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ABSTRACT  Structural analogs of the methylated 5’ end
(cap) of eukaryotic mRNA, such as 7-methylguanosine 5'-mo-
nophosphate, ﬁpecifically inhibit both GTP-dependent binding
of Met-tRNAM* and binding of globin mRNA to eukaryotic
initiation factor 2 (eIF-2). Addition of purified eIF-2 effectively
relieves the cap analog-induced inhibition of globin mRNA
translation. The analog competitively inhibits the function of
elF-2 and of mRNA in protein synthesis. Binding to eIF-2 of
capped mRNA as well as noncapped mRNA, such as Mengo
virus RNA, can be inhibited completely by free cap molecules,
but much more cap is needed to inhibit binding of Mengo virus
RNA. mRNA, whether or not it is capped, competitively inhibits
the binding of Met-tRNAM® to eIF-2.

These results provide compelling evidence that eIF-2 recog-
nizes mRNA. It is shown that binding of mRNA to eIF-2 is pri-
marily at an internal sequence, and secondarily through the cap.
A model for the function of eIF-2 is presented that can account
for all these properties. This mode?can provide a molecular
basis for the differential translation of mRNA species, whether
or not they are capped.

Most eukaryotic mRNA species of cells and viruses have been
shown to possess a unique 5’-terminal structure, 7-methyl-
guanosine(5')triphosphate(5’)N, termed the cap (1, 2), a notable
exception being presented by the mRNAs of picornaviruses
(8-6) and satellite tobacco necrosis virus (7). An intact cap
structure is thought to be indispensible for the efficient trans-
lation of capped mRNA (8-10), although loss of the cap does
not always abolish translation (11). Structural analogs of the cap,
such as 7-methylguanosine 5’-monophosphate (m’GMP), in-
hibit translation of capped mRNA species (6, 12, 13) but seem
to have little (6) or no (12, 13) effect on translation of noncapped
mRNA. The cap is required for stable binding of capped mRNA
to ribosomes (6, 12, 14-16), suggesting that it is an important
element in the recognition of eukaryotic mRNA.

Elucidation of the mechanism of mRNA recognition is
central to the understanding of translational control of eukar-
yotic gene expression. We have shown that the dependence of
initiation of protein synthesis on heme (17), and its sensitivity
to inhibition by double-stranded RNA (18), two classical ex-
amples of translational control, involve regulation of the activity
of eukaryotic initiation factor 2 (eIF-2), the protein that binds
methionyl-tRNAM®* (Met-tRNA¢) and GTP during initiation
(19). This protein, we have found, possesses unique properties
in that it also binds with high affinity to messenger RNA (19,
20). Globin mRNA, R17 phage RNA, Mengo virus RNA, and
VSV mRNA all possess a high-affinity binding site for eIF-2,
while negative-strand VSV RNA, which does not serve as
mRNA, lacks such a site (20). These results indicate that besides
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binding Met-tRN Ay, eIF-2 actively recognizes a specific site
in mRNA that is essential for protein synthesis.

Here, we have asked if initiation factor eIF-2 is the protein
that recognizes the 5’-terminal cap structure in mRNA. Our
finding is that this is indeed the case: free cap structures spe-
cifically inhibit the binding of both Met-tRNAf and mRNA to
purified elF-2, and addition of eIF-2 effectively relieves the
cap analog-induced inhibition of translation. We show that cap
structures competitively inhibit the function of eIF-2 and of
mRNA in protein synthesis. Remarkably, binding of both
capped and noncapped mRNA to elF-2 can be inhibited
completely by free cap molecules, but much more cap is needed
to inhibit binding of noncapped eukaryotic mRNA. Finally,
we show that mRNA, whether or not it is capped, competitively
inhibits the binding of Met-tRNA¢ to elF-2.

Our results provide compelling evidence that eIF-2 recog-
nizes not only the 5'-terminal cap structure, but also a second,
internal, binding site in mRNA. We present a model for the
function of elF-2 that can account for all of its properties (Fig.
8). In sum, we show that eIF-2 fulfills a crucial, and very likely
primary, function in the recognition and binding of mRNA.

