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ABSTRACT: Direct fluorescence titration experiments of wheat germ protein synthesis initiation factor eIF-3
with mRNA cap and oligoribonucleotide analogues were performed in order to determine the equilibrium
association constants (K,,) for the eIF-3-mRNA interaction as a function of pH and temperature. These
data suggest that (i) the eIF-3-mRNA interaction is not cap-specific (i.e., m’G-specific), (ii) ATP hydrolysis
is not involved in the interaction, and (iii) the interaction is primarily ionic in nature. Competition experiments
between a rabbit a-globin mRNA oligoribonucleotide analogue and either mRNA cap analogues or nucleoside
triphosphates (NTPs) are also reported; these experiments indicate that NTPs act as both activators and
competitive inhibitors of the mRNA-eIF-3 association. The results are consistent with a partially uncom-
petitive binding mechanism, whereby at low NTP concentrations (<10 uM) the bound NTP enhances
subsequent mRNA binding to eIF-3, perhaps by inducing a conformational change, and at higher NTP

concentrations, the NTP acts as a competitive inhibitor for the mRNA binding site on eIF-3.

Wleat germ eukaryotic initiation factor 3 (eIF-3)! is a large
protein complex consisting of 10 polypeptides ranging in size
from about 28 to 116 kDa; eIF-3 has a total molecular mass
of approximately 660-770 kDa (Checkley et al., 1981; Lax
et al., 1986). Early studies have shown that the 28-, 87-, and
116-kDa subunits of wheat germ eIF-3 (and to a lesser extent,
the 56-kDa subunit) were capable of cross-linking to the ox-
idized 5-termini of viral mRNA (Sonenberg & Shatkin, 1977;
Sonenberg et al., 1979). Furthermore, Setyono et al. (1984)
showed that the 64-, 66-, 95-, and 110-kDa subunits of reti-
culocyte elF-3 directly cross-linked to Semliki Forest viral
mRNA.

Recently, Rychlik et al. (1991) have reported that a pho-
toaffinity analogue of the mRNA cap which could cross-link
to the active cap binding site on the 25-kDa cap binding protein
could also be directly cross-linked to the 66-kDa subunit of
elF-3; furthermore, this cross-linking could be inhibited by
m’GTP. We have also reported the formation of a binary
complex between wheat germ eIF-3 and either mRNA cap
or oligoribonucleotide analogues (Carberry & Goss, 1991b);
however, the details of the eIF-3-mRNA interaction have not
been fully characterized.

In the present study, we have characterized the interaction
of wheat germ elF-3 with mRNA cap analogues, nucleoside
triphosphates, and rabbit a-globin mRNA oligoribonucleotide
analogues using direct fluorescence titration methods. These
data indicate that the eIF-3-mRNA interaction is not cap-
specific (i.e., m’G-specific) and is primarily ionic in nature;
ATP hydrolysis is not involved in the interaction. Competition
experiments between mRNA and NTPs for binding eIF-3
suggest a partially uncompetitive mechanism whereby the NTP
enhances mRNA binding, while at higher concentrations, the
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NTP competitively inhibits mRNA binding.

MATERIALS AND METHODS

Wheat germ eIF-3 was prepared as described by Lax et al.
(1986). m’GTP, GTP, and ATP were purchased from
Pharmacia Molecular Biologicals; e-ATP was purchased from
Molecular Probes, and AMP-PNP was purchased from Sigma.
The rabbit a-globin mRNA oligoribonucleotide analogues
(Figure 1) were prepared by cell-free transcription in 2 T7
RNA polymerase system according to the method of Milligan
et al. (1987) and were purified according to the method of
Draper et al. (1988). The ATPase activity of eIF-3 was as-
sayed spectrophotometrically according to the procedure of
Secrist et al. (1972).

