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ABSTRACT

Eukaryotic translation initiation is a highly regu-
lated process involving multiple steps, from 43S pre-
initiation complex (PIC) assembly, to ribosomal sub-
unit joining. Subunit joining is controlled by the
G-protein eukaryotic translation initiation factor 5B
(eIF5B). Another protein, eIF1A, is involved in virtu-
ally all steps, including subunit joining. The intrin-
sically disordered eIF1A C-terminal tail (eIF1A-CTT)
binds to eIF5B Domain-4 (eIF5B-D4). The ribosomal
complex undergoes conformational rearrangements
at every step of translation initiation; however, the
underlying molecular mechanisms are poorly under-
stood. Here we report three novel interactions involv-
ing eIF5B and eIF1A: (i) a second binding interface
between eIF5B and eIF1A; (ii) a dynamic intramolec-
ular interaction in eIF1A between the folded domain
and eIF1A-CTT; and (iii) an intramolecular interac-
tion between eIF5B-D3 and -D4. The intramolecular
interactions within eIF1A and eIF5B interfere with one
or both eIF5B/eIF1A contact interfaces, but are dis-
rupted on the ribosome at different stages of transla-
tion initiation. Therefore, our results indicate that the
interactions between eIF1A and eIF5B are being con-
tinuously rearranged during translation initiation. We
present a model how the dynamic eIF1A/eIF5B inter-
action network can promote remodeling of the trans-
lation initiation complexes, and the roles in the pro-
cess played by intrinsically disordered protein seg-
ments.

INTRODUCTION

Eukaryotic translation initiation is a multistep process in-
volving ribosomes, mRNAs, tRNAs and a number of pro-

teins called eukaryotic translation initiation factors (eIFs).
The key stages of translation initiation are: (i) assembly of
a 43S pre-initiation complex (43S PIC) on the small, 40S
ribosomal subunit; (ii) binding of the 43S PIC to mRNA;
(iii) scanning by the PIC along the mRNA in search of the
start codon; (iv) start codon selection through basepairing
of the initiator Met-tRNAi with mRNA to form the 48S
PIC; and (v) ribosomal subunit joining, yielding the 80S
initiation complex (80S IC). Start codon selection and ri-
bosomal subunit joining are controlled by the G-proteins
eIF2 and eIF5B, respectively, and require multiple proteins,
including eIF1A, a protein with pleiotropic functions in vir-
tually all stages of translation initiation (reviewed in (1–5)).

eIF1A has an oligonucleotide/oligosaccharide-binding
(OB) fold domain and two flexible intrinsically disordered
tails (6): a positively charged N-terminal tail (NTT) and
a negatively charged C-terminal tail (CTT) (Figure 1A).
eIF1A binds to the A-site on the 40S ribosomal subunit
with its two tails extending into the P-site (7–10). Upon start
codon recognition, eIF1A-NTT remains in the P-site while
eIF1A-CTT is displaced (7,11). eIF5B contains four con-
served domains in its C-terminal half (D1–D4) (Figure 1B),
the first of which, D1 is the GTPase domain (12–14). The N-
terminal region is less conserved and is not essential in vitro
in mammalian or yeast systems, or in vivo in Saccharomyces
cerevisiae (12,13). Upon start codon recognition, eIF5B dis-
places eIF2-GDP from Met-tRNAi (15) and promotes ri-
bosomal subunit joining, together with eIF1A. Ribosomal
subunit joining triggers GTP hydrolysis by eIF5B (13), fol-
lowed by the coordinated release of eIF5B and eIF1A (16).

eIF1A-CTT binds to eIF5B-D4 (17,18), and the inter-
action is important for subunit joining and for release of
eIF1A and eIF5B (16,19–20). The two proteins occupy ad-
jacent sites on the ribosome, bringing eIF5B-D3 near the
eIF1A-OB domain (7,21), but no interaction between these
regions has been reported in eukaryotes. It has been re-
ported, however, that bacterial IF1 and IF2 (the homologs
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Figure 1. Domain structure and interactions of eIF5B and eIF1A. (A) Top, domain structure of eIF1A. The binding site for eIF5B-D4 is labeled. Middle,
constructs used in this work. Bottom, structure of human eIF1A (6). Helix �1 and loop L45, discussed in the text, are labeled. (B) Top, domain structure of
eIF5B. The binding sites for eIF1A-CTT and Met-tRNAi are labeled. Middle, constructs used in this work. Bottom, structure of Saccharomyces cerevisiae
eIF5B in complex with an eIF1A C-terminal peptide (34). Helix h12, discussed in the text, is labeled.

of eIF1A and eIF5B, respectively), can be cross-linked to
each other when part of the translation IC. The cross-
linking was mapped to a segment encompassing IF2 do-
mains D2 and D3 (22). It has been proposed, based on
Cryo-EM data, that IF1 contacts the linker between IF2-
D2 and D3 (23), whereas recent Cryo-EM reconstructions
observe contacts between IF1 and IF2-D3 (24).

Intrinsically disordered proteins (IDPs) and regions (ID-
PRs) are unfolded and dynamic under native conditions.
IDPs and IDPRs have been found to play important roles

and have attracted increasing attention in recent years. ID-
PRs often contain binding sites for other proteins and lig-
ands and can fold upon binding to their target. A less well
known fact is that IDPRs can be involved in dynamic in-
teractions while remaining unfolded and flexible (reviewed
in (25–28)). We recently reported that in the bacteriophage
T7 ssDNA-binding protein gp2.5, the negatively charged in-
trinsically disordered CTT dynamically contacts the DNA-
binding surface and binds to the T7 DNA polymerase.
Deletion of the tail increases the affinity for ssDNA and
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allows gp2.5 to also bind dsDNA (29). gp2.5 has an OB-
fold domain with structure homology to the eIF1A OB do-
main. Sequence/structure-specific nucleic acid-binding pro-
teins tend to have significant non-specific affinity for any nu-
cleic acid. Thus, the intramolecular contacts in gp2.5 play
a dual role: they reduce the non-specific, dsDNA-binding
affinity, as well as coordinate ssDNA binding with binding
of other proteins to the gp2.5 CTT (29). Similar to gp2.5,
deleting the CTT of yeast eIF1A increases its affinity for
the 40S ribosomal subunit (30), and eIF1A tends to self-
associate at high protein concentrations at physiological
salt, but not at high salt. These observations led to the hy-
potheses that the conserved intrinsically disordered eIF1A-
CTT may contact the eIF1A ribosome-binding surface, and
that these intramolecular interactions may modulate the in-
teractions of eIF1A with other proteins.

Here we report that eIF1A-CTT does indeed dynami-
cally contact the ribosome-binding surface of the eIF1A-
OB domain. We also observed an intramolecular interac-
tion between eIF5B-D3 and -D4. eIF5B-D3 binds weakly
to eIF1A-OB, but only in the absence of eIF1A-CTT. The
intramolecular interactions, both within eIF1A and within
eIF5B, weaken the interaction between eIF1A-CTT and
eIF5B-D4. Our results show that the affinity between eIF1A
and eIF5B on the ribosome is much greater than that be-
tween the free proteins in solution. Since eIF1A and eIF5B
bind to adjacent sites on the ribosome, their effective con-
centrations with respect to each other would also be in-
creased, further stabilizing their interaction. We present a
model for the interactions within and between eIF1A and
eIF5B, their dynamic remodeling at various stages of trans-
lation initiation and their respective roles in the process.

MATERIALS AND METHODS

Protein expression and purification

All protein constructs are shown in Figure 1. The proteins
were cloned in pET21a with an N-terminal GB1 tag, a
His6-tag and a TEV protease cleavage site, and expressed
in Bl21(DE3) cells. The eIF5B constructs were expressed
at 20◦C O/N and purified on a TALON Cell-Thru His-tag
affinity column (Clontech) in buffer containing 20 mM Tris,
pH 7.0, 300 mM KCl, 1 mM EDTA, 1 mM DTT and 0.1
mM AEBSF. The GB1 tag was cleaved using TEV and re-
moved using IgG column. Ion exchange chromatography
on a Uno Q or a Uno S column was used, where necessary,
for additional purification. The eIF1A constructs were ex-
pressed at 37◦C for 3 h, except eIF1A�N and eIF1A�NC,
which were expressed at 20◦C. The purification was the
same as for eIF5B constructs, except 1 M NaCl was used
for eIF1A, eIF1A�N and eIF1A�NC, and 150 mM KCl
was used for eIF1A-CTT constructs. Fluorescein-labeled
eIF1A-CT7 was chemically synthesized. For 15N-, 13C- and
2H-labeling, bacteria were grown on minimal medium sup-
plemented with 15N-NH4Cl, 13C-glucose, and/or 2H2O, re-
spectively.

