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Eukaryotic mRNAs in which a poly(A) sequence precedes the
initiation codon are known to exhibit a significantly enhanced
cap-independent translation, both in vivo and in cell-free transla-
tion systems. Consistent with high expression levels of poxviral
mRNAs, they contain poly(A) sequences at their 5� ends, immedi-
ately before the initiation AUG codon. Here we show that poly(A)
as a leader sequence in mRNA constructs promotes the recruitment
of the 40S ribosomal subunits and the efficient formation of
initiation complexes at cognate AUG initiation codons in the
absence of two essential translation initiation factors, eIF3 and
eIF4F. These factors are known to be indispensable for the cap-
dependent (and ATP-dependent) mechanism of translation initia-
tion but are shown here to be not required if an mRNA contains a
5�-proximal poly(A). Thus, the presence of a pre-AUG poly(A)
sequence results in an alternative mechanism of translation initi-
ation. It involves the binding of initiating 40S ribosomal subunits
within the 5� UTR and their phaseless, ATP-independent, diffu-
sional movement (‘‘phaseless wandering’’) along the leader se-
quence, with subsequent recognition of the initiation (AUG) codon.

cap-independent initiation � eIF3 � eIF4F � poxvirus mRNA � toeprinting

In eukaryotes, including mammalian and human cells, expression
of genetic information is extensively regulated at the level of

translation. Almost all mechanisms of translational control involve
the initiation step of translation. The translation initiation machin-
ery is supported by proteins called initiation factors (eIFs), which
determine the selectivity of initiation and are targets of transla-
tional regulation. In eukaryotes, the most important and universally
present are eIF1, eIF1A, eIF2, eIF3 (a large complex consisting of
�10 different protein subunits), eIF4A, eIF4B, eIF4F (a complex
consisting of three subunits—eIF4A, eIF4E, and eIF4G), eIF5, and
eIF5B (reviewed in ref. 1). The initiation process starts with
dissociated ribosomal particles. The 40S ribosomal subunit associ-
ates with eIF1, eIF1A, eIF2, and eIF3; eIF2 binds GTP and initiator
Met-tRNAi. The resultant complex is usually designated as the 43S
preinitiation complex. With capped mRNAs, this complex binds to
the 5� end of mRNA, and the cap structure (m7GpppN) normally
present at the 5� end of cellular mRNAs strongly stimulates the
binding owing to the presence of eIF4F and its cap-binding eIF4E
subunit. eIF4F (its eIF4G subunit) has an affinity for eIF3 and thus
interacts with the 43S preinitiation complex. The main step in the
subsequent selection of a correct initiation codon on mRNA is the
process of unidirectional movement of the preinitiation 43S ribo-
somal complex along the 5� UTR of mRNA from its 5� end,
scanning RNA sequence until the first AUG triplet in the proper
context is encountered (the scanning model of M. Kozak; see refs.
2 and 3). The recognized AUG triplet becomes the initiation codon.
The above movement requires the hydrolysis of ATP coupled with
the unwinding of RNA helices. This reaction is catalyzed by eIF4A,
which functions as an ATP-dependent helicase or an RNA-
dependent ATPase. Both the eIF4A subunit of eIF4F and free
eIF4A are involved in the scanning process. Selective recognition of
the initiation codon in mRNA and the proper positioning of the
ribosomal complex involve the eIF2-bound Met-tRNAi, eIF1, and
eIF1A, all bound within the complex. The stalled complex is
referred to as the initiation 48S ribosomal complex. To begin

translation, the free 60S ribosomal subunit must join the 48S
complex. This association requires two more eIFs, eIF5 and eIF5B
with GTP, and is accompanied by the hydrolysis of the two
complex-bound GTP molecules and the release of all initiation
factors from the 80S ribosome.

