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ABSTRACT: VPg of turnip mosaic virus (TuMV) was previously shown to
interact with translation initiation factor eIFiso4F and play an important role
in mRNA translation [Khan, M. A., et al. (2008) J. Biol. Chem. 283, 1340−
1349]. VPg competed with cap analogue for eIFiso4F binding and
competitively inhibited cap-dependent translation and enhanced cap-
independent translation to give viral RNA a significant competitive advantage.
To gain further insight into the cap-independent process of initiation of
protein synthesis, we examined the effect of PABP and/or eIF4B on the
equilibrium and kinetics of binding of VPg to eIFiso4F. Equilibrium data
showed the addition of PABP and/or eIF4B to eIFiso4F increased the binding affinity for VPg (Kd = 24.3 ± 1.6 nM) as
compared to that with eIFiso4F alone (Kd = 81.3 ± 0.2.4 nM). Thermodynamic parameters showed that binding of VPg to
eIFiso4F was enthalpy-driven and entropy-favorable with the addition of PABP and/or eIF4B. PABP and eIF4B decreased the
entropic contribution by 67% for binding of VPg to eIFiso4F. The decrease in entropy involved in the formation of the
eIFiso4F·4B·PABP-VPg complex suggested weakened hydrophobic interactions for complex formation and an overall
conformational change. The kinetic studies of eIFiso4F with VPg in the presence of PABP and eIF4B show 3-fold faster
association (k2 = 182 ± 9.0 s−1) compared to that with eIFiso4F alone (k2 = 69.0 ± 1.5 s−1) . The dissociation rate was 3-fold
slower (k−2 = 6.5 ± 0.43 s−1) for eIFiso4F with VPg in the presence of PABP and eIF4B (k−2 = 19.0 ± 0.9 s−1). The addition of
PABP and eIF4B decreased the activation energy of eIFiso4F with VPg from 81.0 ± 3.0 to 44.0 ± 2.4 kJ/mol. This suggests that
the presence of both proteins leads to a rapid, stable complex, which serves to sequester initiation factors.

Initiation of protein synthesis in cellular mRNA involves the
interaction of eIF4E (subunit of eIF4F) with the 5′-m7G cap

and the interaction of poly(A)-binding protein (PABP) with
the poly(A) tail,1 and the interaction of both proteins with
eIF4G (subunit of eIF4F). eIFiso4F, an isoform of eIF4F
present in higher plants,2,3 has two subunits, eIFiso4E and
eIFiso4G, and participates in similar interactions2,3 as eIF4F
subunits. eIF4G recruits eIF4A helicase and eIF3 multisubunit
factors, which simultaneously associate with the 40S ribosomal
subunit and promote mRNA translation.4 Wheat germ
eIFiso4F can substitute for mammalian eIF4F in an RNA-
dependent ATPase activity and in cross-linking of mammalian
eIF4A to the cap of oxidized mRNA.5 Wheat germ cap-
associated proteins have a very high affinity for PABP in the
absence of poly(A)6 but require poly(A) in yeast.7 Binding of
eIF4F, eIF4B, and eIF4A is believed to catalyze the efficient
unwinding of secondary structure in the 5′-untranslated region.8

In combination with PABPs, these factors promote the func-
tional circularization of mRNA necessary for efficient
translation.4,9−12 eIF4G and eIF4B not only individually
increase the binding affinity of PABP for poly(A) RNA but
also together exert a synergistic effect on PABP activity,6 which
indicates that the physical interaction among all three proteins
serves to stabilize their association with their respective binding
sites to improve their function during translation initiation.

Potyviruses have a small protein, viral protein linked to
genome (VPg), covalently attached to the 5′-end of mRNA
instead of an m7G cap structure. Potyviruses employ different
strategies for preferential translation of their mRNAs through a
cap-independent mechanism. It has been suggested that VPg
functions like the cap structure of eukaryotic mRNA, recruiting
initiation factors and 40S ribosomal subunits to viral mRNA in
preference to cellular mRNA.13,14 Interaction between VPg and
eIFiso4E is critical for viral infection.15−17 VPg interferes with
the cap binding ability of eIFiso4E, resulting in the interruption
of the formation of the translation initiation complex.18 VPg has
also been implicated indirectly in cell to cell movement of the
virus through plasmodesmata and more directly implicated by
mutagenesis in the long distance translocation of the virus.19−21