NMR experiments

Nuclear magnetic resonance (NMR) experiments were per-
formed in buffer containing 20 mM Tris, pH 7.0, 150 mM

KCl, 1 mM EDTA, 1 mM DTT and 0.1 mM AEBSF, with
5% 2H2O, except where noted. NMR data were collected on
a 500 MHz Bruker spectrometer (Boston University School
of Medicine), an 800 MHz Bruker spectrometer (Brandeis
University) and an 850 MHz Bruker spectrometer (Brown
University), all equipped with cryoprobes.

Chemical shift perturbation assay

Backbone resonance assignments for eIF5B-D3 were ob-
tained using standard triple-resonance experiments (re-
viewed in (31)) on 15N/13C-labeled samples at 500 mM
NaCl. The backbone assignments for eIF1A and eIF5B-
D4 have been published previously (6,17). 15N heteronu-
clear single-quantum coherence (HSQC) experiments on
15N-labeled proteins were used for NMR binding and dele-
tion analysis for smaller proteins. Transverse relaxation op-
timized spectroscopy (TROSY)-HSQC on 15N/2H-labeled
proteins was used for larger proteins and complexes. For
binding experiments, a 15N-labeled protein sample was
titrated with increasing concentrations of unlabeled bind-
ing partner, until saturation (where no further chemical shift
changes are observed) or until the solubility limit of the un-
labeled protein was reached. Chemical shift changes were
calculated according to the formula � = ((�H)2 + (�N/5)2)1/2

and affected residues were mapped on the surface of the
protein. For NMR deletion analysis, the spectra of 15N-
labeled full-length proteins were compared to the spectra
of deletion mutants and analyzed as above.

Paramagnetic relaxation enhancement

Paramagnetic groups induce increased rates of relaxation
(loss of signal) of nuclei located up to ∼25 away, which
can be converted into distance restraints for structure de-
termination by NMR (32). For paramagnetic relaxation
enhancement (PRE) experiments, WT proteins containing
solvent-exposed cysteine side chains or engineered single-
cysteine mutants were labeled with N-(1-Oxyl-2,2,6,6-
tetramethyl-4-piperidinyl)maleimide (OPM) (Toronto Re-
search Chemicals, Inc.) in degassed buffer in the absence
of a reducing agent. OPM attaches to cysteine sulfhydryl
groups through its maleimide group and the resulting bond
is not reversible by reducing agents. 15N-labeled proteins
were OPM-labeled for detection of intramolecular PRE ef-
fects. Unlabeled proteins were OPM-labeled and added to
a 15N-labeled protein to detect intermolecular PRE effects
in a complex. The spectra of the samples under oxidizing
conditions, where OPM is paramagnetic, were compared to
spectra under reducing conditions, where OPM is diamag-
netic. Samples were reduced using 2 mM ascorbic acid. The
intensities of each peak under oxidized and reducing con-
ditions were quantified to identify nuclei that are near the
paramagnetic center and experience faster relaxation. The
intensity loss due to the PRE effect was converted into dis-
tance restraints, which were used for docking, as described
(32).

Fluorescence anisotropy

Fluorescence anisotropy (FA) measurements were done
on a QuantaMaster QM4 fluorescent spectrometer (PTI),
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equipped with polarizers and dual monochromators. eIF5B
fragments were titrated into synthetic fluorescein-labeled
eIF1A-CT7 peptide (Fl-eIF1A-CT7), to determine their
KDs for the fluorescently labeled peptide. The increase in
FA as a function of competitor concentration was recorded
and used to fit the KD of the interaction. Competition as-
says were used to determine the KDs of unlabeled eIF1A and
eIF1A fragments for eIF5B domains. Increasing concentra-
tions of a competitor were added to a mixture of Fl-eIF1A-
CT7 and the eIF5B fragment of interest, and the drop in FA
as a function of competitor concentration was recorded and
used to fit the KD of the interaction. The experiments were
performed in a buffer containing 20 mM Tris–HCl, pH 7.0,
150 mM KCl, 1 mM EDTA, 1 mM DTT, 0.1 mM AEBSF,
at 20◦C. Data analysis was done in SigmaPlot.

RESULTS

Intramolecular interactions within eIF1A

To test whether eIF1A-CTT and -OB interact, we used
NMR deletion mapping, a variant of the chemical shift per-
turbation (CSP) assay, which is a sensitive method for map-
ping protein-protein and protein–ligand interactions. NMR
chemical shifts are affected by changes in the environment
at and around the contact interface upon binding, causing
changes in the positions of the corresponding peaks in the
NMR spectra (peak ‘movement’). In the CSP assay, NMR
spectra of a labeled protein are recorded in the presence
and absence of an unlabeled binding partner; the peaks af-
fected by the interaction are identified; and the correspond-
ing residues are mapped on the structure of the protein,
to identify the surfaces affected by the interaction. In the
NMR deletion analysis, the NMR spectra of a full-length
protein and a deletion mutant are compared. Chemical shift
changes between the two spectra are mapped on the protein
surface in the same way as with the ‘traditional’ CSP as-
say to identify the contact interface of the deleted segment
with the rest of the protein (reviewed in (31)). Since eIF1A-
CTT and -NTT are intrinsically disordered (6), their dele-
tion is not expected to affect the folding and stability of the
OB domain of eIF1A (see Figure 1A for constructs used in
this work). However, if they contact the eIF1A-OB at least
transiently, their deletion would change the chemical envi-
ronment at the surfaces they contact.

Comparison of the NMR spectra of 15N-labeled full-
length eIF1A and eIF1A�C, missing the entire 26-residue
eIF1A-CTT (black and red, respectively in Figure 2A, left),
shows that deletion of eIF1A-CTT strongly affects multiple
peaks belonging to residues from the eIF1A-OB domain.
Mapping the affected residues on the eIF1A surface (Figure
2B) demonstrates that eIF1A-CTT not only binds to the OB
domain, but specifically contacts a distinct surface: around
helix �1 and loop L45 (labeled in the structure in Figure 1A,
the numbering of secondary structure elements in eIF1A
is from (6)). Adding eIF1A-CTT to 15N-labeled eIF1A�C
(blue in Figure 2A, center) or eIF1A�NC (missing both the
NTT and the CTT, data not shown) affects most of the same
surfaces as the respective deletion, showing that the inter-
action between eIF1A-CTT and -OB is strong enough to
occur even when the tail is not covalently attached. In one
region the chemical shift changes amount to reversing the

changes due to the deletion of eIF1A-CTT. In another––the
reversal is only partial. Surfaces in the vicinity of the site of
the deletion are not affected by adding eIF1A-CTT, con-
sistent with those effects being due to the covalent attach-
ment of the CTT and not to productive interactions be-
tween the CTT and the OB domain. At saturating concen-
trations of eIF1A-CTT, the peaks corresponding to the af-
fected residues in eIF1A�C move to the same positions as in
full-length eIF1A, but do not move past them (Figure 2A,
center). Therefore, even though eIF1A-CTT is natively un-
folded and mobile in full-length eIF1A, it spends most of
the time in contact with eIF1A�C at a distinct surface on
the eIF1A-OB domain. For instance, if eIF1A-CTT spends
half the time bound to the eIF1A-OB domain, the peak po-
sitions in full-length eIF1A would be intermediate between
those in free eIF1A�C and eIF1A�C in the presence of sat-
urating eIF1A-CTT concentrations.

In order to determine whether the 16 C-terminal residues
in eIF1A (eIF1A-CT16) are sufficient to bind to the OB
domain, we repeated the above experiments with eIF1A-
CT16. Deletion of eIF1A-CT16 affects a distinct surface on
eIF1A-OB, which is a subset of that affected by deletion of
eIF1A-CTT (compare Figure 2B and Supplementary Fig-
ure S1A). Adding eIF1A-CT16 to 15N-labeled eIF1A�C or
eIF1A�NC affects most of the same surfaces affected by
the respective deletion (data not shown). Therefore, eIF1A-
CT16 contacts the OB domain at a specific surface.

