THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 289, NO. 46, pp. 31827-31836, November 14, 2014
© 2014 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

Human Eukaryotic Initiation Factor 2 (elF2)-GTP-Met-tRNA,
Ternary Complex and elF3 Stabilize the 43 S Preinitiation

Complex”

Received for publication, August 4, 2014, and in revised form, September 15,2014 Published, JBC Papers in Press, September 22, 2014, DOI 10.1074/jbc.M114.602870

Masaaki Sokabe and Christopher S. Fraser'

From the Department of Molecular and Cellular Biology, College of Biological Sciences, University of California,

Davis, California 95616

among the components.

initiation.

\_

(Background: 43 S preinitiation complex (PIC) formation is an important step for eukaryotic translation initiation.
Results: A thermodynamic framework of human 43 S PIC reveals a complicated network of positive and negative cooperativity

Conclusion: elF2 and elF3 play essential roles in stabilizing the 43 S PIC.
Significance: Quantitative analysis of initiation complex formation leads to understanding of mechanistic details in translation
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The formation of a stable 43 S preinitiation complex (PIC)
must occur to enable successful mRNA recruitment. However,
the contributions of elF1, eIF1A, elF3, and the eIF2-GTP-Met-
tRNA; ternary complex (TC) in stabilizing the 43 S PIC are
poorly defined. We have reconstituted the human 43 S PIC and
used fluorescence anisotropy to systematically measure the
affinity of eIF1, eIF1A, and eIF3j in the presence of different
combinations of 43 S PIC components. Our data reveal a com-
plicated network of interactions that result in high affinity bind-
ing of all 43 S PIC components with the 40 S subunit. Human
elF1 and eIF1A bind cooperatively to the 40 S subunit, revealing
an evolutionarily conserved interaction. Negative cooperativity
is observed between the binding of eIF3j and the binding of eIF1,
elF1A, and TC with the 40 S subunit. To overcome this, elF3
dramatically increases the affinity of eIF1 and eIF3j for the 40 S
subunit. Recruitment of TC also increases the affinity of eIF1 for
the 40 S subunit, but this interaction has an important indirect
role in increasing the affinity of eIF1A for the 40 S subunit.
Together, our data provide a more complete thermodynamic
framework of the human 43 S PIC and reveal important interac-
tions between its components to maintain its stability.

In the current model of eukaryotic translation initiation, a
stable 43 S preinitiation complex (PIC)? must be formed prior
to mRNA recruitment (1, 2). The initiator Met-tRNA; that
encodes the first amino acid is recruited to the 40 S ribosomal
subunit as a ternary complex (TC) with e[F2 and GTP. This step
is facilitated by initiation factors elF1, eIF1A, elF3, and elF5,
which together form the 43 S PIC. The 43 S PIC is recruited to
a5’ end of an mRNA in a step that requires cap recognition by
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the eIlF4F complex. Following recruitment, the 40 S subunit
migrates along the mRNA until it reaches an initiation codon
where the 60 S subunit joins to form the 80 S initiation
complex.

Many studies over the years have investigated the interac-
tions between the components that constitute the 43 S PIC
both in vitro and in vivo (3). The interaction between initiation
components and the 40 S subunit have generally been followed
by non-equilibrium methods such as sucrose gradient centri-
fugation, size exclusion chromatography, and gel-shift assays.
The analysis of 40 S complexes by sucrose gradient analysis
often results in the dissociation of eIF1, eIF1A, and eIF3 (4—6).
The integrity of these labile complexes can be maintained by
the use of cross-linking agents, but this makes it difficult to
quantitatively interpret how different factors function in com-
plex stability. Analysis of 40 S complexes by size exclusion
chromatography has been shown to improve the integrity of
some 40 S complexes. In particular, this approach has been able
to show that elF1, elF1A, and elF3 help stabilize the TC on the
40 S subunit (6). Similar to size exclusion chromatography, gel-
shift assays are able to detect some 40 S complexes that cannot
withstand sucrose gradient analysis (7, 8). Although these tech-
niques can provide information regarding the relative stability
of different complexes, dissociation of complexes often occurs
because the samples are not at equilibrium. Moreover, an
inability to observe a stabilizing effect between two compo-
nents using these non-equilibrium techniques cannot be inter-
preted to mean that they do not in fact stabilize each other’s
binding to the 40 S subunit. As a result, non-equilibrium tech-
niques make it difficult to determine the affinities of interac-
tions between components.

Work using sophisticated biochemical analysis of yeast elF1
and elF1A has revealed thermodynamic and kinetic details of
how these factors bind the 40 S subunit in a cooperative man-
ner, and how they ensure correct start codon recognition
(9-16). Importantly, yeast eIF1 and eIlF1A are thermodynami-
cally coupled with TC binding to the 40 S subunit in the
absence and presence of mRNA (9, 13, 17-19). Additionally,
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elF1 and elF1A also interact with elF5 to ensure correct start
codon recognition (11, 15, 18). Yeast and human eIF3 interacts
directly with eIF1, TC, and elF5 to form a multifactor complex
in yeast, plants, and mammals (8, 20, 21). Accordingly, muta-
tions in elF3 subunits lower the apparent affinity of eIF1, eIF1A,
elF5, and TC for the 40 S in vivo (reviewed in Refs. 3 and 22).
However, because elF1, eIF1A, and TC are able to bind to the
40 S subunit with high affinity in the absence of elF3, it is
unclear why elF3 is so important for the stability of the 43 S PIC
(8,11). To date, no quantitative assays have been used to deter-
mine how elF3 interacts with elF1, elF1A, and TC in the 43 S
PIC. It is well documented that elF1, elF1A, and the TC all bind
on the 40 S subunit interface either in or close to the mRNA
decoding site, which is fundamental for their proposed function
in mRNA recruitment and initiation codon selection (23-29).
In contrast, the only eIF3 subunit that has been shown to bind
to the decoding site of the 40 S subunit is eIF3j (30). Human and
yeast elF3j both increase the affinity of the eIF3 complex for the
40 S subunit, as determined by sucrose gradient centrifugation
(31, 32). Surprisingly, the binding of eIF3j to the 40 S subunit
substantially weakens the affinity of e[F1A for the 40 S subunit
and actually inhibits mRNA recruitment, albeit in a complex
that does not include elF3 (30). Taken together, it is clear that
elF3, elF1, eIF1A, and the TC all interact with one another and
the 40 S subunit to form the 43 S PIC, but the thermodynamic
and kinetic frameworks for these interactions need to be deter-
mined to fully understand how this complex is formed prior to
mRNA recruitment.