Additionally, VPg has been shown to be the avirulence factor
for recessive resistance genes in various plants.22,23 VPg has
several suggested roles in the virus life cycle. Interactions of
VPg with the viral RNA polymerase in yeast24,25 and in vitro26

support a role in viral RNA synthesis. These observations
suggest that interaction of VPg with eIFiso4F is an important
step in viral protein synthesis. Earlier studies13,14,18 have shown
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that VPg competes with binding of cap to eIFiso4F and VPg
and eIFiso4F form a stable complex. However, whether PABP
affects the binding of VPg with eIFiso4F as it does for binding
of m7G cap to eIFiso4F has not been established. To examine
the role of VPg in viral translation initiation, we further
investigated the effect of PABP and eIF4B on the equilibrium
and kinetics of binding of VPg to eIFiso4F. Addition of PABP
and eIF4B increased the binding affinity of eIFiso4F for VPg.
Thermodynamic studies showed a reduction in entropy for the
formation of the eIFiso4F·4B·PABP complex with VPg, sug-
gesting weakened hydrophobic interactions for complex forma-
tion and a conformational change propagated to the eIFiso4F
binding site. Further, the addition of PABP increased the
association rate and decreased the dissociation rate for the
binding of eIFiso4F and eIFiso4F·4B with VPg. Addition of
PABP decreased the activation energy of binding of VPg to
eIFiso4F. These results further support the importance of the
interaction of PABP and eIF4B with eIFiso4F and VPg for
efficient translation.

■ EXPERIMENTAL PROCEDURES
Materials. Glutathione Sepharose 4B and m7GTP-Sepharose

were purchased from Amersham Biosciences Co. Ltd. Ni-NTA
Superflow was purchased from Qiagen K.K. The HiTrap Mono-Q
column, HiTrap SP column, and PreScission Protease were
purchased from Amersham Pharmacia Biotech. Inc. The pET21a
and pET28a expression vectors were purchased from Novagen, an
affiliate of Merck Co. Ltd.
Preparation of Proteins. The TuMV full-length cDNA

clone and construction of the expression vector for VPg were
described previously.18,27 The recombinant proteins, eIFiso4E
and eIFiso4G, were expressed in Escherichia coli containing the
constructed pET3d vector in BL21(DE3) pLysS as described
previously.28 A HiTrap Mono-Q ion exchange and m7GTP-
Sepharose columns were used for the purification of eIFiso4E.
The fractions were analyzed by 12.5% sodium dodecyl sulfate−
polyacrylamide gel electrophoresis. A HiTrap SP column was
used to purify eIFiso4G as described previously.28 eIF4B was
expressed in E. coli containing the constructed pET3d vector in
BL21(DE3) pLysS as described previously.28,29 PABP was
expressed in E. coli containing the constructed pET19b vector
in BL21(DE3) pLysS as described previously.29,30 The purity of
protein was confirmed by 12% sodium dodecyl sulfate−
polyacrylamide gel electrophoresis with Coomassie Brilliant
Blue staining.
All protein samples were dialyzed against titration buffer [20 mM

HEPES/KOH (pH 7.6), 150 mM KCl, 1.0 mM MgCl2, and
1.0 mM DTT] and passed through a 0.22 μM filter (Millipore)
before the spectroscopy measurements were performed. The
samples were concentrated with a Centricon 10 (Amicon Co.)
as necessary. The concentrations of protein were determined
by a Bradford assay with bovine serum albumin as the
standard31 using a Bio-Rad protein assay reagent (Bio-Rad
Laboratories).
Steady State Fluorescence Analysis. Fluorescence

measurements were performed using a Spex Fluorolog τ2
spectrofluorimeter equipped with excitation and emission
polarizers. The formation of the protein−protein complex
was measured by direct protein fluorescence. The excitation
wavelength for eIFiso4F was 280 nm, and emission was
monitored at 332 nm. The excitation and emission slits were
set to 4 and 5 nm, respectively. The excitation slits were chosen
to prevent photobleaching, and the absorbance of the sample at