RESULTS

Inhibition of Met-tRNA#GTP-eIF-2 Complex Formation
by Cap Analog. Fig. 1 shows that the characteristic function
of initiation factor eIF-2, the formation of ternary complexes
with Met-tRNA¢ and GTP, is inhibited by the cap analog
m’GMP but not by m?G or GMP.

Reversal by eIF-2 of Cap Analog-Induced Inhibition of
Translation. Protein synthesis in native reticulocyte lysates is
relatively resistant to inhibition by cap analogs, presumably
because endogenous mRNA already is complexed with initia-
tion factors (16). When endogenous mRNA is first digested by
the addition of micrococcal nuclease (21), protein synthesis
becomes dependent on the amount of exogenous globin mRNA
added (Fig. 2). Translation of this mRNA is readily inhibited
by m” GMP. The extent of inhibition by m?GMP is greater, the
lower the concentration of added mRNA, and the greater the
concentration of m’GMP.

Relief of inhibition of translation by m’GMP is observed
upon the addition of increasing amounts of eIF-2. Protein
synthesis is progressively stimulated in all samples containing
m?’GMP, but not in the uninhibited controls. Reversal of inhi-
bition is more complete, the greater the concentration of added

Abbreviations: eIF-2, eukaryotic initiation factor 2; Met-tRNA;,
methionyl-tRNAM®;, m’GMP, 7-methylguanosine 5’-monophosphate;
m’G, 7-methylguanosine; m’GpppGm, 7-methylguanosine(5’)tri-
phosphate(5’)-2’-O-methylguanosine; m’GpppAm, 7-methylgua-
nosine(5')triphosphate(5’)-2’-O-methyladenosine; EMC, enceph-
alomyocarditis; VSV, vesicular stomatitis virus.
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F1G. 1. Effect of cap analog on binding of Met-tRNA¢ to eIF-2.
GTP-dependent binding of [3°S]Met-tRNA¢ (3870 cpm) was assayed
(20) in a 75-ul mixture containing 3.6 ug of eIF-2 purified as described
in the legend for figure 5 of ref. 20, and the indicated concentrations
of m’GMP, m?G, or GMP. Background without eIF-2 (30 cpm) was
not subtracted.

mRNA, the greater the concentration of eIF-2, and the lower
the concentration of m’GMP. This finding demonstrates that
inhibition of protein synthesis by the cap analog is competitive
with respect to both mRNA and elF-2.

I 1 I 1 AL 1
0.5 ug 1 ug 2pug
4-r mRNA [ 1r -
o 3 1r 1r -
]
Qe
x
£
Q
[¥)
g
.GZJ_ - -
3
3 ¢—~o—o0—o
&
—mRNA
il iy Wantind B Radhntl widily Shdhed
o 1 2 30 1 2 3

FI1G. 2. Relief of m?"GMP-induced translational block by eIF-2
and mRNA. A rabbit reticulocyte lysate (17) was incubated with
micrococcal nuclease (Sigma) as described (21). Purified globin
mRNA (20) was added in the amounts shown. Translation was at 30°
in 50-ul reaction mixtures (21) containing the indicated amounts of
purified eIF-2 (see Fig. 1) in the absence (0) of m?GMP or in the
presence of 1 mM (®) or 2 mM (a) m’GMP. Hot CCl3COOH-pre-
cipitable [?H]leucine was determined after 60 min. No background
(broken line) was subtracted.
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F1G. 3. Effect of m’GMP on elF-2 dependence of globin mRNA
translation. Reticulocyte lysate was centrifuged through a 10-volume
bed of Sephadex G-25 in a perforated tube and then incubated with
micrococcal nuclease as for Fig. 2. Reaction mixtures (50 ul) contained,
besides the indicated amounts of cap analog and purified eIF-2, 30
ul of lysate, 20 uM hemin, creatine kinase at 30 ug/ml, 6.4 mM creatine
phosphate, 1.6 mM dithiothreitol, 20 mM N-2-hydroxyethylpipera-
zine-N’-2-ethanesulfonic acid (Hepes) (pH 7.8), 40 uM spermine, 2
mM Mg(OAc)z, 144 mM KCl, 19 unlabeled amino acids (10 uM each),
2 uCi of [3H]leucine, 0.8 mM ATP, 20 uM GTP, and 1 ug of globin
mRNA. Analysis was as in Fig. 2. Background without mRNA was
subtracted. (Left) Cap analog and related compounds were added as
indicated; (Right) cap analog was added at the indicated concentra-
tions.

