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Summary
Little is known about the molecular mechanics of the late events of translation initiation in eukaryotes.
We present a kinetic dissection of the transition from a pre-initiation complex (PIC) after start codon
recognition to the final 80S initiation complex (IC). The resulting framework reveals that eIF5B
actually accelerates the rate of ribosomal subunit joining and this acceleration is influenced by the
conformation of the GTPase active site of the factor mediated by the bound nucleotide. eIF1A
accelerates joining through its C-terminal interaction with eIF5B, and eIF1A release from the
initiating ribosome, which occurs only after subunit joining, is accelerated by GTP hydrolysis by
eIF5B. Following subunit joining, GTP hydrolysis by eIF5B alters the conformation of the final IC
and clears a path to promote rapid release of eIF1A. Our data, coupled with previous work, indicate
that eIF1A is present on the ribosome throughout the entire initiation process and plays key roles at
every stage.
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Introduction
Translation initiation prepares the ribosome to begin reading an mRNA to make the
corresponding protein. The main tasks are to load the methionyl initiator tRNA (Met-tRNAi)
into the ribosomal peptidyl (P) site, bind the mRNA, locate the initiation codon, and join the
small and large ribosomal subunits to form the final IC. Bacteria accomplish these tasks with
the help of three initiation factors (IFs) 1. Eukaryotic translation initiation is significantly more
complex, requiring at least 23 different polypeptides to accomplish the same fundamental goals
2; 3. In the current model of eukaryotic initiation, eukaryotic initiation factors (eIFs) 1 and
1A bind cooperatively to the 40S ribosomal subunit and induce a structural change in the
ribosome converting it to an ‘open’ state, which accelerates the binding of the eIF2•GTP•Met-
tRNAi ternary complex (TC) 4–9. At this point, in concert with eIF3 and eIF4F, the resulting
43S complex is thought to bind near the 5′-7-methylguanosine cap of an mRNA and scan along

Correspondence: jlorsch@jhmi.edu.
3Current address: Department of Biological Chemistry and Molecular Pharmacology, Harvard Medical School, Boston, MA 02115
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
J Mol Biol. Author manuscript; available in PMC 2010 January 16.

Published in final edited form as:
J Mol Biol. 2009 January 16; 385(2): 491–506. doi:10.1016/j.jmb.2008.10.029.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the message in search of the AUG start codon 10. eIF5, a GTPase activating protein (GAP),
triggers GTP hydrolysis by eIF2 11–14 and, upon identification of the start codon, a
conformational change in the complex decreases the affinity of eIF1 for the initiating ribosome
15; 16. Dissociation of eIF1 triggers release of Pi from eIF2, making GTP hydrolysis
irreversible and committing the complex to completion of initiation at that site on the mRNA
17; 18. The complex is also thought to revert to a closed form at this stage that is no longer
able to move freely along the message 8; 10; 15; 19.

eIF2•GDP can dissociate from the IC at this stage, with complete dissociation of the factor
dependent on ribosomal subunit joining 20. A second GTPase initiation factor, eIF5B, in its
GTP-bound form promotes joining of the large (60S) ribosomal subunit to the initiating 40S
complex 21. 80S IC formation induces eIF5B to hydrolyze GTP, which reduces its affinity for
the ribosome and allows the factor to dissociate 22; 23, resulting in an 80S complex that is
capable of entering the elongation phase of translation.

eIF1A and eIF5B are orthologs of bacterial IF1 and IF2, respectively, and provide an
evolutionary link among translation initiation processes in all domains of life 24; 25. IF1 and
IF2 cooperatively bind to the 30S ribosomal subunit 26–28, with IF1 blocking the A site and
directing IF2-mediated fMet-tRNAi loading into the P site 29; 30. Like IF1, eIF1A is thought
to bind the A site of the 40S subunit 25; 31; 32. IF2 is a GTPase and, like eIF5B, also plays a
role in subunit joining 27; 33; 34.

Until recently, in contrast to their bacterial counterparts, eIF1A and eIF5B were thought to act
at temporally distant steps in the initiation pathway. However, recent genetic, biochemical, and
structural studies have shown that the factors interact through their respective C-termini 35–
37, an interaction unique to eukaryotes due to the lack of one or both interacting domains in
other kingdoms 37. We previously explored the role of this interaction in translation initiation
and determined that deletion of the interacting domain on either eIF1A or eIF5B reduces the
efficiency of subunit joining without inhibiting previous steps in the pathway 38. In addition,
we probed the role of GTP hydrolysis by eIF5B in eIF1A release from ICs and showed that
blocking GTP hydrolysis led to accumulation of eIF1A in 80S complexes 39, suggesting that
eIF1A release is coupled to release of eIF5B. However, because these experiments lacked
kinetic resolution, it remained unclear at which point in the initiation pathway eIF1A
dissociates during normal translation initiation and what role GTP hydrolysis plays in its
release. For example, it is possible that eIF1A is normally released just prior to subunit joining
and that blocking GTP hydrolysis leads to accumulation of 80S-associated eIF1A via an off-
pathway event such as binding of eIF1A to the stalled complex. It was also not clear from our
previous work whether GTP hydrolysis by eIF5B plays an active role in removing eIF1A or
merely a passive one, allowing release of eIF5B which in turn clears the way for eIF1A to
dissociate from the complex. To answer these questions and further elucidate the timing of the
late steps of translation initiation we employed a reconstituted S. cerevisiae translation system
containing an unstructured model mRNA to dissect the kinetic parameters of these late steps
and the mechanisms employed by eIF1A and eIF5B.

Results and Discussion
Joining of naked 40S and 60S subunits

To set a baseline for exploring the mechanism of ribosomal subunit joining during the initiation
process, we first determined the rate of subunit joining as it occurs off the initiation pathway,
in the absence of the initiation factors and other components. Previous studies of the association
of naked eukaryotic 40S and 60S subunits using light scattering techniques yielded second-
order rate constants ranging from 2 × 105 to 2 × 107 M−1 s−1 depending on the source of
ribosomes (Artemia, wheat germ or rabbit) and presence or absence of eIF3 40; 41. These
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experiments were conducted at higher Mg2+ concentrations (6 - 9 mM) however, and
association of ribosomal subunits is stabilized by high Mg2+ concentrations. We therefore used
a stopped-flow apparatus to monitor joining of yeast 40S and 60S ribosomal subunits at
physiological Mg2+ concentration (3 mM) by following the increased intensity of light
scattered by the newly formed 80S ribosomes over time (Figure 1(a), Scheme 1). When 40S
and 60S subunits were rapidly mixed in the absence of all other components, 80S ribosomes
were formed with biphasic kinetics with first- and second-phase rate constants of 0.042 ± 0.002
s−1 and 0.007 ± 9×10−4 s−1, respectively (Figure 1(b), black and Table 1). The biphasic nature
of subunit joining could be due to 1) two different conformations of 40S subunits that undergo
joining with different rates; 2) the existence of subunits as both monomers and dimers 42, with
dissociation of dimers responsible for the slow phase; 3) a slow step after initial subunit
encounter that pulls the equilibrium forward.

Recent biochemical data indicate that eIF1 and eIF1A bind to the subunit interface surface of
the 40S subunit 8; 43 and act synergistically to induce a structural transition from a closed state
to an open one 7–10. This open state binds TC much more rapidly than the closed state and
has been proposed to be able to scan freely along the mRNA in search of the start codon. To
investigate how these states and eIF1 and eIF1A affect the ability of the 40S subunit to join to
the 60S subunit, we added saturating amounts of eIF1 and/or eIF1A to 40S subunits before
addition of 60S subunits and then measured the kinetics of joining. While the presence of
saturating eIF1 alone reduced the rate and end-point of 80S formation (10-fold and 2-fold,
respectively; Figure 1(b), blue), eIF1A did not affect the kinetics of subunit joining, reducing
only the end-point of the reaction 1.5-fold (Figure 1(b), green). Differences in the amplitudes
of subunit joining in the presence of eIF1 and/or eIF1A suggest that these factors shift the
position of equilibrium in subunit joining to favor free subunits over 80S ribosomes. The effect
of eIF1 alone could be because it stabilizes open complex formation to some extent –although
not enough to be detected by cryo-EM - or because it presents a steric block to joining in
addition to its effect on the conformation of the 40S subunit. The rate constant for subunit
joining decreased less than two-fold (from 0.005 to 0.003 s−1) when the concentration of eIF1
was increased from 200 nM to 1 μM, while the amplitude remained constant, indicating that
the effect of eIF1 is maximal in this concentration range. The rate of joining was unchanged
between 1 and 5 μM, although the amplitude did decrease suggesting that at very high
concentrations of eIF1 non-specific binding to rRNA or binding to weak secondary sites on
40S or 60S subunits may come into play.

