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ABSTRACT: Most eukaryotic mRNAs contain a 5′ cap (m7GpppX) and a 3′ poly(A) tail to increase
synergistically the translational efficiency. Recently, the poly(A) binding protein (PABP) and cap-binding
protein, eIF-4F, were found to interact [Le et al. (1997)J. Biol. Chem. 272, 16247-16255; Tarun and
Sachs (1996)EMBO J. 15, 7168-7177]. These data suggest that PABP may exert its effect on translational
efficiency either by increasing the formation of initiation factor-mRNA complex or by enhancing ribosome
recycling. To investigate the functional consequences of these interactions, the fluorescent cap analogue,
ant-m7GTP, which is an environmentally sensitive fluorescent probe [Ren and Goss (1996)Nucleic Acids
Res. 24, 3629-3634] was used to investigate the cap-binding affinity. Our data show that the binding of
eIF-(iso)4F or eIF-4F to cap analogue enhanced their binding affinity toward PABP approximately 40-
fold. Similarly, the eIF-4F/PABP or eIF-(iso)4F/PABP complexes show a 40-fold enhancement of cap
analogue binding as compared to eIF-4F or eIF-(iso)4F alone. At least part of the enhancement of the
translational initiation by PABP can be accounted for by direct changes in cap-binding affinity. The
interactions of these components also suggest a mechanism whereby the poly(A) tail is brought into close
proximity with m7G cap. This effect was examined by fluorescence energy transfer, and it was determined
that the PABP/eIF-4F complex could bind both poly(A) and 5′ cap simultaneously.

In most eukaryotes, mRNA is required to have both a 5′
cap (m7GpppX)1 and a poly(A) tail for efficient translation
and message stability (1-6). These two elements act
synergistically to increase translational efficiency, and recent
evidence suggests that they communicate during translation
(7-9). The cap serves as the binding site for initiation
factors eIF-4F and eIF-(iso)4F, an isozyme form of eIF-4F
present in higher plants. The small subunit of eIF-4F (eIF-
4E) recognizes the cap structure. eIF-4F interacts with the
poly(A) binding protein (PABP) through the 4G subunit, the
larger subunit of eIF-4F or eIF-(iso)4F. The cap-associated
proteins have a very high binding affinity (nM) for PABP
in the absence of poly(A) in the wheat germ system (9) but
require poly(A) in yeast (8). The synergistic effects on
translational efficiency may result directly from increased
cap affinity of the complex, from efficient recycling of
ribosomes, or from a combination of both of these mecha-
nisms. Earlier work (9) has shown that PABP interaction
with the cap-binding proteins enhanced the affinity for poly-
(A). This leaves unanswered the question of how interactions
at the 3′ end of the mRNA increase translational efficiency.
Does PABP also increase the affinity of initiation factors
for the cap at the 5′ terminus of mRNA, and if so, is the
protein complex of PABP and eIFs capable of binding both
the cap and poly(A) simultaneously? Simultaneous binding

of both ends of the mRNA is necessary if looping of the
mRNA occurs and plays a role in enhancement of translation.
To understand the mechanism of translational enhance-

ment, we have investigated the binary and ternary interactions
among the various proteins, m7G cap analogue, and poly-
(A) using fluorescence spectroscopy. The data analysis
quantitates the interactions of cap-associated proteins and
PABP. These quantitative results have allowed us to
determine the binding affinity of the cap-protein complex
for PABP and the effects of PABP on the cap-binding affinity
of eIF-4F and eIF-(iso)4F. PABP increased the cap-binding
affinity of both proteins by approximately 40-fold. Further-
more, fluorescence energy transfer experiments demonstrate
that the protein complex is capable of binding both cap and
poly(A) simultaneously. These results suggest the possibility
of RNA looping as a means of translational enhancement
and that the synergistic effect of PABP on protein synthesis
can be accounted for at least partially by a direct effect on
cap affinity of the initiation factors.