Here, we have used a highly purified reconstituted human
system to explore how elF1, eIF1A, elF3, and TC components
affect each other’s affinity for the 40 S subunit. We will refer to
this complex throughout this study as the 43 S PIC although it is
formed in the absence of eIF5 (see “Discussion”). Using a steady
state anisotropy assay, we have measured the affinity of fluores-
cently labeled elF1, eIF1A, and eIF3;j for the 40 S subunit in the
presence of different combinations of 43 S PIC components.
Our data demonstrate that the positive cooperativity between
elF1 and elF1A binding to the 40 S subunit is conserved
through evolution. Moreover, this cooperativity is important in
enabling the TC and elF3 to interact with both eIF1 and eIF1A
to ensure the stability of the 43 S PIC.

EXPERIMENTAL PROCEDURES

Sample Preparation—Endogenous human elF2 and 40 S
ribosomal subunits were purified from HeLa cell extracts as
described previously (30). Endogenous elF3 lacking the j sub-
unit (eIF3Aj) also was prepared from HeLa cell extracts through
gel filtration chromatography under high salt conditions as
described previously (30). Initiator tRNA was in vitro tran-
scribed with T7 RNA polymerase and methionylated by Esche-
richia coli methionyl-tRNA synthetase as described previously
(30). Recombinant wild-type eIF1, eIF1A, elF3j, and eIF5 were
prepared as described previously (8, 30). The concentrations of
proteins, tRNA, and 40 S subunits were quantified by 280 or
260 nm absorbance.

Fluorescent Labeling of the Proteins—elF1A-D142C and
elF3j-S152C single-cysteine mutants are used for modification
with fluorescein as described previously, with minor modifica-
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tions (30). Before the labeling reaction, 15 ul of protein (3 nmol)
was reduced by adding 1 ul of 160 mm DTT and incubating for
2honice. Note that all the following steps were carried out with
degassed reagents and were kept in the dark as much as possi-
ble. The reduced protein was precipitated by adding 35 ul of
saturated ammonium sulfate followed by a 10-min incubation
at —20 °C. The precipitated protein was recovered by centrifu-
gation at 20,000 X g for 30 min at 4 °C. The protein pellet was
then washed briefly by adding 100 ul of 70% saturated ammo-
nium sulfate and then pipetting it off to further remove residual
DTT. The pellet was immediately dissolved in 50 ul of reaction
buffer containing 20 mm potassium MES, pH 6.5, 0.3 m KCl, 1
mm EDTA, 10% glycerol, and 500 uMm fluorescein-5-maleimide
(Invitrogen). The reaction mixture was incubated in the dark
for 2 h at room temperature and was quenched by adding 500 ul
of buffer A (20 mm Hepes-K, pH 7.5, 2 mm DTT, and 10%
glycerol). The labeled protein was captured by adding 40 ul of
SP Sepharose resin (GE Healthcare). The resin was washed 4— 6
times with 500 ul of buffer A containing 20 mm KCI until the
absorbance at 492 nm reached a background level. The protein
was eluted with 80 ul of buffer A containing 0.5 M KCI. Analysis
by SDS-PAGE indicated that there was essentially no detectable
free dye remaining in the eluate. The amounts of dye and the
protein were quantified by 492 nm absorbance and Bradford
assay using wild-type protein as a standard, typically yielding
1-2 nmol of the protein with =95% labeling efficiency. Fluores-
cent labeling of elF1 was carried out by using the protein dual-
labeling kit (Jena Bioscience) according to the manufacturer’s
protocol with minor modifications (33). The protein was
expressed in BL21 (DE3) as a C-terminal fusion with the
C-His,-tagged intein and purified with 300 ul of nickel-nitrilo-
triacetic acid agarose resin. The intein was then cleaved by add-
ing sodium 2-mercaptoethanesulfonate powder to a final con-
centration of ~0.5 M and incubating overnight in the dark at
room temperature to produce a C-terminally thioesterified
protein. The protein was purified with SP Sepharose resin as
described above for el[F1A/elF3j, but by using buffer A supple-
mented with 10 mm sodium 2-mercaptoethanesulfonate. The
thioesterified protein was further oxyaminated by adding 2 ul
of 1 M bisoxyamine to 6 ul of the protein eluate (~3 nmol) and
incubating overnight at room temperature. To remove excess
bisoxyamine, the protein was precipitated and washed with
ammonium sulfate, as described above. The protein pellet
(~2.5 nmol) was resuspended in 50 ul of reaction buffer con-
taining 0.1 M sodium acetate, pH 5.6, 150 mm KCl, 10% glycerol,
100 mm aniline hydrochloride, and 1 mm keto-fluorescein. The
reaction mixture was incubated for 2 h at room temperature
and then overnight at 4 °C. The labeled protein was purified
again with SP Sepharose resin, as described above. The labeling
efficiency was typically =70%. The labeled proteins (termed
elF1-Fl, eIF1A-Fl, and elF3j-Fl) were stored in a dark tube at
—80 °C until use.