the excitation wavelength was <0.02 to minimize the inner filter
effect. Emission spectra were corrected for the wavelength-
dependent lamp intensity and monochromator sensitivities;
100 nM eIFiso4F and eIFiso4F complexes (eIFiso4F·4B,
eIFiso4F·PABP, and eIFiso4F·4B·PABP) were incubated with
varying concentrations of VPg (0.0−800 nM) in titration
buffer. For each data point, three samples were prepared. The
fluorescence intensity of a solution containing 100 nM
eIFiso4F or eIFiso4F complex was measured. A second sample
with a specific amount of VPg protein was also measured, and
the corrected intensities of the two samples were summed
together (Fs). A third sample containing the same amount of
eIFiso4F or eIFiso4F complex and VPg was mixed together,
and the corrected fluorescence intensity of this complex was
measured (Fc). The difference in fluorescence intensity related
to the complex was defined as ΔF = Fc − Fs. The normalized
fluorescence difference (ΔF/ΔFmax) between the eIF’s VPg
complex was used to determine the equilibrium dissociation
constant (Kd). A double-reciprocal plot was used for the
determination of ΔFmax. Details of the data fitting are described
elsewhere.13,32,33 Fluorescence intensities were corrected for
dilution, as needed, and for the inner filter effect; maximal
dilutions were <7%. Nonlinear least-squares fitting of the data
used KaleidaGraph version 2.1.3 (Abelbeck Software).
For formation of the complex of eIFiso4F with eIF4B and

PABP, Kd values
6,34 for these interactions were used to calculate

concentrations so that more than 90% of the eIFiso4F was in
complex (eIFiso4F·4B, eIFiso4F·PABP, and eIFiso4F·4B·-
PABP) at the lowest protein mixing concentration, 100 nM.
The molar ratio of eIFiso4F to eIF4B or PABP in the binding
reaction mixture was 1:10; the eIFiso4F:4B:PABP ratio was
1:10:30, and the concentrations were 1, 10, and 30 μM. eIF4B
and PABP were used in excess to ensure that eIF4B and PABP
formed a complex with eIFiso4F, as eIF4B and PABP showed
very low binding affinity for VPg. The samples were incubated
for 15 min prior to titration.
To study the temperature dependence of interaction of

eIFiso4F with VPg in the presence of eIF4B and PABP, the
samples were thermostatically adjusted at different temper-
atures. The temperature was measured using a thermocouple
device inside the cuvette.
Thermodynamic parameters, enthalpy (ΔH), entropy (ΔS),

and free energy (ΔG), of binding of eIFiso4F and eIFiso4F
complex to VPg were determined using the following
equations.

− = Δ − ΔK H RT S Rln / /eq (1)

Δ = −G RT Kln eq (2)

R and T are the universal gas constant and absolute
temperature, respectively. Keq, the association equilibrium
constant, was determined at different temperatures (5, 10, 15,
and 25 °C). ΔH and ΔS were determined from the slope and
intercept, respectively, of the plot of ln Keq versus 1/T. ΔG was
determined at 25 °C using eq 2.

Stopped-Flow Fluorescence Analysis. Stopped-flow
fluorescence measurements were performed on an Olis RSM
1000 stopped-flow system with a dead time of 1 ms. The
excitation wavelength was 280 nm, and the cut-on filter was 324
nm for eIFiso4F with VPg interactions. A reference photo-
multiplier was used to monitor fluctuations in lamp intensity.
The temperature of the flow cell and solution reservoirs was
maintained using a temperature-controlled circulating water
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bath. VPg binding induced a decrease in eIFiso4F or eIFiso4F
complex fluorescence. After 0.5 μM (final concentration of
0.25 μM) eIFiso4F or eIFiso4F complexes (eIFiso4F·4B,
eIFiso4F·PABP, and eIFiso4F·4B·PABP) had been rapidly
mixed with 5 μM (final concentration of 2.5 μM) VPg, the time
course of the fluorescence intensity change was recorded by
computer data acquisition. In each experiment, 1000 pairs of
data were recorded, and sets of data from five to seven shots
were averaged to improve the signal:noise ratio. Each averaged
set of stopped-flow fluorescence data was then fit to nonlinear
analytical equations using Global analysis software provided by
Olis. Data were fit to the single- and double-exponential
functions. Fitted curves correspond to the single-exponential
equation35