To inactivate or bypass cellular regulatory mechanisms and
exploit protein synthesis to their own needs, many viruses employ
modified pathways of translation initiation. The paradigmatic viral
strategy is the use of a virus-specific structural module in a viral
RNA, the so-called internal ribosome entry site (IRES), which is
capable of binding (‘‘recruiting’’) ribosomal particles in an infected
cell independently of several initiation factors that are essential for
the normal cellular translation (reviewed in ref. 4). The initiation of
translation on viral RNAs with IRESes often proceeds through a
simplified route, sometimes with participation of proteins (‘‘IRES
trans-acting factors,’’ ITAFs) that are not involved in translation in
uninfected cells. In the case of poxviruses, however, no well defined
IRESes have been described for their RNAs. Instead, highly
expressed late mRNAs of poxviruses were shown to be the product
of an unusual modification of RNA transcripts that result in poly(A)
sequences (mostly 30–40 nt long, but sometimes shorter) placed at
the 5� ends of these mRNAs, immediately before the initiation
AUG codon (5–8). A specific mechanism of slippage and tran-
scription reinitiation (reiteration) during the initial steps of poxviral
RNA polymerase-mediated RNA synthesis was proposed to ac-
count for the above addition of poly(A) to the 5� ends of viral
mRNAs (9–11). Early mRNAs of poxviruses may also contain
leading poly(A) sequences and may be formed through a similar
mechanism (11). Translation of the poxvirus mRNAs with a
poly(A) leader was shown to be at most weakly dependent on the
cap-binding complex eIF4F and may be cap-independent (12, 13).

As demonstrated in direct in vitro experiments, when uncapped
poly(A) sequences (5, 12, and 25 nt long) were used as mRNA
leaders in chimeric mRNA constructs with Luc- or GFP-encoding
sequences, they resulted in an efficient translation of such mRNAs
in eukaryotic cell-free systems. 5�-Proximal poly(A) sequences
could thus be considered as strong translational enhancers com-
parable, in their efficacy, to the globin mRNA leader and the omega
leader of TMV RNA (14). The effect of 5�-proximal poly (A) could
not stem simply from an ‘‘unstructured nature’’ of the leader,
because another homopolymeric leader, poly(U), which is known to
be a largely unstructured homopolymer (see references in Discus-
sion), displayed no enhancing activity.

To determine the requirements of mRNAs with poly(A)
leaders for individual eIFs, we analyzed the formation of ribo-
somal initiation complexes on mRNA where the Luc-coding
sequence was preceded by a poly(A) leader sequence. We show
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that the poly(A) leader mediates the formation of the ribosomal
initiation complexes independent of two multifunctional eIFs,
eIF3 and eIF4F.

Results
Toeprinting Assay Using Fluorescently Labeled Primers. To deter-
mine the requirements of mRNAs for eIFs we applied the
technique called ‘‘extension inhibition analysis of translation
initiation complexes,’’ also known as toeprinting (15, 16). The
method is based on the observation that specific attachment of
a ribosomal particle to mRNA results in blocking the reverse
transcriptase (RT) movement along mRNA chain in the up-
stream (3�–5�) direction when a bound ribosome is encountered.
A 5�-labeled oligodeoxyribonucleotide complementary to a re-
gion of mRNA downstream (3�-ward) of the initiation codon is
annealed to this mRNA and used as a primer for the RT. The
product of this reaction (cDNA) is the 5�-labeled elongated
polydeoxyribonucleotide (extended primer), the length and the
sequence of which correspond to the mRNA section from the
annealing site to the upstream site of the bound ribosome. This
way, the formation of the ribosomal initiation complex at the
proper site of mRNA (initiation AUG codon) can be detected,
depending on the presence or absence of individual initiation
factors (17). In the present study, a modification of the original
technique (where cDNAs were labeled with [32P]phosphate
groups, either cotranscriptionally or at 5� ends of the primers)
was used, in which the labeling was by fluorescent dyes and the
separation of the fluorescent products of RT reaction was
carried out by capillary electrophoresis, as recently described
(18). This modification allowed us to quantitate the ribosomal
initiation complexes formed on mRNA with different combina-
tions of eIFs and also made it possible to observe the initiation
complex formation on different competing mRNAs in a mixture
when their cDNAs were labeled with different fluorescent dyes.

The RT is known to terminate the 5�-ward elongation of
cDNA on mRNA mostly at the 16th, 17th, and, to a lesser extent,
18th nucleotides downstream from the first nucleotide of the
initiation codon on which eukaryotic 48S complex is assembled
(19). Therefore, the position of the ribosomal initiation complex
relative to the primer position on mRNA chain can be simply
deduced from the lengths of terminated polydeoxyribonucleoti-
des, and the amount of the complex formed can be calculated
from the total f luorescence of the terminated product.