Translation Activity Assay—Translation assays were carried
out in a messenger-dependent reticulocyte lysate system (Pro-
mega) essentially as described previously (34). The lysate was
programed with a capped Renilla luciferase mRNA flanked by a
human B-globin 5’-UTR. A 20-ul reaction mixture contained
50% nuclease-treated rabbit reticulocyte lysate, 20 um amino
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acid mixture minus leucine, 20 um amino acid mixture minus
methionine, 0.5 units/pul RNasin ribonuclease inhibitor, 45 mm
potassium chloride, 90 mMm potassium acetate, and 2 mm mag-
nesium acetate. The mixture was preincubated with 1 um WT-
elF, or 1 uM elF-Fl for 5 min at 30 °C in the absence of mRNA.
The reporter mRNA was then added to each reaction and fur-
ther incubated at 30 °C for 30 min. Luminescence was mea-
sured for 10 s by using a VICTOR X5 plate reader (Perkin-
Elmer) immediately after the addition of Renilla luciferase
substrate (Promega). Luciferase activities were normalized to a
reaction without adding the factors, and are presented as the
average of three reactions = S.D.

Fluorescence Anisotropy Binding Assay—Anisotropy mea-
surements with elF1-Fl, eIF1A-Fl, or elF3j-Fl were conducted
using a VICTOR X5 plate reader (PerkinElmer) with 485/15-
and 535/25-nm emission and excitation filters with polarizers
as described previously (30). The final concentration of the
labeled species was limiting (5-20 nm), and the concentration
of 40 S ribosomes was varied in each reaction. The concentra-
tions of the additional factors were =90% saturating according
to available affinities (this study): [eIF1] and [eIF1A] were 2 uwm;
[eIF5] was 4 um; [elF3j] was =2 um depending on the affinity
under the condition tested; [eIF3Aj] was 1 um; and [elF3] and
[TC] were 650 nm or =[40 S] when [40 S] exceeded 650 nM.
Increasing [elF3] and [TC] 2-fold did not change the result,
indicating that these components were well saturated at this
concentration. The intact elF3 was reconstituted by mixing
stoichiometric amounts of eIF3j and elF3Aj, and the TC was
formed by mixing stoichiometric amounts of eIF2 and Met-
tRNA; (typically 10 wm) in the presence of 100 um GMPPNP
and incubating for 3 min at 37 °C. Anisotropy binding reactions
(20 ul for most reactions and 40 ul for reactions containing
elF1-Fl) were set up in binding buffer (20 mm Tris acetate, pH
7.5,70 mm KCl, 2 mm MgCl,, 10% glycerol, and 0.1 mg/ml BSA).
When the TC was included in the reaction, 100 um GMPPNP
and 0.1 mg/ml creatine phosphokinase (to prevent nonspecific
sticking of eIF2 (35)) were additionally included. Note that it is
important to add elF1-Fl to the reaction mixture at the very last
step before incubation to minimize aggregation and/or sticking
of eIF1 to the tube wall. This overcomes observing inconsistent
fluorescent intensities from tube to tube. Importantly, the addi-
tion of BSA in the reaction buffer reduced nonspecific interac-
tions and fluorescent quantum yield changes that otherwise
often occur. This results in far more stable anisotropy readouts
under the conditions tested. The reaction mixture was incu-
bated for 3 min at 37 °C, and 18 or 36 ul was transferred to a
384-well plate and allowed to reach equilibrium at room tem-
perature for 20 min before the anisotropy was measured. An-
isotropy was converted to fraction of [eIF-Fl] bound and fitted
to the solution of a quadratic equation describing an equilib-
rium reaction as described elsewhere (11). Inhibition constants
(K;) with an unlabeled wild-type protein were determined in a
similar way to that described above, involving a preformed ribo-
somal complex of interest (containing a fluorescent-labeled
protein) titrated with the corresponding unlabeled protein.
Anisotropy was converted to fraction of [elF-Fl] bound and
fitted to the solution of a quadratic equation describing the
competitive binding of two ligands to a receptor (36). All values
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FIGURE 1. Effect of fluorescent labeling on reticulocyte lysate translation.
1 um WT-elF or elF-Fl was added to a nuclease-treated lysate as indicated.
Translation of a capped Renilla luciferase mRNA was quantified by measuring
luminescence and was normalized to a reaction without adding the factor.
The values shown are the mean of three independent experiments = S.D.

reported are averages of at least three independent experi-
ments, and the errors reported are standard deviations of the
mean.

RESULTS

Preparation and Characterization of Fluorescent-labeled
elF1, elF1A, and elF3j—To investigate the thermodynamic
framework for human 43 S PIC formation, we first prepared
fluorescent-labeled elF1A and elF3j (eIF1A-Fl and elF3j-Fl)
by modifying single-cysteine mutants with fluorescein, as
described previously (30). A similar approach to modify human
elF1 was not successful because mutating the endogenous cys-
teines of eIF1 (Cys-69 and Cys-94) results in protein instability
and a weakened binding to the 40 S subunit (data not shown
(23)). Using an alternative approach, we prepared C-terminally
thioesterified elF1 and further modified it with bisoxyamine
and keto-fluorescein (eIF1-Fl) (33). To determine whether
modification of eIF1, eIF1A, and elF3j preserves their function
in the initiation pathway, we tested their activity by adding
them to a reticulocyte lysate system. The addition of 1 um of
wild-type or modified protein to the lysate results in the same
rate of translation (Fig. 1). Because this amount of protein is
expected to be equimolar with the endogenous factor (37), we
conclude that modification of each protein does not dramati-
cally affect its activity. To examine the binding of each elF to the
40 S subunit, purified 40 S subunits were titrated into a fixed
amount of fluorescent-labeled elF, and the change in fluores-
cence anisotropy was measured, as described under “Experi-
mental Procedures.” Individually, these fluorescent-labeled
factors show a strong anisotropy increase upon 40 S titration
(Table 1). Converting these values into the fraction of factor
bound at each 40 S concentration yields equilibrium dissocia-
tion constants of 49, 62, and 8.8 nM for elF1, elF1A, and elF3j,
respectively (Fig. 2, A—C; also see Table 1 for K, values). These
values are in good agreement with previously determined K,
values for human eIF1A and elF3j (19 and 6 nMm (30)) and in
reasonable agreement with those obtained for yeast eIF1 and
elF1A (16 and 49 nm (17)).
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TABLE 1
Summary of K, and anisotropy values

All values are the means of three independent experiments. The errors shown are the standard deviations. ND stands for not determined.

