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Background: In yeast, e[F4A and elF4F are essential for efficient translation initiation, but our understanding of their

mechanisms of action is rudimentary.

Results: A detailed biochemical analysis of yeast eIF4A, alone and within eIF4F, is described.
Conclusion: The eIF4G subunit confers specificity for unwinding duplexes with 5’'-overhangs on yeast eIF4F.
Significance: The observed 5'-end specificity may play a role in ribosomal scanning along mRNA.

During eukaryotic translation initiation, the 43 S ribosomal
pre-initiation complex is recruited to the 5'-end of an mRNA
through its interaction with the 7-methylguanosine cap, and it
subsequently scans along the mRNA to locate the start codon.
Both mRNA recruitment and scanning require the removal of
secondary structure within the mRNA. Eukaryotic translation
initiation factor 4A is an essential component of the transla-
tional machinery thought to participate in the clearing of sec-
ondary structural elements in the 5'-untranslated regions of
mRNAs. eIF4A is part of the 5'-7-methylguanosine cap-binding
complex, eIF4F, along with eIF4E, the cap-binding protein, and
the scaffolding protein eIF4G. Here, we show that Saccharomy-
ces cerevisiae elFAF has a strong preference for unwinding an
RNA duplex with a single-stranded 5’-overhang versus the same
duplex with a 3'-overhang or without an overhang. In contrast,
elF4A on its own has little RNA substrate specificity. Using a
series of deletion constructs of eIF4G, we demonstrate that its
three previously elucidated RNA binding domains work
together to provide eIF4F with its 5'-end specificity, both by
promoting unwinding of substrates with 5’-overhangs and
inhibiting unwinding of substrates with 3’-overhangs. Our data
suggest that the RNA binding domains of eIF4G provide the S.
cerevisiae eIFAF complex with a second mechanism, in addition
to the eIF4E-cap interaction, for directing the binding of pre-
initiation complexes to the 5’-ends of mRNAs and for biasing
scanning in the 5’ to 3’ direction.

Translation initiation in eukaryotes is a complex process
involving more than a dozen initiation factors. It begins with
the binding of a ternary complex composed of eukaryotic initi-
ation factor 2, methionyl initiator tRNA (Met-tRNA,), and GTP
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to the 40 S ribosomal subunit to form the 43 S pre-initiation
complex (PIC).> This process is promoted by eIF1, -1A, and -3.
The 43 S PIC is then thought to be recruited to the 5'-end of the
mRNA with the help of elF3, -4F, and -4B and poly(A)-binding
protein (PABP) and to then move along the mRNA ina 5’ to 3’
direction to locate the start codon (1-4). To do this, ribosomes
must often bind to and navigate through regions of the mRNA
that contain secondary or tertiary structures and/or bound pro-
teins. Eukaryotic initiation factors 4A and 4F have been impli-
cated in playing key roles in resolving these barriers to mRNA
recruitment and scanning.

elF4A is an ~50-kDa DEAD-box RNA helicase containing
seven conserved sequence motifs that are important for its ATP
binding and hydrolysis and RNA unwinding activities (5-8).
The mammalian protein exists in three isoforms: elF4Al,
elF4AIl, and eIF4AIIl (9). In Saccharomyces cerevisiae, two
duplicate genes, TIFI and TIF2, encode identical copies of
elF4A (10). elF4F, also called the cap-binding complex, is a
heterotrimer made up of eIF4E, the cap-binding protein; eIF4G,
a large scaffolding protein that binds RNA and a number of
initiation factors; and eIF4A.

The crystal structure of yeast eIF4A revealed that the protein
is dumbbell shaped, with N- and C-terminal domains con-
nected by a flexible 11-residue linker (11). eIF4A was shown to
directly interact with elF4G through the HEAT/4A binding
domain of the latter (12, 13). These studies revealed that e[F4G
contacts both the N- and C-terminal RecA domains of elF4A,
fixing them in space such that the residues from each domain
involved in ATP binding/hydrolysis and RNA binding now face
each other, poised for catalysis (12, 13). Consistent with these
findings, the interaction between mammalian elF4A and elF4G
results in a large enhancement of RNA-stimulated ATPase and
RNA unwinding activities of eIF4A (14—18).

Simultaneous binding of eIF4E to the mRNA cap and elF4G
is thought to direct the 43 S complex to the 5’-end of the mRNA

2The abbreviations used are: PIC, pre-initiation complex; nt, nucleo-
tide; PABP, poly(A)-binding protein; ss, single-stranded; TAMRA,
5-carboxytetramethylrhodamine.
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TABLE 1

RNA substrates

N6 is the 3"-amino group with a 6-carbon linker (3'-C,-NH,).

Sequence Name

5'-  GGCUGUAACU-3’ ds10
3'-N6CCGACAUUGA-5’
5'-  GGCUGUAACUAAAUGAGAGCCAAGUGGAGAAAGAAGAGAA-3' 3'-30-nt-ds10
3'-N6CCGACAUUGA-5’
5'-GGAGACCACAUCGAUUCAAUCUUCCGAAAUCGGCUGUAACU-3’ 5'-30-nt-ds10
3'- N6CCGACAUUGA-5'
5'-GGCUGUAACUAAACUAGACGAAAGU-3’ 3'-15-nt-ds10
3'-CCGACAUUGA-5’
5'-GAACUAGACGAAAGUGGCUGUAACU-3’ 5'-15-nt-ds10

3'- CCGACAUUGA-5'

5'-
3'-N6CCGACAUUGA-5’

5'-GGCUGUAACUUUCAAUCGAAAUGAGAGCCAAGUGGAGAAAGAAGAGAA-3’

5'-AGTTACAGCCCN6-3’

5'-GGAAUCUCUCUCUCUCUCUAUGCUCUCUCUCUCUCUCUCUCUC-F1-3'

5'-GUUGCGAUUGAAUCN6-3’

GGCUGUAACUCUAAAGCCUUCUAACUUAGCUACACCAGAGG-3'

3'-5 seq-30-nt-ds10

3'-30-nt-ss10-10
ss10 DNA
75.1-Fl mRNA

$s14-C,-NH, RNA

via interactions between elF4G and components in the PIC.
However, the mechanisms through which eIF4F facilitates
binding of the PIC to the 5'-end of the mRNA remain obscure.

