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BSTRACT 

IF2A was the first eukaryotic initiator tRNA carrier 
isco vered b ut its exact function has remained enig- 
atic. Uncharacteristic of translation initiation fac- 

ors, eIF2A is reported to be non-cytosolic in mul- 
iple human cancer cell lines. Attempts to study 

IF2A mechanisticall y ha ve been limited by the in- 
bility to achieve high yield of soluble recombinant 
rotein. Here, we developed a purification paradigm 

hat yields ∼360-fold and ∼6000-fold more recom- 
inant human eIF2A from Esc heric hia coli and in- 
ect cells, respectively, than previous reports. Using 

 mammalian in vitro translation system, we found 

hat increased levels of recombinant human eIF2A 

nhibit translation of multiple reporter mRNAs, in- 
luding those that are translated by cognate and 

ear-cognate start codons, and does so prior to start 
odon recognition. eIF2A also inhibited translation 

irected by all four types of cap-independent viral 
RESs, including the CrPV IGR IRES that does not re- 
uire initiation factors or initiator tRNA, suggesting 

 xcess eIF2A sequester s 40S subunits. Supplemen- 
ation with additional 40S subunits prevented eIF2A- 
ediated inhibition and pull-down assays demon- 

trated direct binding between recombinant eIF2A 

nd purified 40S subunits. These data support a 

odel that eIF2A must be kept awa y fr om the transla- 
ion machinery to avoid sequestering 40S ribosomal 
ubunits. 
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NTRODUCTION 

anonical mRNA transla tion initia tion uses the ternary 

omplex (TC) –– comprised of the heterotrimeric eukaryotic 
nitiation factor 2 (eIF2) bound to GTP and initiator tRNA 

Met-tRNA i 
Met ) –– to deli v er the initiator tRNA to the P 

ite of the 40S ribosomal subunit. The TC along with eIF1, 
IF1A, eIF3, eIF5 and the 40S subunit form the 43S pre- 
nitiation complex (PIC) that is recruited to the 5 

′ m 

7 G 

ap bound by the eIF4F complex (comprised of the cap- 
inding protein eIF4E, the scaffolding protein eIF4G, and 

he ATP-dependent RNA helicase eIF4A) ( 1 ). The PIC then 

cans 5 

′ -to-3 

′ in search of an AUG start codon ( 2 , 3 ). Once
he initiator tRNA in the P site base pairs with the AUG 

tart codon, eIF2 hydrolyzes GTP and releases the initia- 
or tRNA, stimulating the dissociation of itself and most 
IFs. The 60S subunit then joins, which is aided by eIF5B, 
o form the 80S ribosome ( 4 ). While eIF2 is the dominant 

et-tRNA i 
Met carrier in the cell, se v eral other factors have 

een reported to bind and deli v er Met-tRNA i 
Met to the 40S 

ubunit, namely eIF2A, eIF2D, and MCT-1 •DENR (Mul- 
iple Copies in T-cell Lymphoma 1 and Density Regulated 
ichael.kearse@osumc.edu 

ids Research. 
s Attribution License (http: // creati v ecommons.org / licenses / by / 4.0 / ), which 
e original work is properly cited. 
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Protein complex) ( 5–7 ). Multiple reports suggest eIF2D
and MCT-1 •DENR function in translation re-initiation ( 6–
8 ), but the exact role of eIF2A remains unknown (for an
in-depth re vie w on eIF2A see ( 9 )). 

eIF2A is a 65 kDa monomeric protein (non-homologous
to eIF2) that was disco vered o ver 50 years ago (initially
named IF-M1) from the high salt-washed ribosome frac-
tion of rabbit reticulocyte lysate ( 5 , 10 ). In 1975, Adams et
al . used methionyl-puromycin synthesis assays to demon-
stra te tha t eIF2A was ab le to deli v er Met-tRNA i 

Met to the
40S subunit to form a functional 80S ribosome; howe v er,
eIF2A was much less efficient of a Met-tRNA i 

Met carrier
than eIF2 for endogenous mRNA ( 11 ). While eIF2A was
first thought to be the functional ortholog of prokaryotic
IF2 due to them both being monomeric and requiring a
mRNA template to deli v er Met-tRNA i 

Met , it soon became
known that eIF2 (and not eIF2A) was the primary Met-
tRNA i 

Met carrier in eukaryotes. Intriguingly, endogenous
eIF2A protein is as abundant as the eIF2 subunits ( �, �,
� ) in multiple human cell lines ( 12 ) (Supplementary Fig-
ure S1A and Supplementary Table S1) and has a simi-
lar reported binding affinity for Met-tRNA i 

Met as eIF2,
(12.4 and 15.0 nM, respecti v ely) ( 13 , 14 ). Howe v er, little is
known on a transcriptome wide le v el w hich mRN As or
open reading frames require eIF2A. CLIP-seq-based exper-
iments to identify eIF2A-bound transcripts are lacking. To
our knowledge, only a single published report has used ribo-
some profiling of eIF2A knockout (KO) cells, which shows
a decrease in the ratio of upstream open reading frames
(uORFs), many of which were non-AUG encoded, to main
ORF translation; howe v er, there was no global effect on
translation upon KO ( 15 ). 

Atypical of translation initiation factors, multiple reports
have described eIF2A of being non-cytosolic in mammalian
cells ( 14 , 16–18 ). For example, Kim et al . reported that
eIF2A is primarily restricted to the nucleus during normal
growth conditions but shuttles to the cytoplasm during cell
stress and viral infection in Huh7 cells ( 14 ). Multiple reports
have provided genetic evidence that eIF2A may selectively
function in translation of specific mRNAs or ORFs, of-
ten a t near-cogna te start codons. Starck et al . demonstrated
that eIF2A knockdown (KD) decreases the translation of
the UUG-encoded uORF reporter in Binding immunoglobin
protein ( BiP ) during cell stress ( 19 ). In an earlier report,
Starck et al . concluded that Leu-tRNA 

Leu can be used to
initia te transla tion a t CUG codons, which is not inhibited
by NSC119893 that suppresses canonical eIF2-mediated
initiation ( 20 ). KD of eIF2A decreased translation of CUG-
encoded ORFs ( 20 ). These results led the authors to spec-
ula te tha t eIF2A can use Leu-tRNA 

Leu for initia tion ( 20 );
howe v er, direct binding between eIF2A and Leu-tRNA 

Leu

was not confirmed. Liang et al . reported an isoform of
PTEN (PTEN- α) , a gene commonly mutated in cancer, is
translated from a CUG-encoded uORF and KD of eIF2A
leads to decreased PTEN- � protein le v els ( 21 ). Signal from
repea t-associa ted non-AUG (RAN) transla tion reporters
harboring myotonic dystrophy type 2 CCUG •CAGG re-
peats were reduced in eIF2A KO cells and increased when
eIF2A was co-ov ere xpressed in HEK293T cells ( 22 ). How-
e v er, a steadfast role of eIF2A in all RAN translation is not
clear as studies using different reporter designs have diver-
gent conclusions of eIF2A depletion and RAN translation
of C9orf72 ALS-TFD GGGGCC repeats ( 23 , 24 ). eIF2A
may also regulate IRES-mediated translation in yeast and
human cells ( 14 , 25–27 ), although this is not entirely clear
as conflicting results focusing on hepatitis C virus (HCV)
and eIF2A have been reported ( 14 , 28 ). In yeast, eIF2A-
null cells have unchanged polysome profiles compared to
control str ains; y et genetic and physical inter actions with
eIF5B and eIF4E support that eIF2A functions in trans-
lation ( 25 , 29 ). eIF2A KO mice de v eloped a metabolic syn-
drome and had decreased life spans by one year of age, sug-
gesting eIF2A may have a role in aging ( 30 ). 

Direct biochemical evidence supporting a role of eIF2A
in transla tion initia tion using AUG or near-cognate start
codons is less evident since its initial discovery. Purifying
eIF2A has historically been challenging and has slowed
mechanistic interrogation of its function(s). The initial pu-
rification scheme for eIF2A from rabbit reticulocyte lysate
(RRL) included eight steps and produced a seemingly ho-
mogenous final product but did not yield protein that was
consistently acti v e that could deli v er labeled Met-tRNA i 

Met

to 40S subunits ( 5 , 10 ). Dmitriev et al . identified a co-
purified factor (later identified and named eIF2D) that was
also able to bind and deliver Met-tRNA i 

Met to 40S subunits
( 6 ). Due to the high similarity in chromato gra phic proper-
ties between eIF2A and eIF2D, a new purification scheme
was de v eloped that selected f or eIF2A but, f or unknown
reasons, led to inacti v e eIF2A that no longer had the abil-
ity to deli v er initiator tRNA to the 40S subunit ( 6 , 10 ). Kim
et al . reported the ability to produce 10 �g of recombinant
human His6-eIF2A from 6 L of E. coli culture which had
low nM affinity for initiator tRNA ( 14 ). 

Here, we de v eloped a r obust method for pr oduction of re-
combinant human eIF2A from E. coli and insect cells with
∼360-f old and ∼6000-f old higher yield, respecti v ely. Titrat-
ing recombinant eIF2A into mammalian in vitro translation
reactions inhibited translation of multiple reporter mR-
NAs, including those that are translated by cognate and
near-cognate start codons, and reduced formation of 80S
ribosomes and 48S initiation complexes, suggesting eIF2A
inhibits translation prior to start codon recognition. In-
creased le v els of eIF2A also inhibit translation directed by
all four types of cap-independent viral IRESs, including
those that do not r equir e ribosomal scanning, initiation
factors, or initiator tRNA, suggesting increased eIF2A se-
questers the 40S subunit. Reactions supplemented with ad-
ditional 40S subunits pre v ented inhibition and pull-down
assays provide evidence of direct binding between recombi-
nant eIF2A and purified 40S subunits. These data support
a model that eIF2A must be kept away from the translation
machinery to avoid sequestering 40S ribosomal subunits. 