K/ K Tfreet "bound? Arpaxd
elF1-F1
40 S 49 =6 105*9 0.264 = 0.010 0.319 = 0.012 0.055 + 0.003
40S + 1A 12 = 0.4 39+5 0.262 = 0.013 0.336 = 0.004 0.074 = 0.009
40S + 3j 72+9 166 =8 0.258 = 0.010 0.318 = 0.003 0.060 *= 0.008
40S + 1A + 3j 17 £5 411 0.255 = 0.006 0.331 = 0.007 0.076 = 0.012
40S + 3 =10 ND 0.289 = 0.005 0.328 = 0.008 0.039 + 0.004
40S + TC 27 *7 ND 0.266 *= 0.005 0.340 = 0.008 0.075 = 0.006
40S + 1A + TC =10 ND 0.283 = 0.003 0.348 = 0.008 0.065 = 0.007
40S + 5 52*5 ND 0.252 = 0.006 0.308 = 0.001 0.056 = 0.005
43S =10 ND 0.298 = 0.005 0.375 = 0.003 0.077 = 0.003
elF1A-F1
40 S 62+5 61 £7 0.185 = 0.002 0.240 = 0.004 0.055 = 0.001
40S +1 21 =2 23+5 0.193 = 0.003 0.250 = 0.006 0.057 = 0.003
40 S + 3j 230 *= 30 260 = 60 0.190 = 0.003 0.240 = 0.002 0.050 = 0.003
40S+ 1+ 3j 58+ 3 53+5 0.193 = 0.005 0.244 = 0.002 0.052 = 0.006
40S + 3 260 = 30 ND 0.193 = 0.003 0.245 = 0.005 0.052 + 0.007
40S+1+3 35+3 ND 0.196 = 0.008 0.237 = 0.010 0.041 = 0.003
40S + TC 64+ 5 ND 0.187 = 0.006 0.221 = 0.010 0.035 = 0.006
40S +1+TC =5 ND 0.212 = 0.004 0.242 = 0.003 0.030 = 0.004
40S + 5 55+3 ND 0.194 = 0.003 0.251 = 0.003 0.056 * 0.002
43S =5 ND 0.205 = 0.002 0.239 = 0.002 0.033 = 0.001
eIF3j-FI
40 S 88 1.2 142 0.193 = 0.002 0.299 = 0.003 0.106 * 0.005
40S +1 18 £2 20+ 3 0.179 = 0.004 0.277 = 0.003 0.098 *= 0.002
40S + 1A 85+9 110 £ 7 0.190 = 0.004 0.292 *= 0.012 0.102 = 0.009
40S +1+ 1A ~400" ~400¢ 0.182 = 0.012 0.277 = 0.019 0.095 = 0.007
40 S + 34Aj =5 ND 0.234 = 0.006 0.306 = 0.003 0.072 = 0.009
40S + 1 + 34j =5 ND 0.217 = 0.009 0.314 = 0.009 0.097 = 0.003
40 S + 1A + 34j =5 ND 0.215 = 0.009 0.324 = 0.003 0.109 = 0.011
40S + 1+ 1A + 34j 11*2 ND 0.226 = 0.007 0.296 = 0.001 0.071 = 0.006
40S + TC 120 =20 ND 0.194 = 0.004 0.314 = 0.008 0.120 = 0.011
40S +5 7.0*1.2 ND 0.187 = 0.003 0.273 = 0.008 0.086 * 0.006
43S 15 *4 ND 0.216 = 0.004 0.283 = 0.001 0.067 = 0.003
3Aj 100 = 15 ND 0.171 = 0.005 0.201 = 0.005 0.030 * 0.005

“ Equilibrium dissociation constants determined by titrating the eIF-FI with the 40 S subunit under the experimental condition.
? Equilibrium dissociation constants determined by titrating the unlabeled wild-type protein to the preformed eIF-Fl and 40 S complex under the experimental condition.
¢ Anisotropy of the indicated eIF-Fl prior to addition of 40 S subunits under the experimental conditions.

4 Anisotropy of the indicated eIF-Fl in the 40 S bound state.

¢ Difference between ry,.. and ry,q,nq, representing the maximum anisotropy change.
/The value was estimated from a titration ranging from [40 S] = 0 to 1100 nm.

€ The value was calculated with using the estimate K, value.

To further confirm that cysteine mutations and attachment
of a fluorophore to these factors do not affect the interaction
with the 40 S subunit, we titrated each preformed eIF-40 S
complex with the corresponding non-labeled wild-type pro-
tein. Inhibition constants of 105, 61, and 14 nm were obtained
for elF1, elF1A, and elF3j, respectively, which are consistent
with the equilibrium dissociation constants described above
(Table 1). These data therefore established that these fluores-
cently modified proteins can be used to determine the thermo-
dynamic framework of the 43 S PIC. It is important to note that
we used a 5-20 nM concentration of each fluorescently labeled
initiation factor to obtain a sufficient signal in our assay.
Because this concentration was similar to some of the tight
binding constants that we obtained, our measured K s were
close to upper limits.

Human elF1, elF1A, and elF3j Binding to the 40 S Ribosomes
Is Thermodynamically Coupled—To explore whether elF1,
elF1A, and eIF3j binding to the 40 S subunit is thermodynam-
ically coupled, we employed our anisotropy assay with different
combinations of these three factors. Initially, we measured the
K, for eIF1-Fl in the presence of a saturating amount of unla-
beled eIF1A. A 4-fold decrease in the K, of eIF1-Fl from 49 to 12
nM is observed upon the addition of unlabeled eIF1A (Fig. 24),
indicating a 4-fold increase in affinity. Likewise, we observe a
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3-fold increase in the affinity of eI[F1A-Fl upon the addition of
unlabeled eIF1 (Fig. 2B). The results show that there is positive
cooperativity between elF1 and elF1A.

