80S ribosome formation and subsequent translation elongation and
termination.
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INTRODUCTION
The process of translation initiation involves intricately regulated assembly and disassembly
of various proteins, protein complexes, and nucleotides.1-2 Essential to this process is the
anticodon pairing of Met-tRNAi to the AUG start codon of mRNA. Preceding Met-tRNAi-
mRNA pairing, a ternary complex forms as GTP, Met-tRNAi, and eukaryotic initiation
factor 2, eIF2. As a heterotrimeric protein, eIF2 (comprised of individually distinct α-, β-,
and γ-subunits) binds GDP and subsequently Met-tRNAi following GDP-GTP exchange via
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the heteropentameric initiation factor, eIF2B.3 Once assembled, the ternary complex can
then shuttle tRNA onto the awaiting 40S ribosome. Following the pairing of Met-tRNAi to
AUG, eIF2 is recycled back to its inactive form via eIF5 directed hydrolysis as eIF2-GTP
reverts back to eIF2-GDP.4

Phosphorylation of the eIF2 subunits regulates the heterotrimer’s overall function. While
only two sites of phosphorylation to date have been identified on eIF2α, the smallest of the
eIF2 subunits, numerous investigations have focused on ser-51 phosphorylation.5-8 During
ternary complex formation, the phosphorylated ser-51 α-subunit converts the heterotrimer
from an activator to an inhibitor of eIF2B catalyzed GDP-GTP exchange. Unbound to GTP,
affinity for eIF2 to form a ternary complex is compromised, ultimately leading to overall
protein translation inhibition.6, 8-9 Previous studies on phosphorylation of the β-subunit
show minimal physiological impact as compared to that of the α-subunit but do show
binding implications.10-14 Physiologically, the β-subunit interacts with Met-tRNAi, mRNA,
and other initiation factors such as eIF2B, eIF3, eIF1, and eIF5.15-21 As for the largest
subunit, eIF2γ, only one site of phosphorylation has been previously identified.22

Identification of phosphorylation on thr-109 stems from studies involving serum starvation,
yet neither physiological significance nor responsible kinases have been identified for this
specific site.

As the largest of the three subunits, the 472 amino acid human eIF2γ protein contains
several binding domains, has a molecular weight of roughly 51.8 kDa, and shares 72%
sequence homology to that of its counterpart in Saccharomyces cerevisiae.9, 13, 23 The γ-
subunit binds directly to GDP/GTP and Met-tRNAi and serves as the heterotrimer’s core,
which binds to the other subunits.24-28 The N-terminus of eIF2γ binds glycoprotein p67
which has a direct role in protecting eIF2α ser-51 phosphorylation.29-30 The γ-subunit shares
homology with eEF1A, a tRNA binding protein, and has structural homology to the
eubacteria G-protein EF1A.28, 31-32 Comparison of primary sequences from bacteria to
mammals shows approximately 59% sequence identity and as much as 69% homology with
the G binding domain, although this high sequence identity does not necessarily translate to
high structural identity.13, 28 The GTP γ-phosphate regulating proteins eIF5 and eIF2B
directly bind the γ-subunit.33

Despite previous investigations into eIF2γ function, the regulatory mechanisms governing
these functions remain poorly understood.28, 31, 34 Although phosphorylation has been
shown to directly impact binding between the α- and β-subunits, no investigations to date
have directly probed for phosphorylation on human eIF2γ.14 Mutation studies have been
previously performed on the γ-subunit, and results have shown that mutation of threonine, a
residue known to bind phosphate, suppresses the binding efficiency of this subunit to Met-
tRNAi.35

Given this interesting finding and its potential important implication to tRNA binding, we
chose to more closely investigate this subunit. We probed for sites of phosphorylation using
mass spectrometry, a method that has and continues to be the favored method to ascertain
these post-translational modifications.36-41 Tandem mass spectrometry, coupled with nano
high-performance liquid chromatography (also known as nanoLC-MS/MS), has the ability
to accurately measure macromolecules and in a previous study, we successfully used
nanoLC-MS/MS following phosphoenrichment via immobilized metal affinity
chromatography (IMAC) and/or titanium dioxide to identify phosphosites on the largest
eukaryotic initiation factor, eIF3.42-45