MATERIALS AND METHODS 

Plasmids 

The ORF for full-length human eIF2A (Ref seq RNA #
NM 032025.5) was synthesized by Integrated DNA Tech-
nologies (IDT) and was cloned in pET His6 MBP TEV LIC
cloning vector (1M), which was a gift from Scott Gradia
(Addgene plasmid # 29656), through ligation-independent
cloning (LIC) using Novagen’s LIC-qualified T4 DNA
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olymerase (Sigma # 70099-M) as described by Q3 Macro- 
a b ( http://qb3.berkeley.edu/macrola b/ ). The His6-tag was 
eleted from the N-terminus and inserted at the C-terminus. 
utations were achie v ed using the Q5 Site-Directed Mu- 

agenesis Kit (NEB # E0552S). For recombinant expres- 
ion and purification from insect cells, MBP-eIF2A-His6 

as PCR amplified to incorporate a C-terminal FLAG 

ag and then subcloned into pFastBac1(Thermo Fisher 
 10359016). 
pcDN A3.1(+) / nLuc-3XFLAG was previousl y described 

 31 ). pcDNA3.1(+) / 3XF-RLuc (with AUG , CUG , GUG , 
AA start codon variants) was constructed by subcloning 

Luc from pRL-SV40 (which was a kind gift from Aaron 

oldstr ohm; Pr omega # E2231) via PCR amplification to 

nsert the N-terminal 3XFLAG tag. IRES-containing nLuc 
 eporters wer e generated using an overlapping PCR method 

nd cloned into pcDNA3.1(+) or pcDNA3-1D. The PV 

RES template was pcDNA3 RL UC POLIRES FL UC and 

as a gift from Nahum Sonenberg (Addgene plasmid # 

5642). The EMCV IRES and HCV IRES templates were 
ind gifts from Aaron Goldstrohm. pcDNA3.1-D / CrPV 

GR IRES nLuc-3XFLAG was previously described ( 31 ) 
ut was additionally modified to contain a strong hair- 
in (HP) upstream of the IRES element to block scanning 

r e-initiation complex es. All IRES r eporters contained the 
ame strong hairpin upstream of the IRES element (which 

s noted in the complete reporter sequence in the Supple- 
entary Data). Hairpin insertion (for IRES reporters) and 

ll mutations were introduced using the Q5 Site-Directed 

utagenesis Kit (NEB # E0554S). We hav e pre viously pub- 
ished the use of the four HP-containing viral IRES nLuc 
eporters ( 32 ). 

All plasmids were propagated in TOP10 E. coli (Thermo 

isher # C404006), purified using the PureYield Plasmid 

inipr ep or Midipr ep Systems (Promega # A1222 and 

2495), and validated by Sanger sequencing at The Ohio 

tate Uni v ersity Comprehensi v e Cancer Center Genomics 
har ed Resour ce (OSUCCC GSR). Nucleotide sequences 
f all reporters and full-length recombinant proteins are 
rovided in the Supplementary Data. 

ecombinant protein expression and purification 

sc heric hia coli deri v ed recombinant His6-MBP and MBP- 
IF2A-His6 were produced in Rosetta 2(DE3) E. coli 
Sigma # 71397-4) using MagicMedia E. coli Expression 

edium (Thermo Fisher # K6803) supplemented with 50 

g / ml kanamycin and 35 �g / ml chloramphenicol for auto- 
nduction. A 5 ml starter culture in LB media supplemented 

ith 50 �g / ml kanamycin, 35 �g / ml chloramphenicol, and 

% glucose (w / v) was inoculated with a single colony and 

rown overnight at 37 

◦C, 250 rpm. 1 ml of fresh overnight 
tarter culture was then used to inoculate 50 ml of room 

emperature MagicMedia with 50 �g / ml kanamycin and 35 

g / ml chloramphenicol, and incubated for 72 h at 18 

◦C, 
60 rpm in a 250 ml baffled flask. After auto-induction, 
ultur es wer e pelleted and stored at −20 

◦C. Recombinant 
roteins were purified using a dual affinity approach, first 
sing the C-terminal His6-tag, then the N-terminal MBP- 
ag. Cell pellets were resuspended and lysed with BugBuster 

aster Mix (Sigma # 71456) using the recommended 5 ml 
er 1 g wet cell pellet ratio for 10 min at room tempera- 
ure with gentle end-over-end rotation (10–15 rpm). Lysates 
ere placed on ice and kept cold moving forward. Lysates 
er e clear ed by centrifugation for 20 min at 18 000 rcf in
 chilled centrifuge (4 

◦C) and then incubated with HisPur 
obalt Resin (Thermo Fisher # 89965) in a Peirce cen- 

rifugation column (Thermo Fisher # 89897) for 30 min at 
 

◦C with gentle end-over-end rotation. Columns were cen- 
rifuged in a pre-chilled (4 

◦C) Eppendorf 5810R for 2 min at 
00 rcf to eliminate the flow through and then were washed 

X with two resin bed volumes of ice-cold Cobalt IMAC 

ash Buffer (50 mM Na 3 PO 4 , 300 mM NaCl, 10 mM imi- 
azole; pH 7.4) in a pre-chilled (4 

◦C) Eppendorf 5810R for 
 min at 700 rcf. His-tagged proteins were then eluted in a 

ingle elution step with two resin bed volumes of ice-cold 

obalt IMAC Elution Buffer (50 mM Na 3 PO 4 , 300 mM 

aCl, 150 mM imidazole; pH 7.4) by gravity flow. Eluates 
ere then incubated with Amylose Resin (NEB # E8021) in 

 centrifugation column for 2 h at 4 

◦C with gentle end-over- 
nd rotation. Columns were washed 5X with at least two 

esin bed volumes of ice-cold MBP Wash Buffer (20 mM 

ris–HCl, 200 mM NaCl, 1 mM EDTA; pH 7.4) by gravity 

ow. MBP-tagged proteins were then eluted by a single elu- 
ion step with two resin bed volumes of ice-cold MBP Elu- 
ion Buffer (20 mM Tris–HCl, 200 mM NaCl, 1 mM EDTA, 
0 mM maltose; pH 7.4) by gravity flow. Recombinant pro- 
eins were then desalted and buffer exchanged into Protein 

torage Buffer (25 mM Tris–HCl, 125 mM KCl, 10% glyc- 
rol; pH 7.4) using a 7K MWCO Zeba Spin Desalting Col- 
mn (Thermo Fisher # 89892) and, if needed, concentrated 

sing a 10K MWCO Amicon Ultra-4 Filter Unit (EMD 

illipore # UFC803024). Recombinant protein concentra- 
ion was determined by Pierce Detergent Compatible Brad- 
 ord Assa y Kit (Thermo Fisher # 23246) with BSA stan- 
ards diluted in Protein Storage Buffer before aliquoting 

n single use volumes, snap freezing in liquid nitrogen, and 

torage at −80 

◦C. 
Insect cell deri v ed recombinant His6-mEGFP-FLAG 

nd MBP-eIF2A-His6-FLAG was expressed in ExpiSf9 

ells using the ExpiSf Expression System Starter Kit 
Thermo Fisher # A38841) following the manufacturer’s 
rotocol. Bacmids were produced by transforming MAX 

fficiency DH10Bac Competent Cells (Thermo Fisher 
 10361012) and selecting for integrated transformants 

white colonies) on LB Agar supplemented with 50 �g / ml 
anamycin, 7 �g / ml gentamicin, 10 �g / ml tetracycline, 300 

g / ml Bluo-gal, 40 �g / ml IPTG. Single integrated trans- 
ormants were then re-streaked on selecti v e LB Agar and 

hen used to inoculate 100 ml of LB supplemented with 50 

g / ml kanamycin, 7 �g / ml gentamicin, 10 �g / ml tetracy-
line with overnight incubation at 37 

◦C, 250 rpm. Bacmids 
ere isolated from 30 ml of culture using PureLink HiPure 
lasmid Midiprep Kit (Thermo Fisher # K210004). 25 ml 
f ExpiSf9 cells at 2.5 × 10 

6 cells / ml in ExpiSf CD medium 

n a 125 ml non-baffled vented PETG flask (Thermo Fisher 
 4115–0125) were transfected with 12.5 �g of bacmid using 

0 �l ExpiFectamine Sf Transfection Reagent in 1 ml Opti- 
EM I Reduced Serum Media and incuba ted a t 27 

◦C , 195
pm. P0 baculovirus stocks were collected after 5 days and 

tored at 4 

◦C for less than a week before long-term stor- 
ge at −80 

◦C. For protein expression, 240 ml of ExpiSf9 

http://qb3.berkeley.edu/macrolab/
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cells at 5 × 10 

6 cells / ml in ExpiSf CD medium in a 1L non-
baffled vented PETG flask (Thermo Fisher # 4115-1000)
wer e tr eated with 800 �l ExpiSf Enhancer and incubated
a t 27 

◦C , 195 rpm for 22 h. 3 ml of P0 baculovirus stock
was then added and allowed to incubate for 72 h at 27 

◦C,
195 rpm. Cells were then harvested (50 ml culture pellets),
snap frozen in liquid nitrogen, and stored at −80 

◦C. A sin-
gle cell pellet from 50 ml of culture was then lysed in 16 ml
(4 pellet volumes) of ice-cold Lysis Buffer (25 mM Tris, 300
mM KCl, 10% (v / v) glycerol, 0.5% (v / v) Igepal CA-630,
protease inhibitor EDTA-free (Thermo Fisher # A32955),
phosphatase inhibitor cocktail (Thermo Fisher # A32957);
pH 7.5) with gentle end-over-end rotation for 15 min at
room tempera ture. Lysa tes wer e clear ed by centrifugation
at 214 743 rcf at 4 

◦C in S55A rotor using a Sorvall Discov-
ery M120 SE Micro-Ultracentrifuge and added to 1 ml of
Pierce Anti-DYKDDDDK Affinity Resin (Thermo Fisher
# A36803) in Peirce centrifugation column (Thermo Fisher
# 89897) for 2 h at 4 