In this study, we have biochemically characterized yeast
elF4A and the eIF4F complex. Our results show that, unlike its
human ortholog, yeast eIlF4F has a distinct preference for
unwinding RNA duplexes with 5'-overhangs. The RNA-bind-
ing sites of elF4G confer this specificity for duplexes with
5'-overhangs both by enhancing their unwinding and by sup-
pressing the unwinding of duplexes with 3'-overhangs. Our
data indicate that this intrinsic bias toward interacting with the
5'-end of mRNA substrates is independent of the presence of
the 5’-cap and may serve as an additional mechanism to ensure
that 43 S PIC loading takes place at the 5'-end of mRNAs. In
addition, this intrinsic directionality of unwinding by the eIF4F
complex could play a role in ribosomal scanning and location of
the initiation codon.

EXPERIMENTAL PROCEDURES

Proteins, Nucleic Acids, and Buffers—elF4A, elF4A-Rh
(eIF4A labeled with TAMRA), elF4E-elF4G, and deletion
mutants of eIF4G were purified as described previously (19—
21). DNA oligonucleotides were synthesized by Integrated
DNA Technologies (IDT) (Coralville, IA) and purified by
PAGE in 8 M urea. The RNA oligonucleotides were either
ordered from Thermo (formerly Dharmacon; Table 1) or
transcribed in vitro using T7 RNA polymerase as described
previously (19). The purity of the RNA was checked by end
labeling with [y-**P]JATP (PerkinElmer Life Sciences) using
the enzyme T4-polynucleotide kinase (New England Bio-
labs), and running on a 20% polyacrylamide (19:1) 8 M urea
gel. The concentrations of the oligonucleotides were deter-
mined from absorbance at 260 nm using their calculated
extinction coefficients.
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Unwinding Substrates—Three different unwinding sub-
strates were used in this study (Table 1). The sequence of the
10-bp duplex region was designed to possess a GC content of
~50% (T,, = 48 °C under the reaction conditions) to ensure
stable base-pairing between the two strands. The sequence of
the 3’- and the 5'-overhangs were derived from a naturally
occurring mRNA for the ribosomal protein L41A (RPL41A).
The duplexes were generated by heating the two strands to
95 °C for 5 min followed by slow cooling to 4 °C. The extent of
base-pairing was checked by 5'-end-labeling one of the strands
with [y->*P]phosphate, annealing the two strands, and analyz-
ing by native 22% (19:1) TBE-PAGE.

All experiments discussed in this study were carried out in
“Recon Buffer” containing 30 mm HEPES-KOH, pH 7.4, 3 mm
Mg(OAc),, 2 mm pL-dithiothreitol (DTT), and 100 mm KOAC,
pH 7.4, at 26 °C unless specified otherwise. In all assays requir-
ing ATP (or its analogs), it was added with a stoichiometric
amount of MgCl, (i.e. as ATP-Mg>™).

Fluorescence Labeling of Oligonucleotides—The 14-mer RNA
(or the 10-mer DNA) oligonucleotide containing a C,-NH, at
the 3’-end (Table 1) was mixed with TAMRA-SE (Invitrogen)
in the ratio of 1:10 in 0.1 M sodium tetraborate buffer, pH 7.5.
The reaction was carried out at room temperature overnight.
The free dye was separated from the labeled oligonucleotide
using Bio-Gel-P6 (Bio-Rad) spin columns. The efficiency of
labeling and the concentration of the labeled oligonucleotides
were determined spectrophotometrically using the extinction
coefficients of the oligonucleotides and free dye.

Equilibrium RNA Binding Assays—Two different fluores-
cence-based techniques were used to measure the equilib-
rium binding constant (K,,) for RNA, depending on the pro-
tein in question. The K, value for eIF4E-eIF4G binding to
single-stranded (ss) RNA was measured by monitoring the
change in fluorescence anisotropy of the labeled ssSRNA
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upon protein binding. The K, value for eIF4A binding to
single-stranded (ss) and double-stranded (ds) RNA was
measured by monitoring the change in fluorescence inten-
sity upon protein binding.

Monitoring Fluorescence Anisotropy—In these experiments,
30 nM 75.1-Fl (Table 1) mRNA was titrated against increasing
concentration of el[F4A or elF4E-eIF4G. The fluorophore was
excited at 490 nm, and the fluorescence emission was moni-
tored at 515 nm. Protein binding to ssRNA resulted in an
increase in fluorescence anisotropy, with little or no change in
fluorescence intensity. The ratio of the change in anisotropy
(r — ry) to the maximal change (r,,) (fraction bound) was
plotted against the protein concentration to obtain the RNA
binding curves for each protein. The data were then fit to a
quadratic function given by Equation 1,

(Kd +E + Lt) - \/(Kd +E + Lt)2 - 4(Er' I-r)
y = 5 (Ea. 1)

where K, is the equilibrium binding constant; E, is the total
protein (eI[F4A) concentration, and L, is the total ligand (RNA)
concentration. Binding of eIF4A and eIF4E-eIF4G to the 75.1-Fl
ssRNA was shown to have 1:1 stoichiometry (see below).

In the experiment measuring the stoichiometry of elF4A
binding to ssRNA, 5 um 75.1-F1 (Table 1) mRNA was titrated
against increasing concentration of elF4A. Protein binding to
ssSRNA was monitored using fluorescence anisotropy, as
described above. The fraction of ssSRNA bound was plotted as a
function of protein concentration, and the data were fit to
Equation 1. The point of inflection of the binding curve indi-
cates the stoichiometry of binding.