We then performed similar experiments with eIF1A and
elF3j. Our data show that the affinity of eIF1A-Fl for the 40 S
subunit decreases by 4-fold upon the addition of a saturating
amount of elF3j (Fig. 2B). Similarly, eIF3j-Fl binding to the 40 S
subunit decreases in affinity by 10-fold upon the addition of a
saturating elF1A (Fig. 2C). The data show a strong negative
cooperative effect on binding with eIF1A and eIF3j. In light of
the positive cooperativity between elF1 and elF1A, we wanted
to test whether the presence of eIF1 and eIF1A together would
further weaken the affinity of eIF3j for the 40 S subunit. Our
data show that this is indeed the case because the affinity of
elF3j-Fl binding to the 40 S subunit is further reduced by about
4-fold (K, ~400 nm) in the presence of both elF1 and elF1A
(Fig. 2C). It is important to note that this K, only reflects an
estimated value because it is not possible to obtain a saturated
complex with eIF3j-Fl under these conditions. This is due to the
fact that our anisotropy assay is limited by the concentration of
40 S subunits that can be added without causing anomalous
anisotropy signals, possibly through aggregation and nonspe-
cific binding. Consistent with the enhanced weakening of the
interaction of elF3j-Fl with the 40 S subunit in the presence of
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FIGURE 2. Cooperativity between elF1, elF1A, and elF3j for 40 S subunit
binding. A, equilibrium binding of elF1-Fl to 40 S subunits in the absence or
presence of saturating elF1A and/or elF3j, as measured by the anisotropy
assay. Each point represents the mean of three independent experiments.
Error bars indicate the S.D. B, equilibrium binding of elF1A-Fl to the 40 S sub-
unit in the absence or presence of saturating elF1 and/or elF3j. Error bars
indicate the S.D. C, equilibrium binding of elF3j-Fl to 40 S in the absence or
presence of saturating of elF1 and/or elF1A. D, the thermodynamic frame-
work for the binding of elF1-Fl, eIF 1A-Fl, and elF3j-Fl to the 40 S subunit. Blue,
green, red, and gray circles represent elF1, elF1A, and elF3j and the 40 S sub-
unit, respectively. Values alongside each arrow indicate K, (in nm) for the cor-
responding binding.

both eIF1 and eIF1A, we find that the cooperative binding
between elF1 and eIF1A is maintained in the presence of elF3j.
This is indicated by a 4-fold increase in the affinity of eIF1A-FI
for the 40 S subunit in the presence of elF3j when elF1 is added
(Fig. 2B). Likewise, the affinity of eIF1-Fl for the 40 S subunit in
the presence of elF3j increases by 4-fold when elF1A is added
(Fig. 2A). Finally, we explored whether eIF3j and eIF1 also may
be thermodynamically coupled on the surface of the 40 S sub-
unit. Our data show that the affinity of eIF3j-Fl binding to the
40 S subunit is in fact slightly reduced by 2-fold upon eIF1 bind-
ing (Fig. 2C). Accordingly, the affinity of eIF1-Fl binding to the
40 S subunit is also slightly reduced 1.5-fold in the presence of
elF3j (Fig. 2A), implying that eIF1 and elF3j interact with each
other on the surface of the 40 S subunit. Together, these data
provide a complete thermodynamic framework of these three
important initiation factors that bind to the decoding sites on
the 40 S subunit (Fig. 2D), showing that all three are thermody-
namically coupled on the surface of the 40 S subunit. It should
be noted, however, that the decrease in the affinity of eIF3j-Fl
for the 40 S subunit in the presence of elF1A (either with or
without elF1) is possibly exaggerated because it is appreciably
greater than the observed decrease of elF1/elF1A affinities in
the corresponding condition.
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Human elF3 Stabilizes elF1, eIF1A, and elF3j Binding to the
40 S Subunit—Human eIF3j has been shown to promote the
stable association of the eIF3 complex with the 40 S subunit by
using sucrose gradient analysis (31, 38). Assuming that the
binding of elF3j and the rest of the eIF3 complex to the 40 S
subunit is thermodynamically coupled, we wanted to test
whether elF3 can stabilize elF3j binding to the 40 S subunit.
Using an established protocol (30, 31), we purified eIF3 lacking
the elF3j subunit (eIF3Aj). We first determined the affinity of
elF3j to the eIF3Aj complex using our anisotropy assay. Titrat-
ing in eIF3Aj to elF3j-Fl results in an appreciable change in
anisotropy that is consistent with formation of the intact eIF3
complex. These data show that elF3j binds to e[F3Aj with a
reasonably strong affinity (K, = 100 nm; Table 1). Importantly,
elF3j-Fl shows a lower anisotropy change when bound to
elF3Aj (0.030) as compared with that obtained upon 40 S bind-
ing (0.106; Table 1). This suggests that the site of fluorophore
attachment in the C-terminal part of elF3j is relatively flexible
in the eIF3 complex and therefore allows us to detect 40 S bind-
ing in addition to eIF3 binding. Indeed, the anisotropy value of
elF3j is further increased by 0.072 when elF3j-Fl in the elF3
complex associates with the 40 S subunit (Table 1). The titra-
tion with the 40 S subunit indicates that the presence of the
elF3 complex increases elF3j-Fl affinity about 2-fold (K, =5 nm
as compared with 8.8 nv; Table 1). Because the concentration
of eIF3j-Flin our assay is 5 nm, the K, of eIF3j-Fl binding to the
40 S subunit in the presence of eIlF3Aj is therefore an upper
limit.