◦C with gentle end-over-end rotation.
Columns were washed 4X with at least two resin bed vol-
umes of ice-cold Lysis Buffer and once with room tempera-
ture Elution Buffer without Peptide (25 mM Tris, 125 mM
KCl, 10% (v / v) glycerol; pH 7.5) by gravity flow. FLAG-
tagged proteins were then eluted with room temperature
Elution Buffer with 2.5 mg / ml 3XFLAG Peptide (Thermo
Fisher # A36806) for 15 min at room tempera ture. Elua tes
were placed on ice and then incubated with Amylose Resin
(NEB # E8021) in a centrifugation column for 2 h at 4 

◦C
with gentle end-over-end rotation. Columns were washed
5X with at least two bed volumes of ice-cold MBP Wash
Buffer (20 mM Tris–HCl, 200 mM NaCl, 1 mM EDTA;
pH 7.4) by gravity flow. MBP-tagged proteins were then
eluted by a single elution step with two resin bed volumes
of ice-cold MBP Elution Buffer (20 mM Tris–HCl, 200 mM
NaCl, 1 mM EDTA, 10 mM maltose; pH 7.4) by gravity
flow. Recombinant proteins were then desalted and buffer
exchanged into Protein Storage Buffer (25 mM Tris–HCl,
125 mM KCl, 10% glycerol; pH 7.4) using a 7K MWCO
Zeba Spin Desalting Column (Thermo Fisher # 89892). Re-
combinant protein concentration was determined by Pierce
Detergent Compatib le Bradfor d Assay Kit (Thermo Fisher
# 23246) with BSA standards diluted in Protein Storage
Buffer before aliquoting in single use volumes, snap freezing
in liquid nitrogen, and storage at −80 

◦C. 
Insect cell deri v ed recombinant tag-less eIF2A was e x-

pressed in ExpiSf9 cells using the ExpiSf Expression Sys-
tem Starter Kit (Thermo Fisher # A38841) following the
manufacturer’s protocol and adapting the IMPACT (In-
tein Mediated Purification with an Affinity Chitin-binding
Tag) System (NEB # 6901S). The human eIF2A coding se-
quence was cloned into the C-terminal Mxe GyrA Intein-
chitin-binding domains (CBD) expression vector pTXB1
and then subcloned into pFastBac1. Bacmid and P0 bac-
ulovirus stock generation, along with ExpiSf9 transduction
and expression was performed as described above. A single
cell pellet from 50 ml of culture was then lysed in 16 ml (4
pellet volumes) of ice-cold Lysis Buffer (20 mM Tris, 500
mM KCl, 10% (v / v) glycerol, 0.5% (v / v) Igepal CA-630,
protease inhibitor EDTA-free (Thermo Fisher # A32955),
phosphatase inhibitor cocktail (Thermo Fisher # A32957);
pH 8.0) with 7 kU Pierce Uni v ersal Nuclease for Cell Ly-
sis (Thermo Fisher # 88702) and gentle end-over-end rota-
tion for 15 min at room tempera ture. Lysa tes wer e clear ed
by centrifuga tion a t 214 743 rcf a t 4 

◦C in S55A rotor us-
ing a Sorvall Discovery M120 SE Micro-Ultracentrifuge
and added to 1 ml of Chitin Resin (NEB # S6651S) in a
Peirce centrifugation column (Thermo Fisher # 89897) for
2 h at 4 

◦C with gentle end-over-end rotation. Columns were
washed 10X with 1 column volume of Chitin Resin Wash
Buffer (20 mM Tris–HCl, 500 mM KCl, 10% (v / v) glyc-
erol, 0.5% (v / v) Igepal CA-630; pH 8.0). Thr ee r esin bed
volumes of Cleavage Buffer (20 mM Tris–HCl, 500 mM
KCl, 50 mM DTT; pH 8.0) was dripped through via gravity
flow once until a small amount of buffer remained above
the resin. The flow was stopped by capping the column.
DTT-induced on column intein cleavage proceeded at 22 

◦C
for 16 h with no shaking or rotation. The column was then
dripped by gravity flow into a pre-chilled tube and labeled
as eluate 1. Recombinant proteins were eluted 6 × with two
resin bed volumes of Wash Buffer by gravity flow with each
eluate being collected in a separate pre-chilled tube (labeled
as elua tes 2–7). Elua tes were then analyzed by SDS-PAGE
and Coomassie staining. Eluates 1 and 2 typically contained
the most abundant and pure cleaved protein, which were
then pooled and concentrated using a 10K MWCO Ami-
con Ultra-4 Filter Unit (EMD Millipore # UFC803024).
Recombinant proteins were then desalted into Protein Stor-
age Buffer (25 mM Tris–HCl, 125 mM KCl, 10% glycerol;
pH 7.4) using a 7K MWCO Zeba Spin Desalting Column
(Thermo Fisher # 89892). Recombinant protein concentra-
tion was determined by Pierce Detergent Compatible Brad-
f ord Assa y Kit (Thermo Fisher # 23246) with BSA stan-
dards diluted in Protein Storage Buffer before aliquoting
in single use volumes, snap freezing in liquid nitrogen, and
storage at −80 

◦C. 
Human cell deri v ed recombinant eIF2A-FLAG was e x-

pressed in HEK293T cells obtained commercially (Ori-
Gene # TP304303) and buffer exchanged into Protein Stor-
age Buffer (25 mM Tris–HCl, 125 mM KCl, 10% glycerol;
pH 7.4) using a 7K MWCO Zeba Spin Desalting Column
(Thermo Fisher # 89892). Recombinant protein concentra-
tion was determined by Pierce Detergent Compatible Brad-
f ord Assa y Kit (Thermo Fisher # 23246) with BSA stan-
dards diluted in Protein Storage Buffer before aliquoting
in single use volumes, snap freezing in liquid nitrogen, and
storage at −80 

◦C. 

In vitro transcription 

nLuc-3XFLA G, 3XFLA G-RLuc, �-globin 5 

′ UTR-nLuc-
3XFLAG and ATF4 5 

′ UTR-nLuc-3XFLAG reporter
plasmids were linearized with PspOMI. PV IRES nLuc-
3XFLAG, EMCV IRES nLuc-3XFLAG, HCV IRES
nLuc-3XFLAG, and CrPV IGR IRES nLuc-3XFLAG re-
porter plasmids were linearized with XbaI. Digested plas-
mids were purified using the DNA Clean and Conentrator-
25 (Zymo Research # 11–305C). 0.5 �g of linearized
plasmid was used as template in a 10 �l reaction using
the HiScribe T7 High Yield RNA Synthesis Kit (NEB
# E2040S) with an 8:1 ratio of cap analog to GTP,
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roducing ∼90% ca pped RN A, for 2 h at 30 

◦C. Template 
NA was digested with the addition of 1 �l RNase-free 
NaseI (NEB # M0303S; enzyme stock at 2000 U / ml) 

or 15 min a t 37 

◦C . mRNAs were subsequently polyadeny- 
ated using E. coli pol y(A) pol ymerase (NEB # M0276S) 
ith the addition of 5 �l 10X buffer, 5 �l 10 mM ATP, 
 �l E. coli pol y(A) pol ymerase (enzyme stock at 5000 

 / ml), and 28 �l RNase-free water for 1 h at 37 

◦C. mR-
As were purified using RNA Clean and Concentrator- 

5 (Zymo Research # 11-353B), eluted in 75 �l RNase- 
ree water, aliquoted in single-use volumes, and stored 

 t −80 

◦C . nLuc-3XFLA G, 3XFLA G-RLuc, �-globin 5 

′ 
TR-nLuc-3XFLAG, and ATF4 5 

′ UTR-nLuc-3XFLAG 

RN As were co-transcriptionall y ca pped with the 3 

′ -O- 
e-m7G(5 

′ )ppp(5 

′ )G RNA Cap Structure Analog (NEB # 

1411S). All viral IRES nLuc-3XFLAG mRNAs were co- 
ranscriptionall y ca pped with the A(5 

′ )ppp(5 

′ )G RNA Cap 

tructure Analog (NEB # S1406S). 

n vitro translation and luciferase assays 

0 �l in vitro nLuc mRNA translation reactions were per- 
ormed in the dynamic linear range using 3 nM mRNA 

 31 ) in the Flexi Rabbit Reticulocyte Lysate (RRL) System 

Promega # L4540) with final concentrations of reagents at 
0% RRL, 10 nM amino acid mix minus Leucine, 10 nM 

mino acid mix minus Methionine, 100 mM KCl, 0.5 mM 

gOAc, 8 U murine RNase inhibitor (NEB # M0314L), 
nd 0–3.4 �M recombinant protein. The final KCl concen- 
ration was kept constant and was accounted for in the Pro- 
ein Storage Buffer. Reactions were pre-incubated with re- 
ombinant protein for 10 min on ice before the addition 

f mRNA, then incubated for 30 min at 30 

◦C and termi- 
ated by incubation on ice. nLuc luciferase signal was mea- 
ured by mixing 25 �l of Nano-Glo Luciferase Assay Sys- 
em (pr epar ed 1:50 as r ecommended; Promega # N1120) 
ith 25 �l of diluted reactions (diluted 1:5 in Glo Lysis 
uffer; Promega # E2661) and incubated at room tem- 
erature for 5 min, and then read on a Promega GloMax 

iscover multimode plate reader. RLuc mRNA translation 

 eactions wer e performed identically as described above 
ut were incubated at 30 

◦C for 90 min (this allowed the 
eaker RLuc enzyme to gi v e signal above background for 

he start codon mutants) and diluted with 25 �l Glo Lysis 
uffer. 25 �l diluted lysate was mixed with an equal volume 
f Renilla -Glo Luciferase Assay System (pr epar ed 1:100 

s recommended; Promega # E2710) for 10 min at room 

emperature. 