The goal of this study is to accurately determine phosphorylation of eIF2γ and to begin to
address the enzymatic pathway leading to this specific post translational modification. To
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this end we have utilized high resolution nanoLC-MS/MS together with phosphoenrichment
to identify potential novel sites of phosphorylation on eIF2γ. Using an LTQ-Orbitrap XL
mass spectrometer, we have identified 8 sites of phosphorylation, 7 of them novel, on the γ-
subunit derived from HeLa cell lysate. Subsequent to novel phosphosite identification, we
used a mass spectrometric technique traditionally used for global quantification analysis of
peptides/proteins to identify a potential kinase for one of the novel phosphosites. We have
applied Tandem Mass Tags (TMT) to specifically target a potential kinase of eIF2γ. These
primary amine reactive isobaric tags release reporter ions upon collision induced
dissociation (CID), which allows for quantification of a given peptide/protein.46-47

Accordingly, we demonstrate that protein kinase C (PKC) has the capability of
phosphorylating thr-66 of the γ-subunit. We specifically chose to probe kinase
phosphorylation of thr-66 due to both its evolutionary conservation and its integral binding
region placement within the protein. Intriguingly, PKC has been implicated in the process of
translation initiation as it phosphorylates eIF2β and binds the ribosomal protein
RACK1.10, 48-49 Identification of both novel phosphosites and a possible kinase on eIF2γ
may ultimately reveal modes of regulation not only for eIF2 but potentially the entire
process of protein translation.

EXPERIMENTAL PROCEDURES
Purification of eIF2 from HeLa cell lysate

Purification of eIF2 from HeLa cell lysate follows the published protocol for the isolation of
eIF3 except for minor changes.43 HeLa cell lysate (from approximately 30L cells) was
quickly thawed in a 37°C water bath and supplemented with 10% glycerin, 1 mM EDTA, 1
mM EGTA, 50 mM NaF, 50 mM beta-glycerol phosphate, 10 mM benzamidine, 1 mM
DTT, and 1X protease inhibitor mixture (Roche). The resulting lysate was stirred for 10
minutes at 4°C followed by centrifugation at 20,000 × g for 20 minutes at 4°C. To the
resulting supernatant, KCl was added to a final concentration of 450 mM followed by
centrifugation in a Beckman Ti-45 rotor for 4 hours at 4°C at 45,000 rpm. The middle two-
thirds of the supernatant was carefully removed and stirred at 4°C while saturated
ammonium sulfate was added to a final concentration of 40%. After stirring on ice for 1
hour, the suspension was centrifuged at 20,000 × g for 10 minutes at 4°C and the pellet (this
is known as the A cut) was frozen for future use. To the remaining supernatant, ammonium
sulfate was added to a final concentration of 70%. After stirring for 1 hour, the mixture was
centrifuged at 20,000 × g for 10 minutes at 4°C. The pellet (the B cut) was resuspended in
50 ml of buffer A (20 mM HEPES, pH 7.5, 10% glycerol, 1 mM EDTA, 1mM EGTA, 50
mM NaF, 50 mM beta-glycerol phosphate, 10 mM benzamidine, 1 mM DTT) containing 50
mM KCl and dialyzed in two liters of the same buffer for 2.5 h at 4°C. Following dialysis,
the lysate was passed through a 0.2 μm syringe filter and loaded onto a MonoQ (10/10)
column (GE Healthcare, Sunnyvale, California). The column was eluted with a linear
gradient of 100 to 500 mM KCl in buffer A at 2 ml/min with 3 ml fractions collected.
Fractions were then loaded onto an SDS-PAGE gel along with previously purified eIF2 to
verify the location of the heterotrimer. The fractions that contained eIF2 were then, pooled,
dialyzed against buffer A containing 100 mM KCl for 2.5 hours at 4°C, and loaded onto a
MonoS (10/10) column (GE Healthcare, Sunnyvale, California). The same gradient was
applied as that of the MonoQ column and fractions from the MonoS column were analyzed
using SDS-PAGE in a similar fashion. Fractions containing eIF2 were pooled and loaded
onto a hydroxyapatite column made in-house using commercial hydroxyapatite
(Calbiochem, San Diego, California). Elution was performed using a linear gradient from 0
to 100% 0.5M potassium phosphate buffer at pH 7.5. Fractions were again analyzed via
SDS-PAGE in a similar manner to those eluting from either the MonoQ or MonoS columns.
Fractions containing the now purified eIF2 were pooled and concentrated using Amicon
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Ultra filtration devices with a MWCO of 10,000 Da to yield a final concentration between 1
and 2 mg/ml (Supplemental Fig. S1). Final verification for the presence of eIF2γ was
performed using a western blot.

