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Abstract

To investigate the binding specificity of turnip mosaic virus (TuMV) viral protein-genome linked
(\VPg) with translation initiation factor 4E, we evaluated here the kinetic parameters for the
interactions of human elF4E, Caenorhabditis elegans IFE-3 and IFE-5 and Arabidopsis elFiso4E,
by surface plasmon resonance (SPR). The results indicated that TuMV VPg does not show a
binding preference for Arabidopsis elFiso4E, even though it is from a host species whereas the
other elF4E orthologues are not. Surprisingly, the effect of m’GTP on both the rate constants and
equilibrium binding constants for the interactions of VVPg differed for the four elF4E orthologues.
In the case of elFiso4E and IFE-3, m’GTP increased kg, but for elF4E and IFE-5, it decreased
kon. To provide insight into the structural basis for these differences in VPg binding, tertiary
structures of the elFAE orthologues were predicted on the basis of the previously determined
crystal structure of m’GpppA-bound human elF4E. The results suggested that in cap-bound elF4E
orthologues, the VVPg binds to the C-terminal region, which constitutes one side of the entrance to
the cap-binding pocket, whereas in the cap-free state, VPg binds to the widely opened cap-binding
pocket and its surrounding region. The binding of VVPg to the C-terminal region was confirmed by
the SPR analyses of N- or C-terminal residues-deleted elFAE orthologues.
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Positive-stranded RNA viruses have evolved to use a wide variety of mechanisms for
translation initiation (1). Several viruses use a 5’-cap dependent mechanism for initiation,
whereas other viruses use a cap-independent IRES (2). In recent years, it has been reported
that members of the families Picornaviridae, Potyviridae, Luteoviridae, Comoviridae and
Caliciviridae are not capped, but are instead covalently linked at the 5’-end of the RNA
genome to a small protein called the VVPg (viral protein linked to the genome) (3) through
either tyrosine or serine residues (4-8). The general structural similarity between their RNAs
and eukaryotic mMRNAs suggests that the VPg acts functionally like a cap. Indeed, an
interaction between the VVPg and the cap-binding protein elF4E and other initiation factors
has been demonstrated for several viruses (9-14), suggesting that the VVPg plays a role in
initiating translation of viral RNA through protein—protein interactions with the translation
machinery.

Turnip mosaic virus (TuMV) is a member of the genus Potyvirus, in the family Potyviridae
(15), and is known to infect cruciferous plants including Arabidopsisthaliana. The VVPg of
TuMV is a factor in virus infectivity because of its interaction with elF4E (16). Interaction
with both elFiso4E and elFiso4F has been reported (17,18). Recently, the detailed binding
properties and kinetics of these interactions have been investigated by biophysical methods
(13, 14). In particular, it was shown by SPR that the TuMV VPg binds to elFiso4E but not to
elF4E or nCBP, the two other family members of elFAE in A. thaliana (13).

This striking finding led us to investigate the interaction between TuMV VPg and other
elFAE orthologues, because we are interesting in clarifying whether the VPg of each virus
has any preference for the interaction with the host cellular initiation factor 4E variant. Also,
we are interested in clarifying the 4E orthologue-dependent binding region and mode of
VPg, because such studies may lead insight into the structural basis for VPg binding, which
will be critical for understanding the biological function of VPg. Multiple elFAE family
members have been found in plants, mammals, insects, amphibians, nemotodes, certain
protists and fission yeast (19, 20). These provide an opportunity to study elFAE molecules
varying widely in amino-acid sequence yet still retaining the ability to specifically interact
with the cap. In the present work, we studied the interaction of the TuMV VPg with four
elFAE orthologues, A. thaliana elFiso4E, human elF4E, Caenorhabditis elegans IFE-3 and
C. elegans IFE-5 by SPR in both the presence and absence of m’GTP. In order to interpret
the results, we also constructed models for the tertiary structures of these orthologues based
on the known structure of human elF4E bound to m’GpppA (21).