estern blotting 

0 �l translation reactions were performed as described 

bove, then mixed with 40 �l of 2 × reducing LDS sam- 
le buffer (Bio-Rad # 1610747) and heated at 70 

◦C for 15 

in. 15 �l was then separated by standard Tris-Glycine 
DS-PAGE (Thermo Fisher # XP04200BOX) and trans- 
erred on to 0.2 �m PVDF membrane (Thermo Fisher 
 88520). Membranes were then blocked with 5% (w / v) 
on-fat dry milk in TBST (1X Tris-buffered saline with 

.1% (v / v) Tween 20) for 30 min at room temperature 
efore overnight incubation with primary antibodies in 
BST a t 4 

◦C . After three 10 min washes with TBST, mem-
ranes were incubated with HRP-conjugated secondary an- 
ibody in TBST for 1 h at room temperature and then 

ashed again with three 10 min washes with TBST. Chemi- 
uminescence was performed with SuperSignal West Pico 

LUS (Thermo Fisher # 34577) imaged using an Azure 
apphire Biomolecular Imager. Rabbit anti-GAPDH was 
sed at 1:1000 (Cell Signaling # 5174S). Rabbit anti-RPS3 

Bethyl # A303-840A) was used at 1:1000. Rabbit anti- 
PS6 (Cell Signaling # 2217S) was used at 1:1000. Rabbit 

nti-RPL7 was used at 1:1000 (Abcam # ab72550). Mouse 
nti-FLAG was used at 1:1000 (Sigma # F1804). HRP- 
onjuga ted goa t anti-rabbit IgG (H + L) (Thermo Fisher 
 31460) and HRP-conjuga ted goa t anti-mouse (Thermo 

isher # 31430) were both used at 1:10 000 for all blots, 
ith the only exceptions being a 1:20 000 dilution for 
nti-RPS3 blots and a 1:30 000 dilution for anti-RPL7 

lots. 

ucrose gr adient ultr acentrifugation, RN A e xtraction, and 

T-qPCR 

n vitr o transla tion r eactions wer e programmed as described 

bove with 3 nM nLuc mRNA (final) except were scaled 

p to 100 �l. Reactions were spiked with 50 �M lactim- 
domycin (5 mM stock in DMSO; Millipore # 5.06291.001) 
r 5 mM GMPPNP (stock at 100 mM in 100 mM Tris– 

Cl, pH 7.7; Sigma # G0635-5MG). Reactions were pre- 
ncubated with inhibitors without recombinant protein or 

RNA for 10 min a t 30 

◦C , then placed on ice. The indi-
ated recombinant proteins were added and reactions were 
ncubated for 10 min on ice. mRNA was added and 48S 

nitiation complexes and 80S ribosomes were allowed to 

 orm f or 10 min a t 30 

◦C , then returned to ice. Reactions
ith GMPPNP were supplemented with additional Mg 

2+ 

1 mM final) to balance the cation sequestered by the added 

MPPNP (this was optimized by determining 48S abun- 
ance with control reactions with nati v e RRL in sucrose 
radients). As a negati v e control, an mRN A onl y sample of
00 �l 3 nM reporter mRNA in RNase-free w ater w as used. 
eactions were then diluted with 100 �l (equal volume) of 

ce-cold 2 × Polysome Dilution Buffer (40 mM Tris–HCl, 
80 mM KCl, 10 mM MgCl 2 , 200 �g / ml cy clohe ximide, 2
M DTT; pH 7.5) and layered on top of a linear 5–30% 

w / v) buffered sucrose gradient (10 mM Tris–HCl, 140 mM 

Cl, 10 mM MgCl 2 , 100 �g / ml cy clohe ximide, 1 mM DTT;
H 7.5) in a 14 mm × 89 mm thin-wall Ultra-Clear tube 
Beckman # 344059) that was formed using a Biocomp Gra- 
ient Master. Gradients were centrifuged at 35K rpm for 
 h at 4 

◦C in a SW-41Ti rotor (Beckman) with maximum 

cceleration and no brake using a Beckman Optima L- 
0 Ultr acentrifuge. Gr adients were subsequently fr action- 
ted into 0.5 ml volumes using a Biocomp piston fraction- 
tor with a TRIAX flow cell (Biocomp) recording a con- 
inuous A 260 nm 

trace. Total RNA was extracted from 400 

l of each fraction (spiked with 0.2 ng exogenous control 
FLuc mRNA; Promega # L4561) by adding 600 �l TRI- 
ol (Thermo Fisher # 15596018) and following the man- 
facturer’s protocol. Gl yco gen (Thermo Fisher # R0561) 
as added at the isopropanol precipitation step. The result- 

ng RNA pellet was resuspended in 30 �l nuclease-free wa- 
er. 16 �l of extracted RNA was converted to cDNA using 
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iScript Re v erse Transcription Supermix for RT-qPCR (Bio-
Rad # 1708841). cDNA reactions were then diluted 10-
fold with nuclease-free water and stored at −20 

◦C or used
immediately. RT-qPCR was performed in 15 �l reactions
using iTaq Uni v ersal SYBR Green Supermix (Bio-Rad #
1725124) in a Bio-Rad CFX Connect Real-Time PCR De-
tection System with 1.5 �l diluted cDNA and 250 nM (final
concentration) primers. For each fraction, nLuc reporter
mRNA abundance was normalized to the spiked-in control
FFLuc mRNA using the Bio-Rad CFX Maestro software
( �� Ct method). Abundance of total signal in each fraction
was calculated using Q n = 2 

�� Ct and P = 100 × Q n / Q total
as previously described ( 33 ). Primers for RT-qPCR can be
found in Supplementary Table S2. 

40S ribosomal subunit and 80S ribosome purification 

250 ml of nati v e rabbit reticulocyte lysate (Green Hectares)
was thawed overnight a t 4 

◦C , transferred to 25 × 89 mm
Ultra-Clear thin-wall tubes (Beckman # 344058) (typically
38 ml per tube) and centrifuged at 28 000 rpm (140992.2 rcf)
for 4 h in a SW28 rotor using a Beckman Coulter Optima
L-90K Ultracentrifuge. The supernatant was aspirated and
each crude ribosome pellet was resuspended in 500 �l ice-
cold Buffer A (20 mM HEPES, 500 mM KCl, 1 mM MgCl 2 ,
0.25 M sucrose; pH 7.5) by gentle orbital shaking overnight
at 4 

◦C in the dark and then gentle manual pipetting. Resus-
pensions were combined in a 1.7 ml microcentrifuge tube,
gently mixed using end-over-end rotation (12 rpm) for 30
min a t 4 

◦C , and centrifuged a t 18 000 rcf for 10 min a t 4 

◦C .
Supernatants were pooled and puromycin was added to a
final concentration of 5 mM, incubated 15 min on ice, fol-
lowed by gentle mixing for 15 min a t 37 

◦C to separa te ribo-
somal subunits, and then snap frozen in liquid nitrogen and
stored at −80 

◦C. Puromycin-treated crude ribosomes were
thawed on ice, diluted 1:4 with ice-cold Buffer B (20 mM
HEPES, 500 mM KCl, 1 mM MgCl 2 , 2 mM DTT; pH 7.5)
and 400 �l was loaded onto a 5–30% (w / v) buffered sucrose
gradient (in Buffer B) in a 14 mm × 89 mm thin-wall Ultra-
Clear tube (Beckman # 344059) that was formed using a
Biocomp Gradient Master. Six gradients were centrifuged
at 35K rpm for 3 h at 4 

◦C in a Beckman SW-41Ti rotor
with maximum acceleration and no brake using a Beckman
Optima L-90 Ultr acentrifuge. Gr adients were subsequently
fractionated into 0.5 ml volumes using a Biocomp piston
fractionator with a TRIAX flow cell (Biocomp) recording
a contin uous A 260 nm 

trace. F ractions that contained the
lighter edge of the 40S peak (i.e. only the ear ly fr actions that
contained the 40S peak to avoid eIF3-bound 40S subunits)
were pooled and pelleted in a 11 × 34 mm thin-wall poly-
carbonate tube (Thermo Fisher # 45315) at 55000 rpm for
18 h at 4 

◦C in a Sorvall S55-S rotor using a Sorvall Discov-
ery M120 SE Micro-Ultracentrifuge. The supernatant was
removed and each pellet was resuspended in 25 �l ice-cold
Buffer C (20 mM HEPES, 100 mM KCl, 2.5 mM MgCl 2 ,
0.25 M sucrose, 2 mM DTT; pH 7.5) and pooled. A 260 val-
ues were measured using a Nanodrop spectrophotometer
and concentration was calculated using 1 A 260 unit = 65
pmol / ml ( 34 ). Purified 40S subunits were aliquoted into
5 �l volumes, flash frozen in liquid nitrogen, and stored at
−80 

◦C. 
80S ribosomes were purified from the high salt-wash ri-
bosome fraction from RRL as abov e, e xcept samples were
not treated with puromycin and were not incubated at 37 

◦C.
Fractions in the 5–30% (v / v) buffered sucrose gradient (in
Buffer B) corresponding to the 80S ribosome were pooled
and pelleted overnight as described above. A 260 values were
measured using a Nanodrop spectrophotometer and con-
centra tion was calcula ted using 1 A 260 unit = 20 pmol / ml
( 35 ). Purified 80S ribosomes were aliquoted into 5 �l vol-
umes, flash frozen in liquid nitrogen, and stored at −80 

◦C. 