Monitoring Fluorescence Intensity—In these experiments, 5
nM ss14-C,-NH, RNA or ds10 RNA labeled with 5-TAMRA
(Table 1) was titrated against increasing concentrations of
elF4A. The fluorophore was excited at 550 nm, and the fluores-
cence emission was monitored at 580 nm. Protein binding to
ssSRNA resulted in an increase in fluorescence anisotropy,
accompanied by a large change in fluorescence intensity. This
change in fluorescence intensity (with unpolarized light) was
used to monitor protein binding to RNA. The ratio of the
change in intensity (F — F,) to the maximal change (F,,,) (frac-
tion bound) was plotted against the protein concentration to
obtain the RNA binding curves for each RNA substrate. The
data were then fit with a hyperbola given by Equation 2,

A-[E]

Y=k D a2

where A is the amplitude; E is the enzyme concentration, and
K, is the equilibrium binding constant for the protein-RNA
interaction.

Equilibrium Protein Binding Assays—In these experiments,
30 nm elF4A-Rh was titrated against increasing concentrations
of eIF4E-eIF4G WT or ARNA mutant proteins. The K, value of
elF4E binding to eIF4G (< 15 nm) is such that this complex is
stable at all concentrations used in the titration. The fluoro-
phore was excited at 550 nm, and the fluorescence emission was
monitored at 580 nm. eIF4E-elF4G binding to eIF4A resulted in
an increase in fluorescence anisotropy, with little or no change
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in fluorescence intensity. The fraction bound was plotted
against the protein concentration to obtain the eIF4A binding
curves for each protein. The data were then fit to Equation 1.

Unwinding Assay—In these experiments, 100 nm eIF4A (with
or without 300 nm elF4E-eIF4G) was mixed with 10 nM dsRNA
substrate (Table 1) and 3.0 um ssDNA trap (Table 1). The reac-
tion was initiated by mixing in 3 mm ATP. A reaction mix con-
taining all components except ATP was considered ¢ = 0. Ali-
quots were removed at various times (1-120 min) and mixed
with native gel loading dye, containing 0.002% bromphenol
blue and 40% sucrose. The time points were quenched by load-
ing onto a running 16 or 22% (19:1) native polyacrylamide TBE
gel. The resolved dsRNA and ssRNA were analyzed using a
Phosphorlmager (GE Healthcare). The fraction of unwound
substrate was calculated and corrected for the presence of
ssRNA at time 0 using Equation 3,

_ ((S5 X DS,) — (DS X SS))
B (DS, X (SS + DS))

(Eq.3)

where F is the fraction of unwound substrate; DS and SS are
radioactivities of duplex and unwound substrate bands at a
given time, respectively; and DS, and SS, are the radioactivities
of duplex and unwound substrates at time 0, respectively (22).
Under our reaction conditions, <5% of the RNA was in the
ssRNA form at the beginning of the reaction (¢ = 0).

Steady-state ATPase Assay—In these experiments, 200 nm
elF4A was mixed with 200 nm elF4E-elF4G to form the e[F4F
complex. This enzyme complex was then pre-incubated with 5
M ssRNA. The reaction was initiated by the addition of 5 mm
ATP containing trace [y->>P]JATP. The reaction was incu-
bated at 26 °C, and aliquots were withdrawn at various times
(15—180 min), and formic acid added to 1 N to stop the reac-
tion. 0.5 ul of each time point was spotted onto a polyethyl-
eneimine-cellulose TLC plate. P; was separated from ATP
using 0.4 M potassium phosphate buffer, pH 3.4, as the chro-
matographic solvent and quantified using a Phosphor-
Imager.

In the experiments measuring the K, value for ATP, the
RNA concentration was kept at saturating levels at 5 uMm, and
the concentration of ATP was varied from 20 um to 5 mm. In
these experiments, 200 nm eIF4F complex was used at low ATP
concentrations (20 um to 0.5 mMm), and 500 nm elF4F complex
was used at higher ATP concentrations (1-5 mm ATP) to
achieve an optimal signal to noise ratio. In the experiments
measuring the K, value for RNA, the ATP concentration was
kept at 5 mm (or 10 mm when measuring dsRNA-stimulated
ATPase activity of elF4F ARNA mutants), and the concentra-
tion of RNA was varied from 20 nm to 10 um. The concentration
of the eIF4F complex was kept at 500 nm. The active enzyme
fraction was assumed to be 100%. Note that in the latter exper-
iments, the measured K|, values are not true K|, values because
[E] > K,,,. Thus, these values are reported as upper limits
(Table 2).

The molar ATP hydrolyzed per molar enzyme was plotted
against time, and the slopes of the linear regions provided the
initial velocities. These initial velocities were subtracted for any
background ATPase observed in the absence of any nucleic
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TABLE 2

Kinetic parameters for RNA stimulated ATPase activity of elF4A and
elF4F

Keat k,,
min~! M
ssRNA stimulated, increasing ATP concentration
WT elF4F* 1.0 £ 0.7 75 *+ 50
WT elF4F 31+13 160 * 40
elF4F ARNA1 45+ 1.2 620 = 120
elF4F ARNA2 54+ 0.5 1400 *+ 390
elF4F ARNA3 4.6 £ 1.1 380 = 45
ssRNA-stimulated, increasing RNA concentration
WT elF4F* 0.92 + 0.5 <0.065
WT elF4F 3.1+0.8 <0.15
elF4F ARNA1 4.1*05 <0.15
elF4F ARNA2 4.3+ 0.3 <0.15
elF4F ARNA3 4.5+ 0.5 <0.15
dsRNA-stimulated, increasing ATP concentration
elF4A 0.2 = 0.05 225 * 50
WT elF4F ND? ND
elF4F ARNA1 5.9 *+2.0° 3270 * 680°
elF4F ARNA2 3.2 +04° 2100 * 150¢
elF4F ARNA3 4.4 *+ 1.1°¢ 4100 = 900¢

“ Measured with capped RNA.

? ND means not determined because of low signal to noise with the slow rates
observed.

¢ Values were projected from fits; all errors shown are mean deviations; n = 2.

acid. elF4A showed negligible levels of background ATPase,
whereas the background ATPase rate of eIF4F ranged between
0.05 and 0.075 min ™~ '. Plots of the corrected initial velocities
versus substrate concentration (with saturating concentration
of the second substrate) were then fit with the Michaelis-Men-
ten equation to obtain k_,, and K, values.