EXPERIMENTAL PROCEDURES

Materials. m7GTP was purchased from Sigma (St. Louis,
MO). Nuclease P1 and poly(A) were purchased from
Pharmacia Biotech (Uppsala, Sweden). The synthesis of ant-
m7GTP was carried out as described previously (10). The
preparation of PABP followed the procedure of Le et al. (9)
and Yang and Hunt (11). The eIF-4F and eIF-(iso)4F were
prepared as described elsewhere (12, 13). The concentration
of ant-m7GTP was determined spectrophotometrically using
an absorption coefficient ofε332 ) 4600 M-1 cm-1. Poly-
(A)30 was prepared by heating 10 mg of poly(A) in the
presence of 21 units of Nuclease P1 at 37°C, followed by
phenol extraction, dialysis, and electrophoresis in 15%
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polyacrylamide gel containing 6.0 M urea and a running
buffer containing 0.09 M Tris-borate and 0.002 M EDTA.
The gel was examined under UV light. The desired length
of poly(A) was compared with oligonucleotide markers. The
poly(A)30was cut from the gel, and this gel slice was crushed
and eluted with buffer containing 10 mM Tris, pH 8.0, and
0.1 mM EDTA. The 3′-labeling of poly(A)30 followed the
procedure of Odom et al. (14) with some modifications. All
reactions were carried out in the dark. Oligonucleotide was
oxidized at the 3′ end by incubation with 0.09 M sodium
periodate in 0.1 M sodium acetate, pH) 6.0, for 1 h at 37
°C. The reaction was terminated by the addition of KCl.
The KIO4 precipitate was removed by centrifugation at 5000g
at 4°C for 10 min. The supernant was dialyzed against 0.1
M sodium acetate, pH 6.0, at 4°C. The sample was
incubated with 1 mM fluorescein thiosemicarbazide at 37
°C for 2 h. At the end of the incubation, the sample was
purified by Sephadex G-25 column chromatography. All
samples were dialyzed against buffer A (25 mM Tris, 100
mM KOAc, 1 mM CaCl2, 1 mM DDT, 1 mM EDTA, 1 mM
MgCl2, pH ) 7.6) and passed through a 0.22-µm filter
(Millipore, MA) before the spectroscopy measurements were
performed. Protein concentrations were estimated by the
method of Bradford (15) using a Bio-Rad protein assay
reagent (Bio-Rad Laboratories, CA).
Spectroscopy Measurements.Absorbance measurements

were obtained using a Cary-3 double-beam UV/VIS spec-
trophotometer. Fluorescence spectra were recorded on a
Spex Fluorologτ2 spectrofluorometer equipped with excita-
tion and emission polarizers. All measurements were
performed at 20°C. For all equilibrium measurements, at
least three titrations were performed, and for fluorescence
energy transfer, three reproducible results were obtained. The
variation in values for equilibrium constants from different
titrations were within 6%.
For measurements of protein-protein interactions, com-

plex formation was studied by monitoring changes in intrinsic
protein fluorescence. To maximize the signal, the excitation
wavelength was chosen to be 265 nm and emission signal
was detected with a cuton filter (50% transmission at 305
nm). Since no emission monochromator was used, the
fluorescence intensity change due to fluorescence polarization
did not need to be considered. The signal was corrected for
light scattering by measuring the buffer under the same
conditions. The excitation band-pass was chosen to eliminate
photobleaching, and the linearity of fluorescence intensity
with protein concentration was determined. For each data
point, three samples were prepared. The fluorescence
intensity of a solution containing 100 nM PABP was
measured. A second sample with a specific amount of cap-
binding protein was also measured, and the corrected
intensities of the two samples were summed together (Fs).
A third sample containing the same amount of PABP and
cap-binding protein mixed together was incubated at 20°C
for 20 min, and the corrected fluorescence intensity for this
complex was obtained (Fc). The difference in fluorescence
intensity related to the complex was defined as∆F ) Fc -
Fs. The details of the fitting are described elsewhere (16,
17).
For protein-nucleic acid interactions, the excitation

wavelength for ant-m7GTP was 332 nm and emission was
monitored at 420 nm. The excitation slits were chosen to

avoid photobleaching, and the absorbance of the sample at
the excitation wavelength was less than 0.02 to minimize
the inner-filter effect. Emission spectra were corrected for
wavelength-dependent lamp intensity and monochromator
sensitivities. Steady-state fluorescence anisotropy was mea-
sured using an L-format detection configuration. The
excitation band-pass was 8.5 nm, and the emission band-
pass was 17.0 nm. All samples were incubated at least 15
min at 20°C before data were collected.
Phase-demodulation lifetime measurements were carried