His6 pulldown binding experiments 

In 20 �l, 3 �g recombinant His6-MBP or MBP-eIF2A-His6
was mixed with 20% RRL in 100 mM KCl, 10 nM amino
acid mix minus methionine, 10 nM amino acid mix minus
leucine, and 0.5 mM MgOAc (same as in vitro translation
above) or with 0.27 �M purified 40S ribosomal subunits in
40S Binding Buffer ( 14 ) (final of 50 mM HEPES, 100 mM
KCl, 5 mM MgCl 2 ,; pH 7.5) and were incuba ted a t 25 

◦C
for 10 min. Indicated samples were then crosslinked with
0.25% (v / v) formaldehyde (Sigma # F79-500) for 30 min at
25 

◦C and quenched with 20 �l 100 mM Tris–HCl, pH 7.5.
Samples were diluted 1:10 in ice-cold Wash Buffer (20 mM
Tris–HCl, 140 mM KCl, 10 mM MgCl 2 , 0.1% (v / v) Triton
X-100, 10 mM imidazole; pH 7.5) and added to 20 �l His-
Pur Ni-NTA Magnetic Beads (Thermo Fisher # 888831) for
30 min at 4 

◦C with end-over-end rotation. For 40S riboso-
mal subunit and 80S ribosome binding experiments, HisPur
Ni-NTA Magnetic Beads were blocked with 1 �g / �l BSA
(Invitrogen # AM2616) and 2 �g / ml yeast tRNA (Thermo
Fisher # AM7119) in Wash Buffer for 1 h at 4 

◦C with end-
over-end rotation. Beads were then washed 5 × with 400 �l
ice-cold Wash Buffer. Bound proteins were then eluted with
200 �l 2 × reducing LDS sample buffer (BioRad # 1610747)
and heating for 15 min at 70 

◦C. 20 �l of eluate was analyzed
by SDS-PAGE and Western blotting as described above. 

RESULTS 

Recombinant eIF2A inhibits AUG- and near-cognate-
initiated translation in vitro 

Nati v e eIF2A can be purified from rabbit reticulocyte lysate
(often contaminated with eIF2D) ( 5 , 6 , 10 ). eIF2A can also
be expr essed r ecombinantly in E. coli and purified to high
purity but r equir es lar ge v olumes of culture for little yield
(i.e. 6 L of culture yields 10 �g soluble protein) ( 14 ). To
overcome these barriers, we first adapted an autoinduction
expression system using Rosetta 2(DE3) E. coli cells and
dual-tagged human eIF2A to purify only full-length MBP-
eIF2A-His6 protein (Figure 1 A). By comparison, a sin-
gle 50 ml autoinduction culture yielded 31.2 �g (an ∼360-
fold increase in yield / ml culture). We consistently observed
a sub-stoichiometric amount of E. coli Gr oEL chaper one
(identified by mass spectrometry) co-eluting with recom-
binant eIF2A. Compared to the His6-MBP tag alone that
accumulates to very high levels, MBP-eIF2A-His6 did not
ov ere xpress well. Switching MBP for GST or SUMO did
not increase e xpression; howe v er, fusing NusA to eIF2A al-
lo wed very lar ge amounts of insoluble NusA-eIF2A-His6
to accumulate (data not shown). 
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Figure 1. Recombinant eIF2A inhibits translation in vitro . ( A ) Schematic of His6-MBP and MBP-eIF2A-His6 (left). SDS-PAGE and Coomassie stain of 
recombinant His6-MBP and MBP-eIF2A-His6 (right). 2 �g of protein was loaded. * = co-purified bacterial Gr oEL chaper one. ( B ) In vitro translation of 
nLuc mRNA with a titration (0–3.4 �M) of the indicated recombinant proteins. IC 50 values were determined for His6-MBP (14.38 �M with 7.97–40.34 
�M 95% CI) and MBP-eIF2A-His6 (0.19 �M with 0.14–0.25 �M 95% CI). n = 3 biological replicates. A non-linear regression was used to calculate the 
IC 50 and is shown as the line with the 95% confidence interval (CI) included as a watermark. ( C ) SDS-PAGE and Coomassie stain of insect cell deri v ed 
His6-mEGFP-FLA G, MBP-eIF2A-His6-FLA G, and tag-less eIF2A. 2 �g of protein was loaded. ( D ) In vitro translation of nLuc mRNA with a titration 
(0–3.4 �M) of insect cell-synthesized recombinant protein. IC 50 values were determined for His6-mEGFP-FLAG (107.2 �M with 19.45-ND �M 95% CI), 
MBP-eIF2A-His6-FLAG (0.37 �M with 0.27–0.50 �M 95% CI), and tag-less eIF2A (0.13 �M with 0.10–0.17 �M 95% CI). n = 3 biological replicates. A 

non-linear r egr ession w as used to calculate the IC 50 and is shown as the line with the 95% CI included as a w ater mark. ND = not deter mined. 
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To first assess eIF2A function during translation, we 
itrated recombinant MBP-eIF2A-His6 into mammalian in 

itr o transla tion r eactions using rabbit r eticulocyte lysate 
RRL) progr ammed with nanoLucifer ase (nLuc) reporter 
RNA. RRL is commercially available and is commonly 

sed to test the effects of both wildtype and mutant trans- 
ation factors when present in excess ( 36–38 ), as well pro- 
iding a robust system to test different cis- regulatory ele- 
ents in mRNAs ( 32 , 37 , 39 , 40 ). RRL is also deficient in

ome translational contr ol factors, pr oviding a ‘blank slate’ 
o assess how specific factors af fect transla tion. For exam- 
le, compared to HEK293 cells, RRL naturally contains 
ery low levels of ZNF598, which provided a vital tool to 

ecipher how ZNF598 recognizes collided ribosomes ( 41 ). 
espite being the source of where eIF2A was initially puri- 

ed from and identified in, RRL contains low amounts of 
ndogenous eIF2A. Using purified tag-less eIF2A as a stan- 
ard, we estimate by Western blot that in the subsequent in 

itr o transla tion reactions tha t all use 20% RRL (final), the 
oncentration of endogenous eIF2A is ∼2.34 nM (Supple- 
entary Figure S1B). By comparison, and by adjusting for 

he difference in the % RRL used from published data ( 36 ), 
ther initiation factors, specifically eIF4A and eIF4E, are 
resent at ∼740 and ∼74 nM, respecti v ely. Thus, we started 

ur titration near the lower end of this range and increased 

he amount of contr ol pr otein and eIF2A added. Using 

urified 80S ribosomes as a standard, we estimate by West- 
rn blot for RPS6 (eS6) and RPL7 (uL30) ( 42 ) that total 
ibosome content in 20% RRL is ∼0.95 �M (Supplemen- 
ary Figure S1C, D). Upon separating control in vitro trans- 
ation reactions (kept on ice to pre v ent translation from 

roceeding) on traditional sucrose gradients and collecting 
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Figure 2. eIF2A inhibits AUG- and near-cogna te-initia ted transla tion. ( A ) 
Diagram of Renilla Luciferase (RLuc) reporter mRNAs harboring various 
start codons and a N-terminal 3XFLAG tag. ( B ) Comparison of AUG- 
and non-AUG-3XFLAG-RLuc reporter mRNAs translated in vitro. Lu- 
ciferase le v els are normalized to AUG-3XFLAG-RLuc. Bars r epr esent the 
mean. n = 3 biological replicates. Comparisons were made using a two- 
tailed unpaired t -test with Welch’s correction. ( C ) Response of in vitro 
translation reactions programmed with AUG- and non-AUG-3XFLAG- 
RLuc reporter mRNAs in the presence of 1.68 �M His6-MBP or 1.68 �M 

MBP-eIF2A-His6. Bars r epr esent the mean. n = 3 biological replicates. 
Comparisons were made using a two-tailed unpaired t-test with Welch’s 
correction. ( D ) Anti-FLAG Western blot of in vitro translation reactions 
programmed with AUG- and non-AUG-3XFLAG-RLuc reporter mR- 
NAs in the presence of 1.68 �M His6-MBP or 1.68 �M MBP-eIF2A- 
His6. RPS6 was used as a loading control. AUG* = AUG-3XFLAG-RLuc 
samples were diluted 1:10 to pre v ent ov ere xposure of the anti-FLAG blot. 
NTC = no template control. 
a continuous A 260 , we used published absorbance conver-
sions ( 34 , 35 ) and determined there is a 3:1:1 ratio of 80S ri-
bosomes ( ∼0.57 �M), free 40S ribosomal subunits ( ∼0.19
�M), and free 60S ribosomal subunit ( ∼0.19 �M), respec-
ti v ely, in 20% RRL. In this RRL in vitro translation system,
His6-MBP contr ol pr otein was largely inert in the system
(IC 50 = 14.38 �M with 7.97–40.34 �M 95% CI), but, to our
surprise, recombinant eIF2A robustly inhibited translation
(IC 50 = 0.19 �M with 0.14–0.25 �M 95% CI) (Figure 1 B). 

We do not belie v e the fused MBP tag contributes to in-
hibition as cleaving off the MBP tag with TEV protease
still renders recombinant eIF2A inhibitory (Supplementary
Figure S1E,F). To ensure this noted inhibition was not due
to human eIF2A being expressed in E. coli and folding im-
properly (despite being soluble), we expressed and purified
eIF2A from insect Sf9 cells using a baculovirus expression
system (Figure 1 C), which yielded 507 �g from a single 50
ml pellet (an ∼6000-fold increase in yield / ml culture) and
repea ted the titra tion in mammalian in vitr o transla tion re-
actions. Insect cell produced recombinant eIF2A robustly
inhibited translation (IC 50 = 0.37 �M with 0.27–0.50 95%
CI) (Figure 1 D). Inhibition did not seem to favor transcripts
with a particular sequence or translation efficiency as vari-
ous reporters containing different 5 

′ UTRs and coding se-
quences were largely equally r epr essed upon eIF2A titra-
tion (Supplementary Figure S2). Human cell (HEK293T)
deri v ed recombinant eIF2A-FLAG also repressed transla-
tion to a similar degree as insect cell deri v ed recombinant
eIF2A (Supplementary Figure S3A, B). Additionally, de-
spite control tag proteins being purified in parallel and not
being inhibitory, we ruled out the possibility of contaminat-
ing RNases influencing the translation reactions by measur-
ing reporter mRNA le v els before and after translation. In-
deed, reporter mRNA le v els were minimally affected after
in vitr o transla tion in the presence of protein stora ge b uffer,
contr ol tag pr otein, or eIF2A (Supplementary Figure S3C).