Enzymatic Capping of RNA—RNA was capped using the vac-
cinia virus capping enzyme (purified as described in Ref. 20) in
Capping Buffer (50 mm Tris-HCI, pH 7.8, 1.25 mm MgCl,, 6 mm
KCl, 2.5 mm DTT). 0.5 mm GTP, 100 um S-adenosylmethio-
nine, 50 uM ssRNA, 125 nMm capping enzyme, and 1 unit/ul
RiboLock RNase Inhibitor (Fermentas) were added, and the
reaction was incubated at 37 °C for 60 min. Additional enzyme
was added to the reaction after 30 min for a final concentration
of 250 nM capping enzyme. The reactions were quenched with
EDTA, phenol/chloroform-extracted, and spin column-puri-
fied using Bio-Gel P6 columns (Bio-Rad). The capping effi-
ciency was determined by adding trace [y->’P]GTP to a small
aliquot of the cold capping reaction, followed by analysis of the
percentage incorporation of [y->?P]GTP by electrophoresis.
The capping efficiency ranged between 70 and 75%.

RESULTS

RNA Binding Specificity of Yeast e[F4A—RNA helicases are
typically characterized by their ability to bind RNA and couple
this RNA binding activity to nucleotide hydrolysis. Thus, as a
first step toward a thorough characterization of S. cerevisiae
elF4A, we examined the ability of the enzyme to bind RNA. We
developed a fluorescence-based equilibrium binding assay for
this activity. elF4A binding to 3'-TAMRA-labeled ssSRNA (ss14;
Table 1) in the presence of ATP (or the nonhydrolyzable ATP
analog ADP-[AIF,] ) results in an enhancement of the fluores-
cence intensity of the labeled RNA (Fig. 1, A and B). We used
this as the signal to monitor the binding of eIF4A to ss- and
dsRNA substrates. As was observed for mammalian eIF4A (23),
binding of yeast eIF4A to ssRNA is strongly coupled to ATP
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binding; we could only detect binding to ssRNA in the presence
of ATP (or ADP-[AIF,], data not shown). In the presence of
saturating ATDP, yeast el[F4A bound ssRNA with a K, of ~1.5
uM (Fig. 1C) similar to the affinity observed with the human
factor (23).

Monitoring binding of a different, pyrimidine-rich ssRNA
labeled on its 3’-end with fluorescein (75.1-Fl; Table 1) using
fluorescence anisotropy yielded a K, of ~1.9 um (data not
shown), indicating that the fluorescence enhancement assay is
an accurate readout of the e[F4A-ssRNA interaction and sug-
gesting ssSRNA binding is not sequence-specific.

Unlike the mammalian protein, which has no appreciable
dsRNA binding capability, yeast e[F4A bound dsRNA more
tightly than it bound ssRNA, with a K, of ~20 nm (Fig. 1D).
Unlike ssRNA binding, elF4A binding to dsRNA was only mod-
erately influenced by ATP binding (K, for e[F4A:dsRNA in the
absence of ATP ~70 nMm, data not shown). Similar experiments
could not be carried out for the eIF4F complex due to the affin-
ity of the interaction between yeast e[F4A and elF4E-elF4G (K,
~30 nm) (20), which precluded measurements at low complex
concentrations.

Incorporation of Yeast elF4A into the eIF4F Complex Strongly
Enhances its ssSRNA-dependent ATPase Activity—We next
explored the abilities of S. cerevisiae eIF4A and eIF4F to hydro-
lyze ATP when stimulated by RNA substrates. In these assays,
elF4A or elF4F (generated by adding saturating, equimolar
concentrations of eI[F4A to elF4E-elF4G) was incubated with
saturating concentrations of RNA substrates (5 um ssSRNA or
dsRNA, Table 1). The reaction was initiated by the addition of 5
mMm ATP containing trace [y->’P]JATP. The reactions were
allowed to proceed for 0180 min at 26 °C, quenched at differ-
ent times with formic acid, and analyzed by polyethyleneimine-
cellulose thin layer chromatography.

Our experiments showed that the ATPase activities of e[F4A
and elF4F are stimulated by both ssRNA and dsRNA, albeit to
different extents. eIF4A exhibits no detectable ATP hydrolysis
activity in the absence of RNA and has a 30-fold higher rate of
ATP hydrolysis when stimulated by dsRNA than by ssRNA (Fig.
2). eIF4AF, however, has robust ATPase activity when stimulated
by ssRNA but 2 orders of magnitude lower activity with dsRNA
(Fig. 2). Thus, the ATPase of yeast eIF4A on its own is activated
better by dsRNA than by ssRNA, consistent with its ability to
bind dsRNA more tightly than ssSRNA, whereas elF4A as part of
the elFAF complex has a strong preference for ssSRNA.