Position of eIF1A-CTT on the OB domain

To map more precisely the interaction between eIF1A-
CTT and -OB, we introduced a point mutation, D137C,
in eIF1A-CTT. In principle, a point mutation affects the
environment in the close vicinity of the mutated residue,
in much the same way as does ligand binding or dele-
tion. The approach of combining NMR with ‘soft’ muta-
tions, which change residues at an interface, without dis-
rupting the interaction, has been successfully used by the
Gierasch group to study intramolecular interactions within
Hsp70 (33). The D137C mutation not only affects nearby
residues in the CTT, but also affects a specific surface on
the eIF1A OB domain (Figure 2C), helping to pinpoint
the location of D137 binding on the eIF1A-OB domain.
We then performed PRE experiments with oxytetramethyl
piperidinyl maleimide (OPM) labeled eIF1AD137C. Param-
agnetic probes cause increased relaxation (loss of signal)
in nuclei at a distance of up to ∼20–25 . Comparison of
NMR spectra of paramagnetically labeled proteins with
spectra where the probe is reduced (diamagnetic) provides
long-range distance restraints that can be used for structure
determination (32). Paramagnetic labeling of eIF1AD137C
causes loss of signal in a specific surface on the eIF1A
OB domain (Figure 2D). The observed PRE effects cover
an area similar to, but wider than the surface, where the
D137C mutation induced chemical shift changes (compare
Figure 2C and D), consistent with the long-range nature
of the PRE effects. The PRE effects were localized to a
distinct surface, confirming that the interaction between
eIF1A-CTT and -OB is specific, and that D137 in eIF1A-
CTT does not spend significant amount of time at any other
eIF1A-OB domain surfaces. Some residues were affected in
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eIF1A�C (red). Center, overlay of a portion of NMR spectra of 15N-eIF1A (black), 15N-eIF1A�C (red) and 15N-eIF1A�C with unlabeled eIF1A-CTT
(blue). The arrows show peak movements upon eIF1A-CTT deletion (red) and upon addition of unlabeled eIF1A-CTT (blue). At saturation, binding of
eIF1A-CTT reverses the changes caused by its deletion. Right, schematic of the eIF1A fragments used: the OB domain is in surface representation; the
NTT is red wire; the CTT is black wire; and the added unlabeled CTT is blue. (B) eIF1A-OB domain surfaces affected by eIF1A-CTT deletion in the
Chemical Shift Perturbation (CSP) assay shown in (A). In the top panel, eIF1A is in the same orientation as in Figure 1A. Affected residues are colored
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as red sticks. (D) Paramagnetic Relaxation Enhancement (PRE) effects on eIF1A-OB residues in Oxytetramethyl Piperidinyl Maleimide (OPM) labeled
eIF1AD137C. Affected residues are colored red. Effects on residues in the CTT proximal to D137 are not shown. (E) Model for the dynamic interaction
between eIF1A-CTT and -OB. Surfaces contacting the 40S ribosomal subunit are colored blue; the CTT is colored yellow; the eIF5B-D4 binding segment
of the CTT is colored red. Note that the CTT/OB contacts are dynamic and the CTT remains mobile.
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the CSP experiment comparing WT eIF1A and eIF1AD137C
(Figure 2C), but not in the PRE experiment (Figure 2D), in-
dicating that the corresponding CSP effects were likely due
to allosteric effects, rather than proximity to D137.

To further delineate the contacts between eIF1A-OB and
-CTT, we used two cysteine mutants in the OB domain at the
interface with the CTT: R65C in helix �1 and D85C in loop
L45 (6). PRE experiments with paramagnetically labeled
eIF1AR65C show that the proximal portion of eIF1A-CTT
spends time in the vicinity of R65 (Supplementary Figure
S1C). In contrast, similar experiments with the eIF1AD85C
mutant show that only the distal portion of eIF1A-CTT
(the extreme C-terminus) reaches the area around D85
(Supplementary Figure S1D). Therefore, the natively un-
folded eIF1A-CTT dynamically contacts a specific surface
of the folded domain of eIF1A (Figure 2E).

The PRE experiments with the R65C and D85C mutants
also showed that the entire eIF1A-NTT spends some time in
the vicinity of R65, but not D85 (compare Supplementary
Figure S1C and D). Deletion of the 24-residue eIF1A-NTT
affects a distinct surface on eIF1A-OB (Supplementary Fig-
ure S1B). However, unlike the case with eIF1A-CTT, no sig-
nificant effects were observed when adding eIF1A-NTT to
15N-labeled eIF1A�N (up to ∼200 �M, data not shown).
Therefore, the eIF1A-NTT:OB interaction is too weak to
observe when the NTT is not covalently attached to the rest
of eIF1A, at least at the protein concentrations we could
achieve.

eIF1A-CTT contacts the ribosome-binding surface of eIF1A-
OB

Next, we asked whether the newly observed contacts of
eIF1A-OB with the CTT and NTT can occur when eIF1A
is bound to the 40S ribosomal subunit. A comparison of
the binding interface between eIF1A-CTT and -OB with
the structure of the eIF1A:40S complex (10) shows signif-
icant overlap between the eIF1A-OB surfaces that contact
eIF1A-CTT and the 40S subunit (compare Figure 2B and
E). Therefore, the dynamic interaction of eIF1A-CTT with
the rest of eIF1A must be eliminated upon ribosome bind-
ing. This can explain why deletion of the CTT of S. cere-
visiae eIF1A increases its affinity for the 40S subunit ∼4-
fold (30). Similar analysis for eIF1A-NTT shows that the
main NTT contact surface on the OB is compatible with
the position of the eIF1A-NTT in 40S-bound eIF1A (com-
pare Figure 2E and Supplementary Figure S1B). However,
on the 40S ribosomal subunit, eIF1A-NTT would no longer
be able to reach the vicinity of R65, which is buried at the
interface with the ribosome (compare Figure 2E and Sup-
plementary Figure S1C). Therefore, the transient contacts
of the OB-proximal portion of eIF1A-NTT with the rest of
eIF1A are maintained upon ribosome binding, whereas any
additional contacts are lost.

The intramolecular interaction within eIF1A modulates
eIF1A-CTT binding to eIF5B-D4

Comparison of NMR spectra of 15N-labeled eIF1A and
eIF1A-CTT shows that virtually the entire eIF1A-CTT
contacts the eIF1A-OB domain (data not shown). The

Table 1. Binding affinities between eIF1A and eIF5B constructs deter-
mined by Fluorescence Anisotropy (FA)

eIF5B-D4 (�M) eIF5B-D34 (�M)

Fl-eIF1A-CT71 12 ± 1 27 ± 3
eIF1A-CT162 12 ± 3 23 ± 6
eIF1A-CTT2 12 ± 2 18 ± 5
eIF1A2 39 ± 9 41 ± 9

1Direct binding FA assay to fluoresceine-labeled synthetic eIF1A-CT7
peptide (Fl-eIF1A-CT7).
2Competition FA assay.

eIF1A C-terminus is known to bind eIF5B-D4 (17,18).
Therefore, the intramolecular interaction between eIF1A-
OB and -CTT could interfere with eIF1A-CTT binding to
eIF5B-D4. To test this hypothesis, we determined the affini-
ties of a series of eIF1A constructs for eIF5B-D4 using FA
with a fluorescein-labeled synthetic eIF1A-CT7 peptide (Fl-
eIF1A-CT7). The affinity of Fl-eIF1A-CT7 for eIF5B-D4
was 12 �M. Competition FA assays using Fl-eIF1A-CT7
showed that the binding affinities of eIF1A-CT16 (12 �M)
and of the full 26-residue eIF1A-CTT (12 �M) were similar
(Figure 3A and B, Table 1). In contrast, the affinity of full-
length eIF1A for eIF5B-D4 was 39 �M, much weaker than
that of eIF1A-CTT (Figure 3B and Table 1). These results
show that the intramolecular interaction within eIF1A in-
terferes with eIF1A-CTT binding to eIF5B-D4, as expected
based on the physical overlap between the two interfaces.
Comparisons of NMR spectra of 15N-labeled eIF5B-D4
with eIF1A, eIF1A-CTT, and eIF1A-CT16 showed that all
three eIF1A constructs contact the same surface on eIF5B-
D4 (Supplementary Figure S2 and data not shown), fully
consistent with our previous results (17). These findings are
also in line with the recently published crystal structure of
yeast eIF5B in complex with eIF1A, in which only the 11 C-
terminal eIF1A residues are visible, while the rest of the pro-
tein is not (34). Since no significant chemical shift changes
are observed on eIF1A-OB upon eIF5B-D4 binding ((17)
and data not shown), while the eIF1A C-terminus is bound
to eIF5B-D4, the interaction of eIF1A-OB with the rest of
the CTT remains mostly unperturbed.