Even when using TEV protease to cleave affinity tags,
a small region of the TEV protease recognition sequence
r emains, cr eating a non-nati v e end. As e x emplified by r e-
combinant yeast eIF1A and eIF5B ( 43–46 ), some recom-
binant eIFs r equir e nati v e C-termini to function properly.
To test whether recombinant tag-less eIF2A with nati v e ter-
mini is still inhibitory, we adapted the IMPACT system that
uses DTT-inducible inteins and the Sf9 cell expression sys-
tem to create recombinant human eIF2A with nati v e N-
and C- termini (Figure 1 C). Consistent with tagged-eIF2A
(Figure 1 B,D), ta g-less eIF2A rob ustly inhibited translation
(IC 50 = 0.13 �M with 0.10–0.17 95% CI) (Figure 1 D). 

Se v eral reports have used biochemical and genetic ap-
proaches to infer that eIF2A could be able to initiate trans-
la tion a t near-cogna te start codons, possib ly e v en at times
utilizing Leu-tRN A 

Leu ( 15 , 20 , 21 ). Additionall y, altered lev-
els of eIFs have been noted to decrease start codon fi-
delity to favor near-cognate start codons ( 47 , 48 ). Thus,
we next asked if eIF2A stimulated or inhibited translation
tha t initia ted a t near-cogna te CUG and GUG start codons.
We generated AUG-, CUG-, GUG-, and AAA-encoded
3XFLAG- Renilla Luciferase (RLuc) r eporters (Figur e 2 A
and Supplementary Figure S4) that only differed by the
start codon and tested how eIF2A affected translation of
each. In this set of empirically optimized RLuc reporters
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 49 ) (Supplementary Figure S4), CUG and GUG start 
odons were ∼2% as efficient as the canonical AUG start 
odon in vitro (Figure 2 B), similar to what we have seen 

or nLuc reporters in perfect Kozak context in HeLa cells 
 50 ). As expected, the reporter harboring an AAA start 
odon, which does not support initiation, was markedly 

ess efficient than both the CUG- and GUG-encoded re- 
orters (Figure 2 B). Supporting the inhibitory nature of 
IF2A we describe above but conflicting the inferred pos- 
ti v e role of eIF2A in near-cogna te-media ted transla tion 

nitiation by others, eIF2A produced in either E. coli or 
nsect cells equally inhibited translation of AUG-, CUG-, 
nd GUG-encoded RLuc reporter mRNAs (Figure 2 C,D 

nd Supplementary Figure S5). Together, these data re v eal 
 new inhibitory phenotype caused by increased le v els of 
IF2A. 

istinct regions of the N- and C-termini are required for 
IF2A-mediated translational repression 

o better understand how eIF2A inhibits translation, we 
ext sought to determine which elements of eIF2A are 
 equir ed for inhibition. Empirically determined structures 
or full-length mammalian eIF2A (residues 1–585) are not 
vailable, but AlphaFold predicts a globular nine bladed 

-propeller at the N-terminus and three alpha helices at 
he C-terminus connected by fle xib le linkers (Figure 3 A, 
eft; Supplementary Figure S6A) ( 51 , 52 ). It should be noted
hat the predicted fle xib le linkers are of lower confidence 
Supplementary Figure S6A). Crystal structures of trun- 
ated human eIF2A (residues 4–427; PDB: 8DYS) and trun- 
a ted Schiz osacchar om y ces pombe eIF2A (residudes 1–424; 
DB: 3WJ9) also show a globular nine bladed �-propeller 
t the N-terminus ( 53 ). Kim et al . pr eviously r eported that
IF2A has three separate functional domains to bind Met- 
RN A i 

Met , eIF5B and mRN A (Figure 3 A, right) ( 54 ). Using
hese defined regions and the AlphaFold predicted struc- 
ure, we generated a large series of eIF2A deletion mu- 
ants (Figure 3 B and Supplementary Figure S6B) and tested 

ow each af fected transla tion of nLuc mRNA (Figure 3 C 

nd Supplementary Figure S6C). Of the 13 m utants, onl y 

e v en –– residues 1–415, 1–430, 1–437, 1–471, 1–480, 416– 

85 and 533–585 –– purified to a respectable level of purity 

ith sub-stochiometric le v els of Gr oEL chaper one (Figure 
 B). Howe v er, all se v en of these mutants did not inhibit
ranslation (Figure 3 C). Of the six that did not purify well 
Supplementary Figure S6B), only 1–503, 1–529 and 1–556 

emonstr ated some tr anslation inhibition (Supplementary 

igure S6C). From these data, we designed two new mu- 
ants that harbored the complete N-terminus (1–437), a 

GS linker, and a portion of the C-terminus (either 504– 

56 or 529–556) (Figure 3 D) that purified with low le v els of
roEL and inhibited translation at least two-fold (Figure 
 E). These data support that a single domain in eIF2A is 
ot responsible for translation inhibition. 

IF2A inhibits translation prior to 48S initiation complex f or - 
ation independent of initiation factors or initiator tRNA 

o decipher which step of translation is being inhibited by 

IF2A, we used sucrose gradient ultracentrifugation along 
ith various translation inhibitors to capture and measure 
he le v els of translation comple xes a t dif ferent stages on
Luc reporter mRNA. Lactimidomycin (LTM) is an elon- 
ation inhibitor that binds the E-site of 60S subunits and 

locks the first 80S translocation step at the start codon 

 55 ). Using this inhibitor, we observed that eIF2A decreased 

0S f ormation ∼5-f old on average (Figure 4 A, B and Sup- 
lementary Figure S7A). To determine if eIF2A inhibits 
ranslation before 80S formation, we repeated the sucrose 
radient experiments and trapped 48S initiation complexes 
the 43S pre-initiation complex bound to mRNA at start 
odons) after start codon recognition but before 60S sub- 
nit joining by adding the non-hydrolyzable GTP ana- 

og, GMPPNP. If eIF2A inhibited translation after start 
odon recognition, we would expect unchanged le v els of 
8S comple xes. Howe v er, our data shows an ∼7-fold de- 
rease in 48S complex levels (Figure 4 C, D and Supple- 
entary Figure S7B). These data support that increased 

e v els of eIF2A inhibit translation prior to start codon 

ecognition. 
To inhibit translation prior to start codon recognition, 

IF2A could target initiation factors, the 40S subunit, 43S 

re-initiation complex formation and recruitment, or 43S 

canning. To decipher among these possibilities, we took 

dvantage of the ability to direct translation using vari- 
us combinations of initiation factors via viral internal ri- 
osome entry sites (IRESs). Specifically, we used the pro- 
otypical type I, II, III and IV IRESs from poliovirus 
PV), encephalomyocarditis virus (EMCV), hepatitis C 

irus (HCV), and cricket paralysis virus intergenic region 

CrPV IGR), respecti v ely (Figure 5 A) ( 56–61 ). Importantly, 
RES r eporters wer e A-capped and contained a strong hair- 
in in the 5 

′ untranslated region (UTR) to pre v ent canon- 
cal translation and ribosome loading ( 32 ). The 3 

′ end of 
he PV RNA and the PV IRES itself has been shown to be 
berr antly tr anslated in RRL without the addition of HeLa 

ell extract ( 62 , 63 ). Thus, we confirmed that the PV IRES
Luc reporter is translated from the expected start codon of 
he nLuc reporter ORF by observing a dramatic reduction 

n reporter signal when the AUG of nLuc was mutated to 

AA (Supplementary Figure S8A, B). 
Upon titration of eIF2A into translation reactions pro- 

rammed with the four IRES nLuc mRNAs, we observed 

hat recombinant eIF2A inhibited IRES-mediated transla- 
ion to similar degrees (PV IRES: IC 50 = 0.84 �M with 95% 

I = 0.70–0.99 �M; EMCV IRES: IC 50 = 0.69 �M with 

5% CI = 0.51–0.91 �M; HCV IRES: IC 50 = 0.49 �M with 

5% CI = 0.37–0.63 �M; and CrPV IGR IRES: IC 50 = 0.63 

M with 95% CI = 0.51–0.77 �M), independent of the sub- 
et of eIFs used and did not r equir e 43S scanning (Figure 
 B). Translation directed from CrPV IGR IRES which sup- 
orts initiation independent of ribosome scanning, any ini- 
iation factors, and the initiator tRNA was also notably in- 
ibited (Figure 5 B), suggesting that eIF2A either targets the 
0S or 60S subunit. 

The CrPV IGR IRES has been shown to bind both the 
0S subunit (subsequently recruiting the 60S subunit) and 

re-formed vacant 80S ribosomes from salt-washed 40S and 

0S subunits ( 61 , 64 ). In both cases, translocation is ob- 
erved once the 80S is formed on the CrPV IGR IRES. Ad- 
itionally, RRL is known to contain large amounts of 80S 
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Figure 3. The eIF2A N- and C-termini alone do not inhibit translation. ( A ) AlphaFold structural prediction of full-length human eIF2A with mutation 
sites from this study colored in pink (left). Schematic of full-length eIF2A with the three previously annotated domains and structural motifs labeled (right). 
( B ) SDS-PAGE and Coomassie stain of recombinant WT and mutant MBP-eIF2A-His6. 2 �g of protein was loaded. ( C ) Response of in vitro translation 
reactions programmed with nLuc reporter mRNA in the presence of 1.68 �M His6-MBP, 1.68 �M MBP-eIF2A-His6 or 1.68 �M of the indicated eIF2A 

mutant. Bars r epr esent the mean. n = 3 biological replicates. Comparisons were made using a two-tailed unpaired t-test with Welch’s correction. ( D ) 
SDS-PAGE and Coomassie stain of the indicated mutant MBP-eIF2A-His6. 2 �g of protein was loaded. ( E ) Response of in vitro translation reactions 
programmed with nLuc mRNA in the presence of 1.68 �M His6-MBP or 1.68 �M MBP-eIF2A-His6 (WT or indicated mutant). Bars r epr esent the mean. 
n = 3 biological replicates. Comparisons were made using a two-tailed unpaired t -test with Welch’s correction. 