Inlight of our data indicating that eIF1 and eIF1A weaken the
affinity of elF3j for the 40 S subunit, we tested whether eIF3Aj
stabilizes eIF3j in the presence of these factors. Using our ani-
sotropy assay, we show that the stabilizing effect of eIF3Aj on
elF3j-Fl binding is much more evident when a saturating con-
centration of eIF1A or both eIF1 and eIF1A are present. In these
complexes, the affinity of elF3j for the 40 S subunit is at least
20-fold increased as compared with the complexes without
elF3Aj (Fig. 3C; also see Table 1 for K, values). Taken together,
these data indicate that the whole eIF3 complex plays a key role
in stabilizing eIF3j in the 40 S subunit decoding site in the pres-
ence of elF1 and elF1A.

Ithad been shown previously that elF1 interacts with eIF3cin
yeast and mammals (20, 39, 40). To test whether human eIF3
and elF1 are thermodynamically coupled on the 40 S subunit,
we determined the affinity of e[F1-Fl for the 40 S subunit in the
presence of elF3. In the absence of the 40 S subunit, the addi-
tion of eIF3 to elF1-Fl slightly increases the anisotropy value by
0.025 (Table 1), consistent with an interaction between eIF1-F1
and eIF3. The addition of the 40 S subunit further increases the
anisotropy by 0.039, allowing us to detect a 40 S-specific aniso-
tropy change. Upon the addition of elF3, the affinity of eIF1-Fl
is increased by over 7-fold (Fig. 3A). This indicates that the
whole elF3 complex also plays a role in stabilizing eIF1 binding
to the 40 S subunit.

It has been shown that eIF3 can interact with eIF1A in the
absence and presence of the 40 S subunit (6, 41, 42). We there-
fore used our anisotropy assay to investigate whether we can
observe thermodynamic coupling between elF3 and eIF1A on
the surface of the 40 S subunit. The complete elF3 complex
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FIGURE 3. Effect of the elF3 complex on elF1, elF1A, or elF3j binding to the 40 S subunit. A, equilibrium binding of elF1-Fl to the 40 S subunit in the
presence of saturating elF3j or elF3, as in Fig. 1A. B, equilibrium binding of elF1A-Fl to 40 S and to 40 S+elF1 in the presence of saturating elF3j or elF3. C,
equilibrium binding of elF3j-Fl to 40 S+elF1A and to 40 S+elF1+elF1A in the absence or presence of saturating elF3Aj. Each point represents the mean of

three independent experiments. Error bars indicate the S.D.

shows the same degree of negative cooperativity with eIF1A as
compared with elF3j (Fig. 3B). Interestingly, this negative coop-
erativity becomes slightly less apparent in the presence of elF1
(1.5-fold decrease in the affinity of e[F1A-Fl as compared with a
3-fold decrease caused by elF3j alone). This indicates that the
whole eIF3 complex does help to indirectly stabilize eIF1A
binding to the 40 S subunit, albeit to a small degree.

The elF2 Ternary Complex Stabilizes elF1 and elF1A on the
40 S Subunit—It has been well demonstrated that elF1 and
elF1A cooperatively promote recruitment of the elF2-GTP-
Met-tRNA,; TC to the 40 S subunit in yeast and mammals (6, 9,
14, 41, 43). Our previous work has shown that eIF1 is able to
stably bind to eIF2 using a gel-shift assay (8). Interestingly, we
are not able to detect this interaction using our anisotropy assay
(compare rg,. values with or without the TC in Table 1).
Although this may imply that eIF1-Fl does not interact directly
with the TC under the conditions used, it may also indicate that
the interaction between elF1-Fl and TC does not cause a detect-
able anisotropy change. We verified that eIF1-Fl does form a
stable complex with the TC using our native gel electrophoresis
assay (data not shown). The affinity of eIF1-Fl for the 40 S sub-
unit is increased roughly 2-fold upon the addition of TC (Fig.
4A; also see Table 1 for K, values). This is consistent with a
direct or indirect interaction between elF1 and TC on the sur-
face of the 40 S subunit. A similar level of affinity increase by the
TCis observed when saturating eIF1A is present (Fig. 44), indi-
cating that both eIF1A and the TC can stabilize eIF1 binding at
the same time. This is consistent with a previous sucrose gradi-
ent analysis showing that eIF1 binds tighter to the 40 S subunit
when elF1A and TC are present (6).

We also used our anisotropy assay to investigate whether TC
changes the affinity of e[F1A-Fl for the 40 S. Surprisingly, we
find that the affinity of eIF1A for the 40 S subunit is not altered
upon TC binding (Fig. 4B). In contrast, upon the addition of
elF1, the TC increases the affinity of eIF1A-Fl for the 40 S sub-
unit by at least 4-fold. Interestingly, in all conditions tested in
the presence of TC, the average anisotropy change (Ar,,.) of
eIlF1A-Fl is consistently decreased to ~0.03 as compared with
that in the absence of the TC (~0.05; Table 1), possibly indicat-
ing that the conformation of the el[F1A C-terminal tail (where
the fluorophore is attached) becomes more flexible in the pres-
ence of the TC.
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Because elF3j has not been shown to interact with the TC, we
used our assay to determine whether the TC can also affect the
stability of eIF3j on the ribosome. In the absence of other initiation
factors, the presence of the TC strongly destabilizes eIF3j binding
by decreasing the affinity of elF3j-Fl for the 40 S subunit by over
10-fold (Fig. 4C). It is possible that the previously identified con-
formational change in the 40 S subunit upon TC binding may be
responsible for the change in elF3j-Fl affinity (44).