The interaction of eIF-3 with mRNA analogues was mea-
sured by direct titration of eIF-3 with either cap or oligo-
ribonucleotide analogue or with NTPs. The measurements
were carried out at 23 &+ 0.2 °C utilizing an excitation
wavelength of 258 nm; for temperature-dependent studies, the
temperature of the sample was maintained by circulating
thermostated water through the fluorometer’s brass cuvette
holder. All solutions for fluorescence were prepared in buffer
A, consisting of 20 mM HEPES and 1 mM DTT in the
presence of 100 mM KCl and 2 mM MgCl,, adjusted to pH
7.6, unless otherwise noted. The details of the titration protocol
have been described elsewhere (Carberry et al., 1989, 1990).
The samples were corrected for the small dilution during the
course of the titration; an inner filter effect correction was not
required over the range of oligoribonucleotide and NTP con-
centrations used. In brief, 0.4 uM eIF-3 was titrated with cap
or mRNA analogue, and the decrease in the fluorescence
intensity of eIF-3 at 330 nm was monitored; these data were
used to construct Eadie-Hofstee plots, and the equilibrium
association constant (K,,) values were directly determined from
the slopes of these plots (Carberry & Goss, 1991b). For

! Abbreviations: m’G; 7-methylguanosine; ¢-ATP; 1,N-etheno-
adenosine 5'-triphosphate; AMP-PNP; 5’-adenylyl imidodiphosphate;
NTP; nucleoside triphosphate; eIF; eukaryotic initiation factor; HEPES;
N-(2-hydroxyethyl)piperazine-N~2-ethanesulfonic acid; DTT; dithio-
threitol; kDa; kilodalton(s).
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OLIGORIBONUCLEOTIDE STRUCTURE
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FIGURE 1: Structures of mRNA oligoribonucleotide analogues em-
ployed in this study.
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FIGURE 2: Binding of oligoribonucleotide I to eIF-3 as a function of
pH. All solutions were prepared in buffer A, adjusted to the ap-

propriate pH at 23 °C; K, values were determined as described under
Materials and Methods.

titrations involving e-ATP, the change in e-ATP fluorescence
intensity at 412 nm was also monitored and corrected for the
contribution of free e-ATP to the spectrum. The K, values
were determined from Eadie-Hofstee plots constructed from
the corrected fluorescence data.

RESULTS

pH Dependence. The binding of wheat germ eIF-3 to oli-
goribonucleotide I as a function of pH is shown in Figure 2.
There is a 2.2-fold decrease in the affinity of oligoribo-
nucleotide I for eIF-3 as the pH is raised from 6.02 (K, of
(5.04 £ 0.25) X 10° M™'] t0 7.6 [K,, of (2.32 £ 0.15 X 10°
M]; as the pH is increased above 7.6, there is no further
decrease in binding affinity, and the K, value remains un-
changed (within experimental error). This pH-dependent
binding profile suggests that eIF-3 has a single pX which is
titrated by the oligoribonucleotide.

We have previously shown that the interaction of the
mRNA cap-specific proteins human elF-4E (Carberry et al.,
1989, 1990) and wheat germ eIF-4F and elF-(iso)4F (Car-
berry & Goss, 1991a) with cap analogues or capped mRNA
oligoribonucleotides results in a biphasic pH-dependent binding
profile and that this profile is due to the involvement of two
pK’s in the interaction: one each from the m’G cap and
protein. The pK of m’GTP is approximately 7.4-7.8, de-
pending upon conditions (Rhoads et al., 1983, 1985; Carberry
et al., 1989). While we cannot determine the pK, of the
group(s) involved here because of the inability to perform
titrations below pH 6.0, it is unlikely that the pK, involved
is that of the m’G residue since the pK, for the titration in
Figure 2 is certainly below 7.0. Therefore, the single pK profile
obtained for the eIF-3-oligoribonucleotide interaction suggests
that the m’G cap of the oligoribonucleotide is not directly
involved in the formation of the binary complex.

Temperature Dependence. The temperature dependence of
binding of oligoribonucleotide I to eIF-3 was measured over
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Table I: Summary of K, Values for the Interaction of Wheat Germ
¢IF-3 with Cap and mRNA Oligoribonucleotide Analogues®

interaction Keq X 1075 (M)
eIF-3-oligoribonucleotide I 232£0.15
elF-3-oligoribonucleotide 11 4.98 £ 0.61
elF-3-oligoribonucleotide III 4.84 £ 048
¢IF-3-m’GTP 0.40 £ 0.02
eIF-3.GTP 0.86 £ 0.08
eIF-3.ATP 0.28 = 0.05
elF-3.¢ATP 0.45 = 0.09
eIF-3:AMP-PNP 0.83 = 0.05