In figures described below the lengths of dye-labeled products of
the AMV RT reaction are plotted against their fluorescent inten-
sity. The first peaks of fluorescence correspond to runoff (full-
length) polydeoxyribonucleotide product, i.e., to the 5� end of
mRNA (Fig. 1). A characteristic ‘‘trident’’ of fluorescence (with the
third ‘‘dent’’ being minor) appears when reverse transcription is
stopped by the initiation 48S complex and thus indicates the
position of the initiation AUG triplet; the integral fluorescence of
the ‘‘trident’’ reflects the total amount of the initiation complex
formed.

It should be mentioned that poly(A) leader sequence displays
some length heterogeneity, as indicated by multiple stop points of
the RT at the 5� end of the poly(A) mRNA (Fig. 1B). This problem
is well known and is unavoidable with homopolymers as templates,
especially poly(dT). It stems from the fact that most polymerases
exhibit a slippage effect, to varying degrees, when transcribing
homopolymeric sequences, including the polymerases of phages T3,
T7, and SP6 (20–22). Poly(A) leaders of poxviral mRNAs synthe-
sized in vivo are heterogeneous in length for the same reason (6–10,
23). Fortunately, the microheterogeneity observed does not influ-
ence the results of the extension inhibition analysis, i.e., the iden-
tification of a stop position of a migrating ribosomal subunit at the
initiation codon (which is �25 nt downstream).

Ribosomal Initiation Complex Formation on mRNA with Poly(A) Leader
Does Not Require eIF3, eIF4A, and eIF4F. Fig. 1A shows that the 48S
initiation complex is formed on the natural capped �-globin
mRNA at the correct initiation codon in the presence of all
canonical eIFs necessary for this stage of translation initiation—
eIF1, eIF1A, eIF2, eIF3, eIF4A, eIF4B, and eIF4F (the upper-
most plot); the efficiency of its formation can be estimated in
terms of the percentage of mRNA involved in the complex, this
being �30% of input mRNA (Table 1). As expected, the
exclusion of any one among the eIFs listed above resulted in
either a dramatic decrease (in the case of eIF1) or abolition of
the 48S complex formation at the initiation codon. Thus, the
lower plots of Fig. 1 A demonstrate that the formation of the
complex was close to background level in the absence of eIF1A,
eIF2, eIF4A, eIF4F, or eIF3 plus eIF4F (see Table 1 for
quantitative data). It should be noted that the absence of eIF1
led to an �2-fold decrease of the amount of the complex formed
but was not critical, whereas the omission of eIF1A was sufficient
to prevent the 48S complex formation (see Table 1). These data
are in agreement with the results obtained earlier with �-globin
mRNA by classical extension inhibition analysis that used ra-
dioactively labeled primers (17, 24).

Fig. 1B shows a very different factor dependence for the initiation
48S complex formation on an mRNA with an uncapped poly(A)
leader sequence. In this case, only eIF2—the eIF responsible for

Fig. 1. Formation of initiation 48S ribosomal complexes on natural capped
�-globin mRNA (A) and recombinant noncapped Luc mRNA with poly(A)
leader sequence (B). The uppermost plots show the results with the full set of
eIFs (eIF1, eIF1A, eIF2, eIF3, eIF4A, eIF4B, and eIF4F) in the complex formation
mixtures. The lower plots are the results when one or several eIFs were omitted
from the complex formation mixtures. Relative fluorescence intensities of
cDNA products generated by RT are plotted versus leader sequences of
corresponding mRNAs. The integral fluorescence of the left major peak
reflects the amount of the full-length product when mRNA was read out by RT
up to the 5� end without stop. The integral fluorescence of the three major
peaks (‘‘trident’’) at the initiation site, when it appeared, corresponds to the
product of the reversed transcription stopped by initiation 48S ribosomal
complex formed at the initiation AUG codon.
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binding and involvement of initiator Met-tRNAi in the initiation
process—and the pair of eIF1 and eIF1A were found to be strictly
required for the stalling of ribosomal particles in the form of 48S
complex at the initiation codon. As to the eIFs of eIF4 group and
the largest multifunctional factor eIF3, they proved to be not
stringently necessary for the formation of 48S initiation complex on
mRNA with poly(A) leader: in the absence of any one of them, and
even in the absence of eIF4A�eIF4F, or eIF4A�eIF4B�eIF4F, or
eIF4A�eIF4B�eIF4F�eIF3, the efficiency of the 48S complex
formation was �50–60% of the control value with a full set of eIFs
(see Table 1).