eIF1A-OB interacts with eIF5B-D3

The eIF1A-OB domain has been proposed to bind to
eIF5B-D2 and/or -D3 on the ribosome (see e.g. (17)), be-
cause of their proximity on the ribosome and because such
an interaction has been reported between their bacterial ho-
mologs (22,24). However, the interaction has never been ob-
served off the ribosome in either bacteria or eukaryotes.
The intramolecular interactions shown in Figure 2 and Sup-
plementary Figure S1 involve a surface on the eIF1A-OB
domain around loop L45 (6), which faces in the direction
of eIF5B in the translation IC, and is thus the most likely
eIF5B contact surface on the OB domain. Therefore, we
tested both full-length eIF1A and eIF1A�C for binding
to eIF5B-D123, encompassing domains D1, D2 and D3.
eIF5B-D123 contains D2 and D3, but not D4 and thus
cannot bind to eIF1A-CTT. We found that eIF5B-D123
binds to 15N-labeled eIF1A�C, but not to full-length 15N-
eIF1A (Figure 4A and B). Binding leads to severe broad-
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Figure 3. Binding affinities between eIF1A and eIF5B fragments deter-
mined by fluorescence anisotropy (FA). (A) Direct titration of fluorescein-
labeled eIF1A-CT7 (Fl-eIF1A-CT7) with eIF5B-D4 and eIF5B-D34. (B)
Competition assay with eIF1A, eIF1A-CTT and eIF1A-CT16 binding to
eIF5B-D4. (C) Competition assay with eIF1A, eIF1A-CTT and eIF1A-
CT16 binding to eIF5B-D34.

ening of peaks corresponding to the eIF1A-OB domain,
but not the natively unfolded NTT. Mapping the binding
surface on eIF1A-OB using TROSY and 15N/2H-eIF1A�C
shows that the affected surfaces on the eIF1A-OB (Figure
4C and Supplementary Figure S3A) overlap with those af-

fected by eIF1A-CTT binding (compare with Figure 2B).
Therefore, eIF1A-OB does indeed bind eIF5B, and eIF1A-
CTT sterically prevents this interaction.

To further map the eIF5B segment that binds to eIF1A-
OB, we tested whether eIF5B-D34 can bind to eIF1A�C.
eIF5B-D34 binds to eIF1A�C and causes similar effects to
those observed with eIF5B-D123 (compare Supplementary
Figure S3B with the inset of S3A), indicating that D3, the
common segment between the two eIF5B constructs, is both
necessary and sufficient for the interaction. Indeed, eIF5B-
D3 binds to eIF1A�C and causes similar effects to those
observed with eIF5B-D123 and eIF5B-D34 (compare Sup-
plementary Figure S3C with A and B). eIF5B-D4 does not
interact with eIF1A-OB or eIF1A-NTT (data not shown),
consistent with previous data (17). Therefore, eIF1A-OB
can interact with eIF5B-D3, when not blocked by eIF1A-
CTT. Since eIF1A-CTT is likely displaced from the OB
domain upon binding to the 40S ribosomal subunit (see
above), eIF5B-D3 and eIF1A-OB can interact when eIF5B
and eIF1A are on the ribosome.

We then proceeded to test whether eIF1A-OB and eIF5B-
D3 interact in the context of the eIF1A:eIF5B-D34 com-
plex, where eIF1A-CTT interferes with the eIF1A-OB–
eIF5B-D3 interaction. The rationale was that in the com-
plex held together by binding of eIF1A-CTT to eIF5B-
D4, eIF1A-OB and eIF5B-D3 are brought in proximity to
each other, which could allow them to overcome, at least
partially, the inhibitory effect of eIF1A-CTT. eIF5B-D34
binding to 15N-labeled eIF1A causes severe line-broadening
in both the extreme eIF1A-C-terminus and the eIF1A-OB
domain (Supplementary Figure S3D), as expected for for-
mation of a large complex. The eIF1A-NTT and most of
the eIF1A-CTT remain flexible. Comparison of TROSY-
HSQC spectra of 15N/2H-labeled eIF1A in the presence
and absence of eIF5B-D34 shows strong effects in the
eIF1A-CTT, as well as weak effects at the eIF5B-D3 bind-
ing surface of eIF1A-OB (Figure 4D). Therefore, in the
eIF1A:eIF5B-D34 complex, eIF5B-D3 and D4 both con-
tact eIF1A. The chemical shift changes on the OB do-
main are much smaller than those caused by deletion of
eIF1A-CTT; therefore, the intramolecular interaction be-
tween eIF1A-OB and -CTT is not significantly disturbed
in the complex. The chemical shift changes in the L45 re-
gion were similar to those observed with eIF5B-D3 binding
to eIF1A�C (compare e.g. the 83 peak movement in Sup-
plementary Figure S3C and D), consistent with direct con-
tact between eIF5B-D3 and eIF1A-OB. In contrast, chem-
ical shift changes in the �1 helix region were different from
those observed with eIF5B-D3 binding to eIF1A�C, instead
moving slightly in the same direction as when eIF1A-CTT
is deleted (compare e.g. the 67 peak movement in Figure
2A, Supplementary Figure S3C and D). This observation
indicates slight destabilization of the intramolecular eIF1A-
OB/-CTT contacts. Therefore, eIF5B-D4 binding appears
to cause ‘fraying’ of the eIF1A-CTT away from the eIF1A-
OB surface sufficient to allow eIF5B-D3 to contact the L45
region of eIF1A-OB.

To map the eIF1A contact surfaces on eIF5B, we ob-
tained the NMR backbone resonance assignments of hu-
man eIF5B-D34 and used them in CSP assay. eIF1A bind-
ing to 15N/2H-labeled eIF5B-D34 shows strong effects in
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NMR spectra of 15N-eIF1AΔC in the absence (black)
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Figure 4. eIF1A-OB binds to eIF5B-D3. (A) Overlay of NMR spectra of 15N-eIF1A�C in the absence (black) and presence of eIF5B-D123 (red). Select
peaks from eIF1A-NTT, as well as other peaks that remain visible in the presence of eIF5B-D123 are labeled. Loss of most peaks, except those belonging
to residues in the eIF1A-NTT and other flexible regions, indicates formation of a large complex, in which the NTT remains dynamic. (B) Overlay of NMR
spectra of 15N-eIF1A in the absence (black) and presence of eIF5B-D123 (red). No loss of signal or chemical shift changes are observed, indicating no
significant binding. (C) Surfaces of 15N/2H-eIF1A�C affected by eIF5B-D123 binding in CSP assay. eIF1A is in the same orientation as in Figure 1A, in
surface representation, except for eIF1A-CTT (deleted), shown as black wire. Affected residues are painted yellow. (D) Surfaces of 15N/2H-eIF1A affected
by eIF5B-D34 binding in CSP assay. Affected residues are painted from yellow (smaller effects) to red (larger effects). (E) Surfaces of 15N/2H-eIF5B-D34
affected by eIF1A binding in CSP assay. In the left panel, eIF5B-D34 is in the same orientation as in the eIF5B structure in Figure 1B. Affected residues are
painted from yellow (smaller effects) to orange (larger effects). Residues with no significant effects are dark gray and residues that could not be analyzed
are light gray.
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eIF5B-D4, which interacts with eIF1A-CTT, as well as
weaker effects in eIF5B-D3 (Figure 4E, weaker effects are
shown in yellow, and stronger effects––in orange).