Incorporation of Yeast eIF4A into the elF4F Complex Induces
a Marked Preference for Unwinding RNA Substrates with
5'-Overhangs—W e next examined the RNA unwinding activity
of yeast eIF4A and the eIlF4F complex. Briefly, 100 nm elF4A
(with 300 nm eIF4E-elF4G, when working with eIF4F) was incu-
bated with 10 nm dsRNA (Table 1). The reaction was initiated
by the addition of ATP and a DNA trap oligonucleotide to a
final concentration of 3 mm and 3 um, respectively. The reac-
tions were allowed to proceed for 0—120 min and quenched by
loading on a running 16% (19:1) native PAGE TBE gel (Fig. 3).
The DNA trap used in the experiment had the same sequence as
the radiolabeled strand of the duplex substrate. The trap served
to base pair with the unlabeled ssRNA generated during the
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FIGURE 1. Equilibrium binding of elF4A to RNA substrates. A, schematic representation of the fluorescence-based assay to monitor elF4A binding to RNA.
B, emission wavelength scan of 3'-TAMRA-labeled RNA alone (®) or elF4A-RNA-ATP complex (). The excitation wavelength was 550 nm. elF4A binding to RNA
results in an enhancement in the fluorescence intensity with a peak around 585 nm. G, equilibrium binding curves for elF4A and ssRNA or ssDNA. Increasing
concentrations of elF4A were titrated against 5 nm ssSRNA in the presence of 5 mm ATP. D, stoichiometry of elF4A binding to ssRNA. Increasing concentrations
of elF4A were titrated against 5 um ssRNA, in the presence of 5 mm ATP. £, equilibrium binding curve for elF4A and dsRNA. Increasing concentrations of elF4A
were titrated against 5 nm dsRNA, in the presence of 5 mm ATP. C-E, the fraction bound was plotted as a function of increasing elF4A concentrations to obtain
the binding curves for the interaction between elF4A and RNA. C and E, the data were fit with an equation for hyperbolic ligand binding to obtain the
equilibrium binding constant for elF4A and the different RNA substrates. D, data were fit with the quadratic form of the binding equation because the
concentration of labeled ssRNA was greater than the K, value. elF4A binds to ssSRNA with a K, of ~1.5 um and a stoichiometry of 1:1. It binds dsRNA with a K,
of ~20 nm. All binding experiments were carried out in “Recon buffer” containing 30 mm HEPES-KOH, pH 7.4, 3 mm Mg(OAc),, 2 mm pb-dithiothreitol (DTT), and
100 mm KOAC, at 26 °C.

unwinding reaction, thereby preventing re-annealing of the eIF4F did not change between 0.075 and 0.3 uu, indicating the
labeled RNA strand and making its dissociation irreversible. concentration used in subsequent unwinding experiments (0.1
Experiments performed with varying ratios of elF4A to uMm) was saturating.

elF4E-elF4G showed that the 3-fold excess of eIF4E-elF4G did Three different duplexes (Table 1) were used to study the
not affect the rate of ATPase or RNA unwinding of the eIF4F unwinding activity of e[F4A and elF4F as follows: (i) a 10-bp
complex (data not shown). In addition, control experiments duplex with a 30-nucleotide 3'-overhang; (ii) a 10-bp duplex
with the trap DNA oligonucleotide showed that it did not bind ~ with a 30-nucleotide 5'-overhang; and (iii) a 10-bp duplex with
to elF4A (Fig. 1C) or elF4E-eIFAG (Fig. 6B) at the concentra- no overhangs (in all cases the 10-bp duplex was the same). Our
tions used in the experiments. Moreover, ssDNA did not stim-  results showed that both elF4A and elF4F were capable of
ulate the ATPase activity of the eIlF4F complex (data not unwinding all three duplexes (Fig. 4) and that the unwinding
shown). The trap by itself did not displace the RNA strand from  activities of both were ATP-dependent (data not shown). eIF4A
the duplex on the time scale of the assay (data not shown). unwound duplexes with 5’'- and 3'-overhangs at similar rates,
However, the trap was essential in the presence of eI[F4A or  with a slight (1.5-fold) preference for unwinding duplexes with
eIF4F for observing RNA unwinding, consistent with it serving a 5’-overhang (Fig. 44 and Table 3). However, eIF4F unwound
to capture the unlabeled RNA strand and prevent reannealing the duplex with a 5’-overhang 20-fold faster than the duplexes
with the labeled strand. The rate of unwinding with eIF4A alone  with a 3’-overhang or no overhang (Fig. 4B and Table 3). The
was linearly proportional to the concentration of the enzyme rate of unwinding of the duplex with the 5’-overhang was
between 0.05 and 1.0 uu, indicating that it was not saturating  10-fold higher with eIF4F than eIF4A alone, whereas the rate
for binding to the RNA. In contrast, the rate of unwinding by was the same for eIF4A and elF4F with the duplex with a
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3'-overhang. To rule out any sequence effects on the unwinding
rate of eIF4F, an RNA substrate was made that had the same
sequence within the duplex region but now had the same
sequence in its 3'-overhang as that of the 5'-overhang sub-
strate (3'-5 seq-30 nt-ds 10; Table 1). eIF4AF unwinds this sub-
strate with similar kinetics as the original 3'-overhang RNA
(Fig. 5B; Table 3), demonstrating that the preference for a
5’-overhang is not due to the sequence of the overhangs. In all
of the three duplexes used above, one of the strands carried a
C¢NH, linker at its 3’-end to facilitate chemical labeling with a
fluorophore (Table 1). Control experiments using an RNA oli-
gonucleotide lacking this linker indicated that its presence did
not affect the results (data not shown).

We next determined the effect of the length of the overhangs
on the rate of unwinding of the duplex by elF4F. Keeping the
sequence of the duplex region the same, we generated new RNA
substrates with 15 nucleotide 5'- or 3'-overhangs. eIF4F pref-
erentially unwound the duplex with the 15-nt 5'-overhang
relative to the substrate with the 15-nt 3'-overhang (Fig. 5C),
although with a smaller preference than that observed with
the substrates with 30-nt overhangs (2.5- and 20-fold pref-
erence with 15- and 30-nt overhangs, respectively). This
reduced preference was because the rate of unwinding of the
5'-15-nt overhang substrate was ~10-fold slower than the
rate with the substrate with a 5'-30-nt overhang, and
decreasing the 3'-overhang from 30 to 15 nucleotides did not
affect the rate of unwinding (Table 3). No further increase in
unwinding rate above that with the 30-nt overhang was

®  —

elF4E:4G ssDNA trap

ATP

ssRNA

Native PAGE analysis

D Time (min)

S e dSRNA

.._/ .