In the experiment of Fig. 3, we have used a reticulocyte lysate
that was first subjected to gel filtration and then treated with
micrococcal nuclease. As expected, translation of added tem-
plate in such a lysate is inhibited by m?GMP, but not by m’G
or GMP (Fig. 3 left). As seen in Fig. 3 right, protein synthesis
in this filtered lysate is stimulated by the addition of eIF-2, up
to a saturation value, even when m?GMP is omitted. In the
presence of increasing concentrations of m’GMP, one observes
a progressive shift of the eIF-2 dose-response curve to higher
values of eIF-2. This experiment provides additional strong
evidence that the cap analog inhibits the function of initiation
factor eIF-2 in protein synthesis.

Cap Analogs Specifically Inhibit the Binding of Globin
mRNA to eIF-2. Globin mRNA, as well as other mRNA species,
possesses a high-affinity binding site for eIF-2, as demonstrated
by affinity chromatography and equilibrium binding studies
(20). We have used 125I-labeled globin mRNA to study the ef-
fect of cap analogs on the binding to eIF-2. 125I-Labeled and
nonradioactive, native globin mRNA bind with equal affinity
to elF-2 (R. Kaempfer, R. Hollender, H. Soreq and U. Nudel,
unpublished data). As seen in Fig. 4 left, the formation of
complexes between labeled globin mRNA and elF-2, assayed
by nitrocellulose membrane filtration, is inhibited by m’GMP,
m’GpppAm, and m’GpppGm, cap structures that inhibit
translation, but not by m?’G, GMP, or GTP, agents that do not
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F1G. 4. Effect of cap analogs on binding of globin mRNA to eIF-2.
RNA-binding assays (20) contained 125I-labeled purified globin
mRNA (20) (0.07 pmol; 4130 cpm), 150 mM KCl, 20 mM Tris-HCI
(pH 17.8), 6 mM 2-mercaptoethanol, 0.04 ug of purified eIF-2 (Fig. 1),
and cap analogs (all from P-L Biochemicals) at the indicated con-
centrations. (Left) Analogs are: X, m’G; 0, GMP; m, GTP; a,
m’GpppAm; A, m’GpppGm; ®, m’GMP. Control without eIF-2 (60
cpm) was subtracted. In experimeént on Right, 1X globin mRNA is
0.043 pmol, 18,000 cpm; the assays contained 0.04 ug of purified eIF-2
and 2 mM m’GMP. Control without eIF-2 (195 cpm) was subtract-
ed. .

impair translation. As in the case of translation (Fig. 2), we find
that the m’GMP-mediated inhibition of globin mRNA binding
to eIF-2 can be relieved readily by increasing the concentration
of globin mRNA in the binding assay (Fig. 4 right). Note that
near-complete relief is seen when the mRNA concentration is
increased only 6-fold. This experiment demonstrates that
mRNA and cap analogs compete for a common binding site on
elF-2. :
Cap Analog Inhibits Binding of Noncapped mRNA to
elF-2. It has been reported that translation of noncapped
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F1G. 5. Effect of cap analog on binding of Mengo virus and QS8
RNA to elF-2. (Left) RNA-binding assays (as in Fig. 4) contained
Mengo virus RNA (a gift of F. Brown) labeled with 1251 (20) (0.0027
pmol; 3365 cpm), 0.01 ug of purified eIF-2, and cap analogs at the
indicated concentrations. Control without eIF-2 (70 cpm) was sub-
tracted. (Right) Assays contained Q8 RNA (4 pmol; 2370 cpm) ex-
tracted from 3H-labeled virions (a gift of H. Engelberg-Kulka) and
3.9 ug of purified eIF-2. Control without eIF-2 (14 cpm) was sub-
tracted.
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F1G. 6. Effect of R17 phage (O) and globin mRNA (@, A) on
binding of Met-tRNA¢ to eIF-2. The assay was as in Fig. 1, with 3400
cpm of [33S]Met-tRNAy, 2 ug of purified eIF-2, and the indicated
amounts of globin mRNA or R17 RNA (20).