eIF5B-D3 contacts eIF5B-D4 and interferes with binding to
eIF1A-CTT

The above experiments mapping the interaction between
eIF1A and eIF5B-D34 indicated that eIF1A can contact
both eIF5B-D3 and -D4 simultaneously. It was therefore,
interesting to determine the binding affinity between eIF1A
and eIF5B-D34. This was done using competition FA as-
say, as described above for eIF5B-D4. Surprisingly, the flu-
orescently labeled peptide Fl-eIF1A-CT7, used for the com-
petition FA assay, had lower affinity for eIF5B-D34 (27
�M) than for eIF5B-D4 (12 �M) (Figure 3A and Table
1). The affinities of eIF1A-CT16 (23 �M) and eIF1A-CT26
(18 �M) for eIF5B-D34 were also weaker than for eIF5B-
D4. Therefore, the presence of D3 interferes with binding of
D4 to eIF1A-CTT. This observation indicates that eIF5B-
D3 and D4 may contact each other. The eIF1A affinity for
eIF5B-D34 (41 �M)(Figure 3C and Table 1) was nearly
identical to that for eIF5B-D4 (39 �M)(Figure 3B and Ta-
ble 1). Since all eIF1A-CTT constructs have lower affinities
for eIF5B-D34 than for eIF5B-D4, this indicates a modest
stabilizing effect of the eIF1A-OB–eIF5B-D3 interaction,
even in the presence of the inhibitory eIF1A-OB/CTT in-
teraction.

eIF5B-D3 and -D4 are connected by the long helix h12
(labeled in Figure 1B, the numbering of secondary structure
elements in eIF5B is from (14)), which appears rigid in the
structure of the archaeal eIF5B homolog aIF5B (14). How-
ever, recent reports show that D4 is in fact attached flexibly
to the rest of eIF5B (34–37). Furthermore, one of several
crystal forms of yeast eIF5B reported in (34) shows D3 and
D4 in direct contact with each other. If such contact exists
in solution, it could explain the inhibitory effect of D3 on
the binding of D4 to eIF1A-CTT. To test whether D3 and
D4 interact in solution, we used NMR deletion mapping,
as described above for eIF1A. Comparison of the spectra of
eIF5B-D34 to those of the individual domains shows that
D3 and D4 do indeed contact each other. The affected sur-
face on D4 (Figure 5A) partially overlaps with the eIF1A-
CTT binding surface (Figure 4E), explaining the effect of
the intramolecular interaction within eIF5B on the affinity
for eIF1A. The effects on eIF5B-D3 are more extensive and
include the entire helix h12 connecting D3 with D4, as well
as regions of D3 that pack against it, indicating changes in
conformation and/or dynamics in D3 between the eIF5B-
D3 and eIF5B-D34 constructs. Therefore, it was difficult
to unambiguously distinguish direct effects on D3 due to
contacts with D4 from indirect effects mediated by confor-
mational changes. Interestingly, whereas the eIF5B-D4 sur-
faces affected by the presence or absence of D3 are at least
partially compatible with contacts observed in the recent
yeast eIF5B crystal structure (34), the affected surfaces on
D3 are clearly different from the surface that contacts D4 in
that crystal structure (compare Figure 5A and E), indicating
that the contact interface between human eIF5B and eIF1A
is different from that observed in the yeast eIF5B/eIF1A
crystal structure.

To further elucidate the interaction interface between
eIF5B-D3 and -D4, we used a combination of site-directed
mutagenesis and PRE analysis. To this end, we introduced
the W1197C mutation in eIF5B-D34. The sidechain of
W1197 in D4 packs against the long helix h12 that con-
nects D3 with D4 and the NH chemical shifts of W1197
are strongly affected by the presence/absence of D3. W1197
is also at the periphery of the eIF1A-CTT binding surface
of D4. The W1197C mutation in the two-domain eIF5B-
D34 construct causes chemical shift changes not only in the
surrounding region of D4 (as expected from its proximity),
but also in D3. The regions of D3 affected by the W1197C
mutation (Figure 5B) are essentially the same as those af-
fected by deletion of D4 (Figure 5A), although the mag-
nitude of the chemical shift changes is somewhat smaller.
Therefore, the mutation appears to weaken the D3:D4 in-
teraction. PRE experiments with paramagnetically labeled
eIF5B-D34W1197C (Figure 5C) allowed us to differentiate
between direct and indirect effects of D4 on D3 and de-
termine the mutual orientation of the two domains (Figure
5D). The interdomain orientation of eIF5B-D34 was ob-
tained using distance restraints from intramolecular PRE
effects within eIF5B (Figure 5C). These results also con-
firmed that at least in human eIF5B, the D3/D4 contact in-
terface is different from that observed in (34)(compare Fig-
ure 5D and E).

Comparison of the eIF5B-D3/D4 interface (Figure 5)
with the eIF5B surfaces affected by eIF1A binding (Fig-
ure 4E) indicates that eIF1A binding has a modest effect
on the D3/D4 interface. The magnitude and direction of the
changes in the D4-binding surface of D3 suggest that eIF1A
binding causes weakening of the intramolecular D3/D4
interaction, consistent with the D3/D4 interaction itself
weakening eIF1A binding.

Structure of the dynamic eIF1A:eIF5B-D34 complex

To determine the precise mutual orientation of eIF1A and
eIF5B-D34, we performed PRE experiments with three
eIF1A cysteine mutants: D85C, in the OB domain, at the
interface with eIF5B-D4; R65C, also in the OB domain,
farther from eIF5B; and D137C, in the CTT, in close prox-
imity to the D4-binding eIF1A C-terminus (Supplemen-
tary Figure S4AB, and data not shown). Weak to moder-
ate PREs from OPM-labeled eIF1AD85C were observed in
both D3 and D4 in the eIF1A:eIF5B-D34 complex (Supple-
mentary Figure S4A). PRE effects from eIF1AD137C were
observed only in D4 (Supplementary Figure S4B), as ex-
pected based on its position next to the D4-binding site.
Only weak PRE effects were observed with eIF1A-R65C
(data not shown), limited to a small subset of the residues
affected by the D137C mutant. These results are consis-
tent with D137 contacting the OB domain in the vicinity
of R65 (see Figure 2D), as well as with eIF1A-CTT being
located between the eIF1A-OB domain and eIF5B-D4 in
the eIF1A:eIF5B complex.

We used our results, together with previously available
structural data, to build a model for the structure of the dy-
namic eIF5B:eIF1A complex (Supplementary Figure S4C).
The interaction of eIF5B-D4 with the eIF1A C-terminus
was modeled after the crystal structure of the correspond-
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Intramolecular contacts in eIF5B-D34: residues affected by splitting eIF5B-D3 and -D4
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Figure 5. Intramolecular contacts between eIF5B-D3 and -D4. (A) eIF5B-D3 and -D4 surfaces affected by deletion of eIF5B-D4 and -D3, respectively, in
CSP assay. Affected residues are colored yellow (smaller effects) and orange (larger effects); residues with no significant effects are dark gray; and residues
that could not be analyzed are light gray. The region corresponding to the contact surface in the structure of yeast eIF5B (34) (circled and marked with
an arrow) is unaffected. (B) eIF5B-D34 surfaces affected by the W1197C mutation in CSP assay. Affected residues are colored yellow (smaller effects) and
orange (stronger effects). The side-chain of W1197 is shown as red sticks. (C) PRE effects on eIF5B-D3 residues in OPM-labeled eIF5BW1197C. Affected
residues are colored yellow. Effects on residues in D4 are not shown. (D) Model for the dynamic interaction between eIF5B-D3 and -D4. (E) D3/D4
contacts in the crystal structure of Saccharomyces cerevisiae eIF5B (34). The main contact surface on D3 is circled.
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ing complex between yeast eIF5B and eIF1A-CTT (34),
because our data were consistent with it. The orientation
of the eIF1A-OB domain with respect to eIF5B-D34 was
obtained using intermolecular PRE effects (Supplemen-
tary Figure S4A and B). Since our NMR data indicated
that most of the intramolecular contacts within eIF1A and
eIF5B-D34 remain intact in their complex, the two pro-
teins were docked initially as rigid bodies. The only excep-
tion was the eIF1A C-terminus, whose interactions with
the eIF1A-OB domain and eIF5B-D4 were not compatible
with each other. Therefore, the C-terminal 11 residues of
eIF1A were modeled bound to eIF5B-D4 and away from
the OB domain. This eIF1A-CTT conformation also al-
lows the OB domain to contact eIF5B-D3 in the complex,
as indicated by our experimental data. In summary, in the
eIF1A:eIF5B complex in solution, the dynamic intramolec-
ular interactions remain largely intact, albeit slightly desta-
bilized (meaning they may spend a little more time away
from each other than in the free proteins), with the excep-
tion of the eIF1A C-terminus, which appears to fray away
from the OB domain. This is reflected in the model in Sup-
plementary Figure S4C, where the eIF1A and eIF5B-D34
conformations are the same as those of the free proteins
(Figures 2E and 5D, respectively), except for the eIF1A C-
terminus, which is in a new conformation bound to eIF5B-
D4. While the eIF1A-CTT:eIF5B-D4 interaction is stable
and involves folding of the eIF1A C-terminus upon binding,
the other contacts (both intra- and intermolecular) in the
eIF1A:eIF5B complex in solution remain dynamic. There-
fore, like the eIF1A and eIF5B-D34 models in Figures 2E
and 5D, the model for the eIF1A:eIF5B-D34 complex in
Supplementary Figure S4C is only a snapshot of a dynamic
complex with mobile parts and not a rigid structure.