FIGURE 3. Schematic representation of the RNA unwinding assay. A flow chart of the RNA unwinding assay. Briefly, the dsRNA substrate (10 nm) was
incubated with elF4A (100 nm, with or without 300 nm elF4E-elF4G) and DNA trap (3 um). The DNA trap has the same sequence as the labeled RNA oligonu-
cleotide (top strand of duplexes in red) and serves to prevent reannealing of the two RNA strands after unwinding. The unwinding reaction was initiated by the
addition of ATP (3 mm). The time course (0—120 min) was monitored at 26 °C and analyzed by native PAGE cooled with a circulating water bath. A representative
unwinding gel is shown here. The gel was scanned and quantified using a Phosphorlmager. As with the RNA binding and ATPase, the reaction was carried out

in Recon buffer.
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TABLE 3
Initial rates of RNA unwinding
5'-30-nt ds10 3'-30-nt ds10 ds10
Unwinding rate” Amplitude Unwinding rate” Amplitude Unwinding rate” Amplitude
elF4A 9.5*0.7 0.46 = 0.04 6.5 0.81 0.22 = 0.02 1.2 £0.22 0.16 + 0.02
WT elF4F 113 £ 17.5 0.49 + 0.05 49 *0.3 0.21 * 0.04 4.7 = 0.61 0.05 + 0.02
(4.7 = 1.4)° 0.23 = 0.05
WT elF4F¢ 67 * 3.4 0.20 = 0.01 ND“ ND
WT elF4F° 106 £ 1.1 0.40 + 0.02 43*1.2 0.18 = 0.02 ND
elF4F ARNA1 40 £ 55 0.55 = 0.03 18 = 2.4 0.61 = 0.01 34*03 0.15 = 0.02
elF4F ARNA2 9.9 = 0.65 0.81 = 0.05 1327 0.84 + 0.05 73 *04 0.23 = 0.02
elF4F ARNA3 6.3 = 0.23 0.83 = 0.4 114 £ 09 0.88 + 0.06 1.8 02 0.06 = 0.01

% Data are (X107 3) min~ L.

» Measured with the 3'-5 seq-30-nt-ds10 substrates (see Table 1).
¢ Measured with capped RNA.

4 ND means not determined.

¢ Measured with the 15-nt-ds10 substrates (see Table 1); all the errors shown are mean deviations; n = 2.

observed with an identical substrate with a 50-nt 5’-over-
hang (Fig. 5D). Unwinding of the substrate with a 50-nt
3'-overhang was not carried out.

All the experiments discussed above were carried out on sub-
strates lacking a 5'-m”G cap. Because eIF4F contains the cap-
binding protein elF4E, which specifically binds the m’G-cap,
we wanted to test the effect of a 5'-cap on the unwinding of the
RNA substrates. We therefore enzymatically capped the 5'-end
of the RNA of the duplex carrying the 30-nt 5'-overhang using
the vaccinia virus capping enzyme (see under “Experimental
Procedures”), and we tested if this changed the kinetics of
unwinding of the RNA duplex by elF4F. Capping resulted in
only a small reduction in the unwinding rate and about a 2-fold
decrease in amplitude (Fig. 54 and Table 3) indicating that the
cap does not enhance the ability of eIF4F to unwind duplexes
with a 5'-overhang.

RNA Binding Domains in elF4G Direct the 5'-End Specificity
for Unwinding by Yeast eIF4F—Yeast eIlF4G, in addition to hav-
ing specific binding sites for interaction with elF4A, eIF4E, and
PABP also possesses three RNA binding regions, defined as
RNAL1 (residues 1-82), RNA2 (residues 492—-539), and RNA3
(residues 883-952) (24 -26) (Fig. 6A). A recent study by Park et
al. (21) showed that RNA1 interacts with RNA and PABP to
promote assembly of the eIF4AF-mRNA-PABP messenger ribo-
nucleoprotein, and also identified critical roles for RNA2 and
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RNA3 downstream of the assembly of this messenger ribonu-
cleoprotein, presumably in PIC attachment or scanning.

To assess the roles played by these three RNA-binding sites
in RNA unwinding by eIF4F, we used three deletion constructs
of elF4G, each lacking one of the RNA binding domains, in
RNA unwinding assays. These same constructs were previously
studied in vivo by Park et al. (21). The proteins were co-ex-
pressed with elF4E and purified as described previously (see
under “Experimental Procedures”) (20). Equilibrium RNA
binding measurements using fluorescence anisotropy (Fig. 6B)
revealed that all three deletion constructs of elF4G bound
ssRNA tightly, with K, values <30 nm. With two of the deletion
mutants, e[F4G ARNA1 and eIF4G ARNAZ2, the titration point
shifted toward higher protein concentrations, consistent with a
lower concentration of functional RNA binding sites in solution
with these mutants (Fig. 6B). Thus, in all subsequent assays care
was taken to use these mutants in 3-5-fold molar excess of
elF4A to ensure optimal RNA binding.

We also measured the ability of each elF4G deletion con-
struct to bind elF4A. Equilibrium binding of e[F4G ARNA con-
structs to e[F4A-Rh was monitored using fluorescence anisot-
ropy. All three deletion constructs bound el[F4A-Rh with a K, of
<30 nwm (Fig. 6C), similar to the value previously reported for
the interaction with wild-type e[F4G-eIF4E (20).
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were the same as in Fig. 3.

The mutant proteins were then bound to elF4A to generate
the respective eI[F4F complexes. The mutant eIF4F complexes
were tested for their ATPase and RNA unwinding activities. At
saturating ATP and ssRNA, all the eIF4F mutants had similar
rate constants for ATP hydrolysis (k_,, values in Table 2; 4-5
min '), close to the value for the WT complex (3 min ), and
much faster than that observed for isolated elF4A (<0.01
min~"). These higher rates provide additional evidence that
elF4A is bound to the eIF4E-eIF4G complex in all cases and that
this binding enhances the ATPase activity of the factor.
Although the maximal rates of ATP hydrolysis were similar to
WT elF4F, the mutant complexes had varying levels of defect in
their apparent interaction with ATP at saturating concentra-
tions of ssSRNA (K, values in Table 2). Individually, deletion of
RNA1, RNA2, and RNA3 increased the K|, values for ATP by
4-,12-, and 2-fold, respectively, relative to the WT elF4F com-
plex (Table 2). These data suggest that removal of the RNA-
binding sites in eIF4G alters the ground state conformation of
elF4A within the eIF4F complex. This alteration in its confor-
mation is further reflected by the fact that when stimulated by 5
M dsRNA, in the presence of 5 mm ATP, the ARNA mutants of
elF4F show significant levels of dsRNA stimulated ATPase
activity (k.. of 4.5, 2.0, and 2.1 min~' for elF4F ARNAL,

obs
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ARNA?2, and ARNAS3, respectively; Table 2), whereas the activ-
ity for the WT complex is very low (0.14 min~"; Fig. 2).