elF1, elF1A, and elF3j Stably Bind to the 43 S Preinitiation
Complex—Because we have addressed both negative and posi-
tive effects of eIF3 and TC on the thermodynamics of the tested
factors, we wanted to determine the 40 S binding stabilities of
these factors in the presence of both eIF3 and TC. To this end,
we tested individual factor binding to 40 S complexes compris-
ing elF1, elF1A, elF3 and the TC. We eliminated elF5 in the
following assays for simplicity because elF1, eIF1A, and eIF3j
binding to the 40 S subunit individually is not changed in the
presence of elF5 (Table 1). Our data reveal that the K, of
elF1A-Fl binding to the 43 S PIC is =<5 nm (Fig. 4B). This value
is lower than the K, of 35 nMm in the absence of the TC, but the
same as the K, in the absence of elF3, indicating that e[F1A
tightly associates with the 43 S PIC through stabilizing effects
by eIF1 and the TC (mediated by eIF1). Our data also reveal that
elF3j binds to the 43 S PIC with a K, of 17 nm (Fig. 4C), which is
far lower than the value obtained without eIF3Aj (~400 nm).
This indicates that the whole eIF3 complex is critical for high
affinity elF3j binding on the 43 S PIC. As expected, elF1-Fl
binding to the 43 S PIC is very tight (K, =10 nM) and is imme-
diately saturated at ~20 nm [40 S] (Fig. 4A). This is likely to
reflect that all the other components of the 43 S PIC, with the
exception of elF3j, have been shown to significantly stabilize
elF1 binding to the 40 S subunit.

DISCUSSION

In this study, we have conducted a quantitative analysis of
human 43 S PIC formation using fluorescently labeled eIF1,
elF1A, and elF3j as molecular probes. By testing the affinity of
these components in a number of different 40 S subunit com-
plexes, we have discovered that a complicated network of inter-
actions is required to stabilize the 43 S PIC. A summary of the
negative and positive cooperativity observed between the 43 S
PIC components and the 40 S subunit is shown in Fig. 5. Impor-
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FIGURE 5. Cooperativity among factors within the 43 S PIC. Positive and
negative cooperativity are indicated as arrows and bar-headed lines, respec-
tively. Dashed arrows indicate indirect stabilization mediated by elF1. The
thickness of the lines represents relative strength of the effect.

tantly, our data reveal central roles of eIF3 and the TC in stabi-
lizing elF1, elF1A, and elF3j on the 40 S subunit.

Here, we show that eIF1 and eIF1A bind cooperatively to the
40 S subunit with an ~4-fold thermodynamic coupling. This is
in good agreement with the 4 —8-fold coupling between these
factors in the yeast system, indicating that this interaction is
conserved through evolution (13, 17, 18). Although it has not
been tested in the yeast system, we now reveal that elF3j and
elF3 also bind cooperatively with the 40 S. This explains the
finding that eIF3j stabilizes the eIF3 complex on the 40 S sub-
unit during sucrose gradient centrifugation in yeast and
humans (30, 45). Because elF3j easily dissociates from the elF3
complex during purification (30-32), it is often assumed that
this protein is not an integral part of elF3 or the 43 S PIC. By
revealing the cooperative binding of eIF3j and elF3 to the 43 S
PIC, our data now show that elF3j is in fact as tightly associated
with this complex as eIF1 and e[F1A. Moreover, the affinity that
we measure here suggests that the 43 S PIC is likely saturated
with eIF3j under physiological concentrations (see below). This
highlights the importance of thermodynamic measurements
for obtaining an accurate representation of the interactions
between components of complex systems such as the 43 S PIC.

Our data demonstrate different degrees of negative cooper-
ativity between elF3j and the binding of eIF1, eIF1A, and TC to
the 40 S subunit (Fig. 5). Previous work has shown that the
C-terminal half of human eIF3j binds to the mRNA entry chan-
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nel and A-site of the 40 S subunit, enabling it to dramatically
lower the affinity of mRNA for the 40 S subunit decoding site
(30, 44). In the absence of elF3, the binding of eIF1, elF1A, and
TCreverses the inhibitory activity of eIF3j on mRNA binding to
the 40 S subunit (30). Our quantitative data now provide an
explanation for this result because the binding of elF1, elF1A,
and the TC appreciably lowers elF3j affinity to the 40 S subunit.
In the presence of elF3, human elF3j is released from the
mRNA entry channel and A-site upon TC binding and a con-
formational change induced by domain II of the hepatitis C
virus internal ribosome entry site (44). Interestingly, a site-di-
rected cleavage assay indicates that domain II of the hepatitis C
virus internal ribosome entry site induces a similar conforma-
tional change in the 40 S as found for elF1 and eIF1A binding
(44). Therefore, it is likely that eIF1, eIF1A, and the TC will all
play an important role in releasing eIF3j from the decoding site
of the 40 S subunit upon mRNA recruitment. Nevertheless, a
detailed kinetic analysis of capped mRNA recruitment and the
role of canonical initiation factors on elF3j displacement from
the decoding site will be required to fully understand this com-
plicated process. It is interesting to note that the release of eIF3j
from the mRNA entry channel would likely result in a stabiliz-
ing effect on eIF1, elF1A, and TC binding to the 40 S subunit.
Such an increase in elF1, elF1A, and TC affinity for the 40 S
subunit upon elF3j dissociation may be important in stabilizing
mRNA in the decoding site of the 40 S subunit. It is noteworthy
to mention that although elF3j dissociates from the mRNA
entry channel and A-site of the 40 S subunit upon mRNA
recruitment, its interaction with eIF3 likely prevents it from
completely dissociating from the scanning 40 S subunit. This
would be consistent with the finding that eIF3j increases the
fidelity of initiation codon selection in yeast through a direct or
indirect interaction with eIF1A (46). A quantitative study of the
interaction between elF3j and the 43 S PIC has not yet been
carried out in the yeast system, but we expect that the interac-
tions that we have revealed here will be conserved through
evolution.