= Δ − + ∞F F k t Fexp( )t obs (3)

where Ft is the fluorescence observed at any time, t, the
fluorescence when the reaction achieves equilibrium, F∞, is the
final value of fluorescence, and kobs is the observed first-order
rate constant. For double-exponential fits, the kinetic data were
fit to the equation

= Δ − + Δ − + ∞F F k t F k t Fexp( ) exp( )t 1 obs1 2 obs2 (4)

where ΔF1 and ΔF2 are the amplitudes for the first and second
components of the two exponentials with rate constants of kobs1
and kobs2, respectively. The residuals were measured by the
differences between the calculated fit and the experimental data.
The derived rate constants were used to construct an Arrhenius
plot according to the equation

= − +k
E
RT

Aln lna
(5)

where k is the rate constant, Ea is the activation energy, and A is
the Arrhenius pre-exponential term. The activation energy was
calculated from the slope of the fitted linear plot of ln k versus
1/T (kelvin).
Measurements of Dissociation Rate Constants. To

measure the dissociation rate constants, eIFiso4F and eIFiso4F
complexes (eIFiso4F·4B, eIFiso4F·PABP, and eIFiso4F·4B·PABP)
with VPg were rapidly diluted 15-fold in a spectrofluorimeter
cuvette, and the resulting increase in fluorescence was measured.
Because of the high binding affinity of the protein−protein
complex, a large dilution, which could not be accomplished by
stopped-flow methods, was necessary. The concentrations of
the reactants before mixing were 10 μM VPg and 2 μM
eIFiso4F complex. The dissociation rates were determined from
fits of the appropriate equations to the data using nonlinear least-
squares fitting program KaleidaGraph version 2.1.3 (Abelbeck
Software).

■ RESULTS
PABP Enhances the Binding Affinity of eIFiso4F and

eIFiso4F·4B for VPg. We have previously13,14 shown that
eIFiso4F binds with VPg of turnip mosaic virus (TuMV). Here,
we examined the effects of eIF4B and PABP on the interaction
of eIFiso4F with VPg. PABP increased the binding affinity of
eIFiso4F for VPg ∼2.5-fold (eIFiso4F·PABP-VPg, Kd = 29.4 ±
2.0 nM; eIFiso4F-VPg, Kd = 81.3 ± 2.4 nM) at 25 °C (Figure 1).
eIF4B does not affect the binding affinity of eIFiso4F and VPg
(Table 1). The binding affinity of PABP alone (Kd = 1789 ±
97 nM) with VPg was much lower as shown in Table 1. On the
other hand, no interaction was observed between eIF4B and VPg

(Figure 2). The titration curves in Figures 1 and 2 show the
difference in fluorescence intensity between the protein−protein
complex and the sum of the individual fluorescence intensities.
From such analysis, the equilibrium binding constant can be
calculated for the interactions between eIFiso4F and eIFiso4F
complex with VPg (Table 1). eIFiso4F showed a strong
interaction with VPg in the presence of PABP and eIF4B. A
van’t Hoff plot of ln Keq versus the reciprocal of temperature
(T−1) was used to calculate the thermodynamic parameters,
entropy (ΔS) and enthalpy (ΔH) (Table 2 and Figure 3). The
values of ΔH and ΔS were obtained from the slope and
intercept, respectively. The van’t Hoff analyses showed that
binding of VPg to eIFiso4F·PABP, eIFiso4F·eIF4B, and
eIFiso4F·eIF4B·PABP is both enthalpy- and entropy-favorable.
The ΔG values (Table 2) at 25 °C were calculated from eq 4.
The ΔG values for the binding of eIFiso4F complexes with VPg
were similar; however, the data suggest different forces driving
the interaction. The eIFiso4F−VPg interaction is both enthal-
pically (77%) and entropically (24%) favorable, with a 53%
greater enthalpic contribution to ΔG at 25 °C. This suggests
hydrophobic interactions may play a role in binding either
directly with the VPg or through conformational changes in the
initiation factor complex. Addition of eIF4B has little effect on
the enthalpic and entropic contribution of binding of eIFiso4F to
VPg. PABP increases the enthalpic contribution ∼92% and
reduces the entropic contribution to ∼8% for binding of
eIFiso4F and eIFiso4F·4B to VPg. These data suggest that
poly(A)-binding protein induces a conformational change in the
protein complex, resulting in weakened hydrophobic interactions
and strengthened hydrogen bonding, which could increase the
specificity of the interactions.