In contrast to the presence of eIF1 or eIF1A alone, when both factors were included 80S
formation was completely inhibited (Figure 1(b), red). This blocking of subunit joining by eIFs
1 and 1A is synergistic, rather than the additive effects of each factor alone, consistent with
the previously noted synergistic effect of the factors on open complex formation 8. These data
suggest that the open complex, in addition to being highly receptive to TC binding, is extremely
refractory to subunit joining, whereas the closed state (the naked 40S subunit or 40S•1A
complex) is active for joining. The fact that inhibition of joining by eIF1 alone plateaus between
200 nM and 1 μM argues against the possibility that the effect is entirely due to eIF1 sterically
blocking subunit joining, with the presence of eIF1A enhancing this effect by reducing the rate
of eIF1 dissociation from the 40S subunit 7; in this case the effect of eIF1 alone would be
expected to increase with concentration until subunit joining was completely blocked.

The kinetics of subunit joining during initiation
We next wanted to measure the rate of subunit joining during translation initiation to determine
whether it is accelerated by the initiation machinery relative to the rate with naked 40S and
60S subunits. (Note that all observed rate constants compared herein were measured under
the same component concentrations, except where noted.) To this end, we formed 43S•mRNA
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complexes (in the absence of eIF3 and eIF4F) using an unstructured model mRNA (see
Materials and Methods) and initiated subunit joining by the rapid addition of eIF5, eIF5B•GTP,
and 60S subunits (Figure 1(a), Scheme 2; It should be noted that N-terminally truncated eIF5B
(Δ1-395), which fully rescues growth and associated phenotypes of the eIF5B null mutant yeast
strain, 35 was used in all experiments). In the context of the initiation pathway both the rate
and amplitude of the first-phase of subunit joining are increased approximately 2-fold relative
to 40S and 60S subunits alone (k1 = 0.076 ± 0.004 s−1 and relative amplitude (α) = 0.77 ± 0.06;
Figure 1(c), red), making subunit joining in the initiation pathway essentially monophasic. This
suggests that the heterogeneity existing in the off-pathway joining of ribosomal subunits is
resolved by the components of initiation. Interestingly, the second phase rate constant, whether
following on- or off- pathway subunit joining, varies identically with 60S subunit concentration
(slope = 4.0 × 104 M−1s−1, data not shown) suggesting the same process is responsible for the
second phase of ribosomal subunit joining both on and off the initiation pathway.

To verify that we were indeed observing subunit joining within the initiation pathway, we
disrupted initiation at prior steps and determined the effects on the rate of subunit joining.
Formation of 43S•mRNA complexes containing GDPNP instead of GTP in the TC, which
blocks eIF5-triggered GTP hydrolysis by eIF2, resulted in a 10-fold decrease in the rate of
subunit joining (k = 0.007 ± 0.001 s−1 vs. 0.076 ± 0.004 s−1 for the uninterrupted pathway)
and a 4-fold decrease in amplitude (0.21 ± 0.01 vs. 0.77 ± 0.06; Figure 2(a), blue). Likewise,
replacing wild-type eIF1A with a mutant lacking the last five amino acids (eIF1A-ΔDIDDI),
which interact with eIF5B and were previously shown to be required for efficient subunit
joining 44, resulted in a 5-fold decrease in the rate and a slight decrease in total amplitude of
joining, indicating that eIF1A’s C-terminus accelerates eIF5B-mediated subunit joining.
(Figure 2(a), gray). Together, these data demonstrate that the light scattering assay monitors
initiation pathway-dependent 80S IC formation.

eIF5B accelerates subunit joining only in the initiation pathway
In the current model of translation initiation, eIF5B facilitates subunit joining in its GTP-bound
state and GTP hydrolysis is required for the factor’s subsequent release from the 80S IC 21–
23. Although it is known that eIF5B is required for efficient subunit joining, it remains unclear
whether the factor affects the kinetics of the process, the stability of the resulting complex, or
both. To determine more specifically the role eIF5B plays in this step, subunit joining was
monitored in the presence and absence of eIF5B. As noted above, in the initiation pathway
with saturating eIF5B and 100 nM 60S subunits, joining occurs with a first-phase rate constant
of 0.076 ± 0.004 s−1 and relative first-phase amplitude 0.77 ± 0.06 (Figure 2(b), red). When
eIF5B is omitted from these experiments, subunit joining is reduced over 10-fold in rate
(kobs = 0.005 ± 8×10−4 s−1) and over 2-fold in total amplitude (0.29 ± 0.02), indicating that
eIF5B accelerates the rate of subunit joining as well as increasing the extent of the process
(Figure 2(b), blue).

We next wanted to explore whether eIF5B could accelerate off-pathway subunit joining. The
40S•eIF1A complex was mixed with eIF5B and 60S subunits and light scattering was
monitored to determine if eIF5B accelerates joining in this context. The addition of eIF5B did
not increase the rate or amount of 80S complex formation relative to that in the absence of
eIF5B (Figure 1(b), compare orange and green). Similarly, addition of eIF5B did not affect
subunit joining in the presence of either eIF1 alone or with eIF1 and eIF1A (data not shown).
These data indicate that the stimulatory actions of eIF1A and eIF5B on subunit joining require
the other components and intermediate steps in the initiation pathway.

To investigate the dependence of the observed rate constant for subunit joining on the
concentration of 60S subunits, we monitored the rate of joining both in the initiation pathway
and with naked ribosomal subunits with increasing concentrations of 60S subunits. The
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observed rate constant of joining of naked subunits varies linearly with concentration of 60S
(fast phase rate constant; Figure 2(c), black). For simple binding, kobs = kon * [60S] + koff
45. The slope of 2.5 × 105 M−1 s−1 is the second order rate constant (kon) for the association
of the subunits. Titration of 40S subunits yielded nearly identical results (Figure 2(c), open
squares). At all concentrations of 60S subunits tested, the amplitude of on-pathway subunit
joining remained constant, while the amplitude of joining of the naked subunits increased only
1.5-fold between 100 nm and 600 nM 60S subunits, indicating that the concentration of 60S
subunits was above the Kd for subunit-subunit association in all cases (data not shown). In the
context of the initiation pathway, however, at all concentrations of 60S subunits tested, the
kobs for joining was greater than the kobs for joining of the naked subunits (Figure 2(c)). Also,
in contrast to the joining of the naked subunits, the observed rate constant for initiation-
dependent subunit joining appears to have a hyperbolic dependence on the concentration of
60S subunits, reaching an extrapolated maximum of approximately 0.3 s−1 at ~1.5 μM 60S
subunits (Figure 2(c), red). This suggests that at higher concentrations of 60S subunits, the rate
of subunit joining may become limited by a first-order event. Rate constants in this range are
sufficient to support the estimated rate constant for initiation in vivo in eukaryotes, which is
approximately 0.2 s−1 46.

The conformation of eIF5B influences the rate of ribosomal subunit joining
Although GTP hydrolysis by eIF5B is not required for ribosomal subunit joining, it is unknown
how the nucleotide state of the factor affects the rate of the process. Subunit joining was
therefore monitored in the presence of eIF5B bound to GTP, the non-hydrolyzable analog
GDPNP, or GDP. The addition of eIF5B•GDP increased the amplitude of subunit joining 2-
fold, relative to the absence of eIF5B (0.64 ± 0.02 vs. 0.29 ± 0.02, respectively) but did not
affect the rate (k = 0.006 ± 6×10−4 s−1 vs. 0.005 ± 8×10−4 s−1 in the absence of eIF5B; Figure
2(b), compare green and blue). A 3-fold increase in the concentration of eIF5B•GDP increased
the rate constant for subunit joining by only 50% (data not shown), indicating that the low rate
is not due to reduced affinity of the GDP-bound state of the factor for the initiating ribosome.
In the presence of GDPNP, eIF5B stimulated subunit joining to nearly the same level observed
for GTP, with a first phase rate constant of 0.044 ± 0.001 s−1, less than 2-fold slower than with
GTP (Figure 2(b), orange). The difference between GTP- and GDPNP-bound eIF5B could be
due to a small amount of contaminating GDP in the GDPNP or to a difference in conformation
between eIF5B•GTP and eIF5B•GDPNP.