Nucleic Acids Research, 2023, Vol. 51, No. 18 9993 

mRNA only

RRL + GMPPNP + His6-MBP

RRL + GMPPNP + MBP-eIF2A-His6

48S

mRNP

A

C D

5 10 15 20
0

20

40

60

Fraction #

%
 n

Lu
c 

m
R

N
A

 a
bu

nd
an

ce

His6-MBP MBP-eIF2A-His6
0.0

0.5

1.0

His6-MBP MBP-eIF2A-His6
0.0

0.5

1.0

nL
uc

 m
R

N
A

 a
bu

nd
an

ce
at

 8
0S

 p
ea

k

B
mRNA only

RRL + LTM + His6-MBP

RRL + LTM + MBP-eIF2A-His6

80S

mRNP

5 10 15 20
0

20

40

60

Fraction #

%
 n

Lu
c 

m
R

N
A

 a
bu

nd
an

ce

nL
uc

 m
R

N
A

 a
bu

nd
an

ce
at

 4
8S

 p
ea

k

Figure 4. eIF2A inhibits translation prior to 48S initiation complex formation. ( A ) nLuc mRNA distribution along a 5–30% (w / v) buffered sucrose 
gr adient. In vitro tr anslation reactions were supplemented with 50 �M lactimidomycin (LTM) to stall 80S ribosomes before the first translocation cycle 
and with either 1.68 �M His6-MBP or 1.68 �M MBP-eIF2A-His6, then diluted and separated on buffered sucrose gradients. ( B ) Quantification of nLuc 
mRNA abundance at 80S peak from A. Bars r epr esent the mean. n = 2 biological replicates. ( C ) Same as in A, but instead supplemented with 5 mM 

GMPPNP to capture 48S initiation complexes at the start codon. ( D ) Quantification of nLuc mRNA abundance a t 48S initia tion complex peak from C. 
Bars r epr esent the mean. n = 2 biological r eplica tes. Replica tes ar e shown in Supplementary Figur e S7. 
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ibosomes over free subunits (Supplementary Figure S8C). 
his raises the possibility that in our assays, the CrPV IGR 

RES nLuc mRNA is pr efer entially interacting with the 
ore abundant 80S ribosomes instead of the 40S subunits 

rst, complicating the readout of the CrPV IGR IRES nLuc 
eporter. Howe v er, we do not belie v e this possibility is inter-
ering with our interpretations for two reasons. First, cryo- 
M studies of nati v e 80S ribosomes from RRL found them 

o be in sta tes tha t are transla tionally inacti v e or incompat-
ble (e.g. bound by SERBP1 •eEF2, bound by IFRD2, or 
ontain tRNA in noncanonical binding sites) ( 65 ). Vacant 
0S ribosomes in the classic / unrota ted sta te tha t would mir-
or the pre-formed ribosomes mentioned above were absent 
n all samples tested ( 65 ). Secondly, in conditions that would 

llow the IRES to interact with the translation machinery in 

RL, we found that the CrPV IGR IRES nLuc mRNA co- 
ediments with 40S subunits but not 80S ribosomes (Sup- 
lementary Figure S8D). 
Gi v en that 60S subunit joining is downstream from 48S 

nitiation complex formation and eIF2A decreases 48S lev- 
ls (Figure 4 C, D and Supplementary Figure S7B), we hy- 
othesized that eIF2A is sequestering the 40S subunit, re- 
ulting in eIF2A inhibiting translation independent of eIFs 
r initiator tRNA (Figure 5 A, B). To test this idea, we sup- 
lemented translation reactions with excess purified 40S 

ubunits to rescue translation. In agreement with our hy- 
othesis, excess 40S subunits severely blunted the ability 

f eIF2A to inhibit translation (Figure 5 C, D). Together, 
hese data demonstrate that increased le v els of eIF2A in- 
ibit translation by sequestering 40S ribosomal subunits. 

IF2A directly binds the 40S ribosomal subunit 

re vious wor k has shown that eIF2A co-sediments with 

0S and 80S ribosomes in yeast and with 40S subunits in 

EK293T cells ( 29 , 54 ), but there is limited evidence of 
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region (CrPV IGR) IRES, respecti v ely. ( B ) In vitro translation of IRES-dri v en nLuc mRNAs with titration (0–3.4 �M) of either His6-mEGFP-FLAG 
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IF2A directly binding to the 40S subunit. Initial work us- 
ng filter binding assays identified eIF2A could deli v er Met- 
RNA i 

Met to 40S subunits with an AUG trinucleotide with 5 

M Mg 

2+ ( 5 , 10 ). Howe v er, a subsequent report identified
IF2D as a contaminating protein in many eIF2A purifi- 
ations from RRL and could not reproduce the ability of 
IF2A to bind initiator tRNA ( 6 ). To determine whether 
IF2A interacts with 40S subunits in our translation reac- 
ions, we took advantage of the C-terminal His6 tag present 
n recombinant eIF2A for pulldown assays with Ni 2+ -NTA 

agnetic beads and then probed by western blot for RPS6 

eS6) as a marker for 40S subunits. Indeed, RPS6 did co- 
urify, in a formaldehyde-dependent manner, with MBP- 
IF2A-His6 but not with the negati v e control His6-MBP 

Figure 6 A). We attempted to use deletion mutants har- 
oring only the N-terminal �-propeller (residues 1–415) 
r only the C-terminal helices (residues 416–585) to test 

f either terminus was responsible for 40S binding; how- 
 v er, unequal pulldown from the cross-linked samples was 
bserved. Unequal pulldown was also observed with the 
eletion mutant harboring residues 1–430 (Supplementary 

igure S9A). 
The dependence on formaldehyde, a zero-distance 

rosslinker, suggests a transient but specific association. 
lthough salt le v els were a t physiological concentra tions 

i.e. 140 mM KCl) and only non-ionic detergents (i.e. 0.1% 

v / v) Triton X-100) wer e pr esent in the wash buffer, beads
ere washed rather e xtensi v ely with fiv e 20 bead volume 
ashes. It should be noted that e v en high affinity inhibitors 

hat directly bind to ribosomes are completely re v ersib le by 

ash out. For e xample, cy clohe ximide has a reported sub to 

ow �M affinity for the ribosome ( 55 , 66 ) and has an ∼0.1
M IC 50 in cells ( 55 ), but inhibition is completely re v ersib le
pon a change of media in cells ( 67–69 ). Ne v ertheless, to
est whether eIF2A directly interacts with 40S subunits, we 
epeated the His6-pulldowns with purified 40S subunits. 
gain, RPS6 was co-purified with MBP-eIF2A-His6 but 
ot His6-MBP (Figure 6 B). Similar results were seen with 

urified 80S ribosomes, suggesting that eIF2A can interact 
ith the 40S subunit of the 80S ribosome, at least when un- 
ound to mRNA (Supplementary Figure S9B). Howe v er, 
e do not belie v e the ability of eIF2A to bind 80S ribo-

omes is the cause of inhibition since the decrease in 48S 

nitiation complexes with increased eIF2A le v els supports 
n effect prior to start codon recognition and 80S formation 

Figure 4 ). In total, these data support a model in which 

ncreased le v els of eIF2A inhibit transla tion initia tion by 

irectly binding and sequestering 40S ribosomal subunits 
Figure 7 ). 

ISCUSSION 

 correct balance of initiation factors is r equir ed for 
ight control over translation initiation and start codon 
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or displaces any of the canonical initiation factors or the initiator tRNA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

recognition. For example, over expr ession of eIF1 and eIF5
incr eases and decr eases the stringency of start codon se-
lection in cells, respecti v ely ( 48 , 70 ). Here, we show that in-
creased le v els of eIF2A inhibit translation initiation inde-
pendent of eIFs and the initiator tRNA by sequestering
40S ribosomal subunits. This raises the question –– how do
cells pre v ent eIF2A from inhibiting translation? eIF2A KO
squamous cell carcinoma (SCC) ker atinocytes display ed no
increases in global translation (measured via ribosome pro-
filing) and no gross change in cell proliferation compared to
control SCC keratinocytes ( 15 ), suggesting eIF2A does not
act as a translation inhibitor during growth in serum-rich
media. Howe v er, multiple reports demonstra te tha t eIF2A
is non-cytosolic in various cell types, which is highly atyp-
ical of translation initiation factors. Thus, eIF2A may nat-
urally be kept in an inacti v e state by its localization away
from the translation machinery. First, Kim et al . has re-
ported that in Huh7 cells, eIF2A primarily localizes to the
nucleus during typical normal growing conditions but re-
localizes to the cytoplasm during cell stress and viral in-
fection ( 14 ), possibly to then aid in stress-specific transla-
tion. Restraining eIF2A to the nucleus during conditions
of high canonical translation could be a robust method
for cells to restrict eIF2A from inhibiting translation and
sequestering 40S subunits. Whether eIF2A shares similar
localiza tion d ynamics in other cell types has not been re-
ported to our knowledge but would be of value to determine
the molecular switch that governs eIF2A re-localization.
Nuclear-to-cytoplasmic re-localization during cell stress
has been noted for other post-transcriptional regulatory
mechanisms and are typically regulated by re v ersib le phos-
phorylation ( 71–73 ). Future work will be required to deter-
mine whether eIF2A is re v ersib ly post-translationally modi-
fied and regulated in a similar manner during cell stress. Sec-
ond, Panzhinskiy et al. has shown eIF2A to predominantly
co-localize with the endoplasmic reticulum (ER) in MIN6
cells ( 18 ); howe v er, its localization upon cell stress was not
reported when our manuscript was in preparation. It is un-
clear how eIF2A localized to the ER could play an acti v e
role in translation initiation since initiation for all mRNAs
occurs in the cytosol. Canonically, translation elongation
and termina tion, not transla tion initia tion, occurs on the
ER. Last, and further increasing the complexity of defin-
ing a consensus subcellular localization, the Human Pro-
tein Atlas shows (with one of two antibodies tested) eIF2A
to have a localization pattern consistent of mitochondria in
U2OS and A-431 cells ( 16 , 17 ). It remains unreported if pri-
mary, non-transformed cells deri v ed from the same tissues
as the cancer cell lines listed above demonstrate the same
non-cytosolic eIF2A localization. Ne v ertheless, it will be
important for the field to determine if concentrating eIF2A
to organelles and away from the translation machinery pro-
vides a competiti v e advantage or increased fitness for can-
cer cells. Pre v enting translation inhibition by endogenous
eIF2A may be such an advantage. 