PABP Increases the Kinetic Rate of eIFiso4F and
eIFiso4F·4B with VPg. Stopped-flow kinetics for the binding
of eIFiso4F with VPg has been previously determined.14 To

Figure 1. Poly(A)-binding protein enhances the binding affinity of
eIFiso4F for VPg. Fluorescence titrations of eIFiso4F (○), eIFiso4F·-
PABP (●), and PABP (□) with VPg by monitoring the intrinsic protein
fluorescence intensity. The initiation factor concentration was 100 nM in
titration buffer at 25 °C. The excitation and emission wavelengths were
280 and 332 nm, respectively. The curves were fit to obtain dissociation
constants (Kd) as described in Experimental Procedures. The solid lines
are the fitted curves. The eIFiso4F·PABP (1:10) complex were prepared
by incubation of 1 μM eIFiso4F and 10 μM PABP for 15 min at 4 °C,
and 90% of the protein sample was in complex form for the 100 nM
titration.
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examine the role of VPg in cap-independent viral translation,
we further investigated the kinetics of VPg with eIFiso4F in the
presence of eIF4B and PABP. Time course data were fit by
nonlinear regression analysis35 as a single exponential as de-
scribed in Experimental Procedures; a double exponential did
not improve fits. Addition of PABP to eIFiso4F increased the
rate constant (k2) for VPg binding ∼2.3-fold (eIFiso4F-VPg,
k2 = 69.0 ± 1.5 s−1; eIFiso4F·PABP-VPg, k2 = 159 ± 10 s−1) at
22 °C (Figure 4 and Table 3). The addition of eIF4B did not
affect the kinetic rate of binding of eIFiso4F to VPg (Figure 4
and Table 3) at the same temperature. However, at a lower tem-
perature (5 °C), eIF4B enhanced binding rates by 2-fold and
PABP enhanced the binding of eIFiso4F to VPg 4-fold,
suggesting more stabilized complex formation at lower
temperatures.

Under pseudo-first-order conditions, where VPg was in excess,
the observed rate constant was predicted to be a linear function
of VPg concentration. However, as observed previously,13,14 the
binding rates show little dependence on VPg concentration over
a concentration range of 2.5−10 μM, which constitutes a 10−40-fold
excess (Figure 5). The observed rate varied from 151 to 167 s−1 for
the eIFiso4F·PABP complex and from 172 to 184 s−1 for the
eIFiso4F·4B·PABP complex with VPg. The mechanisms
considered involved a one- and two-step binding process.36,37

H Iooo+ ‐
−

eIFiso4F VPg eIFiso4F VPg
k

k

1

1

(mechanism 1)

where k1 and k−1 are the forward and reverse rate constants,
respectively. Under the pseudo-first-order condition, the
observed rate constant is predicted to be a linear function of
substrate concentration; i.e., kobs = k1[C] + k−1.
The two-step reaction is as follows:

H Iooo H Iooo+ ‐ * ‐
− −

eIFiso4F VPg (eIFiso4F VPg) eIFiso4F VPg
k

k

k

k

1

1

2

2

(mechanism 2)

which involves a fast association of eIFiso4F and VPg followed
by a slow change of conformation of the first association com-
plex, (eIFiso4F-VPg)*, to the stable complex, eIFiso4F-VPg,
giving rise to the fluorescence change.
The binding rates have the following relationship with respect

to the concentration of substrate: 1/kobs = 1/k2 + k1/k2[C] as

Table 1. Equilibrium Dissociation Constants (Kd) for the Interaction of eIFiso4F and eIFiso4F Complexes with VPg

Kd (nM)

complex at 5 °C at 10 °C at 15 °C at 25 °C

eIFiso4F-VPga 30.5 ± 0.4 39.2 ± 0.3 47.9 ± 0.4 81.3 ± 2.4
eIFiso4F·PABP-VPg 14.2 ± 0.3 18.1 ± 0.5 22.0 ± 2.0 29.4 ± 2.0
eIFiso4F·4B-VPg 28.2 ± 2.3 37.3 ± 3.4 46.1 ± 4.3 77.6 ± 5.5
eIFiso4F·4B·PABP-VPg 12.1 ± 0.6 15.5 ± 1.1 19.0 ± 0.9 24.3 ± 1.6
PABP-VPg 1789 ± 97

aValues from ref 13.