We previously reported that a change from T to A at position 439 in yeast eIF5B creates a
GTPase-deficient mutant with reduced dissociation from the 80S IC, resulting in a severe slow-
growth phenotype 23. A second-site suppressor mutation of H to Y at position 505 does not
restore GTPase activity, but instead reduces the factor’s affinity for the 80S complex allowing
dissociation of the factor following subunit joining, and supporting near wild-type levels of
growth 23. When wild-type eIF5B•GTP was replaced with the T439A mutant (bound to GTP),
subunit joining was reduced to a level similar to that in the presence of eIF5B•GDP (k1= 0.008
± 9×10−4; α1=0.34 ± 0.05; k2= 0.001 ± 3×10−4; α2=0.52 ± 0.02;) (Figure 2(d), light blue).
Interestingly, substitution of the intragenic suppressor mutant eIF5B-T439A, H505Y•GTP did
not restore the rate of subunit joining to wild-type levels, but instead reduced it further (Figure
2(d), purple). A 3-fold increase in the concentration of either eIF5B mutant did not alter the
kinetics of subunit joining, indicating that their concentrations in these experiments were
saturating and that reduced binding of the mutant factors to the complex was not responsible
for the kinetic defects observed (data not shown). The lowered rates of subunit joining
supported by these mutants and WT eIF5B•GDP are most likely caused by changes in the
structure of the factor from the optimal eIF5B•GTP state, suggesting that the conformation of
eIF5B is both critical for its ability to facilitate subunit joining and very sensitive to changes
in the GTPase active site.
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eIF1A dissociation from the initiating ribosome occurs after subunit joining
The integrity of eIF1A’s C-terminus, in conjunction with its binding pocket in the C-terminal
domain of eIF5B, is important for joining of the 60S ribosomal subunit to the initiating
43S•mRNA complex 38; 39, implying that eIF1A remains bound to the initiating ribosome at
least until its encounter with eIF5B. One possible role for this interaction would be that it allows
eIF5B to remove eIF1A from the complex prior to subunit joining, possibly in order to clear
the subunit-subunit interface. However, it is not known when eIF1A actually leaves the
complex during initiation. To determine the timing of eIF1A release from the initiating
ribosome, we fluorescently labeled the single cysteine-containing eIF1A mutant E124C via
reaction with maleimide-conjugated fluorescein (see Methods and Supplementary Figure S1).
Using this labeled factor (eIF1A-Fl), we constructed 43S•mRNA PICs (Figure 3(a), Scheme
1) and then chased these with excess unlabeled eIF1A, either alone or in the presence of
additional components. The decrease in fluorescence anisotropy of eIF1A-Fl over time was
then followed to monitor irreversible dissociation of the labeled factor. In the absence of
additional components, eIF1A-Fl dissociated from the PIC with a rate constant of 0.013 ± 0.001
s−1 (Figure 3(b), squares). Addition of 0.5 μM eIF5B•GTP did not alter the rate of eIF1A-Fl
dissociation (Figure 3(b), +), indicating that eIF5B does not facilitate removal of eIF1A prior
to subunit joining.

When both 60S subunits and eIF5B•GTP were included to allow formation of 80S ICs, eIF1A-
Fl dissociated 3-fold faster than in the absence of 60S subunits, with a rate constant of 0.034
± 0.001 s−1 (Figure 3(b), open circles). This rate constant is quite similar to that for subunit
joining under these conditions in the presence of eIF1A-Fl (0.047 ± 0.004 s−1; Supplementary
Figure S1), suggesting that ribosomal subunit joining triggers rapid eIF1A dissociation. To
further test this proposal, we first allowed subunit joining to proceed to completion in the
absence of a chase and then added unlabeled eIF1A chase (Figure 3(a), Scheme 2), monitoring
eIF1A-Fl anisotropy during both periods. During the formation of 80S ICs only ~20% of the
bound eIF1A dissociated (Figure 3(b) and (c), black circles). The rate constant of this limited
dissociation was 0.03 s−1, the same as dissociation when 60S subunits were added along with
the unlabeled eIF1A chase, suggesting the same process is rate-limiting in both cases. However,
addition of excess unlabeled eIF1A chase 20 minutes after initiation of subunit joining, when
80S IC formation was complete, resulted in rapid dissociation of eIF1A-Fl, with a rate constant
≥ 0.09 s−1 (a lower limit due to the dead-time of the experimental setup; Figure 3(c), open
circles). These data demonstrate that subunit joining increases the rate of dissociation of eIF1A
from the ribosome 10-fold or more (0.013 s−1 prior to subunit joining vs. ≥0.09 s−1 after it),
but suggest that the factor can actually bind to an 80S IC with reasonable affinity.

To further demonstrate that eIF1A can bind to an 80S IC after subunit joining, even though its
rate of dissociation is significantly increased, native polyacrylamide gel electrophoresis was
performed on post-AUG-recognition 43S•mRNA complexes and 80S ICs formed in the
presence of eIF1A-Fl. Consistent with the kinetics experiments described above, Figure 3(d)
shows that most of the eIF1A-Fl bound to the 43S•mRNA complexes is transferred to 80S
complexes when 60S subunits and eIF5B•GDPNP are added.

Dissociation of eIF1A from 80S ICs is accelerated by GTP hydrolysis by eIF5B
GTP hydrolysis by eIF5B has been shown to reduce the factor’s affinity for the newly formed
80S IC, leading to its dissociation 21; 23. However, we previously suggested that GTP
hydrolysis can also affect the dissociation of eIF1A from an initiating ribosome 39. To explore
this possibility further, we replaced eIF5B•GTP with eIF5B•GDPNP in our 80S ICs (made
with eIF1A-Fl) and again added an excess of unlabeled eIF1A chase 20 minutes after initiation
(Figure 3(a), Scheme 2) and measured the decrease in fluorescence anisotropy over time to
determine the rate of release of eIF1A-Fl. eIF1A-Fl dissociation was biphasic, with a first phase
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rate constant ≥ 0.14 s−1 (α = 0.4 ± 0.03) and second phase rate constant of 0.0085 ± 3 × 10−5

s−1 (α = 0.6 ± 0.03) when 80S complexes were formed with eIF5B•GDPNP (Figure 3(e),
squares). Based on the appearance of a small fraction of free 40S subunits bound to eIF1A-Fl
upon 80S complex formation, as visualized by native gel electrophoresis (Figure 3(d), lane 2),
we interpret the first phase as the rate of dissociation of eIF1A-Fl from free 40S ribosomal
subunits and the second phase as the rate of dissociation of eIF1A-Fl from 80S ICs. This
interpretation is consistent with the previously measured rate constant for dissociation of eIF1A
from the 40S ribosomal subunit in the presence of eIF1 (0.27 s−1, 15). Considering only the
second phase rate constant, dissociation of eIF1A-Fl from 80S complexes is reduced at least
10-fold with eIF5B•GDPNP relative to the rate with eIF5B•GTP (0.0085 vs. ≥ 0.09 s−1,
respectively). In addition, we repeated this experiment in the presence of GTP with the GTPase
deficient eIF5B mutant T439A and the second-site suppressor mutant, T439A, H505Y, which
also cannot hydrolyze GTP. Although these mutants have a decreased rate of subunit joining,
subunit joining had proceeded to completion in the 20 minutes prior to the addition of the
unlabeled eIF1A chase (Figure 3(a), Scheme 2). Similar to the case of WT eIF5B•GDPNP,
eIF5B-T439A and eIF5B-T439A, H505Y reduced the rate of eIF1A-Fl dissociation 8-fold
(k2 = 0.011 ± 5 × 10−4 s−1 and k2 = 0.012 ± 2 × 10−4 s−1, respectively; Figure 3(f), triangles
and pluses). Taken together, these data indicate that GTP hydrolysis by eIF5B is required for
rapid release of eIF1A from 80S ICs.