Experiments that examined the initiation complex formation
on the mRNA with uncapped poly(A) leader were carried out
also in the presence of purified 60S ribosomal subunits, when
both subunits (40S and 60S) were present in the incubation
mixture from the beginning. The results [see supporting infor-
mation (SI) Results and Discussion and Fig. S1] did not differ
from those in Fig. 1.

The low dependence of the 48S initiation complex formation on
the presence of the eIFs required for ATP-dependent unidirec-
tional scanning of leader sequence in the case of mRNA with
poly(A) leader suggests that the preinitiation 40S ribosomal subunit
binds to the poly(A) sequence at random sites, and the subsequent
search for the initiation codon proceeds via energy-independent
one-dimensional diffusion (phaseless wandering) along the leader
(see Discussion). At the same time, some decrease (�30%) in the
amount of the 48S complexes formed in the absence of ATP-
dependent helicases (eIF4A alone, eIF4F alone, or eIF4A and
eIF4F together; see Fig. 1B and Table 1) may indicate that the
ATP-dependent scanning can also occur on a poly(A) leader
sequence and thus additionally contribute to locating the start site.

mRNA with a Poly(A) Leader Outcompetes Capped mRNA in Direct
Competition Essays. As mentioned above, one of the advantages of
toeprinting with fluorescently labeled oligodeoxyribonucleotide
primers is the possibility to estimate the efficiency of the initiation
complex formation on different mRNAs in the same reaction
mixture by using different fluorescent labels. As shown in Fig. 2, in
the mixture of capped �-globin mRNA and uncapped A25-Luc
mRNA at equal molar concentrations (15 nM each) the initiation
48S complex formation was observed on both mRNAs at correct
initiation codons, when all eIFs were present. As expected, the
control assay, with the omission of eIF2, showed no significant
complex formation in both cases. The absence of only ATP-
dependent helicase eIF4A also prevented the formation of the

initiation complex on �-globin mRNA, but the complex was well
formed at the correct AUG on A25-Luc mRNA (although there was
some decrease). The same effect was observed when eIF4F or both
eIF4F and eIF4A were omitted. At the same time, as seen also in
Fig. 1B, the absence of free helicase (eIF4A), full eIF4F complex,
or both eIF4F and eIF3 did not abolish the formation of the
initiation 48S complex at the initiation codon of the A25-Luc
mRNA, although it somewhat decreased the amount of the com-
plex formed, to the level of �60–70% of the control level with the
full set of eIFs.

The unexpected result of the experiment shown in Fig. 2 was
the depression of the 48S complex formation on �-globin mRNA
in the presence of equimolar amount of A25-Luc mRNA (the
uppermost plot, red line; see Table 1). This seems to be a direct

Table 1. The yield of 48S complex assembly on natural capped �-globin mRNA and chimeric poly(A)-Luc mRNA with different sets of
eIFs (distribution of cDNA fluorescence intensity/percentage of input mRNA)