Figure 2. Poly(A)-binding protein affects the binding of eIFiso4F·4B
to VPg. Fluorescence intensity measurements for the binding of
eIFiso4F·4B (△), eIFiso4F·4B·PABP (▲), and eIF4B (■) with VPg.
Experimental conditions were as described in the legend of Figure 1.
The solid lines are the fitted curves. eIFiso4F·4B (1:10) and
eIFiso4F·4B·PABP (1:10:30) complexes were prepared by incubation
of 1 μM eIFiso4F, 10 μM eIF4B, and 30 μM PABP for 15 min at 4 °C,
and 90% (eIFiso4F·4B) and 95% (eIFiso4F·4B·PABP) of the eIFiso4F
were associated in the complex.

Table 2. Thermodynamic Parameters of Enthalpy, Entropy,
and Free Energy Change for the Interactions of eIFiso4F
and eIFiso4F Complexes with VPg

complex ΔH (kJ/mol)
ΔS

(J mol−1 K−1) ΔG (kJ/mol)

eIFiso4F-VPga −31.0 ± 0.2 32.3 ± 0.4 −40.5 ± 0.5
eIFiso4F·4B-VPg −32.1 ± 1.3 29.0 ± 3.0 −40.8 ± 0.8
eIFiso4F·PABP-VPg −39.0 ± 2.4 11.5 ± 0.7 −42.5 ± 0.7
eIFiso4F·4B·PABP-VPg −40.0 ± 2.0 11.2 ± 1.2 −42.6 ± 0.9

aValues from ref 13.

Figure 3. van’t Hoff plots for the interaction of eIFiso4F with VPg in
the presence of PABP and eIF4B. Data for eIFiso4F (○),
eIFiso4F·PABP (●), eIFiso4F·4B (△), and eIFiso4F·4B·PABP (▲)
with VPg. The enthalpy and entropy were determined from the slope
and intercept, respectively, of the temperature-dependent equilibrium
binding measurements.
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described previously,35 where kobs is the observed first-order
rate constant, k2 is the forward rate constant for the second
step, and [C] is the concentration of VPg. Figure 5 shows
1/kobs versus 1/[C] for eIFiso4F and the eIFiso4F complex,
which shows a linear relationship. From the intercept of 1/[C]
versus 1/kobs, k2 was found to be 175 ± 4.0 and 188 ± 6.0 s−1

for eIFiso4F·PABP and eIFiso4F·4B·PABP, respectively.
Rate constants for binding of eIFiso4F and the eIFiso4F

complex to VPg at different temperatures are listed in Table 3.
The k2 values for binding of VPg to the eIFiso4F complex at
different temperatures were calculated from the data sets
collected at each temperature. Addition of PABP to eIFiso4F or
eIFiso4F·4B with VPg increased k2 values. Similarly, the k2
values for the eIFiso4F complexes increased with an increase in
temperature (Table 3). The stopped-flow kinetic data showed
that the binding of eIFiso4F·4B·PABP to VPg was approx-
imately 2.5 times faster than the binding of eIFiso4F alone at
22 °C (Table 3 and Figure 4). The rate constant values as a
function of temperature were used to construct an Arrehenius
plot (Figure 6) according to eq 5. The activation energies were

calculated from the slope of the fitted linear line of ln k versus
1/T (kelvin). Addition of PABP and eIF4B together lowers the
activation energy ∼2-fold for the binding of eIFiso4F with VPg as
compared to eIFiso4F alone (Table 3) (eIFiso4F·4B·PABP-VPg,
Ea = 44.0 ± 2.4 kJ/mol; eIFiso4F-VPg, Ea = 81.0 ± 3.0 kJ/mol).
Figure 7 shows the results of the dilution experiment

described in Experimental Procedures. The dissociation rate
constants were obtained from the fitted curves. Equilibrium
calculations showed that less than 5% of the proteins remained
as a complex after dilution, so that the reverse reaction could be
neglected. Data fitting using a relaxation expression did not
improve the quality of the fit. Addition of PABP to eIFiso4F
decreased the dissociation rate ∼2-fold for VPg (Table 3).
However, PABP and eIF4B together decreased the dissociation
rate ∼3-fold as compared to eIFiso4F alone binding to VPg
(Table 3).