To gain further evidence that eIF5B influences the stability of eIF1A in an 80S IC, 80S ICs
(containing eIF1A-Fl) were formed with WT eIF5B•GDPNP or the GTPase deficient eIF5B
mutants T439A and T439A, H505Y bound to GTP. These complexes were then subjected to
unlabeled eIF1A chase or a mock chase, and analyzed by native polyacrylamide gel
electrophoresis as above. In the absence of unlabeled eIF1A chase, 80S ICs formed with WT
eIF5B•GDPNP contained nearly 2-fold more eIF1A-Fl than those formed with GTP-bound
eIF5B (Figure 4(a), compare lanes 2 and 4; Figure 4(b)). Similarly, as in the anisotropy-based
assay above, both eIF5B-T439A and T439A, H505Y behaved like wild-type eIF5B bound to
GDPNP, decreasing dissociation of eIF1A-Fl in the absence of eIF1A chase (Figure 4(a),
compare lanes 6 and 8 with lane 2; Figure 4(b)). These data support the kinetic experiments
above indicating that GTP hydrolysis by eIF5B increases the ability of eIF1A to dissociate
from 80S ICs. When complexes were chased for long times (20 min) with unlabeled eIF1A,
eIF1A-Fl could dissociate eventually in all cases, as expected (Figure 4(a), odd numbered lanes;
Figure 4(b)).

These data suggest that promotion of eIF1A release from ICs by eIF5B’s GTPase activity is
not a simple, passive event in which dissociation of eIF5B•GDP clears a path for eIF1A to
dissociate. The second-site suppressor mutant eIF5B-T439A, H505Y, which rescues the
growth defect of the GTPase deficient mutant T439A by allowing release of eIF5B from the
80S IC without restoring GTP hydrolysis 23, does not increase the rate of eIF1A release relative
to the parental T439A mutant factor or eIF5B•GDPNP. This result suggests that release of
eIF5B alone is not enough to allow rapid dissociation of eIF1A and that GTP hydrolysis by
eIF5B actually alters the state of the complex in a way that increases the rate of eIF1A release.
The notion that GTP hydrolysis by eIF5B alters the conformation of the 80S IC is consistent
with the observation that the stability of Met-tRNAi binding in the complex is decreased by
the presence of high concentrations of eIF1A (which forces eIF1A to remain bound) with the
T439A, H505Y mutant but not with WT eIF5B (Fig. S3, compare lanes 1 and 2 with 7 and 8;
it is not yet clear why the presence of eIF1A in the IC can destabilize Met-tRNAi binding).
Together, these data suggest that GTP hydrolysis by eIF5B alters the conformation of the
complex with respect to both eIF1A and Met-tRNAi.

The defects in eIF1A release and subunit joining with eIF5B-T439A, H505Y initially seem at
odds with the fact that the second-site H505Y mutation partially rescues the growth defect
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produced by the T439A mutation in the GTPase active site. However, the strain containing the
T439A, H505Y double mutant is not without phenotypes. Most strikingly, it fails to upregulate
translation of the GCN4 mRNA upon amino acid starvation, a Gcn- phenotype, which is
consistent with a defect in subunit joining or efficient release of eIF1A 23; 47. These data do
suggest, though, that growth of yeast cells is surprisingly tolerant to defects in the rate of subunit
joining, consistent with the fact that removal of the C-terminal DIDDI sequence of eIF1A,
which reduces the rate of subunit joining 5-fold in vitro, produces no growth defect at 25 °C
in yeast 36, and with the fact that eIF5B is not an essential gene (although the null mutant
grows very slowly). These results suggest that subunit joining is not the rate-limiting step in
translation initiation in vivo.

Monitoring eIF5B binding to and dissociation from the IC
With a clearer picture of the timing of eIF1A release from an initiating ribosome, we turned
our attention to eIF5B recruitment to and release from the IC. We first determined the affinity
of eIF5B labeled with the fluorophore TAMRA (see Methods) for different components of the
initiation pathway by monitoring the increase in fluorescence anisotropy upon binding of the
labeled factor to ribosomal subunits and complexes. In the GDPNP-bound form, TAMRA-
eIF5B binds to purified 80S ribosomes with a Kd of 19 ± 2 nM (Table 2). However, when
GDPNP is replaced with GDP, the factor binds 35-fold more weakly, with a Kd of 660 ± 80
nM. TAMRA-eIF5B•GDPNP binds to 40S ribosomal subunits, but only weakly, with a Kd ≥1
μM. Binding of the factor to 60S ribosomal subunits was also weak with a Kd ≥1 μM. We were
unable to determine the affinity of TAMRA-eIF5B for the 43S•mRNA complex, with either
GTP or GDPNP in the TC, because essentially no change in anisotropy was observed upon
addition of 100 nM of the complex to GTP- or GDPNP-bound TAMRA-eIF5B, suggesting
that eIF5B’s interactions with the initiating ribosome are highly dynamic. We cannot, however,
rule out the possibility that full-length eIF5B may have a greater affinity for the initiating
ribosome than the N-terminally truncated version used in these studies.

To probe the timing of eIF5B’s recruitment into the IC we monitored the increase in TAMRA-
eIF5B anisotropy during the formation of 80S ICs. 43S•mRNA complexes were added to
TAMRA-eIF5B in the presence of saturating GTP or GDPNP, followed by the addition of
eIF5. (It should be noted that the GTP in the TC in 43S complexes and eIF2•GDP are both
inert to exchange with added GTP or GDPNP on the timescales of these experiments 38; 48).
80S complex formation was initiated by addition of 60S ribosomal subunits and fluorescence
anisotropy was measured as a function of time (Figure 5(a), Scheme 1). In the presence of
either GTP or GDPNP, eIF5B bound to the complexes with similar rate constants (0.009 ±
0.002 s−1 and 0.007 ± 5 × 10−4 s−1, respectively; Figure 5(b) and (c), solid circles), and these
rate constants match those for subunit joining under the same conditions (data not shown; the
concentration of TAMRA-eIF5B was subsaturating). This is consistent with the data above
(Figure 2(b)) showing that eIF5B•GTP and eIF5B•GDPNP increase the rate of subunit joining
to similar extents, and also with the current model in which GTP hydrolysis by eIF5B is not
required for subunit joining, but is instead essential for factor release from the 80S IC 21; 23.

We next wanted to address the second part of this model - that eIF5B dissociation from 80S,
and hence the transition to translation elongation, is dependent on the ability of the factor to
hydrolyze GTP. The inability of eIF5B mutants to hydrolyze GTP (as in the case of eIF5B-
T439A discussed above) results in vivo in a significant reduction in growth rate and in vitro
(as in the case of eIF5B•GDPNP) in severe inhibition of methionyl-puromycin synthesis 21;
23; 49, a mimic of initial peptide bond formation. To explore eIF5B dissociation from the 80S
IC, 80S ICs were formed according to scheme 1 (Figure 5(a)) using TAMRA-eIF5B, and the
anisotropy of TAMRA-eIF5B was monitored upon the addition of a chase of excess unlabeled
eIF5B (Figure 5(a), Scheme 2) to follow dissociation of the labeled factor. When 80S
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complexes were formed with GTP-bound TAMRA-eIF5B, dissociation of the factor from the
IC occurred in a biphasic manner, with a first-phase rate constant of 0.12 ± 0.02 s−1 and a
relative amplitude of 0.47 ± 0.03 and a second phase rate constant of 0.0025 ± 5 × 10−4 s−1

and relative amplitude of 0.53 ± 0.04 (Figure 5(b)). The biphasic nature of this curve can be
explained by two populations of eIF5B-TAMRA bound to 80S ICs at the start of dissociation
(when unlabeled eIF5B chase is added): 1) TAMRA-eIF5B•GDP which is assumed to
dissociate fast; and 2) TAMRA-eIF5B•GTP bound to 80S ICs (from which the original
eIF5B•GDP molecules had already departed) which dissociates more slowly. In the latter case,
release would be limited by the rate of GTP hydrolysis by the eIF5B•GTP that had bound to
this pre-existing 80S complex. In support of this interpretation, the rate constant for GTP
hydrolysis by eIF5B bound to pre-formed 80S ribosomes is 0.0017 ± 9 × 10−4 s−1 38, very
similar to the rate constant for the slow phase observed here for eIF5B release (0.0025 ± 5 ×
10−4 s−1). In contrast, TAMRA-eIF5B•GDPNP dissociated 750-fold more slowly from 80S
ICs, with a rate constant of 1.6 × 10−4 ± 2 × 10−5 s−1 (Figure 5(c)), adding further support to
the model that GTP hydrolysis by eIF5B serves to destabilize the factor’s binding to the
initiating ribosome, allowing it to dissociate rapidly.

Interestingly, the rate of release of eIF1A from an 80S IC formed with eIF5B•GDPNP is faster
than dissociation of eIF5B•GDPNP itself, indicating that although GTP hydrolysis by eIF5B
accelerates release of eIF1A, eIF1A is not completely trapped in the complex by
eIF5B•GDPNP and is able to leave prior to eIF5B dissociation.