Although eIF2A most likely does not have a major role in
global protein synthesis, as global translation and cell pro-
liferation le v els do not appear to be affected upon eIF2A
KO in SCC keratinocytes grown in serum-rich media ( 15 )
and eIF2A KO mice only de v elop a phenotype after ∼1 year
( 30 ), ov ere xpression and depletion of eIF2A protein le v els
is reported to af fect transla tion of some specific mRNAs,
often during cell stress ( 14 , 19 , 21 , 22 , 74 ). Howe v er, such e x-
amples are often complicated with either conflicting reports
(as described in the Introduction for the HCV IRES), lack
of sufficient controls to show specificity (e.g. a negati v e con-
trol reporter that is non-responsi v e to eIF2A perturbation
or confirmation of unchanged mRNA le v els), or are not
fully supported when the endogenous gene is assayed. For
e xample, protein le v els of a reporter mRNA harboring the
BiP 5 

′ UTR and coding sequence remained steady during
ER stress in control cells and decreased ∼30% in eIF2A-
knockdown cells, but endogenous BiP protein le v els during
the same stress conditions increased ∼20% in control cells
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nd remained steady in eIF2A-knockdown cells ( 19 ). It will 
e critical for the field to next provide direct evidence of 
IF2A forming initiation complexes on the reported eIF2A- 
ependent ORFs and mRNAs. Biochemical reconstitution 

ith purified components and selecti v e translation comple x 

rofiling (sometimes also r eferr ed to as selecti v e 40S profil- 
ng) with anti-eIF2A antibodies may provide important in- 
ight and more direct evidence of eIF2A forming initiation 

omplexes on specific ORFs and mRNAs. 
Enigmatically, the involvement of the Integrated Stress 

esponse (ISR), which re volv es around the inhibitory phos- 
horylation of eIF2 � at S51 and the subsequent inhibition 

f canonical transla tion initia tion, is common among re- 
orts tha t demonstra te eIF2A regula ting transla tion. For 
xample, translation of the subgenomic Sindbis virus 26S 

RNA in an eIF2A-dependent manner r equir es PKR ( 74 ), 
hich in turn is activated upon Sindbis virus infection and 

hosphorylates eIF2 �. It is not commonly belie v ed that any 

f the four mammalian ISR kinases (GCN2, HRI, PERK, 
KR) have targets other than eIF2 �, at least none that 
egula te transla tion initia tion since cells tha t encode the 
IF2 �-S51A mutation are completely resistant to stress- 
nduced translation inhibition ( 75 , 76 ). A critical objecti v e
or the field, and for the documented examples of eIF2A- 
ependent translation during cell stress, is identifying the 
riving factor that allows eIF2A to function during cell 
tress. Is eIF2A activated directly by the ISR kinases or 
nother stress-induced pathway in parallel or downstream? 
an eIF2A onl y successfull y compete for the 40S subunit 
hen functional eIF2 le v els are low during cell stress? These 
re not m utuall y e xclusi v e possibilities, but the latter has
een proposed by others ( 14 , 74 ). To our knowledge, only 

ne report has attempted to address these possibilities by 

esting eIF2A-dependent translation in eIF2 �-S51A mu- 
ant cells. Tusi et al . demonstrated that protein le v els of 
wo RAN translation reporters harboring myotonic dys- 
rophy type 2 CCUG •CAGG repeats were markedly re- 
uced in PERK KO cells, PKR KO cells, and eIF2A KO 

ells, as well as in eIF2 �-S51A mutant cells ( 22 ). These 
ata would suggest that the observed eIF2A-dependence 
f the CCUG •CAGG RAN translation reporters is down- 
tream of p-eIF2 �. Howe v er, in this report, negati v e control
IF2A-independent reporters to show specificity were lack- 
ng and whether the CCUG •CAGG repeats themselves, as 
t has been shown for other expanded RNA repeats and 

heir translated products ( 23 , 77–81 ), activate the ISR ki- 
ases was not addressed. It is imperati v e for the field to de-
ipher how cell stress, p-eIF2 �, and eIF2A are mechanis- 
ically connected. We acknowledge that cell stress was not 
ncluded as a tested variable in the in vitr o transla tion reac-
ions with eIF2A in our study; this was due to the inability 

o efficiently recapitulate cell stress in a cell-free system. 
At least two independent reports provide evidence that 
ammalian cells may contain a buffering system to com- 

a t transla tion inhibition from increased le v els of eIF2A. 
anzhinskiy et al . demonstrated that ov ere xpression of 
IF2A in mouse islets via AAV6 deli v ery and the rat insulin 

romoter results in a ∼2-fold increase in eIF2A le v els and a 

onca tena te decrease of p-eIF2 � le v els ( 18 ). The same gene
eli v ery was ab le to pre v ent translation inhibition (mea-
ured by polysome abundance) during ER stress treatments; 
owe v er, whether this effect was due to eIF2A-dependent 
ransla tion initia tion or decreased le v els of p-eIF2 � from 

IF2A ov ere xpression was unaddressed in Panzhinskiy et 
l . when our manuscript was in prepara tion. A qualita ti v e
ecrease in p-eIF2 � le v els is also seen when eIF2A is over- 
xpressed in HEK293T cells ( 22 ). These data suggest that 
ells are capable of sensing eIF2A le v els and increase basal 
e v els of initiation by lowering p-eIF2 � le v els when eIF2A 

s above normal levels. Whether this buffering effect is from 

ecreased ISR kinase activity, increased PP1 •CReP phos- 
hatase activity, and / or increased PP1 •GADD34 phos- 
hatase activity is unclear. Mammalian cells have evolved 

 similar buffering system to recover from cell stress; 
ADD34 mRNA and protein le v els ultimately rise to re- 

urn p-eIF2 � to basal le v els. This response is in part due to
he hallmark increase in the transcription factor ATF4 that 
ubsequently increases transcription of the GADD34 gene 
 82–84 ). Notably, such buffering systems dependent on gene 
ctivation and transcription would be lost in RRL due to 

eticulocytes naturally being enucleated. Moving forward, 
he effects of eIF2A le v els on p-eIF2 � le v els (and thus, ac-
i v e eIF2 •GTP •Met-tRNA i 

Met ternary complexes) should 

e examined when investigating eIF2A-dependent transla- 
ion to rule out possible indirect effects from altering func- 
ional ternary complex concentrations. 

Pre vious wor k r eported that r esidues 462–501 of eIF2A 

nteract with eIF5B, the GTPase that controls subunit join- 
ng after start codon recognition, and concluded that eIF2A 

 equir es eIF5B to be acti v e in translation during the ISR
 54 ). It is possible that recombinant eIF2A is sequestering 

IF5B and subsequently inhibiting a late step of initiation. 
owe v er, this is likely not the main mechanism of inhibi- 

ion for many reasons. First, inhibiting eIF5B should have 
o effect on 48S initiation complex levels when captured 

y GMPPNP, but eIF2A clearly reduced initiation com- 
le x le v els (Figure 4 C , D). Second, eIF2A-media ted inhi-
ition was se v erely b lunted when translation r eactions wer e 
upplemented with additional 40S subunits, suggesting 40S 

ubunits are being targeted by eIF2A (Figure 5 C, D). Third, 
ransla tion initia tion directed by the CrPV IGR IRES, 
hich does not r equir e eIF5B, was also inhibited by eIF2A 

Figure 5 B). Lastly, deletion of the residues in eIF2A that 
ere mapped to interact with eIF5B did not pre v ent inhibi- 

ion (Figure 3 and Supplementary Figure S6B, C). 
Liu et al. noted that the nine-bladed �-propeller at the 
-terminus of S. pombe eIF2A forms a similar structure 

o that of the central domain of eIF3b ( 85 ). In eIF3b, this
ropeller directly contacts RPS9e (uS4) and eIF3i ( 85 , 86 ). 
hile our experiments did not test if eIF2A displaces eIF3b 

r other eIF3 subunits from 40S subunits, we do not con- 
lude that this possibility is the primary mode of inhibi- 
ion due to the fact that the CrPV IGR IRES was suscepti- 
le to eIF2A inhibition (Figure 5 B). Additionall y, m ultiple 
IF2A deletion mutants with the N-terminal domain alone 
residues 1–415, 1–430 and 1–437) did not inhibit transla- 
ion (Figure 3 C). Instead, our m utational anal ysis testing 

iffer ent eIF2A domains r e v eals that a single domain on 

ts own is not able to inhibit translation (Figure 3 ). Ini- 
ial work described eIF2A as being able to deliver initiator 
RNA to the 40S subunit only when an AUG trinucleotide 
as present ( 5 , 10 , 11 ), raising the possibility that eIF2A
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deli v ered initiator tRNA to the P site during start codon
recognition. Howe v er, the e xact positioning of eIF2A on
the 40S subunit with or without initiator tRNA is still un-
known. Future structural work investigating an eIF2A •40S
ribosomal subunit complex will be critical to further define
how eIF2A contributes to start codon recognition. A major
hurdle of recovering a high yield of recombinant eIF2A has
now been lifted as we demonstrate here both bacterial- and
insect cell-synthesized human eIF2A are acti v e and recom-
binant eIF2A interacts with 40S ribosomal subunits inde-
pendent of any additional factors. 
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