MATERIALS AND METHODS

Preparation of His-Tagged TuMV VPg

The DNA encoding the TuUMV VPg was prepared according to the method of Miyoshi et al.
(13). The expression plasmid was constructed from the pET-21a vector (Novagene Co.). The
construct was confirmed by DNA sequencing. His-tagged VVPg protein was then expressed
in Escherichia coli BL21(DE3)pLysS cells (Novagene Co.). Transformed cells were grown
in LA broth (Nacalai). After addition of 100 uM IPTG, cells were cultured for 3 h at 37°C,
harvested, suspended in 15 ml of buffer A (50 mM Tris—HCI pH 7.5, 100 mM NaCl) at 0°C,
and lysed by sonication.
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The supernatant was then purified on Ni—Sepharose (Pharmacia Biotech) by gravity flow.
The column was eluted step-wise with buffer A containing 10-500 mM imidazole, the VVPg
being eluted at 200 mM. The sample was dialysed against buffer B (20mM Tris—HCI pH
8.5, 2 mM DTT), applied to an anion exchange column (HiTrap™ Q-HP), and eluted with a
linear gradient of buffer B containing 50-500 mM NaCl. The protein exhibited a single band
on SDS-PAGE.

Preparation of m’GTP—Free and -Bound elF4E Orthologues

Expression of recombinant human elF4E (wild and an N-terminal 33 residues-deleted
mutant) in E. coli and its purification by the cap affinity chromatography were carried out as
described previously (22). Expressions of His-tagged C. elegans IFE-3 (wild and a C-
terminal 45 residues-deleted mutant) and IFE-5 and purifications by Ni-chelating
chromatography were performed as previously described (23, 24). A. thaliana elFiso4E was
expressed as a fusion protein with TF by using the pCold TF vector (Novagen) in E. coli
BL21(DE3). The transformed cells were grown in LA broth. After addition of 100 uM
IPTG, cells were cultured for 24 h at 15°C, harvested, suspended in 15 ml of buffer A at
0°C, and lysed by sonication. Proteins were purified from the supernatants by Ni—Sepharose
chromatography by step-wise elution with buffer A containing 10-500 mM imidazole, TF-
fused elFiso4E being eluted at 150 mM. The cleavage of TF was performed with factor Xa
[1 U per 500 pg for elFiso4E] for 20 h at 4°C. The purification of elFiso4E was performed
in the same manner as IFE-3 and IFE-5. The recombinant samples of human elF4E, IFE-3,
IFE-5 and elFiso4E migrated as single bands on SDS-PAGE analyses.

The m’GTP-free and -bound forms of the elF4E orthologues were prepared as follows. The
purified samples were applied to an m’GTP-Sepharose 4B affinity column equilibrated with
buffer C [50 mM HEPES-NaOH (pH 7.0), 1 mM EDTA, 100 mM NacCl]. After washing the
column with buffer C, the m’GTP-free and -bound elF4E orthologues were prepared by
elution with buffer C containing 1 M NaCl or 100 uM m’GTP, respectively, followed by gel
filtration. The protein solutions were concentrated with a Centricon 10 (Amicon Co.) to the
desired concentration, which was determined by the Bradford method (25). Because of the
relatively rapid proteolysis of m’GTP-free elFAE preparations at room temperature (21), the
SPR experiments were all performed within 8 h after the sample preparation.

SPR-Binding Analysis

Binding characteristics were performed using BlAcore X instrument (Biacore, Inc.) with a
CM-dextran sensor chip. The VPg was immobilized on the sensor chip by the conventional
amine coupling method at a concentration of 400-500 RU, which is the range recommended
for accurate measurement of the kinetic parameters (26). M’GTP-free or -bound elF4E
orthologues were injected into the chip with the running buffer D (10 mM HEPES-NaOH
pH 7.4, 200 mM NacCl, 0.005% surfactant P-20, 1 mM DTT). All measurements were
performed at a flow rate of 20 pl/min at 25°C. Sensorgrams were evaluated using the BIA
evaluation software package. The responses from blank chips were subtracted from the
sample responses to obtain the sensorgram for a specific interaction. The constants for
association rate, Ky, dissociation rate, ks, and the equilibrium constant for dissociation, Kp
(= koff/Kon), Were obtained using the Langmuir(1:1)-binding model. These kinetic parameters
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were checked for consistency using local fitting for each analyte concentration and were
judged to be reliable based on %2 values less than 10 and plots of residuals.