■ DISCUSSION

Experiments were undertaken to investigate the extent to
which poly(A)-binding protein and eIF4B affected binding of

Figure 4. Poly(A)-binding protein increases the kinetic rates for the binding of eIFiso4F and eIFiso4F·4B with VPg. Typical time course of the
intrinsic protein fluorescence intensity decrease caused by binding of VPg with (A) eIFiso4F and eIFiso4F·PABP or (B) eIFiso4F·4B and
eIFiso4F·4B·PABP. A solution of 250 nM (final concentration) eIFiso4F, eIFiso4F·4B, or eIFiso4F·4B·PABP complex was rapidly mixed with
2.5 μM (final concentration) VPg at 22 °C. The solid line represents the fitted curve for a single-exponential function. Residuals for the fits are
shown in the bottom panels. The excitation wavelength was 280 nm. The signal represents the total fluorescence emission above 320 nm. The
experimental conditions are described in Experimental Procedures.

Table 3. Kinetic Rate Constants for the Interaction of eIFiso4F and eIFiso4F Complexes with VPg

rate constant, k2 (s
−1)

temp (°C) eIFiso4Fa eIFiso4F eIFiso4F·PABP eIFiso4F·4B·PABP

5 7.03 ± 0.4 13.2 ± 0.7 28.1 ± 0.9 43.6 ± 2.7
10 13.0 ± 0.5 23.7 ± 1.1 56.9 ± 3.2 69.3 ± 3.3
15 25.0 ± 0.7 35.9 ± 2.3 95.6 ± 5.7 105 ± 5.6
22 69.0 ± 1.5 76.4 ± 3.3 159 ± 9.9 182 ± 9.0

Ea (kJ/mol) 81.0 ± 3.0 73.2 ± 3.3 61.0 ± 2.9 44.0 ± 2.4
dissociation rate k−2 (×10

3 s−1) 19.0 ± 0.9 13.2 ± 1.1 10.1 ± 0.7 6.5 ± 0.43
aValues from refs 13 and 14.
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eIFiso4F to VPg of turnip mosaic virus. It has been demons-
trated that VPg interacts with eIFiso4F,13,14 and the interaction
of the initiation factor with VPg is necessary for the infectivity
of the virus.16 In this study, we have shown that PABP increases
the binding affinity of eIFiso4F and eIFiso4F·4B with VPg
more than 2-fold, as compared to that of eIFiso4F alone. In
contrast, PABP increased cap binding affinity by 40-fold for
eIFiso4F.38 However, the binding constant for VPg (0.081 μM),
even in the absence of PABP, is significantly smaller than those
for cap or capped oligonucleotide binding (8.9 and 3.7 μM,
respectively).39 This suggests that VPg can effectively compete
with cap for eIFiso4F binding in the absence of PABP. In the
presence of PABP, VPg binds to eIFiso4F ∼7-fold more tightly
than the cap in terms of equilibrium stability [Kd = 29.4 nM for
eIFiso4F·PABP-VPg complex (Table 1), and Kd = 200 nM for
eIFiso4F·PABP-Ant-m7G cap38]. These results suggest that

PABP stabilizes the formation of the initiation factor complex
with VPg. PABP significantly changes the enthalpic and entropic
contributions for the binding of eIFiso4F with VPg. The ΔH and
ΔS values for the binding of the eIFiso4F·4B·PABP complex
with VPg were −40.0 ± 2.0 kJ/mol and 11.2 ± 0.6 J mol−1 K−1,
respectively, whereas for binding of eIFiso4F to VPg, the
values were reported to be −31.0 ± 0.2 kJ/mol and 32.3 ±
0.4 J mol−1 K−1, respectively.13 Binding of eIFiso4F·4B·PABP
and eIFiso4F to VPg is 92 and 77% enthalpy-driven,
respectively, with a large negative ΔH and a small positive
ΔS. The thermodynamic data suggest a decrease in the level of
hydrophobic interactions and an increase in the number of
hydrogen bonds. The results suggest that binding of PABP to
eIFiso4F and/or the eIFiso4F·4B complex induces a conforma-
tional change in eIFiso4F. Such a conformational change may
result in increased specificity for VPg.
The mechanism of interaction of VPg with eIFiso4F·PABP

and eIFiso4F·4B·PABP is consistent with our previous two-step
binding mechanism14 for the interaction of VPg with eIFiso4F.
The kinetic data favor formation of a stable eIFiso4F·4B·PABP-VPg
complex, and the rates indicate a mechanism by which VPg
could kinetically compete with cap for eIFiso4F binding.13 Our
previous13 study showed that binding of VPg with eIFiso4F
was 2-fold faster than binding of eIFiso4F to Ant-m7G cap.36