�-Globin mRNA poly(A)-Luc mRNA

eIF set 5� end Nonspecific AUG 5� end Nonspecific AUG

Full set 65 � 3 5 � 1 30 � 3 64 � 4 6 � 3 30 � 4
-eIF1 66 � 3 16 � 3 18 � 3 91 � 3 5 � 3 4 � 5
-eIF1A 93 � 2 2 � 2 5 � 2 90 � 4 4 � 2 6 � 3
-eIF1, -eIF1A 87 � 2 5 � 2 6 � 3 93 � 3 4 � 3 3 � 2
-eIF2 92 � 3 5 � 2 3 � 2 95 � 2 3 � 2 2 � 1
-eIF4A 92 � 3 4 � 2 4 � 2 77 � 5 3 � 3 20 � 6
-eIF4F 92 � 2 4 � 3 4 � 2 77 � 5 4 � 2 19 � 5
-eIF4A, -eIF4F 93 � 2 4 � 2 3 � 2 78 � 4 3 � 2 19 � 5
-eIF4A, -eIF4B, -eIF4F 92 � 3 4 � 2 4 � 2 81 � 3 3 � 1 16 � 5
-eIF3, -eIF4F 93 � 2 4 � 2 3 � 2 80 � 3 3 � 2 17 � 4
-eIF3, -eIF4A, -eIF4F 93 � 2 3 � 2 4 � 2 80 � 3 2 � 2 18 � 6
-eIF3, -eIF4A, -eIF4B, -eIF4F 94 � 2 3 � 3 3 � 2 80 � 4 3 � 1 17 � 5

Data were averaged from several independent experiments. Numbers indicate percent fractions of mRNA in total mRNA, which were (i) not involved in
complex formation and correspond to full length mRNA (5� end column), (ii) nonspecifically spread along mRNA 5� UTR (Nonspecific column), and (iii) specifically
stalled at correct AUG codon by initiation complex (AUG column). The full set included eIF1, eIF1A, eIF2, eIF3, eIF4A, eIF4B, and eIF4F.

Fig. 2. Formation of initiation 48S ribosomal complexes in the equimolar
mixture of natural capped �-globin mRNA (red line) and recombinant non-
capped Luc mRNA with poly(A) leader sequence (blue line). Designations and
explanations are the same as in Fig. 1.
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competing effect: it is possible that the A25 leader sequence may
possess a higher affinity for 40S ribosomal particles, as compared
with a heteronucleotide sequence. On the other hand, some
reproducible stimulation of the complex formation on A25-Luc
mRNA in the presence of �-globin mRNA (uppermost plot, blue
line; see Table 1) can be mentioned (no reasonable explanation
of this fact can be proposed by now).

Ribosomal Initiation 48S Complex Formed in the Absence of eIF3 and
eIF4F Can Join 60S Ribosomal Subunit and Form Initiation 80S Com-
plex. After formation of the 48S complex at the initiation codon,
the next step of the initiation process is the eIF5-eIF5B-
promoted association with 60S ribosomal subunit and the for-
mation of the initiation 80S complex. Is the 48S complex formed
in the absence of eIF3 capable of joining the 60S subunit and thus
completing the initiation process? The same toeprinting tech-
nique can be applied for detection of the 80S complex at the
initiation codon of mRNA. The formation of the 80S complex
from the 48S complex is accompanied by a significant change in
the pattern of the toeprint: instead of electrophoretic bands
reflecting the stop points of RT mainly at the 16th and 17th
nucleotide residues from the first nucleotide of the initiation
codon, the predominant stop point becomes shifted to the 17th
nucleotide (19, 25). We used this observation for the detection
of the 80S complex formation on A25-Luc mRNA in the absence
of eIF3, in comparison with an otherwise identical assay that
contained eIF3 (Fig. 3). The change of the band distribution
pattern was the same in both cases, in agreement with the
previously described change for eIF3-dependent mRNAs (25).
We conclude that the 48S complex formed in the absence of eIF3
is competent for transformation into the 80S complex, and thus
eIF3 is not required for the 80S complex formation.

Discussion
The results of this study emphasize the uniqueness of a poly(A)
leader among all known efficient 5� UTRs of eukaryotic mRNAs.
Our findings show that the promotion of translation of a down-
stream coding sequence by a poly(A) leader reported earlier (14)
can be achieved without recruiting several normally essential fac-

tors of a eukaryotic host cell. Initiation of translation without eIF3
is especially noteworthy: thus far, no leader sequences (5� UTRs)
that possess the ability to provide initiation in the absence of eIF3
have been known. In addition, most of the known viral IRESes need
40S particles with eIF3 for initiation (4). The known exceptions are
the unique intercistronic IRES of cricket paralysis virus RNA (and
its relatives), which forms a start complex with 40S ribosomal
particle in the absence of eIFs and initiator Met-tRNAi (see ref. 4
for review), and the IRES of hepatitis C virus RNA, which is
capable of forming ribosomal initiation complex in the absence of
all known eIFs, with only aminoacylated tRNA at an elevated
(nonphysiological) Mg2� concentration (26).