In silico analysis of eIF2γ
The FASTA primary sequences of eIF2γ derived from a) Homo sapiens (accession number:
P41091), b) Saccharomyces cerevisiae (accession number: P32481), c) Methanocaldococcus
jannaschii (accession number: Q58657), and d) Pyrococcus abyssi (accession number:
Q9V1G0), were retrieved from the website http://www.uniprot.org/.50 For multiple
sequence alignment, the clustalW2 program was used from the website
http://www.ebi.ac.uk/Tools/msa/clustalw2/ using default parameters.51 For kinase
prediction, the FASTA primary sequence of eIF2γ derived from Homo sapiens was input
into the NetPhosK 1.0 Server at the website http://www.cbs.dtu.dk/services/NetPhosK/.52

The method used was “Prediction without filtering (fast)” and threshold was set at 0.50.

Buffer exchange of eIF2
Prior to mass spectrometric analysis, eIF2 was buffer exchanged using P10 biospin columns
(BioRad, Hercules, California). The original buffer in the biospin column was exchanged 4
times with 100 mM ammonium acetate according to the manufacturer’s protocol. After
exchange, 150 μl of 10 mg/ml BSA solution was loaded onto the column and spun for 4 min
at 1000 × g. The column was then re-equilibrated with 4 exchanges of 100 mM ammonium
acetate prior to addition of 50 μg of eIF2. Once the sample was loaded, the biospin column
was spun for 4 min at 1000 × g and the resultant solution was kept in a separate tube at 4°C
until ready for use.

In solution digest of eIF2 protein complex
Approximately 100 nmol of eIF2 buffer-exchanged protein was first reduced at 56°C for 45
minutes in 5.5 mM DTT followed by alkylation for one hour in the dark with iodoacetamide
added to a final concentration of 10 mM. Trypsin was added at a final enzyme:substrate
mass ratio of 1:50 and digestion carried out overnight at 37°C. The reaction was quenched
by flash freezing in liquid nitrogen and the digest was lyophilized.

Enrichment of phosphopeptides via TiO2
One hundred nmols of reduced, alkylated, and trypsin-digested eIF2 were reconstituted in
0.1% TFA with 10% acetonitrile. Microtips filled with TiO2 purchased from Glygen
(Glygen, Columbia, Maryland) were used according to the manufacturer’s instructions.
Briefly, the TiO2 was equilibrated with 0.1% TFA and 10% acetonitrile prior to sample
loading. Unbound peptides were washed away and bound peptides were eluted with 200
mM NH4OH. Eluted samples were dried and reconstituted in 2% acetonitrile with 0.1%
TFA prior to nano-LC-MS/MS analysis.