out using a 0.1% (w/w) glycogen suspension in water with
a reference lifetime of 0.0 ns. The emission polarizer was
placed at a magic angle (54°) to correct for the different
sensitivities of the polarized light on the photomultiplier tube
and the monochromator.
To determine if energy transfer occurred between the cap-

binding analogue and poly(A) when bound to the protein
complex, 150 nM ant-m7GTP, 50 nM eIF-4F, 50 nM PABP,
and 50 nM 3′-fluorescein-poly(A)30 were mixed together for
complex formation with the absorbance at the excitation
wavelength of less than 0.02. The fluorescence intensity
(FD,A) from 380 to 600 nm was recorded. Unlabled m7GTP
and poly(A)30 were used as controls since they have almost
identical binding affinity as compared with ant-m7GTP and
3′-fluorescein-poly(A)30, respectively. The fluorescence
signal from donor (FD) in the absence of acceptor was
determined using 150 nM ant-m7GTP, 50 nM eIF-4F, 50
nM PABP, and 50 nM poly(A)30. The fluorescence signal
from acceptor (FA) at this excitation wavelength was obtained
using 150 nM m7GTP, 50 nM eIF-4F, 50 nM PABP, and 50
nM 3′-fluorescein-poly(A)30. Comparison of the spectra
obtained from the mixture of both donor and acceptor with
the spectra obtained from the sum of individual fluorescence
intensities of controls allowed detection of fluorescence
energy transfer. The spectral overlap integral,J, of the
emission spectra of the donor and the absorption spectra of
the acceptor was calculated according to

whereFD(λ) is the fluorescence spectrum of the donor and
εA(λ) is the molar absorptivity of the acceptor on a
wavelength scaleλ. The Förster distance,Ro, between two
dyes was not calculated becauseκ2, a function of the relative
orientation of the dyes, could not be measured directly and
the orientation was unlikely to be random.
Data Analysis. The equilibrium constant (Ka) for the

binding of ant-m7GTP with eIFs

is defined by

where [eIF], [cap*], and [cap*‚eIF] are the equilibrium
concentrations of the unbound protein, ant-m7GTP, and ant-
m7GTP/protein complex, respectively.
The fluorescence anisotropy,r, is defined as

J)
∫FD(λ)εA(λ)λ2 dλ

∫FD(λ)λ-2 dλ

eIF+ cap*S [cap*‚eIF]

Ka )
[cap*‚eIF]
[cap*][eIF]

(1)
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whereG is a factor that accounts for the polarization bias of
the detection system:

whereIHV andIHH are fluorescence intensity measured with
horizontal excitation polarization and with the emission
polarizer aligned either vertically or horizontally, respec-
tively.
In a mixture of eIF and ant-m7GTP, the average anisotropy

is related to the fraction of the total fluorophore that is bound
(fb) by

whereR) Qb/Qf is the ratio of quantum yield of the bound
and the free ant-m7GTP. r, r f, and rb are the anisotropy
values of the mixture, the free ant-m7GTP, and the totally
bound ant-m7GTP. It can be shown that the measured
anisotropy is related to the total concentration of eIF by

where

[cap*]T, [eIF]T, andK were the total concentration of ant-
m7GTP, protein, and the equilibrium association constant,
respectively.
Multifrequency phase and modulation data were analyzed

by fitting to a sum of exponentials using the Globals
Unlimited program (Urbana, IL).
The measurement of relative quantum yield,Q, of fluo-

rophore was calculated by comparison to a standard whose
quantum yield is known (18):

wherex represents the unknown species,s represents the
standard,I is the integrated amount of fluorescence, andA
is the absorbance at the excitation wavelength. Disodium
fluorescein in 0.01 N NaOH,Q ) 0.92 (19), was used as a
standard.