2 All in buffer A, pH 7.6.

the 6.0-35.8 °C range. The melting of the oligoribonucleotide
was not significant over this temperature range, since under
the salt conditions employed (100 mM KCI, 2 mM MgCl,),
the T, was found to be greater than 70 °C. The K., values
obtained for the interaction of eIF-3 with oligoribonucleotide
I as a function of temperature were used to construct a van’t
Hoff plot (data not shown). The entropy (AS) and enthalpy
(AH) were determined from the intercept and slope of the plot,
respectively, and were calculated to be 10.1 £ 0.5 cal/(mol-K)
and —4.31 % 0.22 kcal/mol, respectively. A positive AS value
and a negative AH value are consistent with an ionic (charge
neutralization) interaction (Ross & Subrmamanian, 1981).

Structural Dependence of Oligoribonucleotide Binding to
elF-3. 1In order to investigate the role of the m’G cap and
5’-proximal secondary structure on the eIF-3 mRNA inter-
action, the binding of oligoribonucleotides II and III to eIF-3
was also measured. The capped linear oligoribonucleotide I1
corresponds to oligoribonucleotide I with the hairpin removed
(Figure 1); the small differences in sequence were necessary
in order to preserve the desired secondary structure. A com-
parison of the K., values for oligoribonucleotide I and II
binding eIF-3 will therefore determine the relative effect of
the 5/-hairpin on the interaction. Oligoribonucleotide III is
an uncapped linear oligoribonucleotide (Figure 1); a com-
parison of the K. values for the interaction of oligoribo-
nucleotide IIT and the capped linear oligoribonucleotide IT with
elF-3 will provide information on the relative importance of
the m’G cap on the interaction.

The capped linear oligoribonucleotide II binds eIF-3 with
2.2-fold greater affinity than hairpin-containing oligoribo-
nucleotide I (Table I). This difference may be attributed to
the hairpin itself sterically reducing the surface area of the
oligoribonucleotide available for contact and interaction of
elF-3. The linear oligonucleotide II lacks the steric hindrance
of the hairpin, and so has more surface area available for
electrostatic interactions with eIF-3, and therefore has a larger
K., value for the interaction than does the hairpin-containing
oligoribonucleotide II.

The effect of the m’G cap on eIF-3 binding can be directly
determined by comparing the K., values for the interaction
of the capped linear oligoribonucleotide II and the uncapped
linear oligoribonucleotide III for eIF-3. Both oligoribo-
nucleotides have similar affinity for eIF-3 (Table I); this result
suggests that the m’G cap is not specifically involved in the
interaction with eIF-3.

Competition Experiments between Oligoribonucleotides and
the Cap Analogue or NTP for eIF-3 Binding Sites. We
measured the affinity of the cap analogue m’GTP and the
NTPs GTP and ATP and the nonhydrolyzable analogue
AMP-PNP for elF-3, and determined how this binding affects
the affinity of the rabbit a-globin mRNA oligoribonucleotide
I for eIF-3. The K, values for the binding of these cofactors
to eIF-3 are given in Table I. These K, values are approx-
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Table II: Summary of K, and AG®; v Values for the Interaction of ¢IF-3 and Oligoribonucleotide I in the Presence of Varying Amounts of

m’GTP, GTP, ATP, and AMP-PNP<

m’GTP GTP

ATP AMP-PNP

concn (M) Ky AG®3 MmN L

AG®; My

K

eq AGoi!,MN

Ko AG®3 N

0 232 £0.15
2
5

10

20

232 £0.15
317 £0.13
8.39 £ 0.25
6.40 £ 0.83
3.71 £ 0.37

-0.18
-0.76
-0.60
-0.28

4.19 £ 0.33
571 £0.21
5.02 £ 041

-0.35
-0.53
—0.48

232 +0.15 232 £0.15
3.38 £0.44
6.29 + 0.25
3.76 £ 0.26

-0.23
-0.59
—0.28

420 £0.17
4.67 £ 0.59
1.91 £ 0.38

-0.35
-0.42
+0.12

< All solutions in buffer A, pH 7.6; K., values are reported in 10~ M™!, and AG®;yy values are reported in keal/mol.

imately 6-20-fold lower than the values reported for the
mRNA oligoribonucleotide analogues (Table I) and are subject
to greater error due to the lower relative affinity of these
cofactors for eIF-3.