Nano-LC-MS/MS of eIF2
Nano-LC-MS/MS was performed on both the phospho- and non-phospho-enriched eIF2
sample using an LTQ-Orbitrap XL (Thermo Fisher, San Jose, CA) mass spectrometer
equipped with an ADVANCE ion max source (Michrom Bioresources Inc, Auburn, CA), a
Surveyor MS pump (Thermo Fisher, San Jose, CA), and a microautosampler (Thermo
Fisher, San Jose, CA). The online column consisted of 15 cm of C18 Magic beads (Michrom
Bioresources Inc, Auburn, CA), particle size 5 μm with 100 Å pore size, packed into 100 μm
ID fused silica. The column was equilibrated with solvent A (0.1% (v/v) formic acid in
water) for 15 minutes prior to sample injection. The sample was loaded onto the column for
30 minutes at 2% solvent B (0.1% (v/v) formic acid in acetonitrile) with 98% solvent A at a
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flow rate of 750 nl/min. Peptides were eluted off the column at 750 nl/min using the
following gradient: 2-10% solvent B for 5 minutes, 10-35% solvent B for 65 minutes,
35-70% solvent B for 5 minutes, 35-70% solvent B for 5 minutes, 70-90% solvent B for 5
minutes, 90% solvent B for 5 minutes, then reversed to 2% solvent B for 10 minutes. All
ions with TMT labels were analyzed via HCD, all others with CID. The LTQ-Orbitrap XL
was set to data-dependent scan of the top 5 most abundant ions with a minimum signal
threshold of 55,000. Collision energy in the ion trap was set at 35% normalized collision
energy and resolution was set at 30,000. Dynamic exclusion was set for 60 seconds with
repeat count set to 2 and repeat duration set to 30 seconds. All data were searched via
SEQUEST Bioworks 3.3.1 (Thermo Fisher, San Jose, CA) and manually validated. Those
peptides with Xcorr scores greater than 2.5 were considered for further manual validation.
An in-house database consisting of 584 proteins was constructed for all SEQUEST searches
containing the sequences of all known mammalian eukaryotic initiation factors as well as
their reversed sequences. Common contaminants including human keratins, porcine trypsin,
bovine serum albumin, bovine beta-casein, PKC, and their reversed sequences were also
included. We performed searches with tryptic specificity and allowed for three missed
cleavages with a tolerance of 20 ppm in MS mode and 0.2 Da in MS2 mode. Possible
structure modifications inputted were N-terminal and lysine TMT labeling, methionine
oxidation, carbamidomethylation of cysteine, and serine, threonine, and tyrosine
phosphorylation. There were three biological replicates for all experiments.

MALDI-TOF-TOF mass spectrometric analysis
For the matrix-assisted laser desorption/ionization (MALDI) mass spectrometric analysis, all
mass spectra were acquired on a 4700 MALDI-TOF/TOF mass spectrometer (AB Sciex,
Foster City, CA) equipped with a 200 Hz ND-YAG laser source (355 nm). The instrument
was operated at an accelerating voltage of 20 kV. All spectra were taken from signal
averaging of 1000 laser shots. The laser intensity was kept constant for all of the samples.

A 0.5 μl sample was mixed with an equal volume of 10 mg/ml α-Cyano-4-hydroxycinnamic
acid (Sigma-Aldrich, St Louis, MO) in 50% acetonitrile aqueous solution containing 0.1%
formic acid and deposited onto a standard MALDI plate 53. After drying for approximately
10 min at room temperature, the MALDI plate was loaded into the mass spectrometer and
the analyses were performed in the reflector detection mode with mass range 700-4000 m/z.
All MS data were further processed using Data Explorer 4.5 (AB Sciex).

Kinase Reaction
For kinase reaction validation, we incubated 10 μg of the known PKC peptide substrate
neurogranin (Promega, Madison, WI) in a 60 μl reaction containing the following: 20 mM
HEPES at pH7.5, 1.7 mM CaCl2, 10 mM MgCl2, 1 mM DTT, 600 ng/μl phosphatidylserine,
1 μg/μl Type III-S histone, 0.33 mM ATP, and 125 ng PKC (Promega, Madison, WI). The
kinase reaction was incubated at 30°C for one hour. Efficacy of the reaction was determined
via MALDI-MS (Supplemental Fig. S2). The PKC used in this study was reported to contain
primarily the α, β, and γ isoforms, but also contained lesser amounts of the δ and ζ isoforms.