Interestingly, PABP and eIF4B have a stronger effect on the
binding of VPg to eIFiso4F than the binding of cap to eIFiso4F.
VPg binding rates were enhanced 4-fold when both PABP
and eIF4B were present, whereas cap binding rates were enhanced
∼3-fold when both proteins were present36 as compared to that of
eIFiso4F alone at 22 °C. A significant difference in the association
and dissociation rates is seen in the presence of PABP and eIF4B
for the binding of eIFiso4F and VPg. Association rates for the
binding of eIFiso4F with VPg in the presence and absence of
eIF4B and PABP are faster than those for binding of initiation
factors to cap.36 However, dissociation rates are slower for the
binding of initiation factors with VPg as compared to those with
cap.36 These data suggest that VPg more rapidly forms a stable
complex with eIFiso4F in the presence of PABP and eIF4B than

Figure 5. Kinetic plots of 1/kobs vs 1/[C] for the interaction of eIFiso4F
with VPg in the presence of eIF4B and PABP. Data for eIFiso4F (○),
eIFiso4F·4B (●), eIFiso4F·PABP (△), and eIFiso4F·4B·PABP (▲)
(250 nM each, final concentrations) with varying concentrations of VPg
(2.5, 5, 7.5, and 10 μM, final concentrations). Rate constant k2 was
obtained as the reciprocal of the y intercept.

Figure 6. Determination of activation energies for the interaction of
eIFiso4F with VPg in the presence of eIF4B and PABP using
Arrhenius plots. The observed rate constant values for eIFiso4F (○),
eIFiso4F·4B (●), eIFiso4F·PABP (△), and eIFiso4F·4B·PABP (▲)
with VPg at different temperatures were used to construct an
Arrhenius plot according to eq 5. The activation energy was calculated
from the slope of the fitted linear plot of ln k vs 1/T (kelvin).

Figure 7. Kinetics of dissociation of VPg from eIFiso4F-VPg,
eIFiso4F·4B-VPg, eIFiso4F·PABP-VPg, and eIFiso4F·4B·PABP-VPg
complexes. Off rates for eIFiso4F-VPg (○), eIFiso4F·4B-VPg (●),
eIFiso4F·PABP-VPg (△), and eIFiso4F·4B·PABP-VPg (▲) com-
plexes were monitored by rapidly diluting 100 μL of the complex with
1500 μL of buffer at 25 °C. The concentrations of reactants before
mixing were as follows: 2 μM VPg and 0.5 μM eIFiso4F, eIFiso4F·4B,
eIFiso4F·PABP, or eIFiso4F·4B·PABP complex.
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with the cap. A previous study using a GST pull-down assay,
surface plasmon resonance, and isothermal calorimetric titration40

has shown that binding of yeast eIF4E promotes a conformational
change in eIF4G and leads to enhanced association with cap,
which is necessary for the growth and maintenance of polysomes
in vivo. PABP further stabilized the eIF4F complex via conforma-
tional changes. These studies suggest that PABP promotes
conformational changes for the binding of eIFiso4F with VPg
similar to those observed for cap binding.
Addition of PABP to eIFiso4F and eIFiso4F·4B reduced

by almost half the activation energy as compared to our pre-
vious data13 for binding of eIFiso4F alone to VPg, providing
a path with a substantially lower energy barrier. However,
the eIFiso4F·4B·PABP complex binds to VPg with an activa-
tion energy lower than that for binding of cap to the
eIFiso4F·4B·PABP complex.36 These data suggest that the
combination of PABP and eIF4B produces a complex that not
only has low activation energy but also maintains a rapid
binding of VPg to the initiation complex as compared to cap
binding. These studies suggest that VPg competes with cap for
host cell initiation factors and VPg has a kinetic advantage over
cap binding.
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