m’GTP binds to eIF-3 with approximately 1.8-fold lower
affinity than GTP. This suggests that the m’G moiety does
not specifically affect the mRNA-eIF-3 interaction, in
agreement with the results obtained with the mRNA oligo-
ribonucleotide analogues (Table I). ATP binds ¢IF-3 with
approximately 3-fold lower affinity than GTP (Table I). This
difference may be attributed to the differences in stacking
interactions of guanosine and adenosine with aromatic amino
acid residues in eIF-3, since guanosine has been shown to
possess greater polarizing power than adenosine, and therefore
guanosine is capable of stronger stacking interactions (La-
waczek & Wagner, 1974). The affinity of the fluorescent ATP
analogue e-ATP for eIF-3 was also measured. The change
in fluorescence intensity of the e-ATP maximum at 412 nm
can be utilized to monitor the direct binding of e-ATP to elF-3.
The K., value obtained from the Eadie-Hofstee plot con-
structed from these data reflects and binding event from the
NTP perspective; if this K., value correlates with the value
obtained from monitoring the change in eIF-3 fluorescence,
then the same single binding event is being monitored. The
K, value obtained for the e-ATP eIF-3 interaction is only
slightly (1.6-fold) greater than the K, value for the corre-
sponding ATP-eIF-3 interaction obtained from protein
fluorescence data. This suggests that a single binding event
is being monitored. In order to further confirm this point,
Scatchard plots of these data were constructed; these plots were
linear, suggesting that eIF-3 possesses either a single binding
site or multiple identical binding sites for NTP binding (data
not shown).

The spectrophotometric method of Secrist et al. (1972) was
used to monitor the ATP hydrolysis activity of eIF-3; the
results of this assay showed that eIF-3 did not hydrolyze ATP.
In order to confirm this result, the affinity of the non-
hydrolyzable ATP analogue AMP-PNP for eIF-3 was mea-
sured. AMP-PNP was found to bind elF-3 1.4- and 2.3-fold
more strongly than e-ATP and ATP, respectively (Table I);
this result suggests that ATP hydrolysis is not involved in the
mRNA binding process, since the values are not significantly
different when the experimental error is taken into account.

Competition experiments between m’GTP, GTP, ATP or
AMP-PNP, and oligoribonucleotide I for eIF-3 were also
performed. The K, values obtained at different NTP con-
centrations are plotted in Figure 3, and the values are given
in Table II. At concentrations of <10 uM, all of these co-
factors enhance the binding of the oligoribonucleotide to ¢IF-3
and then inhibit the interaction at higher concentrations
(Figure 3). m’GTP shows a 3.6-fold enhancement of oligo-
ribonucleotide binding to eIF-3 at 5 uM concentration; GTP,
ATP, and AMP-PNP all enhance oligoribonucleotide binding
to elF-3 (2.5-, 2.7-, and 2.0-fold, respectively), but at 10 uM
concentration.
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FIGURE 3: Binding of oligoribonucleotide I to eIF-3 in the presence

of various concentrations of m’GTP (@), GTP (0), ATP (a), and
AMP-PNP (4).
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In order to determine the degree of cooperativity of the
NTP, oligoribonucleotide, and eIF-3 interaction, coupling free
energies were calculated according to the method of Weber
(1975). The details of the calculation have been described in
detail elsewhere (Goss et al., 1984, 1990; Carberry & Goss,
1991b), and the values calculated for AG®; yy are given in
Table II. AG®°; yy provides an estimate of how the binding
of the NTP (denoted N) to eIF-3 (denoted 3) affects the
subsequent binding of the oligoribonucleotide I (denoted M)
to eIF-3; negative values indicate cooperative interactions while
positive values reflect anticooperativity. The AG®;yy values
obtained for these interactions are small and negative, indi-
cating that there is a small degree of cooperativity between
the NTP and oligoribonucleotide binding to eIF-3.