For the human serum albumin (HSA) kinase reaction, 50 μg HSA was equally split in half.
Half of the sample underwent reduction, alkylation, and trypsin digestion. The remaining
half was incubated with PKC. After sufficient incubation time with PKC, HSA was then
reduced, alkylated, and trypsin digested. Peptides incubated with PKC were subsequently
reacted with an excess amount of one of the TMT duplex tags, TMT-127 (Thermo Fisher,
San Jose, CA). Those peptides not incubated with PKC were incubated with the other
duplex tag, TMT-126. Incubation with an excess amount of TMT reagent ensured the

Andaya et al. Page 5

J Proteome Res. Author manuscript; available in PMC 2012 October 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



maximum possible incorporation of the reagent onto the peptides. After incubation, all
peptides were then combined and analyzed via nanoLC-MS/MS.

TMT reaction
Incorporation of TMT duplex tags (Thermo Fisher, San Jose, CA) was performed according
to the manufacturer’s protocol. Briefly, both of the duplex tags were equilibrated to room
temperature prior to addition of 41 μl of anhydrous acetonitrile. The reagents were allowed
to dissolve for five minutes with vortexing performed twice during the dissolving time. To
the peptides incubated with PKC, 20 μl of TMT-127 was added; to the peptides without
PKC incubation, 20 μl of TMT-126 was added. Reaction with TMT reagent was carried out
for one hour at room temperature. To quench the reaction, 5 μl of 5% hydroxylamine was
added and allowed to react for 15 minutes. Peptides incubated with TMT-127 were
combined with those incubated with TMT-126 and were flash frozen prior to lyophilization.
Samples were reconstituted in 10 μl of 2% acetonitrile with 0.1% TFA prior to loading onto
the LTQ-Orbitrap.

RESULTS
Phosphosite identification on eIF2γ

Phosphorylated eIF2 residues were identified from purified HeLa cell lysate, which was
reduced, alkylated, and trypsin digested prior to nanoLC-MS/MS.43, 54 The purified
heterotrimer eluted from ion exchange columns was verified via western blot (Supplemental
Fig. S1). Half of the trypsin digested eIF2 underwent titanium dioxide phosphoenrichment.
Both enriched and non-enriched peptide mixtures were separately loaded onto a nano-LC
reversed phase (C18) column coupled to the LTQ-Orbitrap XL. All MS/MS spectra were
searched with an in-house database using SEQUEST with subsequent manual validation of
each spectrum in order to confirm the presence and/or absence of phosphorylation. The non
phosphoenriched peptides were identified yielding 78% sequence coverage to the γ-subunit
(Fig. 1).

A total of 8 phosphosites were identified on eIF2γ (Table 1). All phosphorylations,
identified via neutral loss, were observed only in the phosphoenriched sample suggesting
low stoichiometric abundance which is typical for phosphorylated residues.54-56 An
illustration of phosphorylation identification using neutral loss is shown for thr-435 (Fig. 2).
To identify thr-435 phosphorylation, we selected the top 5 abundant scans for each given
MS scan automatically isolating an ion at 791.4 m/z in the linear ion trap and subsequently
subjecting it to CID to produce the corresponding MS/MS spectra. Multiple b and y ions
were detected showing phosphate and neutral phosphate loss unambiguously identifying
thr-435 phosphorylation on the γ-subunit. Similar results were observed for the remaining 7
sites identified on eIF2γ yielding a total of 8 phosphorylation sites (Supplemental Figs. S3-
S5).