RESULTS

Recently, the binding affinities of cap-associated proteins,
eIF-4F, eIF-(iso)4F, and eIF-4B, for PABP were determined
(9). The data showed the dissociation constants (Kd) were
less than 40 nM for eIF-4F and eIF-(iso)4F. For eIF-4B,
theKd was approximately 15 nM. To determine the binding
affinities quantitatively, more dilute protein solutions were
used. A cuton filter (50% transmission at 305 nm) was used

in place of an emission monochromator to monitor the
fluorescence signal. The titration curve in Figure 1 shows
the difference in fluorescence intensity between the protein-
protein complex and the sum of individual fluorescence
intensities. The binding curve extrapolates to 1:1 stoichi-
ometry for the two proteins. As a further control, BSA was
used to test for nonspecific binding. The fluorescence signal
did not show significant change upon addition of BSA (data
not shown). TheKd values obtained from data fitting of three
curves for the two cap-binding proteins, eIF-4F and eIF-
(iso)4F, interacting with PABP are shown in Table 1 (K2 in
Table 1 and Scheme 1). The initiation factor, eIF-4A, which
does not bind to the cap region showed no interaction with
PABP as reported earlier (9).
The fluorescence intensity and maximum emission wave-

length of the cap analogue, ant-m7GTP, increased when
bound to eIF-4F or eIF-(iso)4F (10). The corrected fluo-
rescence spectra for this free cap analogue showed an
excitation maximum at 332 nm and emission maximum at
420 nm (10). The anisotropy ranged from 0.03 for unbound

r )
IVV - GIVH
IVV + 2GIVH

(2)

G)
IHV
IHH

fb )
r - rf

(rb - r)R+ (r - rf)
(3)

r )
arbR- arf + rf
1+ a(R- 1)

(4)

a) (K[cap*]T + K[eIF]T + 1-

x(K[cap*]T + K[eIF]T + 1)2 - 4K2[cap*]T[eIF]T)/

2K[cap*]T

Qx )
IxQsAs
IsAx

FIGURE 1: Solution of 100 nM PABP was titrated with purified
eIF-(iso)4F (circles) and eIF-4F (triangles). The difference between
the fluorescence intensities for the combined proteins and the sum
of fluorescence intensities of the individual proteins was plotted
as a function of the concentration of eIF-(iso)4F or eIF-4F.

Table 1

interactions K1
a (µM) K2 (nM) K3 (nM) K4 (µM)

ant-m7GTP/eIF-
(iso)4F/PABP

8.93( 1.04 4.3( 1.9 0.099( 0.045 0.21( 0.09

ant-m7GTP/eIF-
4F/PABP

4.69( 0.33 9.1( 4.1 0.23( 0.05 0.12( 0.06

a K represents the dissociation constant. See Scheme 1 for detail of
interactions.

Scheme 1

1912 Biochemistry, Vol. 37, No. 7, 1998 Wei et al.



fluorophore to 0.12 for ant-m7GTP/eIF-(iso)4F (Figure 2).
The ant-m7GTP/eIF-4F complex had an anisotropy value of
0.16. By fitting the data according to eq 4, theKd values
(K1 in Table 1 and Scheme 1) were calculated to be 8.93(
1.04 µM for ant-m7GTP/eIF-(iso)4F and 4.69( 0.07 µM
for ant-m7GTP/eIF-4F (Figure 2). These data are similar to
those obtained for m7GpppG binding (20), which is consistent
with the fact that most nucleotide-binding proteins are
sensitive to structural variations in the purine ring, but
modifications of the ribose moiety have little effect on
binding affinity (21-23). The characteristic anisotropy of
the ant-m7GTP/eIF-4F complex was higher than that of the
ant-m7GTP/eIF-(iso)4F complex because the eIF-4F has the
almost twice the molecular weight of eIF-(iso)4F (246 kDa
as compared to 114 kDa) while the fluorescence lifetimes
of the complexes were similar. The observed steady-state
anisotropy depends on the correlation time (tc) of the
fluorophore and its lifetime (24). Free ant-m7GTP has a
fluorescence excited-state lifetime of 2.0 ns (Figure 3).
Lifetime measurements on the ant-m7GTP/eIF-(iso)4F showed
a longer lifetime of 6.8 ns attributable to the protein complex.
The ant-m7GTP/eIF-4F complex has a shorter lifetime of 5.0
ns. The fluorescence enhancement and longer lifetime of
the protein-bound form of ant-m7GTP may be due to the
formation of hydrogen bond(s), which stabilize its charge-
transfer excited state, or the cap-binding pocket may be a
more hydrophobic region (25). The recent X-ray crystal
structure of murine eIF-4E (26) indicates that 7-methyl G
recognition is mediated by the guanosine base interaction
between two conserved tryptophans plus formation of three
hydrogen bonds and a van der Waals interaction between
its N-7 methyl group and a third conserved tryptophan. The
ribose of the cap is located in a hydrophobic region, which
may allow the nonprotonated chromophore of the ant-m7-
GTP to enter the binding pocket. Stabilization of the polar
excited state would result in a longer lifetime.
It has been previously reported (7) that eIF-(iso)4F, eIF-