mRNA species is not inhibited by cap analogs (6, 12, 13). If that
is so, one would expect binding of noncapped mRNA to eIF-2
to be similarly uninhibited. Fig. 5 shows that this is definitely
not the case: binding of Mengo virus RNA or Qg bacteriophage
RNA (neither of which is capped) to eIF-2 is completely and
specifically inhibited by m?GMP. There is, however, one im-
portant difference between the inhibition seen here and that
observed in Fig. 4 for globin mRNA: to achieve 50% inhibition
of complex formation between mRNA and eIF-2, one must add
about 50 'times more molecules of m’GMP per molecule of
Mengo virus RNA than in the case of globin mRNA.

mRNA Inhibits Binding of Met-tRNA¢ to eIF-2. We have
shown that elF-2 binds both Met-tRNAf and mRNA with high
affinity (20). It was seen in Fig. 1 that an analog of the cap in-
hibits the binding of Met-tRNA; to eIF-2. In the experiment
of Fig. 6, we show that both globin mRNA and R17 phage RNA
are powerful inhibitors of the binding of Met-tRNA; to elF-2.
Even though R17 RNA is not capped, it is about equally as ef-
fective an inhibitor, on a molar basis, as globin mRNA is. This
experiment shows that a given elF-2 molecule cannot stably
bind mRNA and Met-tRNAg at the same time. Note that raising
the salt concentration from 100 to 280 mM KCl results in relief
of mRNA-mediated inhibition of Met-tRNA¢ binding. This is
because the half-life of mRNA-eIF-2 complexes decreases
drastically with increasing salt concentration (W. R. Abrams
and R. Kaempfer, unpublished data), while the binding of
Met-tRN A to elF-2 is relatively insensitive. '

Cap Analog Slows the Rate of 40S-Met-tRNAs Complex
Formation. It has been reported that cap analogs do not affect
the formation of 40S-Met-tRNA complexes, but block only the
binding of mRNA (14, 16). Yet, in Fig. 1 we show that ternary
complex formation, a prerequisite for binding of Met-tRNA¢
to 40S ribosomal subunits, is strongly inhibited by m?GMP.



Biochemistry: Kaempfer et al.

3 T T T
15 sec 30 sec
é 2k 4 k -
.
& 40s
s |
H
L1 91 -
0 i 1 1
10 15 20 15 20 15 20
Fraction

FiG. 7. Effect of m"GMP on 40S-Met-tRNA¢ complex formation.
Reticulocyte lysate as used in Fiig. 3 was incubated, in the absence of
added mRNA, with [35S]methionine (12.5 uCi) with (®) or without
(0) 2mM m’GMP, in conditions as for Fig. 3. At the indicated times,
samples were diluted with 4 volumes of ice-cold 10 mM Tris-HCI (pH
7.4)/1.5 mM Mg(OAc)2/10 mM NaCl and centrifuged for 2.5 hr at
130,000 X g through 12.5-ml exponential sucrose gradients (5-13.6%)
in the same buffer. Radioactivity precipitated with 5% cold
CCI13COOH was determined for each fraction. Only the 40S region of
each gradient (30 fractions) is shown. Sedimentation is from right to
left. Profiles are superimposed pairwise.

Because the earlier observations (14, 16) were made after 40S
complex formation for 2 and 10 min, respectively, we decided
to examine earlier times. Indeed, there is a partial but significant
kinetic effect of m?GMP on 40S-Met-tRNA¢ complex formation,
most evident after a few seconds, and steadily decreasing by
1-2 min (Fig. 7). Presumably, the additional stabilization of the
elF-2-Met-tRNA¢ complex imparted by the 40S subunit and
other proteins tends to shift the equilibrium in favor of the 40S
complex, even in the presence of m’GMP. Thus, m’GMP slows
down the rate of 40S-Met-tRNA¢ complex formation, but does
not block it completely.