In silico analysis of eIF2γ
In order to further assess structural and/or functional information of the novel eIF2γ
phosphosites, we performed a multiple sequence alignment of the human sequence against
that of yeast and two archaea species, the latter of which had been previously crystallized
(Supplemental Fig. S4).28, 31, 51 Multiple sequence alignment analyses revealed that only
thr-66 phosphorylation exhibited evolutionary conservation across all four species.
Structurally, thr-66 is of further interest as it resides within the switch 1 region of the
protein.28 The switch regions of eIF2γ, undergo dramatic conformational rearrangements
upon GTP binding, bind eIF5 or the 40S ribosome, and assist the heterotrimer in ternary
complex formation.28, 35 While mutation studies have been performed on the switch regions
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in yeast, there have been no studies to date regarding the implication of phosphorylation
within this structurally sensitive region of the protein.35

As thr-66 of eIF2γ lies within the structurally important switch 1 region and exhibits
evolutionary conservation, we next probed for a kinase capable of thr-66 phosphorylation.
While initially using an in silico method (see Experimental), PKC emerged as a candidate
kinase that potentially phosphorylates not only thr-66, but also thr-56, the latter of which
was also observed as phosphorylated in the current study (Table 2).52 The homolog to
human thr-56 in Saccharomyces cerevisiae is thr-115 which has been mapped to the G1
domain and is implicated in the binding of the α-phosphate of GTP. Mutation of thr-115 to
alanine on yeast suppresses eIF2 binding to Met-tRNAi.35 For the purposes of the current
study, however, we directed our efforts on determining PKC’s reactivity with human thr-66
due to its evolutionary conservation. Ongoing studies are aimed at investigating PKC’s
reactivity with thr-56 and also its effect on eIF2 binding with Met-tRNAi.

Establishing a kinase assay using Tandem Mass Tags
Previous investigations have implemented mass spectrometry in the global analysis of
kinase activity along with their specific phosphorylated substrates.57-60 Amine-reactive
isobaric reagents such as TMT or iTRAQ (isobaric tag for relative and absolute quantitation)
are widely used for global quantification of peptides/proteins.47, 61 In order to analyze for
individual rather than global phosphorylation, immunoblotting techniques have traditionally
been used but are primarily restricted to previously established, and not novel, phosphosites.
Radioactive 32P labeling coupled with mass spectrometry has also been shown to monitor
stoichiometric levels of phosphorylation.62 In this strategy we describe a technique that
foregoes the use of radio labels and modifies TMT to exclusively identify the kinase of
specific substrates (Fig. 3).

For verification of our targeted kinase identification protocol illustrating PKC’s ability to
phosphorylate thr-66 of eIF2γ, we first validated our in vitro parameters by demonstrating
PKC’s efficacy at phosphorylating a known PKC peptide substrate (Supplemental Fig. S2).
Next, we assessed the use of TMT to identify potential kinase substrates by looking for
potential phosphorylation PKC sites on human serum albumin (HSA).63 HSA was reacted
with PKC or left unreacted (see Experimental), then subjected to reduction, alkylation, and
trypsin digestion. Unreacted HSA peptides were incubated with the light TMT duplex
reagent and PKC reacted HSA peptides were incubated with the heavy TMT duplex reagent.
After incubation, equal amounts of both TMT reacted peptides were combined and analyzed
via nanoLC-MS/MS. Prior nanoLC-MS/MS analysis of HSA peptides without TMT, PKC
incubation, nor phosphoenrichment revealed no detectable levels of phosphorylation on
ser-82. An increase, however, in ser-82 phosphorylation was detected upon PKC incubation
(Fig. 4). This finding suggests that PKC is capable of in vitro phosphorylation of HSA at
ser-82. Additionally, low levels of phosphorylation become detectable without prior
phosphoenrichment upon proper kinase incubation.