4F, and eIF-4B bound to the mRNA poly(A) tail. The size
of the binding sites of eIF-4F and eIF-4B were estimated to
be 25 bases in a buffer containing 150 mM KCl (27). From
the packing density measurement, PABP was also found to

bind 25 A residues per molecule (28). To determine whether
the cap and poly(A) tail were bound to separate sites on this
protein complex, energy transfer experiments were per-
formed. The fluorescence probe, fluorescein, was attached
to the 3′ end of poly(A)30. The spectral overlap between
fluorescence emission of ant-m7GTP and absorbance of
fluorescein labeled poly(A) (Figure 4) allowed fluorescence
energy transfer to be monitored. Titration of 3′-fluorescein-
poly(A)30 with eIF-4F and PABP showed no significant
fluorescence intensity changes, but an anisotropy change was
observed indicating formation of a nucleic acid-protein
complex. As a control, m7GTP and unlabeled poly(A)30were
used. Figure 5 shows the spectrum obtained from the com-
plex, ant-m7GTP/eIF-4F/PABP/3′-fluorescein-poly(A)30 and
the spectrum from the sum of the spectra for m7GTP/eIF-
4F/PABP/3′-fluorescein-poly(A)30 and ant-m7GTP/eIF-4F/
PABP/poly(A)30. Essentially the same results were obtained
with three different experiments using two different PABP
preparations. The fluorescence quenching at 420 nm and
enhancement at 510 nm demonstrated that eIF-4F/PABP

FIGURE 2: Titration of ant-m7GTP with eIF-4F (triangles) and eIF-
(iso)4F (squares). Titrations were performed in buffer A. Concen-
tration of ant-m7GTP was 0.3µM. Complex formation was
monitored by steady-state anisotropy. The solid line presents the
best fit of the data to eq 4.

FIGURE 3: Phase and modulation values as a function of frequency
for ant-m7GTP bound to eIF-(iso)4F. ant-m7GTP alone (triangles):
The solid line was fitted as a one-exponential decay with a lifetime
of 2.0 ns. ant-m7GTP and eIF-(iso)4F (squares): The solid line
corresponds to a two-exponential component fit of the data with
lifetimesτ1 ) 1.98 ns andτ2 ) 6.93 ns having a fractional amplitude
f1 ) 0.513 andf2 ) 0.487. ant-m7GTP and eIF-4F (circles): The
solid line representsτ1 ) 2.01 ns andτ2 ) 5.04 ns having a fraction
amplitudef1 ) 0.404 andf2 ) 0.596.

FIGURE 4: Spectral overlap of absorption spectrum (thick line) of
3′-fluorescein-poly(A)30 and emission spectrum (thin line) of ant-
m7GTP in the buffer A. For presentation, absorbance and fluores-
cence were normalized to have the same maximum values.
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bound both fluorescent cap analogue and fluorescent poly-
(A) simultaneously. At these concentrations, the two proteins
will be present almost entirely as a complex. The cap ana-
logue, however, will have some fluorophore unbound. This
may partially explain the efficiency of the energy transfer.

For ternary ant-m7GTP/eIF-(iso)4F/PABP and ant-m7GTP/
eIF-4F/PABP studies, steady-state fluorescence spectra were
examined. Figure 6 shows the emission spectra of different
ant-m7GTP complexes excited at 332 nm. The ant-m7GTP,
when excited at 332 nm, shows a maximum fluorescence
intensity at 420 nm. Upon addition of PABP, no fluores-
cence intensity change was observed, indicating that no
interaction between this cap analogue and PABP occurred.
This result was confirmed using anisotropy and lifetime
measurements (data not shown), which also do not show any
change upon addition of PABP. Fluorescence intensity was

enhanced and the emission wavelength maximum shifted
when eIF-(iso)4F was added to the cap analogue. Under
conditions where concentrations of eIF-(iso)4F and PABP
are larger than the concentration of cap analogue, no
significant fluorescence intensity difference between cap
analog/eIF complex and cap analog/eIFs/PABP complex was
observed. The lifetime analysis on this ternary system could
be fitted as two-exponential decay with the same results as
ant-m7GTP/eIF-(iso)4F system (one short lifetime for ant-
m7GTP and a longer lifetime for the protein complex).
Similar results were obtained for the cap analog/eIF-4F/
PABP complex. This suggested that the microenvironment
of the cap analogue was similar in the cap analog/eIF and
the cap analog/eIF/PABP complexes.
A typical binding isotherm can be developed as described

elsewhere (29). For a simple binary reaction:

Equation 5 can be solved for association constant (K) and
where cap*, eIF, and cap*‚eIF are free fluorescent ant-m7-
GTP, cap-binding protein, and ant-m7GTP/eIF complex,
respectively. [cap*]T and [eIF]T are the total concentrations
of ant-m7GTP and protein, respectively.F is the measured
value of the fluorescence intensity at any point in the titration;
F0 andF1 are the fluorescence intensities at the start and at
the end of the titration. Thus,K can be obtained by fitting
the experimental data using nonlinear regression analysis.
In principle, any one point will give aK value if the initial
and final points are known, there is therefore considerable
redundancy in the data fitting.
For the ternary system, the fluorescence data were treated

analogously. Binding of eIFs to PABP in the presence of
cap analogue can be described as shown in Scheme 1. From
our previous data, PABP does not bind to the cap analogue
under these conditions.K1 andK2 are dissociation constants
for ant-m7GTP/eIF and eIF/PABP, respectively.K3 andK4

are dissociation constants for cap analogue/eIFs to PABP
and eIFs/PABP to cap analogue, respectively. Thermody-
namically,K1K3 ) K2K4. In accordance with Scheme 1, the
apparent association constant (Kapp) is derived as follows:

where [PABP] was the concentration of free PABP andF2

FIGURE 5: Fluorescence energy transfer. The solid line is the
measured fluorescence intensity of ant-m7GTP/eIF-4F/PABP/3′-
fluorescein-poly(A)30. The broken line is the sum of the fluorescence
spectra for m7GTP/eIF-4F/PABP/3′-fluorescein-poly(A)30 and ant-
m7GTP/eIF-4F/PABP/poly(A)30. The increase in acceptor fluores-
cence at 510 nm and corresponding decrease in fluorescence at
420 nm indicates energy transfer between the cap and poly(A) tail.
The concentration used for ant-m7GTP (m7GTP), eIF-4F, PABP,
and 3′-fluorescein-poly(A)30 (poly(A)30) were 150, 50, 50, and 50
nM, respectively.

FIGURE 6: Corrected fluorescence emission spectra of 25 nM ant-
m7GTP (pH 7.5) (a) ant-m7GTP alone, (b)+0.4 µM PABP, (c)
+0.02 µM eIF-(iso)4F, (d)+0.02 µM eIF-(iso)4F and 0.01µM
PABP, (e)+1.5µM eIF-(iso)4F, and (f)+1.5µM eIF-(iso)4F and
25 µM PABP. All samples were excited at 332 nm.

cap*+ eIFS cap*‚eIF

F )
KF1[eIF] + F0
1+ K[eIF]

(5)

[eIF] ) (-(1+ K[cap*]T - K[eIF]T) +

x(1+ K[cap*]T - K[eIF]T)
2 + 4K[eIF]T)/2K

Kapp)
([cap*‚eIF])+ (F2/F3)[cap*‚eIF‚PABP]

[cap*]([eIF] + [eIF‚PABP])

)

([cap*‚eIF])+ (F2/F3)[cap*‚eIF‚PABP]
[cap*][eIF]

[cap*]([eIF] + [eIF‚PABP])
[cap*][eIF]

)
(1/K1) + (F2/F3)(1/K1)(1/K3)[PABP]