Conclusions
The data presented herein provide new insights into the timing and mechanism of the late steps
in eukaryotic translation initiation. Our results indicate that eIF1A and eIF5B together
accelerate the rate of subunit joining and that this activity depends on the conformation of
eIF5B, which is dictated by interactions between its GTPase active site and the bound
nucleotide. Hydrolysis of GTP by eIF5B accelerates its release from the ribosome and also
induces rapid release of eIF1A from the final 80S IC, which is consistent with recent cryo-EM
reconstructions suggesting movement of domain IV of eIF5B upon GTP hydrolysis 50.

Our data, coupled with previous results, can be incorporated into a model for translation
initiation in which eIF1A is present in the ribosomal complex throughout the entire initiation
process, playing key roles at every main stage (Figure 6). When eIF1 and eIF1A bind to the
40S subunit at the beginning of initiation they synergistically induce a conformational
transition from a closed to an open state 8. The open state was shown to bind TC several orders
of magnitude faster than the closed state and is proposed to allow free movement of the complex
on the mRNA. Our data demonstrate that this open complex containing both eIF1 and eIF1A
is also highly resistant to premature subunit joining. Upon start codon recognition, eIF1 is
ejected from the 40S subunit 15; 16, triggering downstream events 13; 14. Release of eIF1
allows rapid release of inorganic phosphate (Pi) from eIF2, driving GTP hydrolysis to
completion and converting eIF2 into its inactive, GDP-bound state 17. Release of eIF1 is also
expected to cause the complex to revert to the closed state because eIF1A on its own was shown
to be insufficient to promote stable open complex formation on the 40S subunit 8. Upon
transient dissociation of the (eIF2•GDP)•eIF5 complex, the closed PIC would be in a state
competent for eIF5B-mediated subunit joining. Subunit joining would then make dissociation
of eIF2•GDP irreversible 20.

Dissociation of eIF1 would also break the thermodynamic interaction between eIF1 and eIF1A
on the 40S subunit 7, perhaps allowing eIF1A to interact, either directly or indirectly, with
eIF5, an event that occurs when the start codon is recognized and that involves the unstructured
C-terminal arm of eIF1A9; 51. It is possible (although only hypothetical at this point) that this
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interaction moves eIF5 or alters its conformation and that this change in eIF5 (instigated by
eIF1 dissociation) is what allows Pi to be released from eIF2. When the (eIF2•GDP)•eIF5
complex leaves the PIC, the interaction between eIF5 and the C-terminal arm of eIF1A will
no longer occur, which in turn might free the very end of the C-terminal arm (the C-terminal
“hand”; DIDDI) to interact with eIF5B. This interaction, like the conformational state of eIF5B
itself, accelerates the rate of subunit joining. Our previous data indicated that this effect was
not due simply to enhanced binding of eIF5B to the complex promoted by the interaction 38.
Instead, the eIF1A-eIF5B interaction most likely recruits eIF5B and orients the factor within
the complex (perhaps also altering its conformation), putting it in the correct position to
facilitate joining of the 60S subunit. In this model, the freedom of the C-terminal arm of eIF1A
provides a key mechanism for organizing events late in the initiation pathway.

Although eIF3 is not depicted in our model, its five core subunits are essential for growth in
S. cerevisiae. eIF3 is thought to assist in both TC and mRNA recruitment to the PIC, and forms
interactions with numerous initiation factors as part of the multifactor complex 52. To date, no
interaction between eIF3 and eIF5B has been identified, however, and inclusion of eIF3 in in
vitro initiation experiments did not alter the rate of initiation-dependent GTP hydrolysis by
eIF5B, which is limited by the rate of subunit joining 38. Moreover, inclusion of saturating
eIF3 in light scattering experiments did not alter the rate constants for initiation-dependent
subunit joining compared with that in the absence of eIF3 (Supplementary Figure S4),
indicating that in the yeast reconstituted system, using an unstructured model mRNA, eIF3
does not affect the rate of these steps (although it did reduce the amplitude of the fast phase
from 0.77 to 0.44). The reconstituted system used here also lacks the eIF4F complex, a group
of initiation factors thought to be responsible for dealing with structures in natural mRNAs.
While the current model suggests that eIF4F should influence the early steps of initiation, it
will be interesting in the future to see what role, if any, the eIF4F complex plays during
ribosomal subunit joining on a natural mRNA message.

Finally, although subunit joining and subsequent GTP hydrolysis by eIF5B increase the rate
of eIF1A dissociation from the complex ≥10-fold, eIF1A can still rebind the IC and complete
dissociation does not occur under our experimental conditions in the absence of a chase to
prevent rebinding of labeled factor. eIF1A is thought to occupy the A site of the ribosome,
blocking it and encouraging the ternary complex to bind to the P-site. After initiation,
elongation factor eEF1A in its GTP-bound form delivers the aa-tRNA corresponding to the
second codon of the mRNA into the A site of the 80S complex. We suggest that eIF1A
dissociation is made irreversible in vivo by the binding of the eEF1A ternary complex to the
80S IC and the start of the elongation phase of translation. It is also interesting to note that the
concentration of eIF1A in vivo in yeast is lower than the concentrations of the other core factors
53, a situation that makes sense in light of our data as it would minimize competition between
eIF1A and eEF1A ternary complexes for the A site of the ribosome after initiation is complete.

Now that we have a clearer picture of the events of the late steps in the initiation pathway and
the roles of eIF1A and eIF5B in subunit joining, the stage is set for elucidating the molecular
mechanisms underlying their action. The wealth of phenotypically-characterized mutations of
both factors in yeast, in conjunction with studies in the reconstituted initiation system using
the framework established here, should make possible significant progress on this front.

Materials and Methods
Buffers

1X reaction buffer: 30 mM HEPES-KOH, pH 7.4, 100 mM KOAc, pH 7.4, 3 mM Mg
(OAc)2, 2 mM DTT.

Acker et al. Page 10

J Mol Biol. Author manuscript; available in PMC 2010 January 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Enzyme buffer: 20 mM HEPES-KOH, pH 7.4, 100 mM KOAc, pH 7.4, 2 mM DTT, 10%
glycerol.

Reagent preparation
Ribosomal subunits, eIF1, eIF1A, eIF2, eIF3, eIF5, mRNA, [35S]Met-tRNAi and Met-
tRNAi were purified as previously described 44. eIF5B was purified essentially as described
44 with slight modifications: following the HiTrap Q HP column, the N-terminal His-tag was
not removed by TEV cleavage and instead the protein was further purified on a Superose 12
gel filtration column. The sequence of the unstructured, model mRNA used was 5′-GGAA
[UC]7UAUG[CU]10C-3′. This model mRNA obviates the need for mRNA recruitment and
remodeling factors (eIF3 and eIF4F), allowing core steps in the pathway to be isolated 49;
54.

Fluorescent Labeling of eIF1A and eIF5B
Rational—Previous studies have made use of intein-mediated protein ligations 55 to
fluorescently label eIF1A at its C-terminus 7. Although this modification does not adversely
affect early steps in the initiation pathway, we found that it did inhibit ribosomal subunit joining
and it was therefore necessary to label the factor at another position. To this end, we changed
both of the naturally occurring cysteine residues (positions 51 and 89 in yeast eIF1A) to serine.
Importantly, the Cys-less version of eIF1A fully complements the eIF1A-null mutant in vivo,
sustaining WT growth rates at temperatures from 25 °C to 30 °C (Supplementary Figure S5).
Avoiding areas of high sequence homology and areas in which mutations produce strong
phenotypes, we introduced individual cysteines in place of the amino acids K11, P22, Q73,
N105 and E124 56. These mutants were then labeled with fluorescein using a thiol-reactive
maleimide conjugate. The concentration of fluorophore incorporated agreed very well with the
concentration of the protein, suggesting the proteins were labeled to near completion with 1:1
stoichiometry. eIF1A mutant E124C-Fl was chosen for use in later experiments because of its
favorable behavior. However, all labeled eIF1A derivatives were capable of binding 40S
ribosomes, and showed coupled binding with eIF1 (data not shown; 7). While some eIF1A
derivatives had reduced affinities for the 40S subunit (E124C-Fl bound ~20-fold more weakly
than WT eIF1A, with a Kd of 90 nM vs. 6 nM for C-terminally labeled eIF1A-TAMRA 7; data
not shown), these factors were still capable of efficiently forming both 43S and 80S complexes
in the native gel assay. In addition, single-cysteine eIF1A mutants interacted with eIF5 in the
43S complex upon AUG recognition to the same degree as reported previously for the wild-
type C-terminally labeled factor 51. Subunit joining in the presence of these mutants also
occurred with near wild-type kinetics (Supplementary Figure S1 and data no shown).