3D Structure Prediction of elF4E Orthologues

RESULTS

Attempt to crystallize the elF4E orthologues used in this study other than human elF4E has
not yet been successful. We therefore made 3D structure predictions of cap-bound IFE-3,
IFE-5 and elFiso4E using the crystal structure of m’GpppA-bound human elF4E [PDBcode:
1IPB] (21) as a template for the homology modelling. The amino-acid sequences of IFE-3
(23), IFE-55 (24) and elFiso4E (27) are 51%, 43% and 40% identical to human elF4E,
respectively. Sequence alignments were performed with Sequence Analysis and Protein
Families modules in Discovery Studio (28). A multiple-sequence alignment technique was
adopted based on the structural similarity between the template and target molecules with
the aid of BLAST sequence alignment software.

The 3D structure of each 4E orthologue was generated from the results of the alignment
procedure by Modeler module within Discovery Studio. An initial 3D structure was obtained
by transferring the backbone coordinates of human elF4E (21) to the corresponding residues
of the aligned elF4E orthologue. For mismatched residues only the Ca atom coordinates
were copied from the template protein while the remaining atomic coordinates were
constructed using internal coordinates derived from a CHARMM topology library. The
refinement of the homology model was then performed by the Protein Refine module within
Discovery Studio, which is based on CHARMM energy minimization and is not dependent
on the initial structure (ab initio approach). The steepest descent algorithm was used for
5,000 iterations and then the conjugated gradient calculation was carried out to 0.1 kcal
mol~1 A~1 of convergence. After this simulation, the homology model was further refined
by molecular dynamics calculation. Finally a conjugate gradient energy minimization was
performed until the root-mean square gradient energy was lower than 0.001 kcal mol™ A1,

SPR Analyses

We previously reported that TUMV VPg binds to elFiso4E from the host plant species A.
thaliana, but not to elFAE or nCBP, the two other family members in A. thaliana (13),
probably due to the different binding specificity of TuMV VPg for elF4E orthologues in the
same host plant. To gain insight into this specificity, we examined the interaction kinetics of
the same VPg with three other elF4E orthologues, human elF4E, C. elegans IFE-3 and C.
elegans IFE-5, and compared that with its host A. thaliana elF(iso)4E: these four
orthologues are subsequently referred to as elFiso4E, elF4E, IFE-3 and IFE-5, respectively.
The SPR sensorgrams for interactions with m’GTP-free and -bound elF4E orthologues are
shown in Fig. 1, and the Kqn, kot and Kp values are collected in Table 1. kg, for the binding
to elFiso4E was increased 6.4-fold by the presence of m’GTP. Similarly, kg, for binding to
IFE-3 was accelerated 17.7-fold by m’GTP. Interestingly, the opposite behaviour was seen
with elF4E and IFE-5; ko, was decreased 1.7- and 4.4-fold by m’GTP, respectively. kot for
the dissociation of VPg from elFiso4E, elFAE and IFE-5 was essentially unaffected by
m’GTP, but kus for IFE-3 was decreased 2.4-fold by m’GTP.
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The results indicate that there is no selective binding of the TuMV VPg to elFiso4E of A.
thaliana, the host species for this virus. The Kp values indicate that, in the absence of
m/GTP, the VPg-binding strength is in the order of IFE-3 ~IFE-5 ~elF4E > elFiso4E. In
the presence of m’GTP, the order is IFE-3 > IFE-5 ~elFiso4E > elF4E. Three patterns are
apparent: Kp is lower in the presence of m’GTP (IFE-3 and elFiso4E); Kp is higher in the
presence of m’GTP (IFE-5); Kp is essentially unchanged in the presence of m’GTP (elF4E)
(Fig. 2). The Kp values for VVPg binding are about 10-fold different between the m’GTP-free
and -bound states of elFAE orthologues, except for that of IFE-5. As it is generally
considered that the difference of 10-fold is significant (26), the three different patterns
suggest that there are different mechanism of binding.