‘DISCUSSION

These results provide compelling evidence that a single protein,
initiation factor eIF-2, not only binds Met-tRNA¢ during ini-
tiation of protein synthesis, but also recognizes with high
specificity the 5’-terminal cap structure in eukaryotic mRNA
as well as a second, internal site in mRNA. The implication of
our findings is that initiation factor eIF-2 fulfills a crucial, and
very likely primary function in the essential aspect of transla-
tional control, the recognition and binding of mRNA.

The various experimental results in this paper can be un-
derstood by consideration of a conceptual model for eIF-2
function, presented in Fig. 8. The eIF-2 molecule, drawn in the
center, is seen to possess three binding sites: one for Met-tRNA;,
one for the cap, and one for mRNA; we designate the latter as
the internal mRNA binding site. All three sites overlap, as evi-
denced by our demonstration that cap structures inhibit the
binding to eIF-2 of Met-tRNA; as well as mRNA, whether or
not it is capped (Figs. 1, 4, and 5), and by our demonstration that
mRNA, whether or not it is capped, inhibits the binding of
Met-tRNA¢ to eIF-2 (Fig. 6). While the cap participates in
binding of mRNA to eIF-2, it is clear from our data that the
factor does not just bind the cap but also a sequence in mRNA
that is different from the cap, and present in noncapped
mRNA. The cap binding site, therefore, most likely is not
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F1G. 8. Conceptual model of eIF-2 and its functions. Binding sites
and their overlaps should be interpreted in functional, rather than
structural terms. Binding of Met-tRNAy, but not of mRNA, is abol-
ished by N-ethylmaleimide, showing a structural difference in binding
sites (19, 22).

identical with the internal mRNA binding site of the factor. In
the presence of free cap structures, we obtain state I, in which
the cap site is occupied and binding at the other two sites is
prevented. In the presence of Met-tRNA¢ and GTP (not shown),
we obtain state 2, the classical ternary complex that functions
as the first intermediate in initiation of protein synthesis. How
does a molecule of capped mRNA bind to eIF-2? If the 5’-ter-
minal cap were to bind first into the cap site, that might result
in blocking of the internal mRNA-binding site, because free cap
inhibits the binding of noncapped mRNA (Fig. 5). Instead, we
propose that binding of mRNA is always first and foremost at
the internal mRNA site (state 3 lower). This binding may induce
a conformational change in the eIF-2 molecule such that the
cap-binding site and the mRNA-binding site no longer overlap.
The 5’-terminal cap of a capped mRNA molecule then enters
the cap-binding site, to yield state 4, and the mRNA molecule
is firmly held in position. The presentation of two separate
binding states for capped mRNA, 3 and 4, does not necessarily
imply a temporal separation, and indeed the binding most likely
occurs in concerted fashion. When binding is to a noncapped
mRNA molecule, we propose that precisely the same events
occur, to yield state 3 (upper), but in this case filling of the cap
binding site simply does not occur. It is important to realize that
the two states 3 drawn in Fig. 8 are identical, as demanded by
the results of Figs. 4 and 5.

During protein synthesis, eIF-2 proceeds from the center
through state 2 to states 3 and 4 because binding of Met-tRNA¢
is necessary before binding of mRNA can occur (22-24). The
results of Fig. 6 imply that when an eIF-2 molecule carrying
Met-tRNAs binds to mRNA, this causes the displacement of
Met-tRNAs from elF-2. Presumably, this displacement takes
place on the 40S ribosomal subunit, where Met-tRNA¢ and
mRNA are present in equal concentrations.