As with eIF1A, fluorescent labeling of eIF5B at the C-terminus could disrupt the C-terminal
eIF1A-eIF5B interaction, and thus we sought to label eIF5B at a more innocuous position. We
chose to label eIF5B using carboxytetramethyl rhodamine (TAMRA) conjugated to a
succinimdyl ester, which at neutral pH preferentially targets primary amines and in principle
should label the factor primarily at the N-terminus. The N-terminus of eIF5B was an optimal
labeling location for several reasons. First, the N-terminal domain of eIF5B can be removed
from the protein without significant consequence both in vivo and in vitro 21; 35. Second, the
bacterial and archaeal orthologs of eIF5B, IF2 and aIF5B, respectively, lack the N-terminal
domain that is found in eukaryotic eIF5B, suggesting that the N-terminus is not necessary for
the universally conserved functions of the factor. N-terminally labeled TAMRA-eIF5B
allowed efficient formation of 80S complexes and also displayed wild-type kinetics of GTP
hydrolysis in the initiation pathway (Figure S2 and data not shown).

Methods—Labeling of eIF1A was performed by dialyzing 216 nmol of protein against 2 L
of enzyme buffer lacking DTT. Protein was concentrated to 1 mL and combined with 500 μL
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of 5 mM fluorescein-5-maleimide (Invitrogen) in DMF and incubated at room temperature for
two hours with mild mixing. The sample was then filtered and subjected to ≥ 8 rounds of buffer
exchange: ~15-fold dilution of sample with enzyme buffer, followed by concentration on a
10K MWCO concentrator (Millipore). Finally, the sample was dialyzed overnight against 2 L
enzyme buffer. Protein concentration agreed very well with the concentration of incorporated
fluorophore as measured using the extinction coefficient of the Fluorescein (83,000
cm−1M−1) at 515 nm.

To label eIF5B at its N-terminus with TAMRA, 150 nmols of eIF5B was dialyzed overnight
against 2 L of 100 mM NaPO4 buffer, pH 7.0, supplemented with 75 mM KOAc and 2 mM
DTT and concentrated to 1 mL final volume. To the protein sample, 100 μL of 1 mg/mL 5-
(and-6)-carboxytetramethylrhodamine succinimidyl ester in DMSO was added and the sample
was incubated at room temperature for one hour with gentle rocking. The protein-dye solution
was then filtered, loaded onto an ~120 mL Superose 12 gel filtration column equilibrated with
enzyme buffer and purified as for WT eIF5B.

Activity of Purified Components
Multiple preparations of all reagents were tested (with the exception of eIF1A-Fl), and results
were consistent from preparation to preparation. Purified 40S ribosomal subunits were
consistently found to be ~100% active for eIF1, eIF1A, TC and mRNA binding 15 and 80S IC
formation (data not shown). eIF1 and eIF1A were fully active for binding to 40S subunits as
determined by competitive binding assays (7 and data not shown). eIF2 was found to be ≥ 50%
active as previously reported 48 and the factor was therefore added in excess to adjust for
activity. eIF3 was found to be near 100% active for binding to eIF1, eIF5 and 43S complexes
(S. Mitchell and J. Lorsch, unpublished data). Preparations of eIF5B were equally active in
ribosome-dependent GTP hydrolysis and subunit joining experiments. 60S subunits were
found to be nearly 100% active for formation of 80S ICs in native gel assays following
incorporation of stoichiometric amounts of [35S]Met-tRNAi (data not shown). In addition, the
equivalence of the measured second-order rate constant for joining of naked 40S and 60S
subunits when either 40S or 60S subunits were the component varied (Fig. 2C) indicates that
neither contains a substantial amount of inactive particles.

Kinetics of Ribosomal Subunit Joining
Kinetic experiments following ribosomal subunit joining were measured on an SX.180MV-R
stopped flow fluorometer (Applied Photophysics) in fluorescence mode. The final
concentrations of components were as follows: 100 nM each eIF1, eIF2 and Met-tRNA, 50
nM eIF1A and 40S subunits, 1 μM mRNA, 250 nM eIF5, 500 nM eIF5B, 100–1200 nM 60S
subunits and 1 mM GTP•Mg2+. For each reaction, 2X 43S•mRNA complex containing 200
nM each eIF1, eIF2 and Met-tRNAi, 100 nM eIF1A and 40S subunits, 2 μM mRNA, and 20
μM GTP•Mg2+ in 1X reaction buffer was formed by adding preformed TC to the remaining
components. 2X initiation mix contained 500 nM eIF5, 1 μM eIF5B, 400 – 3600 nM 60S
subunits and 2 mM GTP•Mg2+ in 1X reaction buffer. Both samples were centrifuged in
Eppenddorf tubes for 30 minutes at 14000 rpm to remove insoluble contaminants. In the
stopped flow, the samples were mixed rapidly and the intensity of 435 nm light scattered at a
right angle to the incident beam was measured as a function of time with the PMT set to 293V.
Maintaining a consistent PMT voltage between experiments enabled comparison of the
amplitudes of 80S complex formation under different reaction conditions. Increasing the
concentration of eIF5B 3-fold in these experiments did not significantly affect the rate of
subunit joining indicating that its concentration was saturating (data not shown). For subunit
joining experiments with naked ribosomal subunits, eIF1 and eIF1A were added at 1 μM final
concentration when present. The concentrations of 40S and 60S subunits and eIF5B were as
above.
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Error values
All experiments were performed at least in duplicate. Reported values are means of independent
experiments and errors are mean deviations.

Kinetics of eIF1A Dissociation
Final concentrations were the same as for subunit joining experiments. In a quartz cuvette, TC
was combined with 40S subunits, eIF1, eIF1A-E124C-Fl, mRNA and eIF5 in 1X reaction
buffer. In the case of concurrent eIF1A chase, 80S complex formation was initiated by adding
eIF5B, GTP•Mg2+, 60S subunits and eIF1A (3 μM final) in 1X reaction buffer. In the case of
delayed eIF1A chase, 80S complex formation was initiated by adding eIF5B, GTP•Mg2+, and
60S subunits in 1X reaction buffer and eIF1A chase was added to a final concentration of 3
μM at 20 min. Addition of excess unlabeled eIF1A chase did not affect the rate or endpoint of
80S complex formation as monitored by light scattering (data not shown), suggesting that 80S
complexes remain intact upon addition of 1A chase. Reactions lacking one or more component
were supplemented with the appropriate buffer and performed following the same reaction
scheme. Fluorescence anisotropy measurements were performed on a Spex Fluorolog-3 (J.Y.
Horiba) by monitoring anisotropy as a function of time at λex = 492 nm and λem = 520 nm.
Anisotropy values did not require correction for intensity change because fluorescence
intensity differed < 4% between bound and unbound states.

Kinetics of TAMRA-eIF5B binding
43S•mRNA complex was formed by adding TC (formed with 4 μM eIF2 and Met-tRNAi, 200
μM GTP•Mg2+) in 1X reaction buffer to eIF1, eIF1A, 40S subunits (2 μM each) and mRNA
(20 μM) in 1 X reaction buffer and incubating for 5 min. The 43S complex was then added to
a cuvette containing GTP•Mg2+ and TAMRA-eIF5B in 1X reaction buffer and allowed to
incubate for 5 min. eIF5 was then added and, after 2 min, the reaction was initiated by addition
of 60S subunits. The final reaction contained 250 nM eIF5, 100 nM each TAMRA-eIF5B,
eIF1, eIF1A and 40S subunits, 200 nM eIF2 and Met-tRNAi 100 μM GTP•Mg2+, 120 nM 60S
subunits and 1 μM mRNA. Unlabeled eIF5B chase was used at a final concentration of 2 μM,
a 20-fold excess over TAMRA-eIF5B. Fluorescence anisotropy was measured as a function
of time at λex = 553 nm and λem = 579 nm.