3D Structure Prediction of elF4E Orthologues

Although the tertiary structures of the MuMV VPg, elFiso4E, IFE-3 and IFE-5 have not yet
been established, that of human elF4E has been solved (21). As an aid to better understand
the differences in the sites and modes of VVPg binding to these various elF4E orthologues,
we predicted the 3D structures of elFiso4E, IFE-3 and IFE-5 from the X-ray structure of
m’GpppA-bound human elFAE (MATERIALS AND METHODS section). The secondary
structure of each elF4E orthologue was sequentially aligned on the basis of the secondary
structure of human elF4E, i.e. the major sheet and helix structures were imposed on the
amino-acid sequences of each orthologue. Less homology was observed at both N- and C-
terminal regions. The sequence alignments for elFiso4E, IFE-3 and IFE-5 with respect to
elF4E are shown in Fig. 3. A common feature is that the N-terminal portions of elFiso4E,
IFE-3 and IFE-5 are shorter than that of elF4E. The other feature is that the most sequence
divergence occurs in the C-terminal portions; compared with elFAE, eight residues are
inserted for IFE-5 (residues 165-172) and 36 residues are added to the end of IFE-3
(residues 215-251). No insertions or additions occur for elFiso4E but the sequence of the C-
terminal portion is nonetheless more divergent than other parts of the protein.

The predicted 3D structures of elFiso4E, IFE-3 and IFE-5 are shown in Fig. 4b, c and d,
respectively; the result of elFiso4E was already reported in a previous article (13). For
comparison, the previously published X-ray structure of human elF4E (21) is shown as well
(Fig. 4a). Since the latter structure was the cap-bound state, the predicted structures simulate
the same cap-binding state. In all four elF4E orthologues the orientations of a-helix and -
sheet secondary structures are nearly the same. This similarity in secondary structure is also
suggested by similar circular dichroism (data not shown). It can also be seen that the cap-
binding Trp and Glu residues are completely conserved among the elF4E orthologues (Fig.
3). Previous studies with several elFAE orthologues (29-31) have shown that the cap-
binding to human elF4E involves —m stacking interactions with Trp56 and Trp102 residues
and H-bond pairing with Glu103. These correspond to Trp46, Trp92 and Glu93 in elFiso4E,
Trp51, Trp97 and Glu98 in IFE-3, and Trp28, Trp74 and Glu75 in IFE-5 (Fig. 4); these cap-
binding residues for IFE-3 and IFE-5 have been reported by the other 3D modelling
approach (32). The same spatial positions of these conserved residues in the predicted
structures suggest that all four elF4E orthologues utilize a similar mode of cap-recognition.
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In the C-terminal regions, however, there are differences among the four orthologues. These
differences can be seen more clearly in a stereoscopic depiction in which all four structures
are superimposed (Fig. 5). The most obvious difference among the elFAE orthologues is at
the periphery of the C-terminal region, which creates one side of the entrance to the cap-
binding pocket. The N-terminal region, though divergent among the four orthologues, does
not assume a defined conformation, although in yeast elF4E it has been shown to become
folded upon elF4G binding (33). This suggests that the binding site of VVPg is at the C-
terminal region, but not the N-terminal one, of elFAE orthologue. To confirm this
suggestion, the SPR interaction kinetics of the VPg with N-terminal 33 residues-deleted
human elF4E (m’GTP-bound state) and C-terminal 45 residues-deleted IFE-3 (m’GTP-
bound state) were measured. Consequently the N-terminal truncated elF4E showed the
nearly same values as those with the full-length elF4E: ko, (M1 s71) = 1.36 x102, kofr (s71)
=4.47 x1073, Kp (M) = 3.29 x1078. In contrast, the SPR signals of the VVPg with the C-
terminal truncated IFE-3 were too weak to estimate the Kinetic parameters by the BIA
evaluation software.

DISCUSSION

A cause of virus infectivity of cruciferous plant by TuMV correlates with the VPg
covalently linked at the genome RNA 5’-end of TuMV, where it inhibits the protein
biosynthesis of host cell through the interaction with the initiation factor 4E. To clarify the
infectious mechanism of A. thaliana, the interaction between TuMV VPg and its host
cellular initiation factor 4E has been investigated by various physicochemical methods (13,
14, 17, 18). The present work was performed to determine (i) whether the VPg of TuMV has
a binding specificity for the elFiso4E of one of its host plant species, A. thaliana and (ii)
which structural moiety of elF4E isoform participates in VVPg binding. The SPR results
indicated that there is no specific preference for TUMV VPg binding to its host cellular
elFiso4E among the elFAE orthologues used in the study (Table 1). This is in contrast with
the previous results, i.e. the TuUMV VPg binds to elFiso4E but not to elF4E or nCBP in A.
thaliana (13). Although the reason for the lack of binding to the elF4E or nCBP is not
explainable at present, the difference of buffers used for SPR measurement may be probable,
i.e. the reducing agent was included in the present buffer D but not in the previous buffer (20
mM Tris—HCI pH 7.6 and 150 mM NacCl), because a recent paper (34) reported that elFAE
from plant such as wheat causes the large conformational change as well as the formation of
an intramolecular disulfide bridge in its oxidized form.