What mechanism underlies an efficacious formation of the
initiation 48S complex at the correct initiation codon on an mRNA
with a poly(A) leader in the absence of eIF4F and eIF4A (Fig. 1B)?
Usually, after the initial binding of the ‘‘native’’ 40S ribosomal
subunit, or the 43S preinitiation complex (the complex of 40S
subunit with eIF2 and eIF3) to the capped end of mRNA, the
monomeric helicase eIF4A and/or the multimeric helicase complex
eIF4F provides ATP-dependent catalysis of unidirectional (3�-
ward) scanning of 5� UTR of mRNA by the preinitiation particle;
it is the result of this scanning that the ribosomal particle reaches
the initiation codon and forms the stalled 48S complex. As Fig. 1B
shows, this is not the case for an mRNA with a poly(A) leader. The
absence of these eIFs does not prevent the effective formation of
the 48S initiation complex at the correct initiation codon. This fact
implies that ATP-dependent unidirectional scanning of poly(A)
leader is not strictly required for finding the correct initiation
codon. At the same time, the length of the leader was shown to be
important for its efficiency as a translational enhancer: the enhanc-
ing activity of A25 was higher than that of A12 and even higher that
that of A5 (14). It is likely that the poly(A) leader sequence can
effectively bind preinitiation 40S ribosomal subunits at random
internal sites within the poly(A) sequence and may thus allow the
particles to perform energy-independent diffusional movement
along the 5� UTR until the particle is fixed at the initiation codon.
This mechanism was first proposed by S. Brenner in 1967 (27) for
the process of searching for a new initiation codon on polycistronic
mRNA by prokaryotic ribosomes after termination of a preceding
cistron, and the term ‘‘phaseless wandering’’ was used. Later this
mechanism was confirmed and further substantiated for pro-
karyotes by Adhin and van Duin (28). A similar mechanism of
phaseless wandering may be relevant to our case of ATP-
independent searching for the initiation codon along poly(A)
leader.

It was previously shown that a poly(A) sequence placed as an
intercistronic insert in a bicistronic mRNA exhibits a high fre-
quency of initiation at the second cistron in both in vivo and in vitro
eukaryotic translation systems, thus demonstrating an ‘‘IRES-like’’
effect (29). Recently it has also been reported that internal poly(A)
tracts within 5� UTRs preceding the AUG initiation codon allow a
cap-independent translation of mRNAs that are required for
starvation-induced differentiation in yeast (30). The above-
mentioned possibility of internal binding of preinitiation 40S ribo-
somal subunits to poly(A) leader is consistent with the finding that
poly(A) sequences inside polycistronic mRNA constructs or inside
5� UTRs may function as IRES-like elements (29, 30). However,
typical viral IRESes are characterized by relatively stable tertiary
structures and represent compact modules that are capable of
specifically binding and positioning the preinitiation 40S ribosomal
subunits on mRNA (4). The disposition with poly(A) leaders or
poly(A) internal inserts seem to be quite different: they have no
fixed tertiary structure and do not position the ribosomal particle
at a strictly determined site in the mRNA. It would be therefore
appropriate to consider such enhancers of cap-independent initi-
ation of translation as a special case.

The uniqueness of poly(A) as a leader of mRNA may be
explained by its conformational peculiarity. In contrast to poly(U),