Native gel assays
The native gel assay monitoring 80S complex formation was performed as described, at
published concentrations, 38; 44 with slight modifications. To the 3X TC mix, 2.4 μM Met-
tRNAi was added along with trace (≤ 1 nM) [35S]Met-tRNAi to form ternary complex.
Additionally, eIF1A- E124C-Fl was included in the reaction in place of WT eIF1A. 1.5X 43S
complex was formed by addition of 3X TC to 3X factors mix and incubated for 5 min at 26°
C. Next, eIF5 was added and allowed to incubate for 2 min followed by initiation of 80S IC
formation by addition of eIF5B, GTP•Mg2+, and 60S subunits. 80S complexes were formed
for 5 min before addition of either excess unlabeled eIF1A (34 μM final concentration) or
enzyme buffer, followed by incubation at 26°C for 30 min. Reactions were run on native
polyacrylamide gels and the amount of [35S]Met-tRNAi in 80S complexes was quantified as
previously described 38. To quantify the amount of E124C-Fl eIF1A present in 80S complexes,
the gel was scanned using a Typhoon (General Electric) scanner and the fraction of E124C-Fl
eIF1A in 80S complexes for each experiment was normalized to that in the experiment
containing WT eIF5B•GDPNP, in which it was maximal.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Ribosomal subunit joining within the initiation pathway and with naked ribosomal subunits
monitored by light scattering. (a) Experimental designs. Scheme 1: Assembly of 80S ribosomes
outside of the initiation pathway. Scheme 2: Assembly of 80S ICs. TC: eIF2•GTP•Met-
tRNAi ternary complex. (b) Association of 40S and 60S ribosomal subunits alone and in the
presence of eIF1 and/or eIF1A. Subunit joining with ribosomal subunits only (black): k1 =
0.042 ± 0.002 s−1, α1 = 0.37 ± 0.04, k2 = 0.007 ± 9×10−4 s−1, α2 = 0.51 ± 0.04. Plus eIF1A
(green): k1 = 0.031 ± 0.002 s−1, α1 = 0.28 ± 0.02; k2 = 0.007 ± 0.001 s−1, α2 = 0.30 ± 0.04.
Plus eIF1 (blue): k = 0.003 ± 6×10−4 s−1, α = 0.39 ± 0.06. In the presence of both eIF1 and
eIF1A (red), subunit joining was completely prevented. Plus eIF1A and eIF5B•GTP (orange):
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k = 0.014 ± 0.001 s−1, α = 0.38 ± 0.01. (c) Initiation pathway-dependent ribosomal subunit
joining (red): k1 = 0.076 ± 0.004 s−1, α1 = 0.77 ± 0.06, k2 = 0.019 ± 0.006 s−1, α2 = 0.23 ±
0.06. Joining of subunits alone (black) shown for comparison. Data are means ± average error.
All amplitudes are normalized to subunit joining in the complete initiation system (C, red
curve). In all experiments the 40S and 60S concentrations were 50 and 100 nM, respectively.
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Figure 2.
The initiation pathway accelerates ribosomal subunit joining relative to the intrinsic rate in the
absence of factors. (a) Prior steps in the initiation pathway are required for optimal subunit
joining. Subunit joining with GDPNP in TC (blue): k = 0.007 ± 0.001 s−1, α = 0.21 ± 0.01.
43S•mRNA complex containing eIF1A-ΔDIDDI (gray): k = 0.013 ± 0.001 s−1, α = 0.76 ± 0.01.
Both are fit to single exponentials. Subunit joining in the complete initiation pathway (red) is
shown for comparison. (b) The nucleotide state of eIF5B influences subunit joining. Subunit
joining with subunits only (black) and in the translation initiation pathway (red), as described
above. In the absence of eIF5B (blue), kobs = 0.005 ± 8×10−4 s−1, α = 0.29 ± 0.02. eIF5B•GDP
(green): k = 0.006 ± 6×10−4 s−1, α = 0.64 ± 0.02. eIF5B•GDPNP (orange): k1 = 0.044 ± 0.001
s−1, α1 = 0.7 ± 0.03; k2 = 0.013 ± 0.003 s−1, α2 = 0.27 ± 0.03. (c) kobs for subunit joining vs.
concentration of 40S or 60S subunits. When only ribosomal subunits are present, kobs increases
linearly with 40S (open squares) or 60S (solid circles) concentration in the range tested (slope
= 2.5×105 M−1 s−1). When subunit joining occurs in the context of the initiation pathway,
kobs varies in a manner best fit by a hyperbola (red; kmax = 0.3 s−1; K1/2 = 150 nM). Data are
represented as mean ± average error. (d) GTPase-deficient eIF5B mutants slow subunit joining.
eIF5B-T439A•GTP (light blue): k1= 0.008 ± 9×10−4, α1=0.34 ± 0.05, k2= 0.001 ± 3×10−4,
α2=0.52 ± 0.02. eIF5B-T439A, H505Y•GTP (purple): kobs = 0.004 ± 3×10−4, α = 0.48 ± 0.03.
eIF5B•GTP (red) and eIF5B•GDPNP (orange) are shown for comparison.
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Figure 3.
eIF1A is present in 80S complexes and its dissociation is accelerated by GTP hydrolysis by
eIF5B. (a) Experimental designs. Scheme 1: Assembly of 80S ICs with or without chase of
excess unlabeled eIF1A included with 60S subunits. Scheme 2: Assembly of 80S ICs followed
by chase of excess unlabeled eIF1A. (b) Measuring the rate constants for dissociation of eIF1A-
Fl from post-AUG-recognition 43S•mRNA complexes. Anisotropy of eIF1A-Fl in the absence
of other factors: rfree = 0.1526 ± 3.5 × 10−3; in 43S•mRNA•eIF5 complexes: r43S = 0.2075 ±
7.4 × 10−3. Addition of eIF1A chase without eIF5B or 60S subunits (□): k = 0.013 ± 0.001
s−1. Addition of eIF1A chase with eIF5B (+): 0.012 ± 0.001 s−1. Addition of eIF1A chase with
both eIF5B and 60S subunits (○): k = 0.034 ± 0.001 s−1. When eIF5B and 60S subunits are
added in the absence of chase, eIF1A dissociates only slightly (k = 0.03 ± 0.01, = 0.25 ± 0.06,
●). (c) Fluorescence anisotropy change of eIF1A-Fl during formation of 80S ICs (●, as in