In the model in Supplementary Figure S4C, the eIF1A-
C-terminus comes in close proximity with D3, consistent
with the observed modest inhibitory effect of D3 on the
D4:eIF1A-CTT interaction (Table 1). Thus, the effect could
be due to any of the following: unfavorable contacts be-
tween side chains, long-range repulsive electrostatic inter-
actions or allosteric effect on the interface, because both in-
teractions cause CSPs in overlapping sets of residues, which
could involve changes in conformation or dynamics. The
absence of steric clashes is consistent with the rather modest
effect (∼2-fold), since a steric clash would likely have had a
much greater effect.

The resulting eIF1A:eIF5B-D34 model represents the dy-
namic contacts between eIF1A and eIF5B in solution, but
not on the ribosome. Upon binding to the 40S subunit,
eIF1A-CTT will dissociate from the OB domain and eIF5B-
D4 will also have to move together with eIF1A-CTT, as well
as to avoid steric clashes with the 40S ribosomal subunit.

DISCUSSION

eIF1A and eIF5B are the only two universally conserved
translation initiation factors. Their ribosomal positions, as
well as many of their functions are also conserved between
bacteria and eukaryotes. It has been widely accepted that
these two proteins, together with the rest of the IC compo-
nents, undergo conformational changes as the IC progresses
through the stages of translation initiation (reviewed in (2–

5)). Yet we only recently started to understand the nature of
these changes and their roles.

In this work, we show the existence of dynamic in-
tramolecular interactions within both eIF1A and eIF5B.
Each of these interactions lowers the affinity of eIF5B–
eIF1A binding. Both intramolecular interactions affect
eIF1A-CTT binding to eIF5B-D4, while the intramolec-
ular contacts within eIF1A also block the newly discov-
ered eIF1A-OB–eIF5B-D3 binding. These observations
point toward potential mechanisms for modulation of the
eIF1A:eIF5B interaction, and through it, for remodeling
the IC, provided that the inhibitory intramolecular inter-
actions are disrupted at certain stages of translation initi-
ation. Remarkably, we already know of stages when this is
indeed the case: the eIF1A-OB/-CTT interaction must be
disrupted when eIF1A binds to the ribosome (7), and the
eIF5B-D3/-D4 interaction is disrupted at least upon ribo-
somal subunit joining (35,37).

When eIF1A binds to the small ribosomal subunit A-site,
its NTT and CTT both extend into the P-site, where the
NTT appears to bind to the ribosome, while the CTT re-
mains mobile. Upon start codon recognition, eIF1A-CTT
is displaced from the P-site (7,11). It is not known when ex-
actly eIF5B is recruited to the 40S subunit; however, its role
in helping displace eIF2-GDP from Met-tRNAi after start
codon recognition (15), indicates that it has to be recruited
at that stage or earlier. The eIF1A-CTT:eIF5B-D4 interac-
tion is most likely established when eIF1A-CTT is ‘evicted’
from the P-site upon start codon recognition, and it is
known to be important for both ribosomal subunit joining
and coordinated release of eIF1A and eIF5B after subunit
joining and GTP hydrolysis by eIF5B (16,19–20). If eIF5B
is not already present in the PIC, the eIF1A-CTT:eIF5B-
D4 interaction may also play a role in eIF5B recruitment.
eIF1A binding to the ribosome uncovers the eIF5B-D3
binding surface on eIF1A-OB by displacing eIF1A-CTT,
as we report here. The eIF1A-OB/eIF5B-D3 interface is
similar to that observed by Cryo-EM between IF1 and IF2
in the 30S PIC (24). Therefore, eIF5B could bind to the
PIC earlier than start codon recognition, via interactions
with ribosomal protein rpS23 and eIF1A-OB. If eIF5B is al-
ready present before the scanning PIC has reached the start
codon, this would be beneficial for the rate of translation
initiation because otherwise the PIC would stay idle until
eIF5B binds, which would not be instantaneous, consider-
ing the cellular levels of eIFs (38). Alternatively, if the scan-
ning PIC does not (always) contain an eIF5B, that would
allow for an additional level of regulation by the cellular
eIF5B levels, whereby lower eIF5B concentrations would
slow down the rate of translation initiation and potentially
cause an increased frequency of leaky scanning as the 48S
PIC dwells longer at the start codon before subunit joining
takes place. Dependence of start codon selection in vitro on
the eIF5B concentration has been observed experimentally
(39,40) and the same has been shown for other initiation
factors in vivo, e.g. eIF1 and eIF5 (41–43).

The KD of the eIF1A-CTT:eIF5B-D4 interaction is
weakened ∼3-fold by the eIF1A-OB/-CTT contacts and
another ∼1.5-fold by the eIF5B-D3/-D4 contacts (Table 1).
Therefore, when the inhibitory intramolecular contacts are
eliminated on the ribosome, the contribution of the eIF1A-
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CTT:eIF5B-D4 interaction for the overall eIF1A:eIF5B
affinity increases by ∼4.5-fold. While we do not know
the exact affinity of the second component, the eIF1A-
OB:eIF5B-D3 interaction, it should have a KD < 1 mM,
because we were able to observe it by NMR at protein con-
centrations of ∼200 uM. In solution, the intramolecular
eIF1A-OB/-CTT contacts are largely unperturbed (Supple-
mentary Figure S3D) and the contribution of the eIF1A-
OB:eIF5B-D3 interaction appears to be only minimal (Ta-
ble 1). In contrast, on the ribosome, the eIF1A-OB:eIF5B-
D3 interaction will be unobstructed and could increase the
overall affinity between eIF1A and eIF5B by order(s) of
magnitude. The effect of this increase in absolute affinity
is magnified by the increased effective concentration of the
two proteins with respect to each other, when they are both
bound to adjacent sites on the ribosome.

While there is no available structure of an 80S IC contain-
ing both eIF1A and eIF5B, eIF5B-D3 and eIF1A-OB likely
no longer contact each other at that stage, judging from the
position of D3 in the 80S IC (35,37), similar to the bacterial
70S IC (23,44). It is interesting to note that while bacterial
IF2-D3 has different positions in 30S IC and 70S IC (23–
24,44), it contacts rpS12 (the bacterial homolog of rpS23)
in both of these complexes, but via distinct interfaces. The
structures of the 80S IC (35,37) and the eIF5B-D3:eIF1A-
OB interaction reported here indicate that the same is likely
the case for eIF5B-D3 and rpS23.

The eIF1A interaction with eIF5B-D4 is mediated by
eIF1A-CTT and the helical subdomain of D4. However,
while the D4 helical subdomain is present in archaeal
aIF5B, archaeal aIF1A lacks a CTT. Therefore, the D4 he-
lical subdomain must play other role(s), at least in archaea,
and likely also in eukaryotes. Binding to D3 is one such
role, but may not be the only one. Remarkably, modeling
eIF1A into the structure of the mammalian eIF5B/80S IC
(37), places it in very close proximity, even touching eIF5B-
D4 (Supplementary Figure S5A). A common feature shared
between archaea and eukaryotes, but different from bacte-
ria, is that a/eIF5B does not bring the initiator tRNA to
the ribosome. Instead, a/eIF2 recruits the initiator tRNA
and is displaced by a/eIF5B upon start codon recogni-
tion and GTP hydrolysis. Therefore, it seems logical to pro-
pose that the interaction of D4 with D3, and possibly with
eIF1A-OB, is important for ribosomal recruitment and po-
sitioning of a/eIF5B, before it can displace a/eIF2 from
the tRNA. The D3:D4 interaction is compatible with the
D3:eIF1A-OB interaction and is thus likely present in the
PIC upon eIF5B recruitment. As shown in Supplementary
Figure S5A, D4 can contact eIF1A-OB in 80S ICs, while
D3 no longer contacts D4 and eIF1A-OB (37). It should
be noted, however, that we were unable to observe inter-
action between eIF1A-OB and eIF5B-D4 in solution (data
not shown), indicating that if such an interaction does ex-
ist, it would be weak and depend on eIF1A and eIF5B be-
ing brought in proximity on the ribosome. It remains to
be determined whether D4 contacts eIF1A-OB in 43S and
48S PICs, before and/or after eIF5B displaces eIF2-GDP
and binds to Met-tRNAi; as well as whether D4 still con-
tacts D3 after eIF5B binds to Met-tRNAi. The position of
eIF2 in the 48S PICs (45) shows that eIF5B-D4 cannot oc-
cupy the same position as it does in 80S IC (35,37), because