We next analyzed the RNA unwinding activities of the
mutant e[F4F complexes. Deletion of any of the RNA binding
regions reduced the observed rates of unwinding of the RNA
substrate with the 30-nt 5'-overhang at saturating ATP con-
centration: 2-fold for eIF4F ARNA1 and 10—15-fold for ARNA2
and ARNA3 (Table 3; Fig. 7, A—C, respectively). Strikingly, all
the deletion mutants actually increased the rates of unwinding
of the RNA substrate with the 30-nt 3’-overhang (2—4-fold
increases) as compared with the wild-type enzyme (Table 3; Fig.
7). The net effect of each of the deletions is to greatly reduce
(ARNA1) or eliminate (ARNA2 and ARNA3) the preference of
elF4F for unwinding substrates with a 5'-overhang (Fig. 7D).
These data indicate that the RNA binding sites together stim-
ulate unwinding of duplexes with a 5’'-overhang and suppress
unwinding of duplexes with a 3'-overhang.

DISCUSSION

In this study we have characterized the biochemical prop-
erties of S. cerevisiae elF4A, a DEAD-box RNA helicase
essential for translation initiation. We studied the RNA
binding of the enzyme, RNA stimulated ATPase and RNA
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in Band C, respectively.

unwinding activities and compared and contrasted these
functions between elF4A in its free form and within the
elF4F cap-binding complex. We also assessed the roles of
the three RNA-binding sites within eIlF4G in modulating
these activities.

RNA Helicase Activity of eIF4A and elF4F—Yeast elF4A, in
its free form, is an extremely poor ATPase having only weak
RNA-stimulated ATP hydrolysis activity. Interestingly, it is
stimulated more by dsRNA than by ssRNA, although in both
cases this activity is quite modest (Fig. 2). This result is consist-
ent with the fact that yeast e[F4A binds dsSRNA with ~100-fold
higher affinity (K, ~20 nm; Fig. 1C) than it binds sSRNA (K,
~1.5 um; Fig. 1D). This behavior is in stark contrast with that of
the mammalian ortholog, which binds ssSRNA with a similarly
low affinity (K, ~3 um) but exhibits more robust ssSRNA-stim-
ulated ATPase activity and no detectable dsRNA binding (23).
As seen with the mammalian protein, ssSRNA binding by yeast
elF4A is strongly coupled to ATP binding (23). This observa-
tion may be explained by the fact that eIF4A in its free form
adopts an extended “dumbbell” structure, with two compact
RecA domains connected by a flexible 18-A long linker (11). In
the absence of ssSRNA or ATP, the domains are not strictly
oriented relative to one another, and thus the binding sites are
not organized. When the two RecA domains are brought
together by the binding of either ATP or ssRNA, the full sub-
strate binding and active sites are formed, explaining the coop-
erative interactions between the two substrates (11). In con-
trast, the structural basis behind the differential dsSRNA binding
activities of the yeast and mammalian proteins is unclear. Fur-
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ther experiments will be required to elucidate the nature and
significance of dsSRNA binding to yeast eIF4A.

When incorporated into the elF4F complex, the rate con-
stant for ssRNA-stimulated ATP hydrolysis by e[F4A increases
=250-fold as compared with the factor by itself. It was previ-
ously demonstrated that the physical interaction between
elF4A and elF4G enhances the RNA helicase activity of the
mammalian protein (14-16). NMR and x-ray crystallographic
studies of the complex between elF4A and the HEAT domain of
elF4G showed that elF4G interacts with both RecA domains of
elF4A bringing the two lobes closer together (12, 13). Thus, in
the eIF4F complex it is proposed that the inter-domain cleft in
elF4A, which contains all the conserved residues for the RNA
helicase activity, is poised to bind and hydrolyze ATP.

Consistent with its low dsRNA-stimulated ATPase activity,
elF4F shows <5% unwinding of blunt duplexes under our assay
conditions (Fig. 4B). Introduction of a single-stranded region to
the duplex improves the unwinding activity of eIF4F although
to different extents depending on the orientation of the over-
hang. The greatest enhancement in unwinding rate and
amplitude is achieved in the presence of a 30-nt 5'-overhang
(Fig. 4B, Fig. 5D, and Table 3). eIF4F unwinds this duplex at
an ~20-fold higher rate as compared with the blunt duplex
(Fig. 5D and Table 3). This enhancement provided by a sin-
gle-stranded region in the unwinding substrate is consistent
with the high ssRNA-stimulated ATPase activity of elF4F
(Fig. 2). Decreasing the 5'-overhang from 30- to 15-nt
decreases the unwinding rate by ~7-fold, whereas increasing
the length of the overhang from 30- to 50-nt does not
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500 nm elF4E-elF4G was used.

increase it further, indicating that eIF4F has an optimal
5'-overhang length of ~20-30 nucleotides.

The preference of the enzyme for unwinding duplexes with a
5'-overhang is intriguing because the mammalian factor
unwinds RNA duplexes with either a 3'- or a 5'-overhang with
similar efficiencies (27, 28). It implies that S. cerevisiae eI[F4F
has an inherent polarity to its unwinding activity, which enables
itto distinguish between 5’- and 3'-ends in an mRNA substrate,
even without the 5'-m’G cap-elF4E interaction. It is possible
that this function of eIF4F, which we have shown is mediated by
the eIlF4G subunit, was taken up by another protein in mam-
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mals, for example, by one or more of the elF3 subunits that are
present in higher eukaryotes but not in S. cerevisiae (3).
Although elF4A on its own has a preference for unwinding
substrates with ssSRNA overhangs, it does not strongly discrim-
inate between 5'- and 3'-overhangs (Fig. 44 and Table 3). This
behavior seems to be conserved between the mammalian and
the yeast proteins (27). However, unlike the mammalian and
plant factors (17, 29-31), RNA unwinding by S. cerevisiae
elF4A and elF4F is not stimulated by S. cerevisiae elF4B (data
not shown), consistent with previous reports (32). However, we
cannot rule out the possibility that e[F4B stimulates the ATPase
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and/or unwinding activity of eIF4F within the context of the
pre-initiation complex.