1+ (1/K2)[PABP]
(6)
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andF3 are fluorescence intensities (integrated from 400 to
500 nm) of ant-m7GTP/eIF and ant-m7GTP/eIF/PABP com-
plexes, respectively. Under conditions where [PABP].
[cap*] and [PABP]. [eIFs], [PABP]) [PABP]T, where
[PABP]T was the total concentration of PABP. This equation
has only one variable,K3 or K4. Titration curves where 25
nM ant-m7GTP and 20µM PABP were titrated with eIF-
(iso)4F or eIF-4F are shown in Figure 7. The solid line
represents the best fit of the data for eq 5. TheKapp value
obtained was (5.02( 0.12)× 106 M-1 and (8.13( 0.24)×
106 M-1 for ternary cap ant-m7GTP/eIF-(iso)4F/PABP and
ant-m7GTP/eIF-4F/PABP system, respectively. Theoreti-
cally, from eq 6,Kapp is a function of [PABP]. By changing
the concentration of PABP, we could solve for all of theKd

values in Scheme 1 by nonlinear regression analysis without
individual binding measurements. However, limitations on
the amount of protein needed made this impractical. The
fitted values ofK3 for PABP dissociation from ant-m7GTP/
eIF/PABP complexes were in the nanomolar range, while
values ofK4 for ant-m7GTP dissociation from the ant-m7-
GTP/eIF/PABP complexes were in the micromolar range.
Increasing the concentration of PABP 2-fold did not alter
Kapp significantly (data not shown). This result was reason-
able considering theK1 andK2 values obtained from separate
titrations since any concentration of PABP used in the
micromolar range will be canceled out in eq 6. The exact
values ofKd for eIF-(iso)4F and eIF-4F are summarized
in Table 1. The presence of cap analogue enhances the
binding eIF to PABP approximately 40-fold. The binding
affinities of the eIF/PABP complexes to cap analogue were
enhanced approximately 40-fold as compared to the affinity
of cap-binding proteins alone. The two cap-binding proteins,
eIF-4F and eIF-(iso)4F behaved very similarly. In both
cases, the presence of PABP enhanced cap-binding affinity
and the presence of the cap-enhanced protein complex
formation.

DISCUSSION

PABP has known RNA binding motifs, but here we have
demonstrated protein-protein interactions as well as the

effects of these interactions on cap-binding affinity. PABP
has been shown to influence translation, but the mechanism
is unclear. Direct fluorescence titrations demonstrated that
the interaction of PABP with eIF-4F and eIF-(iso)4F increase
the cap binding affinity by an order of magnitude.
Fluorescence energy transfer studies on these cap-binding

proteins/PABP complex indicate that they have different
binding sites for the 5′ cap and 3′ poly(A) tail. Even though
cap analogue binds to eIF-4F or eIF-(iso)4F with aKd

of 4-9 µM, in the presence of PABP, cap binding is
enhanced 40-fold. Similarly, cap bound to cap-binding
protein will enhance the binding to PABP. Since cap
analogues have been demonstrated by CD analysis to induce
a conformational change in eIF-(iso)4F (30), this may explain
the higher affinity of cap-eIF for PABP. The data presented
here support a model where eIF-4F, PABP, and cap are
involved in formation of an RNA complex, which is
summarized in Figure 8. The model shows the microenvi-
ronment of the cap to be similar in the ant-m7GTP/eIF-4F
and ant-m7GTP/eIF-4F/PABP complexes, since no signifi-
cant change in fluorescence intensity or lifetime measure-
ments occurred. The binding of cap to eIF-4F results in
conformational changes in eIF-4F, which subsequently
enhance the binding to PABP. eIF-4F bound to PABP may
have a conformation change in order to bring the nonpolar
domains together, which would subsequently enhance cap
binding.
The fact that PABP enhances the affinity of eIF-4F or eIF-

(iso)4F for the cap analogue is an interesting observation in
light of fact that PABP interacts with the 4G subunit (8, 9)
and not directly with the cap-binding subunit, 4E. These
results suggest that a conformational change is propagated
through the 4G subunit to the cap binding subunit, 4E.
Enhancement of translation by PABPmay be at least partially
accounted for by a direct effect on the cap affinity.
Additional enhancement may occur through a mechanism
whereby the 5′ and 3′ ends of mRNA interact and ribosomes
are more readily recycled.

FIGURE 7: Binding of eIF-(iso)4F (triangles) or eIF-4F (circles) to
PABP and ant-m7GTP. Concentrations of ant-m7GTP and PABP
were 25 nM and 20µM, respectively. The solid line represents the
best fit to eq 5. Excitation was at 332 nm, and fluorescence emission
was integrated from 400 to 500 nm. FIGURE 8: Schematic diagram for the interaction of ant-m7GTP,

eIF-4F, and PABP. The eIF-4F is presented as two subunits, eIF-
4G and eIF-4E.
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