A characteristic difference among the four orthologues is in the effect of m’GTP on the
binding of VVPg (Fig. 2). The 3D structure prediction suggests that this largely results from
the different structural situation at either or both of the N- and C-terminal regions of each
elFAE orthologue, because the structural difference could be mainly observed at these
regions (Fig. 5).

Concerning the binding site of VPg on elF4E ortholo-gue, two models have been reported:
one is at or near the cap-binding pocket (13,18), and the other is a region in which the cap
and VPg do not interfere with each other, implying a site distant from the cap-binding
pocket (10). It is unlikely that the potyvirus VPg interacts with the N-terminal region of
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elF4E, because the SPR interaction kinetics of the VPg with N-terminal truncated human
elF4E were nearly the same as those with the full-length elF4E. As the N-terminal regions
of the elF4E orthologues used in this work are all shorter than that of human elF4E, the
following would be applicable, i.e. no notable affect of the N-terminal region to the cap-
binding pocket of each elF4E orthologue. Thus, it would be reasonable to consider that the
difference between the association constants of VVPg is mainly dependent on the binding
situation at the C-terminal regions of the m’GTP-free and -bound elF4E orthologues,
because the deletion of IFE-3 C-terminal 45 residues, which constitute one side of the
entrance to the cap-binding pocket, caused the complete loss of the binding ability. The
predicted 3D structures also show that the largest differences are found in the C-terminal
regions.

As is shown in Fig. 6, three loop structures and a C-terminal region construct the cap-
binding entrance and pocket in human elF4E, i.e. Phe48-GIn57 (green), Asp96-Gly110
(blue), Val156-Lys162 (purple) and Ala201-Val217 (red) (also refer Fig. 3). These regions
would be highly flexible in the cap-free 4E orthologue due to the lack of interaction with
cap. In fact, the NMR solution structure of the cap-free elF4E showed the large fluctuation
of these regions, in particular Phe48-GIn57, Asp96-Gly110 loops (35). This makes us
imagine that the defined cap-binding pocket is not constructed in the cap-free elF4E
orthologue and VPg interacts with the widespread flexible region including the Phe48-
GIn57, Asp96-Gly110 loops, consequently leading to the relatively small difference among
the Kp values (Fig. 2).

In the case of m’GTP-bound elF4E, on the other hand, flexibility of the Phe48-GIn57 and
Asp96-Gly110 loops would be restricted because of the n—m stacking formation of Trp56
and Trp102 with m’GTP and H-bonding with Glu103. These loops may thus be less
available for interaction with the VVPg, leaving only the Val156-Lys162 loop and C-terminal
Ala201-Val217 sequence. The X-ray and NMR structures (21, 30-32) showed that Arg157
and Lys159 on the Val156-Lys162 loop stabilize the cap structure through the H-bonds with
the phosphate group of m’GTP. Since these two polar residues are also conserved in the
elF4E orthologues under study, it would be reasonable to consider that the association of
VPg is largely influenced by the C-terminal conformation of each elF4E orthologue (Fig. 5).

The relation of the predicted 3D structures of cap-bound human elF4E and C. elegens IFE-3
with their Kp values indicates that the C-terminal conformation of IFE-3 contributes to the
increased association with VVPg; this extra loop may be wide and flexible enough to wrap the
VPg, consequently increasing the association. The predicted 3D structure showed the C-
terminal conformation characteristic for each elF4E orthologue. Although the detailed
discussion on the relation between this conformation and Kp value is impossible, it may say
that the binding affinity of VVPg to the cap-bound elF4E orthologue is controlled by the
length and conformation of the C-terminal region.