Phosphorylation of eIF2γ via PKC
After utilizing the TMT method for ser-82 of HSA, we next incubated purified eIF2 with
PKC. Since eIF2γ itself has not been reported to function once removed from the trimeric
complex, we decided to investigate PKC phosphorylation of thr-66 on a biologically
relevant heterotrimer rather than on a single subunit or a residue present within a
synthetically synthesized peptide. Analogous to prior HSA analysis, eIF2 was reacted with
PKC (herein referred to as eIF2-PKC) or left unreacted (herein referred to as eIF2-nonPKC).
The protein was then reduced, alkylated, and trypsin digested prior to incubation with TMT:
heavy TMT duplex incubated with eIF2-PKC and light TMT duplex incubated with eIF2-
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nonPKC. Phosphoenrichment was then used to ensure detection of thr-66 phosphorylation
on the γ-subunit. Equal amounts of each of the TMT labeled peptides were mixed and
subjected to nanoLC-MS/MS analysis. Analysis of the peptide with thr-66 specifically
revealed TMT reporter ions for eIF2-PKC, which were roughly four times the abundance
compared to those of eIF2-nonPKC (Fig. 5). This outcome suggests that the relative amount
of phosphorylation of thr-66 increased upon PKC incubation thus implicating thr-66 as a
target for PKC. The absolute amounts of phosphorylation will be determined in future
studies.

The relatively small amount of phosphorylation for thr-66 suggests that it may be buried
within the heterotrimer and possibly results in decreased accessibility for the kinase. If
indeed this is the case, this raises concerns about possible temporal aspects of
phosphorylation which have been previously reported for HeLa cells.64 The precise nature
of thr-66 phosphorylation may vary substantially during complex formation, nucleotide
binding, or even during binding of eIF2 to other initiation factors. Future studies will probe
the overall dynamics of thr-66 phosphorylation and its interplay with trimer complex
formation and nucleotide binding. Additional studies will investigate other possible kinases
involved in the phosphorylation of not only thr-66, but the other novel phosphosites
identified within this study.

Structural mapping of identified phosphorylation sites
Due to a lack of available crystal structure data on human eIF2γ, we mapped our novel
phosphosites onto an archaea homolog crystal structure to better define potential biological
roles for these novel sites of phosphorylations (Fig. 6).65 Although we have directed our
efforts on thr-66, both ser-55 and thr-56 are phosphosites that are also within eIF2’s
nucleotide binding pocket. Future investigations will determine the role of phosphorylation
on GTP, magnesium, and Met-tRNAi binding for these residues.

The C-terminal novel phosphosites: ser-412, thr-413, ser-418, and thr-435, all structurally
cluster on either domain 2 or domain 3 of the protein. Domains 2 and 3 bind eIF2α and Met-
tRNAi.34 Clustering of phosphosites have also been observed on the three largest subunits of
eIF3.43 Although not precisely defined, recent investigations suggest that the central core of
the 13 subunit eIF3 protein consists of either eIF3a, eIF3b, and/or eIF3c. Interestingly,
phosphorylation on these potential eIF3 core proteins are present as clusters and this
clustering of phosphorylation sites will be a subject of future investigation on core proteins
of various eIF proteins.43, 66-68 Lastly, thr-109 is located near the zinc binding domain of the
γ-subunit and phosphorylation of this site has previously been reported. Discovery of
additional phosphosites in the current targeted investigation suggests that potential novel
phosphorylation sites may be inadvertently overlooked under global proteomic
investigations.22 Additionally, thr-109 phosphorylation may be increased relative to other γ-
subunit phosphorylations as its location on the periphery of the protein may cause increased
kinase accessibility. Nonetheless, thr-109 phosphorylation will also be investigated
regarding its role in zinc binding and subsequently its role in heterotrimer formation.