RNA Helicase Activity of eIF4F on Capped mRNA Substrates—
The 5’-m”G cap on mRNA substrates had only small effects on the
biochemical properties of eIF4F in the in vitro assays we employed
in this work. As expected, eIF4F appears to bind the capped sub-
strate more tightly than the uncapped substrate, as judged by the
K, values with respect to ssSRNA (K,,, =65 and 160 nm, with and
without a cap, respectively; Table 2). The relatively modest appar-
ent effect of the cap on RNA binding is consistent with recent
results with mammalian eIF4F (33). The k., for ATP hydrolysis is
3-fold lower with capped ssRNA than uncapped ssRNA (1 versus 3
min~' for capped and uncapped mRNA, respectively; Table 2). It
is possible that the capped RNA is more constrained in its mode of
binding to the elF4F complex, resulting in a lower extent of
ATPase activation.

RNA-binding Sites of elF4G Play Critical Roles in Setting the
Directionality of RNA Unwinding by the eIF4F Complex—To
explore the roles of the RNA-binding sites in e[F4G in the activ-
ities of elF4F, we constructed elF4F complexes using deriva-
tives of elF4G lacking one of the three sites. All three versions of
elF4G bound elF4A with the same affinity as the WT protein
(Fig. 6C). The resulting eIF4F complexes all had k_,, values for
ssRNA-stimulated ATP hydrolysis similar to that of the wild-
type complex (Table 2). These data indicate that all the mutants
are bound to eIF4A at the concentrations used and that they
couple the RNA binding to ATP hydrolysis to similar extents.
However, all the mutants had ~10-fold higher k_,, values for
dsRNA-stimulated ATP hydrolysis activity as compared with
wild-type eIF4F indicating that deleting any of the RNA binding
domains in eIF4G resulted in a partial loss of the ssRNA speci-
ficity seen with wild-type eIF4F. It also resulted in an increased
K, value for ATP with all the mutants (Table 2), with eIF4F
ARNA? having the largest defect (~10-fold) and eIF4F ARNA1
and eIlF4F ARNA3 having more moderate defects (3.5- and
2-fold, respectively; Table 2). These increases in the K, values
for ATP suggest that deletion of the RNA binding domains in
elF4G influences the conformation of elF4A within the eIF4F
complex.

Analysis of the RNA unwinding activities of the mutant com-
plexes showed that in all three cases, the observed rate of
unwinding the duplex with the 5'-overhang was reduced (2-,
10-, and 15-fold, for ARNA1, ARNA?2, and ARNAS3, respec-
tively) relative to the WT complex, whereas the rate of unwind-
ing of the duplex with the 3'-overhang was increased 2—4-fold.
To quantitatively describe the unwinding specificity of eIF4A
and eIF4F complexes, we computed a specificity index by
obtaining the ratio of the unwinding rates of the duplex with the
5'-overhang to that of the duplex with the 3’-overhang.
Although eIF4F exhibits a high specificity index of ~20, indi-
cating a strong preference for unwinding duplexes with
5’-overhangs, eIF4A and each of the ARNA mutants have a low
specificity index, near or below 1 (Fig. 7D). These data indicate
that the RNA-binding sites in eIF4G cooperate to impart a
directionality to RNA unwinding by yeast eIF4F, with RNA2
and RNA3 playing important roles in enhancing the use of sub-
strates with 5'-overhangs and all three sites inhibiting use of
substrates with 3'-overhangs.
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Overall, removal of RNA1 from elF4@G is the least disruptive
to eIF4F function in RNA unwinding of the three deletions.
This result is in agreement with recent in vivo data showing that
deletion of RNA1 only slightly exacerbated the cell growth
defect conferred by a point mutation in the eIF4E binding
domain, whereas deletion of RNA2 or RNA3 was lethal in com-
bination with the same point mutation (21). It is also consistent
with the observation that when mammalian eIlF4GI is truncated
in such a way that its RNA binding domain (residues 642— 681,
analogous to RNA?2 of S. cerevisiae elF4QG) is removed, it results
in the loss of ribosomal scanning function in rabbit reticulocyte
lysates (34).

Implications for Translation Initiation—Recruitment of the
elF4F complex to the 5'-end of the mRNA is thought to be
mediated by the interaction of elF4E with the 5'-m”G cap struc-
ture. The data presented above indicate that yeast eIF4F has a
strong 5'-end preference for RNA unwinding, even in the
absence of the m”G-cap. This inherent polarity of unwinding by
the complex is conferred by the RNA-binding sites in elF4G,
particularly RNA2 and RNA3. These results help explain how
uncapped messages can be accurately translated (20, 35—40)
and suggest that this activity evolved as a second mechanism to
ensure that 43 S PICs are only recruited to the 5'-ends of nor-
mal cellular messages.

The preference of the eIF4F complex for 5'-overhangs is also
consistent with the need for the 43 S PIC to scanina 5’ to 3’
direction on the mRNA during the search for the start codon
(41, 42). The intrinsic 5'-directionality of RNA unwinding by
the eIF4F complex could play a critical role in biasing the direc-
tion of scanning along the mRNA. For example, eIF4F might
unwind RNA in a 5’ to 3’ direction on the leading edge of the
ribosome, followed by diffusion of the PIC over the unwound
region. Backsliding could be prevented by reformation of the
mRNA structures behind the ribosome, or by binding of RNA
binding proteins to this region, as proposed recently by Spirin
(43).
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