eIF2 would sterically prevent it. The overlap is more signifi-
cant in the open 48S PIC (Supplementary Figure S5B) than
in the closed (Supplementary Figure S5C), but is present
in both. We suggest that, after eIF5B displaces eIF2-GDP,
Met-tRNAi-bound D4 occupies a position similar to that
in 80S ICs and can contact eIF1A-OB. At this stage D4 has
likely lost contact with D3: for D4 to move toward Met-
tRNAi, either its dynamic contacts with D3 would have to
be disrupted, or the D3/eIF1A-OB contacts would have to
be rearranged, which we find much less likely. Furthermore,
eIF1A-CTT binding to D4 weakens the D3/D4 interaction,
which would make it easier to disrupt the D3/D4 contacts
upon Met-tRNAi binding. Testing this hypothesis directly
would have to await solving the structure of the 48S PIC
with Met-tRNAi bound to eIF5B. Modeling the eIF1A-
CTT:eIF5B-D4 interaction in the context of the 80S IC
(Supplementary Figure S6A) shows that the length of hu-
man eIF1A-CTT is sufficient to reach D4, consistent with
the role of this interaction for subunit joining (19). It is inter-
esting that, if this model is correct, the C-terminus of eIF1A
reaches to almost the same position on eIF1A-OB as in free
eIF1A, but approaching from the opposite direction (com-
pare Supplementary Figure S6B and C). eIF1A-CTT is even
longer in S. cerevisiae; however, it is six residues shorter in
Schizosaccharomyces pombe, which appears to be the mini-
mum, or near-minimum CTT length allowing eIF1A-CTT
to bind eIF5B-D4 as shown in Supplementary Figure S6A.

A recently reported crystal structure of archaeal aIF5B
from Aeropyrum pernix has an additional C-terminal helix
that packs against the first two helices of the D4 helical sub-
domain, occupying the surface that in eukaryotic eIF5B-
D4 binds to eIF1A-CTT (46). Interestingly, this C-terminal
helix is not present in the structure of another archaeal
aIF5B from Methanobacterium thermoautotrophicum (M.
therm.). Instead, the C-terminus of M. therm. aIF5B is dis-
ordered (14). It is not clear whether the difference between
these aIF5B structures reflects genuine differences between
the two proteins or is an indication that the C-terminus of
aIF5B can alternate between a disordered state and a helix
packed against the other two helices in D4. Supplementary
Figure S6 indicates that whether the aIF5B C-terminus is
helical or disordered, it is likely to be in close proximity to
aIF1A-OB and could mediate binding between aIF5B-D4
and aIF1A.

The D4 helical subdomain is not present in bacterial IF2;
thus, it is possible that the D3:D4 interaction is also unique
to eukaryotes and archaea. However, bacterial IF2-D3 and
-D4 may also interact, including on the ribosome (47). The
contact surface on D3 may be similar, while the one on D4
would obviously be different and would have to involve the
OB fold of IF2-D4. The fact that h12, connecting D3 to D4,
is shorter in IF2 than in eIF5B is also consistent with such
an idea. eIF5B and IF2 have similar structures and must
have similar overall dimensions, since they fit in similar cav-
ities on the ribosome. Thus, the C-terminal helical subdo-
main in eIF5B-D4 fits in the space between D1/D2 and D4.
The positions of D1/D2 and D4 on the ribosome are simi-
lar between eIF5B and IF2. However, the range of motion
of eIF5B-D3 is restricted by the extra helices in D4.

Model for the dynamic interactions of eIF1A and eIF5B on
and off the ribosome
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Based on our results and recent advances in the field, we
built a model for the dynamics of eIF1A and eIF5B on and
off the ribosome (Figure 6).

(i) In solution, eIF1A and eIF5B are likely to exist in
equilibrium between free species and the complex
shown in Supplementary Figure S4C.

(ii) Upon eIF1A binding to the 40S subunit, eIF1A-CTT
is displaced from the OB domain and is now located
in the ribosomal P-site. While this would increase the
eIF1A-CTT affinity for eIF5B-D4 (see Table 1), its lo-
cation on the ribosome away from eIF5B may preclude
such an interaction. The displacement of eIF1A-CTT
from eIF1A-OB also exposes the surface on the OB
domain that interacts with eIF5B-D3.

(iii) eIF5B is recruited to the PIC either before or after
start codon recognition (see text). At this stage, eIF5B-
D3 contacts both rpS23 and eIF1A-OB. While weak
in isolation, the eIF5B-D3:eIF1A-OB interaction is
likely to play a role in eIF5B recruitment and/or in-
fluence its orientation within the IC, since eIF1A and
eIF5B are bound to adjacent sites on the 40S subunit,
and their effective concentrations with respect to each
other can be quite high.

(iv) Upon start codon recognition, eIF1A-CTT is ‘evicted’
from the P-site and is now able to access eIF5B-D4.

(v) eIF5B-GTP displaces eIF2-GDP from the acceptor
end of Met-tRNAi. At this stage, eIF5B-D4 is re-
leased from D3 and can contact eIF1A-OB. Disrup-
tion of the D3:D4 contacts would also allow the
eIF5B-D4:eIF1A-CTT interaction to reach maximum
affinity (see Table 1). The result is cooperative bind-
ing of eIF5B simultaneously to GTP, Met-tRNAi and
eIF1A, in a conformation able to promote efficient ri-
bosomal subunit joining.

(vi) Subunit joining causes D3 to move to the GTPase-
activating center, as seen in Cryo-EM reconstructions
(35,37), away from eIF1A-OB.

(vii) Upon subunit joining, eIF5B hydrolyzes GTP, which
changes its conformation and lowers its affinity for the
ribosome. eIF5B-GDP then dissociates from the 80S
IC, while still bound tightly to eIF1A-CTT. Once off
the ribosome, the intramolecular interactions in both
eIF1A and eIF5B are restored, which weakens their
complex.

It is interesting to see how this model relates to the avail-
able experimental evidence and current models. The roles
of the eIF1A-CTT:eIF5B-D4 interaction in both riboso-
mal subunit joining and coordinated release of eIF1A and
eIF5B from the ribosome have been shown experimentally
(16,19–20). Displacement of eIF1A-CTT from the OB do-
main upon binding to the 40S subunit is consistent with the
modest increase in yeast eIF1A affinity for the ribosome
upon deletion of the CTT (30).

In human, the eIF1A:eIF5B complex is expected to
only form transiently in solution, and to have a lim-
ited role, because the KD of the interaction we deter-
mined for eIF1A:eIF5B-D34 is ∼40 �M (Table 1), likely
greater than the eIF1A and eIF5B cellular concentrations.
The situation may be different in S. cerevisiae, where the

eIF1A:eIF5B interaction was shown by pull-down (12,18),
a non-equilibrium assay that typically only detects tighter
interactions. The eIF5B-binding motif at the C-terminus
of S. cerevisiae eIF1A has an extra hydrophobic residue
(LDIDDI), compared to that of human eIF1A (EDIDDI),
which may account for higher binding affinity for eIF5B.
The difference between human and yeast may not be just
quantitative, however, because a 23-residue S. cerevisiae
eIF1A C-terminal fragment bound tighter to eIF5B than a
14-residue fragment, and a deletion mutant lacking the last
14 residues (eIF1A�141-153), was still able to bind eIF5B, al-
beit very weakly (18). This is clearly not the case with human
eIF1A and eIF5B (Table 1), which indicates that S. cere-
visiae eIF1A and eIF5B may have greater affinity for each
other in solution and may form a complex off the ribosome.
Therefore, it would be interesting to know where and how
tightly S. cerevisiae eIF1A�141-153 binds to eIF5B, as well as
whether this interaction mediates yeast-specific functions. A
greater affinity between yeast eIF1A and eIF5B, compared
to their human counterparts, could, for instance, indicate a
greater role of yeast eIF1A-CTT in recruiting eIF5B to the
ribosome.