Fig. 3. Formation of initiation 80S ribosomal complexes from 48S complexes
preassembled on noncapped Luc mRNA with poly(A) leader sequence in the
presence (A) and absence (B) of eIF3. (Top) The formation of the 48S complex
in the presence of required eIFs (eIF1, eIF1A, and eIF2; eIF4A and eIF4B were
also present). (Middle) Negative controls where the same factors, except eIF2,
were present. (Bottom) The results of addition of eIF5, eIF5B, and 60S ribo-
somal subunits to the 48S complexes formed under conditions indicated above
(see Top). Designations and explanations are the same as in Fig. 1. Only the
initiation site region of mRNA is given in the abscissa. The changed trident
profiles reflect the formation of 80S ribosomal complexes (see text) in both
cases (with and without eIF3).
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poly(A) is not quite a ‘‘random coil’’ (see refs. 31 and 32). At
physiological temperatures and neutral pH, it has a tendency to
form a regular single-stranded helix, and its interaction with pro-
teins and/or ribosomal particles may stabilize this structure. It may
be that the single-stranded helix of poly(A) possesses a specific
affinity for the mRNA-binding site of the small ribosomal subunit.
Indeed, the prokaryotic 30S ribosomal subunit was reported to
accommodate the ribosome-bound single-stranded mRNA section
in the helical A form (33). It is possible that, in the case of
heteronucleotide leader sequences, eIF3 is needed to enhance the
affinity of the ribosomal subunit for the leader or induce its
single-stranded helix conformation—the role that is played by the
anti-Shine-Dalgarno sequence of ribosomal RNA in prokaryotes.

It should be emphasized that in all of our experiments that
demonstrated high efficiency of poly(A) leader sequence in the
process of initiation complex formation no PABP was present.
However, this fact is not necessarily in contradiction with the recent
article where stimulation of cap-independent translation due to
IRES-like activity by internal poly(A) tracts was reported to be
mediated by the yeast Pab1 and eIF4G (30). One can presume that
the mechanism of the 48S initiation complex formation in the case
of an internal poly(A) tract is different from that of poly(A) leader,
but it seems to us unlikely. A more probable explanation is the
possibility that PABP and eIF4F/eIF4G were required at later
stages of cap-independent translation of mRNAs that were re-
quired for the invasive growth in yeast. Such a late eIF4F/eIF4G-
dependent stage was suggested by a recent study of the translation
acceleration effect during translation of uncapped mRNAs and may
result from a noncovalent circularization of polysomes in the course
of their formation (34).

In summary, we demonstrated that the initiation on ho-
mopolymeric poly(A) tract characteristic of poxvirus mRNA
leaders requires only the factors analogous (and in some cases
homologous) to prokaryotic IF1, IF1A, and IF2. This implies
that poxviruses use the most basic (most ancient) elements of
translation initiation machinery that are present in both pro-
karyotes and eukaryotes, a circumstance that may underlie the
independence of poxvirus-specific translation from typically
eukaryotic factors, such as eIF3 and eIF4F. This feature of
poxviruses (it may be a significant contributor to their virulence)
and their use of the prokaryotic phaseless wandering mechanism
for finding the initiation codon raise the interesting question of
the origin and evolution of poxviruses.

Materials and Methods
Plasmids. Vectors containing recombinant genes of mammalian eF1, eF1A,
eF4A, eF4B, eIF5, eIF5B, and Escherichia coli Met-tRNA synthetase for expres-
sion in E. coli were generously provided by T. Pestova (State University of New
York, Brooklyn, NY). Plasmid pTZA25Luc containing firefly luciferase coding
region with GA25CC 5� UTR under control of the T7 promoter was constructed
in our laboratory.

Translation Initiation Factors and Met-tRNA Synthetase. Natural and recombi-
nant proteins were isolated and purified generally as described (35) with some
modifications. Instead of sucrose gradient centrifugation used in the original
protocol to separate eIF3 and eIF4F, the eIF3–eIF4F complex was separated
from the fraction of eIF3 by affinity chromatography on 7-methyl-GTP Sepha-
rose 4B column (GE Healthcare). The detailed procedures and the results of
SDS/PAGE analyses are in SI Results and Discussion and Figs. S2 and S3.

Ribosomal Subunits. Isolation and purification of ribosomal subunits were
done generally as described (34) with minor modifications (see the detailed
procedures and the results of SDS/PAGE analyses of ribosomal subunit proteins
in SI Text and Fig. S3).

Natural �-Globin mRNA. The RNA was isolated from S100 fraction of rabbit
reticulocyte lysate by phenol deproteinization and purified by two successive
steps of chromatography on an oligo(dT) cellulose (Sigma–Aldrich) column.
The details are given in SI Results and Discussion and Fig. S4.