In inhibiting the function of eIF-2 in protein synthesis, free
cap structures behave competitively not only with respect to
elF-2 but also with respect to mRNA (Figs. 2 and 3). The in-
hibition of mRNA binding to eIF-2 is similarly competitive with
mRNA (Fig. 4). It is striking that even though free cap struc-
tures are in 105-fold molar excess over globin mRNA in Fig. 4,
near-total relief of inhibition can be obtained by raising the
concentration of globin mRNA only a fewfold. This result must
mean that intact globin mRNA has a vastly greater affinity for
elF-2 than even complete cap structures (m’GpppGm or
m’GpppAm). It follows that binding of mRNA to eIF-2 is pri-
marily at the internal mRNA site, and secondarily through the
cap, precisely as proposed in our model.
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It was noted already in Fig. 5 that, to inhibit binding of a
noncapped Mengo virus RNA molecule to elF-2, one must add
about two orders of magnitude more free cap molecules than
in the case of globin mRNA. We interpret this to mean that
Mengo virus RNA possesses an internal sequence that binds with
much higher affinity to the internal mRNA site of eIF-2. In-
deed, the absence of a cap in Mengo and other picornavirus
RNA species is readily understood in terms of this higher af-
finity: there is simply no need for the additional stabilization
imparted by binding at the cap site (state 4). Accordingly, we
predict that noncapped eukaryotic mRNA species always have
a very high affinity for eIF-2 due to their internal structure.
This can explain why RNA of encephalomyocarditis virus
(EMC), another picornavirus, out-competes cellular mRNA in
cell-free translation (25). Our model thus can provide a mo-
lecular basis for the extraordinary efficiency of initiation of
picornavirus RNA translation in infected cells (26, 27).

If the initiation strength of a mRNA (28) depends on two
structural elements, the internal binding sequence and the cap,
that would explain why some mRNA species are more depen-
dent on the cap for translation than others, and why removal
of the cap causes a smaller decrease in translation of VSV
mRNA than of reovirus or globin mRNA (9, 11). Indeed, VSV
mRNA is initiated much more efficiently than host mRNA in
infected cells (27), even though both mRNA types are capped
(2).

We suggest that for a given mRNA the degree of resistance
of translation, or of eIF-2 binding, to inhibition by free cap
molecules is a good measure of its initiation strength. By this
measure, Mengo virus RNA is much stronger than globin
mRNA, but Q8 RNA is weaker (see Fig, 5). This is not surprising
in view of the prokaryotic nature of Q8 RNA; the related R17
RNA is translated faithfully, but much less efficiently than
globin mRNA (29), and indeed it binds an order of magnitude
more weakly to eIF-2 (R. Kaempfer, R. Hollender, H. Soreq
and U. Nudel, unpublished data). As would be predicted by our
model and by that of Lodish (28), m’GMP differentially inhibits
translation of a-globin mRNA over that for 8-globin (30).

An important consequence of our findings is that the trans-
lation of noncapped eukaryotic mRNA species should be sen-
sitive to inhibition by cap analogs. The reason that this inhibition
was missed in several earlier studies (12, 13) is because the ratio
of cap analog to mRNA employed was equal to, or at best only
5-fold greater than, that needed to inhibit translation of globin
mRNA, yet two orders of magnitude more cap is needed to
observe an inhibition of mRNA binding (Fig. 5). Indeed, Ca-
naani et al. (6) did obtain partial inhibition of EMC translation
by m’GMP, although they, too, concluded that noncapped
mRNA translation was resistant. We calculate, however, from
their data that EMC translation was inhibited to the same extent
as globin mRNA translation when m’GMP was in 80-fold
greater molar excess; this fits extremely well with the binding
data of Figs. 4 and 5. The conclusion of Shafritz et al. (16) that
binding of EMC RNA to initiation factors is not inhibited by
m’GMP is almost certainly unjustified, because their binding
assay contained 60 times more molecules of EMC RNA, and
3 times fewer factor, than in the case of VSV mRNA, and
binding of the VSV mRNA was inhibited only by two-thirds.
The factor they used was EIF-4B (IF-M3); they failed to observe
any inhibition of EIF-2-dependent VSV mRNA binding by
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m’GMP (16), presumably because they used about 102 times
more elF-2 per mol of VSV mRNA than in our experiments
(20). Their suggestion that the cap is recognized by factor
elF-4B does not fit with our data, and possibly is due to con-
tamination with eIF-2. Their factor preparations did not give
any reversal of translational inhibition when m’GMP was in
10%-fold molar excess over globin mRNA, yet we observe
complete reversal by eIF-2 when m?GMP is in 10*-fold molar
excess over similarly prepared globin mRNA (Fig. 2).
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