CONCLUSION
The goal of this study was to investigate novel phosphorylation sites on human eIF2γ, the
largest subunit of the eIF2 heterotrimer. While only one investigation prior to our study
revealed one site of phosphorylation using global phosphoenrichment of lysate, our targeted
study corroborated that finding and unveiled seven additional sites of phosphorylation, all of
which appear to be present at low sub-stoichiometric levels. Additionally, we have
developed and made use of TMT, a common global quantification mass spectrometry
reagent, to investigate potential kinase-substrate recognition. We have shown that protein
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kinase C is capable of in vitro phosphorylation of thr-66 on eIF2γ, and lastly, structural
mapping of the phosphorylation sites revealed thr-66 mapping to the nucleotide binding
pocket of the γ-subunit. Future studies will be directed at both the in vivo effect PKC
phosphorylation has on eIF2 and the biological impact these phosphosites may have on the
overall process of translation.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Shown is the amino acid sequence of eIF2γ. Residues in red were mapped with mass
spectrometry. Total sequence coverage of the protein is 78%.
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Figure 2.
Identification of the phosphorylation site thr-435 from eIF2γ derived from HeLa cell lysate.
(A) Precursor mass scan of the [M+2H]2+ ion is shown. Inset shows zoomed view of
spectrum of m/z ion 791.4. (B) MS/MS spectra of m/z ion 791.4 illustrating phosphorylation
of thr-435 on human eIF2γ. Diagnostic ions are labeled that indicate the phosphosite.
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Figure 3.
Shown is a flow diagram of our scheme to decipher possible kinases for known
phosphosites.
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Figure 4.
Identification of an increase of phosphorylation of thr-82 on human serum albumin (HSA)
upon PKC incubation. (A) Precursor mass scan of the [M+2H]2+ ion is shown. (B) MS/MS
spectra of m/z ion 986.4 illustrating phosphorylation of thr-82. Diagnostic ions are labeled
that indicate the phosphosite. An asterisk is used to demarcate location of TMT label. (C)
The reporter ions for TMT tags indicate a 127:126 ratio of 2.5. This indicates an increase of
this phosphopeptide upon PKC incubation.
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Figure 5.
Identification of phosphorylation increase of thr-66 on eIF2γ upon PKC incubation. (A)
Precursor mass scan of the [M+3H]3+ ion is shown. (B) MS/MS spectra of m/z ion 662.1
illustrating phosphorylation of thr-66. Diagnostic ions are labeled that indicate the
phosphosite. An asterisk is used to demarcate location of TMT label. (C) The reporter ions
for TMT tags indicate a 127:126 ratio of 2.5. This indicates an increase of this
phosphopeptide upon PKC incubation.
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Figure 6.
The 8 identified phosphorylation sites mapped onto archaeal eIF2γ homolog structure.64 The
side chains of the residues corresponding to the phosphorylation sites are indicated as sphere
models, where carbon, oxygen and nitrogen atoms are colored yellow, red, and blue
respectively. The residue numbers shown correspond to those in the human factor. The GDP
molecule is shown as a stick model, magnesium and zinc ions are shown as green and
magenta spheres. The P-loop and switch 1 region are colored as red and orange. Domains
are separated by different coloring as indicated.
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Table 1

Shown are the phosphorylation sites identified via tandem mass spectrometry. The corresponding mass of the
peptide along with the charge at which the peptide was observed is also shown in the table.

Sequence phosphorylated residue start-end [M + H] (Da) z

IVLTNPVCTEVGEK T435 427-440 1581.76 2

SCGSSTPDEFPTDIPGTK T109 104-121 1918.78 2

STVVKAISGVHTVR S55, T56, T66 55-68 1693.75 3

NEVLMVNIGSLSTGGRVSAVKADLGK S412, T413, S418 401-426 2871.31 3
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Table 2

Probabilities of certain kinases phosphorylating specific residues shown here corresponding to eIF2γ. The
closer the probability score is to 1, the more likely that residue is phosphorylated by the kinase listed. For
thr-66, PKC has a 0.86 score to phosphorylate that residue. This computer program is available at:
http://www.cbs.dtu.dk/services/NetPhosK/

residue kinase probability

Thr-29 p38MAPK 0.57

Ser-55 cdc2 0.51

Thr-56 PKC 0.87

Thr-66 PKC 0.86

Thr-78 PKA 0.53

Tyr-83 INSR 0.53

Ser-95 cdc2 0.50

Thr-109 CKII 0.57

Thr-115 CKII 0.51
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