Lineweaver-Burk plots were constructed from the
fluorescence data (data not shown). These plots all cross above
the positive x axis, and are therefore diagnostic for a partially
uncompetitive mechanism of interaction in which a cofactor
both activates and inhibits substrate binding (Dixon & Webb,
1979). The coordinates of the crossover point for the plots
of the m’GTP oligoribonucleotide I-eIF-3 interaction are
similar to those involving GTP, and the coordinates of the
crossover point for the plots of the AMP-PNP-oligoribo-
nucleotide I-eIF-3 interaction are similar to those involving
ATP. However, the crossover points are closer to the y axis
(i.e., at lower oligoribonucleotide concentrations) for the in-
teractions involving GTP than those involving ATP, suggesting
that ATP (or AMP-PNP) is a better competitive inhibitor of
oligoribonucleotide binding to eIF-3 than GTP (or m’GTP).

DiscussIioN

This study has used direct fluorescence titration experiments
to characterize the interaction between mRNA oligoribo-
nucleotides and e¢IF-3. The thermodynamic data suggest that
electrostatic interactions are primarily involved in the
mRNA-eIF-3 binding. The difference in affinity of the
hairpin-containing oligoribonucleotide I and linear oligoribo-
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FIGURE 4: Schematic diagram for the interaction of eIF-3, eIF-4F,
mRNA, and NTP. The binary mRNA-eIF-4F and eIF-3-NTP

complexes combine to form a complex consisting of eIF-3, eIF-4F,
mRNA, and possibly NTP.

nucleotide IT may therefore be attributed to differences in the
electrostatic interactions between the mRNA analogue and
elF-3: the linear oligoribonucleotide is capable of more surface
contact with eIF-3 and subsequently binds more tightly than
the hairpin-containing analogue. The steric bulk of the hairpin
may diminish the number of contacts between the mRNA
analogue and elF-3, resulting in lower binding affinity.

Several groups have previously shown that eIF-3 can interact
with the m’G cap of mRNA (Sonenberg & Shatkin, 1977;
Sonenberg et al., 1979; Setyono et al., 1984) or cross-link to
mRNA photoaffinity analogues (Rychlik et al., 1991). The
data presented here indicate that although eIF-3 does interact
with the m’G moiety, this interaction is not m’G-specific: the
uncapped and capped linear oligoribonucleotides both bind
with equal affinity to eIF-3, with a similar trend observed for
m’GTP and GTP (Table I). Therefore, we conclude that the
eIlF-3-mRNA interaction is primarily not cap-specific.

The results of the competition experiments may be used to
develop a model for the interaction of mMRNA with eIF-3. The
Lineweaver—Burk plots were found to be diagnostic for a
partially uncompetitive mechanism of interaction [see, e.g.,
Dixon and Webb (1979)]. This mechanism suggests that there
is a preferred order of interaction. At low NTP concentrations
(210 uM), the NTP binds first to eIF-3; this binding process
may result in conformational changes in elF-3, which subse-
quently enhances the binding of the oligoribonucleotide to
elF-3. At greater NTP concentrations, the NTP can poten-
tially fill the oligoribonucleotide binding site(s) on eIF-3 and
therefore act as a competitive inhibitor of oligoribonucleotide
binding, thereby decreasing the apparent K., value. Scatchard
plots of the data for the various NTP eIF-3 interactions were
found to be linear, indicating either that there is a single
binding site on eIF-3 which accommodates both the NTP and
the oligoribonucleotide or that there are multiple identical
binding sites. The data presented in this study cannot dis-
tinguish between these two possibilities; however, in either case,
the coupling free energies calculated from the K, data suggest
that this interaction is cooperative.

The data presented here support a model which may be
summarized as follows (Figure 4). First, two binary com-
plexes form, one of which is eIF-3:NTP; the second is
mRNA-eIF-4F [or mRNA-eIF-(is0)4F]. These two binary
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complexes then interact to form a complex of eIF-3.
mRNA-eIF-4F and, possibly, NTP. This model is based on
the fact that we have previously shown than the binding of
elF-4F to mRNA is likely to precede the binding of eIF-3,
since the formation of the eIF-4F-mRNA complex prior to
elF-3 binding results in a 2-3-fold enhancement of eIF-3
binding (Carberry & Goss, 1991b). The binding of NTP to
eIF-3, which may result in a conformational change in eIF-3,
enhances the subsequent binding of the binary elF-4F-mRNA
complex to eIF-3 by 2-4-fold. Therefore, it may be concluded
that the presence of the NTP assist in the binding of the
mRNA to eIF-3 which, in turn, positions the mRNA for
interaction with the ribosome.
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