Transcripts. The transcription reaction mixture contained 80 mM Tris-OAc (pH
7.5), 10 mM KCl, 22.2 mM Mg(OAc)2, 20 mM DTT, 20 mM 2-mercaptoethanol,
2 mM spermidine, 0.01% Triton X-100 (vol/vol), 0.2 mM EDTA, 4 mM ribonu-
cleoside triphosphate (ATP, GTP, CTP, and UTP) each, 80 mg/ml polyethylene
glycol 8000, 0.01–0.05 mg/ml DNA template, 0.8 units/ml RNase inhibitor
(RiboLock; Fermentas), and 12 units/ml T7 RNA polymerase (Fermentas). The
mixture was incubated for 90 min at 37°C, and the reaction was stopped by
phenol extraction. The extracted material was then gel-filtered by using either
ProbeQuant G-50 micro columns (GE Healthcare) or Superdex 200 HR column
(GE Healthcare) and analyzed by denaturing PAGE (Fig. S4).

Aminoacylation of Mammalian tRNAi
Met. The reaction was performed generally

as described in ref. 34; detailed procedures can be found in SI Results and
Discussion.

Formation of Ribosomal Initiation Complexes. The assembly of initiation 48S
complexes was done as follows: 0.3 pmol of mRNA was added to the ice-cold
mixture of 1.5 pmol of 40S ribosomal subunits, 1.2 pmol of eIF2, 1.2 pmol of eIF3,
0.6 pmol of eIF3–eIF4F complex, 15 pmol of eIF1, 15 pmol of eIF1A, 6 pmol of
eIF4A, 6 pmol of eIF4B, and 0.6 pmol of Met-tRNAi

Met in a buffer containing 40
mM Tris-OAc (pH 7.5), 3.7 mM Mg(OAc)2, 2 mM DTT, 0.25 mM spermidine, 2 mM
ATP, 0.2 mM GTP (or guanosine 5�-[�,�-imido]triphosphate), 0.1 mM EDTA, 120
mM KCl, and 0.3 units/ml RiboLock RNase inhibitor (Fermentas). The reaction
mixture volume of 20 ml was incubated at 37°C for 15 min. To form the initiation
80S complex, the above-described mixture was supplemented with 1.2 pmol of
eIF5, 0.6 pmol of eIF5B, and 1.5 pmol of 60S ribosomal subunits and further
incubated for 15 min at 37°C.

Primer Extension Inhibition Assay (Toeprinting). To perform primer extension
reaction, 0.5 mM dATP, dCTP, dGTP, and dTTP each, 2 pmol/ml DNA primers with
fluorescent labels, and 0.3 units/ml AMV RT (Promega) were added to the
mixtures with preformed ribosomal initiation complexes. The Mg2� concentra-
tion was adjusted to 7 mM. The reaction mixture was then incubated at 37°C for
45 min. The products of the primer extension reaction were purified with phenol
extraction,precipitated in70%ethanoland0.7MNH4OAc,anddissolved in20ml
of 90% formamide with 89 mM Tris base, 89 mM boric acid, and 2 mM EDTA.
Aliquots (0.5 ml) of fluorescent (carboxy-X-rhodamine, CXR) 60- to 400-base DNA
size standards (Promega) were added to each sample for capillary electrophore-
sis. The DNA primers were 5� [6-carboxyfluorescein]-GGACTCGAAGAACCTCTG 3�
for rabbit �-globin mRNA and 5� [6-carboxyfluorescein]-GATGTTCACCTC-
GATATG 3� or 5� [6-carboxy-4�,5�-dichloro-2�,7�-dimethoxyfluorescein, succinimi-
dyl ester]-GATGTTCACCTCGATATG 3� for A25-Luc mRNA.

Capillary Gel Electrophoresis of Primer Extension Products. The cDNAs formed
in the primer extension reaction were analyzed by capillary gel electrophore-
sis in an ABI PRISM 3100-Avant Genetic Analyzer (Applied Biosystems) accord-
ing to the manufacturer’s manual. The collected data were processed with
GeneMarker 1.5 software (SoftGenetics). Profiles of fluorescent cDNA distri-
bution were attributed to mRNA sequence by using fluorescent (CXR) 60- to
400-base DNA size standards (Promega). Fluorescence intensities correspond-
ing to each cDNA peak were measured to determine the amount of reverse
transcription products and thus the amount of ribosomal complexes that
resulted in the inhibition of primer extension.
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