A ‘domain release mechanism’ was recently proposed,
which postulates that GTP binding causes the eIF5B-D3
to disengage from D1 (the G-domain) and D2, rendering
the D3/D4 segment of eIF5B flexible and able to sample
different orientations and eventually become immobilized
upon binding to Met-tRNAi (36). The weakening of the in-
teraction of D3 with D1 and D2 was supported with exper-
imental evidence. However, the eIF5B affinity for GTP in-
creased only 2–3-fold upon deletion of D3/D4. Therefore,
GTP binding should weaken the D1/D2 interaction with
D3 by 2–3-fold. Such modest thermodynamic coupling is
more likely to weaken the contacts with D3 than to com-
pletely abolish them. Therefore, it is difficult to distinguish
whether GTP binding completely eliminates the interdo-
main interactions, as per the ‘domain release’ model, or
merely weakens them. An advantage of the ‘weakened inter-
actions’ alternative is that if D3 still contacts D1 in its GTP-
bound state at least transiently, and if this contact is fur-
ther weakened by eIF5B binding to the 40S subunit and/or
Met-tRNAi, this would contribute to cooperative binding
of GTP and the Met-tRNAi to eIF5B on the ribosome. Ei-
ther variation of the ‘domain release’ model is compatible
with the model shown in Figure 6.

The structure of the archaeal eIF5B homolog, aIF5B (14)
showed a rigid chalice-like structure, with modest confor-
mational changes induced by the addition of GTP. This led
the authors to propose an ‘articulated lever’ model, whereby
eIF5B-D3/D4 swing as a rigid body. While this model has
shaped our views for over a decade, recent results from mul-
tiple groups clearly show that both IF2 and eIF5B are much
more flexible than the aIF5B structure led us to believe. Not
only is the movement of D1 and D2 relative to each other
much more significant, but the D2-D3 and D3-D4 linkers
act as flexible hinges, allowing the protein to sample mul-
tiple conformations (24,34,36,48). That said, there is con-
sensus in the field that when bound to the initiator tRNA
on the small ribosomal subunit, both IF2 and eIF5B adopt
a discrete conformation, conducive for binding of the large
ribosomal subunit, while flexible enough to undergo rear-
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Figure 6. Model for the dynamic interactions of eIF1A and eIF5B on and off the ribosome. The steps are numbered as in the text (see the ‘Discussion’
section’ for detailed descriptions). Alternative pathways are marked with dashed arrows. Only the relevant initiation factors are shown. The coloring of
eIF5B is as in Figure 1B: from yellow (D1) to dark orange (D4); the N-terminal region of eIF5B is not shown. eIF1A-OB is light blue; eIF1A-CTT is
blue; and eIF1A-NTT is omitted for clarity. eIF2-GTP is magenta; eIF2-GDP is purple. The small 40S ribosomal subunit is gray. The large 60S ribosomal
subunit is shown as an outline. eIF5B may bind to the PIC either before or after start codon recognition. Ribosomal subunit joining induces GTP hydrol-
ysis by eIF5B, which leads to release of eIF5B-GDP and eIF1A. eIF5B-GDP undergoes spontaneous nucleotide exchange to eIF5B-GTP (not shown).
Conformations of eIF1A and eIF5B-D34 at individual steps: (i) in solution, the intramolecular interactions in both eIF1A and eIF5B-D34 are formed
and their conformations should be dynamic and similar to those shown in Figure 2E (eIF1A) and Figure 5D (eIF5B-D34). (ii) Upon binding to the 40S
subunit, eIF1A-NTT and -CTT extend into the P-site, where the NTT becomes at least partially folded, while the CTT remains disordered (see e.g. Figure
1B in ref. (10)). (iii) In the 43S PIC, the contacts between eIF5B-D3 and -D4 are retained. The interaction between eIF5B-D3 and eIF1A-OB should be
similar to that between IF2-D3 and IF1 in the bacterial 30S IC (see e.g. Figure 2B in ref. (24)). (iv) Upon start codon recognition, the interactions within
eIF5B-D34 and between eIF5B-D3 and eIF1A-OB likely remain unchanged, but eIF1A-CTT now binds eIF5B-D4, as shown in Figure 1B. (v) When
eIF5B displaces eIF2 from the Met-tRNAi, the position of eIF5B-D3 and its contacts with eIF1A-OB remain the same. eIF5B-D4 moves away from -D3
and contacts Met-tRNAi, and possibly eIF1A-OB. Its position should be similar to that in the 80S IC (Supplementary Figure S6A). (vi) Upon subunit
joining, eIF5B-D3 moves away from eIF1A-OB, while the position of eIF5B-D4 likely does not change much. The model for the mutual orientations of
eIF1A and eIF5B in the 80S IC is shown in Figure 6A.
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rangements upon subunit joining. It was also suggested that
in eukaryotes, eIF1A-CTT could stabilize the eIF5B-Met-
tRNAi conformation, serving as one of the legs of a tripod
(34). However, our data show that only the extreme eIF1A
C-terminus folds upon binding to eIF5B-D4, whereas the
rest of the CTT remains disordered. There is also no indi-
cation that the eIF1A-CTT sequence has a propensity to
form a rigid ‘leg-like’ structure on its own. Furthermore, the
eIF1A-CTT length varies significantly among species, from
as few as 20 residues in S. pombe (likely close to the mini-
mum possible length, see above), to 35 in S. cerevisae, while
the eIF1A-CTT length in mammals is 26 residues. There-
fore, it seems more likely that the eIF1A-CTT role is to keep
eIF5B-D4 near without fixing its position.

IDPRs are present in a large number of translation initia-
tion factors and many of them are known to mediate impor-
tant protein–protein and protein–RNA interactions. While
binding-induced folding is well known, some dynamic in-
teractions mediated by IDPRs do not lead to folding and
the resulting ‘fuzzy’ complexes present a much greater con-
ceptual challenge. Such dynamic interactions typically have
a strong electrostatic component, because the strength of
electrostatic interactions decreases with the first power of
the distance between the charges (the strength of van der
Waals interactions, for instance, decreases with the sixth
power of the distance). Thus, in a disordered peptide, mod-
est movements of the interacting charges away from the op-
timal distance may carry lower enthalpy loss, compared to
the significant entropy loss associated with folding the pep-
tide (reviewed in (25–28)). A notable example of IDPR un-
dergoing binding-induced folding is the N-terminal portion
of eIF4G, which tethers the PIC to the 5′-Cap by binding to
eIF4E and to the 3′-polyA tail by binding to PABP. In both
of these cases, the interaction induces folding of a portion
of the IDPR (reviewed in (3–5)). eIF1A presents an inter-
esting example of a combination of binding-induced fold-
ing, as well as dynamic interactions. eIF1A-NTT and -CTT
are IDPRs (6), which as we show here (Figure 2 and Sup-
plementary Figure S1), dynamically contact the folded OB
domain, without becoming folded. The interaction involv-
ing eIF1A-CTT interferes with eIF1A binding to eIF5B
(Figures 3 and 4) and likely also with nonspecific bind-
ing to cellular RNAs, but not with the high-affinity spe-
cific binding to the 40S ribosomal subunit. As discussed
above, upon binding to the 40S, both the NTT and CTT
end up in the ribosomal P site (step 2 in Figure 6), where
they play important regulatory roles in scanning and start
codon selection (7,11,42,49). The NTT undergoes binding-
induced folding in the P-site, whereas the CTT remains dy-
namic while performing its role in the P-site (7,9–11). Upon
start codon selection, the CTT is ejected from the P-site
and binds to eIF5B-D4 (step 4 in Figure 6), which causes
binding-induced folding of its extreme C-terminus (17,34).
As described here (see also Supplementary Figure S3D), the
rest of the CTT remains disordered, which results in eIF5B-
D4 being tethered by eIF1A-CTT, while retaining its mobil-
ity.

Many questions remain about the roles eIF1A and eIF5B
play in translation initiation. While there is ample experi-
mental support for the main framework of the model pre-
sented here (Figure 6), it is not always known when cer-

tain interactions are formed and broken. In particular, it
would be important to determine when and how eIF5B is
recruited to the 40S ribosomal subunit, its position in 43S
and 48S ICs; and what role, if any, the eIF5B N-terminal
region plays in this process.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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