Abbreviations

4EBP elF4E-binding protein
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elF eukaryotic initiation factor
CM carboxymethyled
elF4E eukaryotic initiation factor 4E
IRES internal ribosome entry site
GST glutathione-S-transferase
IPTG isopropyl-p-D-thiogalactopyranoside
m/GTP 7-methylguanosine 5’-triphosphate
m’GpppA P1.-7-methylguanosine-P3-adenosine- 5/,5'-triphosphate
LB Luria-Bertani
nCBP novel cap-binding protein
PCR polymerase chain reaction
P-20 poly(oxyethylene)sorbitan monolaulate (Tween 20)
RU resonance unit
SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis
SPR surface plasmon resonance
TF trigger factor
TuMV turnip mosaic virus
VPg viral protein linked to the genome
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Fig. 1. SPR sensorgrams for the interaction of immobilized TuMV VPg with (a) A. thaliana
elFiso4E, (b) human elF4E, (c) C. elegans IFE-3, and (d) C. elegans IFE-5

The left and right parts correspond to the m’GTP-free and -bound elF4E orthologues,
respectively. Each SPR signal reflects the response after buffer containing the elFAE
orthologue (analyte) begins to flow over a CM dextran sensor chip to which the VPg is
coupled through amino groups. The concentrations of analytes, corresponding to curves of
increasing RU, are: 5.0-20.0 uM and 1.3-5.0 uM for m’GTP-free and -bound forms for (a),
0.2-2.5 uM and 1.3-30.0 uM for (b), 0.6-7.5 uM and 0.1-0.9 uM for (c) and 0.3-5.0 uM
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and 0.6-10.0 uM for (d). Each sensorgram consist of a formation portion (injection of
analyte) and a dissociation portion (injection of buffer alone).
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elFiso4E  elF4E IFE-3 IFE-5

1.00A~1075

1.00A~1076

1.00A~10~7

1.00A~1078

1.00A~107°

Fig. 2. Comparative histogram of Kp values of m/GTP-free (blue) and -bound (red) elF4E
orthologues for interaction with TuUMV VPg

Each bar represents mean of Kp values measured in this work and is within the deviation of
+5%.
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Fig. 3. Sequence alignments of el Fiso4E, IFE-3 and IFE-5 based on 3D structure of human
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m/GpppA-bound elF4E
Two Trp and one Glu residues participating in the recognition of mRNA cap-structure are

shown in green. The a-helix and $-sheet structures are indicated with red and blue arrows

above the sequences, respectively. Three loop structures (Phe48-GIn57, Asp96-Gly110 and
Val156-Lys162) and a C-terminal region (Ala201-Val217), which make up the cap-binding
pocket, are shown with green, blue, purple and red broken lines, respectively.
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Fig. 4. Drawing of the X-ray structure of elF4E (21) (a) and the predicted 3D structures of (b)
elFiso4E, (c) IFE-3 and (d) IFE-5
The a-helix and B-sheet structures are shown with the ribbon model. Two Trp residues

participating in cap binding are shown with ball and stick models.
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cap binding
pocket

cap binding

Fig. 5. Stereoscopic drawing of superimposition of 3D backbone structures of elF4E (pink),
elFiso4E (purple), IFE-3 (orange) and IFE-5 (green)

The cap-binding entrance and pocket is indicated with an ellipsoidal disk.
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Lys159

m7GpppA

Fig. 6. Stereoscopic drawing of X-ray structure of m’GpppA-bound elF4E (21)
The m’GpppA bound to the cap-binding pocket is shown (ball and stick model). The

sequences of Phe48-GIn57, Asp96-Gly110, Val156-Lys162 and Ala201-Val217 are shown
with green, blue, purple and red ropes, respectively.
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Kinetic and equilibrium parameters for the interaction of TuMV VPg with four elF4E orthologues.

Ligand Analyte Kon (M7I7)  Kofr (s7) Kp (M)

m’GTP-free state

VPg elFisodE  325x10%  4.59 x103  1.41 x1076
elF4E 7.29x108  1.29x103  1.76 x1077
IFE-3 3.84x10°  155x107° 4.03x1077
IFE-5 3.08x10°  8.88x10™% 2.88x1077

m’GTP-bound state

VPg elFisodE 2,08 x10*  4.32x107% 2.08 x1077
elF4E 433x102  1.63x107% 3.68 x1076
IFE-3 6.78 x10°  6.40 x10™%  9.44 x1079
IFE-5 7.03x102 4,64 x10™  6.60 x1077
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