Acker et al. Page 20

J Mol Biol. Author manuscript; available in PMC 2010 January 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4(b)), and with addition of unlabeled eIF1A chase after 20 minutes (○): kobs > 0.09
s−1; dead time of the experimental set-up. Anisotropy of eIF1A-Fl bound to 80S complexes
formed with eIF5B•GTP: r80S-5B•GTP = 0.1969 ± 6.8 × 10−3. (d) Fluorescence scan of a native
gel showing eIF1A-Fl binds to 43S•mRNA complexes and 80S complexes. 80S complexes
were formed with eIF5B•GDPNP. Formation of 80S ICs also results in the appearance of a
band corresponding to eIF1A-Fl bound to free 40S subunits. (e) eIF1A-Fl dissociates with
biphasic kinetics from complexes formed with eIF5B•GDPNP (k1 ≥0.14; α1 = 0.40 ± 0.03;
k2= 0.0085 ± 3 × 10−5; α2 = 0.6 ± 0.03, ■). The first phase most likely represents dissociation
from the 40S subunits produced in reactions in which 80S ICs are formed (Fig. 3d). Dissociation
of eIF1A-Fl from ICs formed with eIF5B•GTP (○) is shown for comparison. Anisotropy of
eIF1A-Fl bound to 80S complexes formed with eIF5B•GDPNP: r80S-5B•GDPNP = 0.2159 ± 1.2
× 10−3. (f) GTPase-deficient eIF5B-T439A•GTP (△) slows eIF1A-Fl dissociation from 80S
ICs relative to WT eIF5B (k1 ≥0.16, α1 = 0.47 ± 0.03; k2 = 0.011 ± 5 × 10−4 s−1; α2 = 0.53 ±
0.03; WT eIF5B-GTP, ○). Second-site suppressor mutant eIF5B-T439A, H505Y•GTP does
not restore the rate of eIF1A-Fl dissociation relative to eIF5B-T439A (k1 ≥0.18, α1= 0.31 ±
0.05; k2 = 0.012 ± 5 × 10−4 s−1, α2 = 0.69 ± 0.06; +). Anisotropy of eIF1A-Fl bound to 80S
complexes formed with eIF5B-TA•GTP: r80S-5B-TA•GTP = 0.2175 ± 1.4 × 10−3; formed with
eIF5B-TAHY•GTP: r80S-5B-TAHY•GTP = 0.2210 ± 3.5 × 10−3. Data are represented as mean ±
average error.
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Figure 4.
eIF1A-Fl in ICs can be visualized directly in native gels. (a) Fluorescence scan of native gel
showing eIF1A-Fl bound to 80S ICs formed in the presence of WT or mutant eIF5B bound to
GTP or GDPNP, with or without the addition of excess unlabeled eIF1A chase. Thirty-minute
time points are shown and the positions of 43S and 80S complexes are noted. (b) Quantification
of the bands in (a). Data in (b) are represented as the mean of three independent experiments
± average error.
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Figure 5.
eIF5B binding to and release from initiating ribosomal complexes. (a) Scheme 1: Experimental
setup to measure the kinetics of TAMRA-labeled eIF5B binding to ribosomal complexes
during initiation. Scheme 2: Experimental setup to measure the kinetics of release of TAMRA-
eIF5B from the 80S IC following subunit joining. (b) Kinetics of TAMRA-eIF5B•GTP binding
to ribosomal complexes during subunit joining. The fluorescence anisotropy of TAMRA-
eIF5B•GTP increases during the formation of 80S ICs with a rate constant of 0.009 ± 0.002
s−1 (●). Addition of excess unlabeled eIF5B 16 minutes after initiation of 80S complex
formation results in biphasic dissociation of TAMRA-eIF5B from 80S ICs (k1 = 0.12 ± 0.02
s−1, α1 = 0.47 ± 0.03, k2 = 0.0025 ± 5 × 10−4 s−1, α2 = 0.54 ± 0.035; ○). Anisotropy of TAMRA-
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eIF5B•GTP in the absence of other factors: rfree = 0.2353 ± 1.1 × 10−3; in 80S complexes:
rbound = 0.2408 ± 1.8 × 10−3. (c) Kinetics of TAMRA-eIF5B•GDPNP binding to 80S ribosomal
complexes during subunit joining. The fluorescence anisotropy of TAMRA-eIF5B•GDPNP
increases upon initiation of subunit joining similarly to GTP-bound TAMRA-eIF5B, with a
rate constant of 0.0073 ± 5 × 10−5 s−1 (●). However, the rate constant for dissociation of
TAMRA-eIF5B•GDPNP from the resulting 80S complexes upon addition of excess unlabeled
eIF5B is reduced ~750-fold (k = 1.6 × 10−4 ± 2 × 10−5 s−1; ○). Dissociation of TAMRA-
eIF5B•GDPNP was carried out for ~ 4 hours. Plotted data are truncated for clarity, however
reported rate constants were determined by fitting the entire data set. Anisotropy of TAMRA-
eIF5B•GDPNP in the absence of other factors: rfree = 0.2357 ± 5 × 10−4; in 80S complexes:
rbound = 0.2440 ± 1.8 × 10−3. Data are represented as mean ± average error.

Acker et al. Page 24

J Mol Biol. Author manuscript; available in PMC 2010 January 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Simplified model of eukaryotic translation initiation: eIF1A is a central organizer of events in
the pathway. eIF1A binds to the 40S ribosomal subunit cooperatively with eIF1, inducing a
structural change in the subunit resulting in an ‘open’ state that can rapidly bind the
eIF2•GTP•Met-tRNAi ternary complex (TC) and is highly resistant to subunit joining. In the
open state, the 43S complex binds near the 5′.-end of an mRNA and begins to scan in search
of the AUG start codon. Start codon recognition results in formation of a direct or indirect
interaction between eIF1A and eIF5. The affinity of eIF1 for the initiating ribosome is reduced
upon start codon recognition, leading to the factor’s release from the complex. eIF1 dissociation
triggers Pi release from eIF2, making GTP hydrolysis irreversible, and also causes the complex
to revert to a closed state. eIF2•GDP has reduced affinity for the initiating ribosome and,
presumably together with eIF5, transiently dissociates, leaving the C-terminus of eIF1A free
to interact with eIF5B. In its GTP-bound form, eIF5B facilitates subunit joining, and GTP
hydrolysis results in dissociation of the factor from the resulting 80S IC. Subunit joining and
subsequent GTP hydrolysis by eIF5B trigger eIF1A to vacate the 80S IC, freeing the A site of
the 80S ribosome to bind to eukaryotic elongation factor (eEF) 1A•GTP•aminoacyl-tRNA
ternary complexes, thus beginning the elongation phase of translation.
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Table 1
Summary of measured rate constants and amplitudesa

Step Components or Conditions Rate constant, k (s−1) Amplitude, α

Subunit Joining 40S + 60S k1 = 0.042 ± 0.002
k2 = 0.007 ± 9×10−4

α1 = 0.37 ± 0.04
α2 = 0.51 ± 0.04

40S, 1A + 60S k1 = 0.031 ± 0.002
k2 = 0.007 ± 0.001

α1 = 0.28 ± 0.02
α2 = 0.30 ± 0.04

40S, 1 + 60S 0.003 ± 6×10−4 0.39 ± 0.06

40S, 1, 1A + 60S n.d.b n.d.b

40S, 1A + 5B•GTP, 60S 0.014 ± 0.001 0.38 ± 0.01

Initiationc k1 = 0.076 ± 0.004
k2 = 0.019 ± 0.006

α1 = 0.77 ± 0.06
α2 = 0.23 ± 0.06

Initiation, TC•GDPNP 0.007 ± 0.001 0.21 ± 0.01

Initiation, 1A-ΔDIDDI 0.013 ± 0.001 0.76 ± 0.01

Initiation, no eIF5B 0.005 ± 8×10−4 0.29 ± 0.02

Initiation, eIF5B•GDP 0.006 ± 6×10−4 0.64 ± 0.02

Initiation, eIF5B•GDPNP k1 = 0.044 ± 0.001
k2 = 0.013 ± 0.003

α1 = 0.70 ± 0.03
α2 = 0.27 ± 0.03

Initiation, eIF5B-TA k1= 0.008 ± 9×10−4

k2= 0.001 ± 3×10−4
α1=0.34 ± 0.05
α2=0.52 ± 0.02

Initiation, eIF5B-TA, HY 0.004 ± 3×10−4 0.48 ± 0.03

eIF1A-Fl
Dissociation from

PICs/ICs

43S•mRNA (post-Pi release) 0.013 ± 0.001 1

43S•mRNA (post-Pi release), (+)
eIF5B•GTP

0.012 ± 0.001 1

43S•mRNA (post-Pi release), (+)
eIF5B•GTP, 60S

0.034 ± 0.001 1

43S•mRNA (post-Pi release), (+)
eIF5B•GTP, 60S (no unlabeled eIF1A

chase)

0.03 ± 0.01 0.25 ± 0.06

80S IC (eIF5B•GTP) >0.09 1

80S IC (eIF5B•GDPNP) k1 ≥0.14
k2= 0.0085 ± 3×10−5

α1 = 0.40 ± 0.03
α2 = 0.6 ± 0.03

80S IC (eIF5B-TA•GTP) k1 ≥0.16
k2 = 0.011 ± 5×10−4

α1 = 0.47 ± 0.03
α2 = 0.53 ± 0.03

80S IC (eIF5B-TA, HY•GTP) k1 ≥0.18
k2 = 0.012 ± 5×10−4

α1 = 0.31 ± 0.05
α2 = 0.69 ± 0.06

TAMRA-eIF5B
Association with

ICs

GTP-bound 0.009 ± 0.002 1

GDPNP-bound 0.0073 ± 5×10−5 1

TAMRA-eIF5B
Dissociation from

ICs

GTP-bound k1 = 0.12 ± 0.02
k2 = 0.0025 ± 5×10−4

α1 = 0.47 ± 0.03
α2 = 0.54 ± 0.04

GDPNP-bound 1.6 × 10−4 ± 2×10−5 1
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a
Values are the averages of at least two independent experiments and the errors are the average deviations.

b
Subunit joining under these conditions is undetectable.

c
Initiation conditions are 40S and 60S subunits, eIF1, eIF1A, TC (eIF2, Met-tRNAi, GTP), mRNA, eIF5 and eIF5B•GTP unless otherwise specified.
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Table 2
Binding affinities of TAMRA-eIF5B for 40S, 60S and 80S ribosomes

Subunit or Complex Kd (nM)

TAMRA-eIF5B•GDPNP 40S ≥ 1000a

60S ≥ 1000a

80Sc 19 ± 2b

TAMRA-eIF5B•GDP 80Sc 660 ± 80b

a
Values are lower limits.

b
Values are the averages of two independent experiments and the errors are the average deviations.

c
Salt-washed 80S ribosomes, purified as described in methods.

J Mol Biol. Author manuscript; available in PMC 2010 January 16.