The eIF3 complex has been shown to stabilize eIF1, elF1A,
and TC on the surface of the 40 S subunit using non-equilib-
rium assays (6 —8). However, the interaction between eIF3 and
the initiation factors in the 43 S PIC has not been investigated
using equilibrium binding assays. Our data now reveal that eIF3
is thermodynamically coupled with eIF1, eIF1A, and eIF3j in
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the 43 S PIC. Specifically, the human eIF3 complex increases
the affinity of eIF1 for the 40 S subunit at least 5-fold (to the
limit of detection). In addition, elF3 increases the affinity of
elF1A for the 40 S subunit by 7-fold, but only in the presence of
elF1. The thermodynamic coupling between elF3 and elF1
agrees well with the direct interaction between these factors in
the multifactor complex (20, 47). In the absence of elF3, elF1
dissociates from the 43 S PIC upon initiation codon selection in
yeast (9, 12). In light of our data showing a strong thermody-
namic coupling between eIF3 and elF1, it will now be important
to determine whether eIF3 has any impact on the release of eIF1
upon start codon selection.

Our data reveal an important role of the TC in increasing the
affinity of eIF1 and eIF1A on the 40 S subunit. We show that the
affinity of eIF1A is increased by 3-fold in the presence of elF1
and by a further 5-fold upon the addition of TC (Table 1). Our
data are in good agreement with that shown previously for the
yeast system, where elF1, eIF1A, and TC are thermodynami-
cally coupled in the absence of mRNA. Specifically, the affinity
of yeast elF1A is increased 4-fold by the addition of eIF1 and a
further 30-fold when TC is added (13). It should be noted that
upon the addition of TC to this complex in our assay, the affin-
ity of eIF1A for the 40 S subunit is at the level of detection due
to the concentration of eIF1A used. Therefore, the total
increase in affinity of eIF1A in the presence of eIlF1 and TC in
our assay may be an underestimation. Interestingly, we show
that TC can only increase the affinity of el[F1A binding to the
40 S subunit in the presence of elF1. Therefore, the positive
cooperativity between elF1 and eIF1A appears to play an
important role in transmitting the stabilizing effect of TC on
elF1A in the absence of mRNA. Although the coupling between
elF1 and elF1A is necessary for stabilizing TC binding in the
absence of mRNA (Table 1) (13), it is interesting to note that
elF1A is able to accelerate binding and increase the affinity of
the TC independently of eIF1 in the presence of an AUG-con-
taining mRNA (19). This likely indicates that there is an appre-
ciable rearrangement in the interactions between elF1, elF1A,
and the TC upon mRNA recruitment and start codon
recognition.

Previous work has shown that yeast and human eIF5 inter-
acts with eIF1, eIF3, and TC in the absence of the 40 S subunit
(8,20). It is also clear that eIF5 plays an important role in initi-
ation codon selection, most likely through changes in direct and
indirect interactions with eIF1, eIF1A, and eIF2 on the surface
of the 40 S subunit (11, 15, 48). Although we have not deter-
mined whether there is a contribution of eIF5 on the overall
stability of the 43 S PIC, we do not observe any influence of eIF5
on the stability of eF1, eIF1A, or elF3j individually with the 40 S
subunit (Table 1). Nevertheless, we cannot rule out a possible
influence of elF5 on the stability of these components in the
presence of elF3 and TC, although the stability of this complex
is already close to our detection limit (5-10 nm). An alternative
approach will therefore likely be needed to determine how elF5
influences the stability of the 43 S PIC in the human system. It is
worth noting that the overexpression of human eIF5 decreases
the stringency of start codon selection (49), suggesting that eIF5
is not required for initial mMRNA recruitment to the 43 S PIC.
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What is the biological significance of the affinity changes
observed here? In certain conditions, they could play an impor-
tant role in promoting factor binding to the 40 S subunit. For
example, elF1A binding is substantially destabilized by eIF3 to a
K, of 260 nm, but is ~7-fold stabilized by the addition of eIF1.
Assuming the physiological concentrations of mammalian ini-
tiation factors and ribosomes are roughly at least 1000 nm (50),
elF1A would therefore be subsaturating without the positive
cooperativity of eIF1 binding to the 40 S subunit. However, in
the presence of other PIC components, the affinities are con-
siderably tighter regardless of the observed positive or negative
cooperativity (K, < 100 nm). Thus, we would expect that these
individual factors are likely to be saturated on the surface of the
40 S subunit under physiological concentrations. Consistent
with this, it is suggested in yeast cells that the rate of translation
is relatively insensitive to the cellular concentration of most
initiation factors (51), implying that they are indeed saturating.
Therefore, the changes in affinity that we observe may have no
obvious effect on the saturation of complexes per se, with the
possible exception of elF3j. Instead, it is possible that the
changes in affinity signify conformational changes in the 40 S
subunit decoding site that are important in subsequent mRNA
binding and scanning steps. Consistent with this, conforma-
tional rearrangements of the 40 S mRNA entry channel and
decoding site have been observed using a site-directed hydroxyl
radical cleavage assay to monitor elF1, eIF1A, elF3, and TC
recruitment (44). In addition, one can also speculate that an
observed increase in affinity may be important in prolonging
the lifetime of individual initiation factors on the 40 S subunit
during the initiation pathway. Any change in lifetime of these
initiation factors could dramatically change the availability of
the 43 S PIC for entering the initiation pathway.

The thermodynamic framework that we present here pro-
vides a more complete quantitative understanding of the inter-
actions between components of the human 43 S PIC. This
framework helps to explain the importance of eIF3 and TC on
maintaining the affinity of eIF1, eIF1A, and elF3j on the surface
of the 40 S subunit (Fig. 5). It will now be important to quanti-
tatively determine the association and dissociation rates of
these initiation components on the 40 S subunit during differ-
ent stages of initiation. The importance of knowing the life-
times of each component bound to the 43 S PIC is particularly
well illustrated by the elucidation of the kinetics of eIF1 release
from the 40 S subunit during initiation codon recognition (9,
12,15). Our data now indicate that a mechanism to release elF3j
from the mRNA entry channel must also exist, but it is not yet
clear what specific PIC components accelerate its dissociation
upon mRNA recruitment.
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