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ABSTRACT: 7-Methylguanosine (m7G), also known as the mRNA “cap”, is used as a molecular tag in
eukaryotic cells to mark the 5′ end of messenger RNAs. The mRNA cap is required for several key
events in gene expression in which the m7G moiety is specifically recognized by cellular proteins. The
configurations of the m7G-binding pockets of a cellular (eIF4E) and a viral (VP39) cap-binding protein
have been determined by X-ray crystallography. The binding energy has been hypothesized to result
from a π-π stacking interaction between aromatic residues sandwiching the m7G base in addition to
hydrogen bonds between the base and acidic protein side chains. To further understand the structural
requirements for the specific recognition of an m7G mRNA cap, we determined the effects of amino acid
substitutions in eIF4E and VP39 cap-binding sites on their affinity for m7GDP. The requirements for
residues suggested toπ-π stack and hydrogen bond with the m7G base were examined in each protein
by measuring their affinities for m7GDP by fluorimetry. The results suggest that both eIF4E and VP39
require a complicated pattern of both orientation and identity of the stacking aromatic residues to permit
the selective binding of m7GDP.

With the compartmentalization of genetic material inside
a nuclear envelope, eukaryotic cells have by necessity
evolved unique mechanisms for chaperoning the transfer of
genetic information from the nucleus to the cytoplasm. To
facilitate the transfer of genetic information from the nucleus
to ribosomes, the messenger RNA of eukaryotes is modified
at both the 5′ and 3′ ends (1). These terminal modifications
provide molecular tags for the cellular machinery that
performs splicing, nuclear export, and translation functions
(2, 3). Eukaryotic cells utilize the methylation of a guanosine
base at the N7 position as a tag or cap for the 5′ end of
messenger RNA (4, 5). The m7G(5′)ppp(5′)N mRNA cap is
specifically recognized in the splicing of the first intron in
nascent transcripts, transport of mRNA through the nuclear
envelope (6), and translation of the message by ribosomes
(4, 7). Thus, the N7 methylation of guanosine must present
a ligand that is distinct from the large pools of unmethylated
guanine nucleotides in cells.

Insight into the mechanism of m7G1 cap recognition has
been advanced by the determination of the atomic structures
of two specific m7G-protein complexes. These structures
include the eIF4E-m7GDP complex (8, 9) and a complex
between an m7G-capped RNA oligonucleotide and the

vaccinia methyltransferase VP39 (10, 11). The cocrystal
structure of the eIF4E-m7GDP complex revealed that the
m7G base is stacked between two tryptophan residues (Trp56
and Trp102) and a glutamate side chain (Glu103) that is
hydrogen bonded to N1 and N2 protons of the purine ring.
Spectroscopic and crystallographic studies of small molecule
models suggested that the mechanism for m7G selectivity
involved a “molecular complex” between the electron-rich
indole group of tryptophan and the positively chargedπ-ring
system of the m7G base in a face-to-face stacking interaction
(12, 13). Tryptophan was hypothesized to be essential for
the specific recognition of m7G (12). However, the structure
of vaccinia VP39 bound to m7GDP demonstrated that
tyrosine and phenylalanine (Tyr22 and Phe180) could
substitute for the stacked tryptophan bases observed in eIF4E
(10). These structural studies suggested that the three
aromatic residues (Trp, Tyr, and Phe) could all serve to
specifically recognize the m7G base through stacking interac-
tions.

To date, only limited studies of the structural requirements
for m7G recognition in eIF4E have been reported. Mutating
Trp102 to Phe ablated all m7G binding activity, while
mutating Trp56 to Phe reduced the level of m7G-Sepharose
binding by 50-80% (14). Morino et al. showed that human
eIF4E was unable to bind to an m7G affinity column when
either Trp56 or Trp102 was substituted with leucine (15).
They also showed that cap binding was ablated when Glu103,
whose side chain hydrogen bonds to the N1 and N2 protons
of the m7G base, was replaced with an alanine. These studies
suggested that phenylalanine, but not other hydrophobic
amino acids such as leucine, could substitute for the
tryptophan in stacking with the m7G base. However, the
methods used in these assays did not yield quantitative
measurements of the effects of these substitutions.
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Here, we report a quantitative, structure-based analysis of
the protein requirements for specific protein-mRNA cap
recognition in both eIF4E and VP39. We have performed
an extensive site-directed mutagenesis analysis of the m7G
specific binding sites in these two nonhomologous proteins.
The purpose of this study was to determine the effects of
amino acid substitutions in the m7G cap-binding site of both
VP39 and eIF4E on their affinity for m7GDP. The require-
ments for aromatic stacking residues and acidic hydrogen
bonding residues were explored by preparing site-directed
variants at each position in both proteins. The ability of each
variant protein to bind to m7G was then assessed by
fluorimetry-based binding assays to define the structural
requirements for m7G cap recognition.

EXPERIMENTAL PROCEDURES

Materials. Vectors pGEX-2T and pGEX-4T-3 were ob-
tained from Amersham Pharmacia Biotech, Inc. (Piscataway,
NJ). m7GTP-Sepharose and the Hi-Trap heparin column were
purchased from Amersham Pharmacia Biotech, Inc. Gluta-
thione-agarose beads, glutathione, and m7GDP were pur-
chased from Sigma Chemical Co. (St. Louis, MO). The ISS
PC1 photon-counting spectrofluorometer was purchased from
ISS Inc. (Champaign, IL).

Construction of the GST-4E Mutants.All the eIF4Es
studied here were fused to GST to facilitate the protein
purification. The construction of the GST-4E fusion plasmid
will be described elsewhere (manuscript in preparation). A
Stratagene QuickChange mutagenesis kit was used to prepare
the mutants primed with two degenerate oligonucleotides for
each position. W56 and W102 were substituted with the
degenerate codon HWK potentially encoding Phe, Tyr, and
His as well as the nonaromatic amino acids Leu, Ile, and
Lys. Glu103 was substituted with the codon VHM which
encodes negatively charged Asp, positively charged Lys, and
uncharged but polar amino acids Asn and Gln. The sequences
of all constructs were verified by sequencing both strands
of plasmid DNA.

Expression and Purification of GST-4E Fusion Proteins
in Escherichia coli.Expression and purification of the eIF4E
mutant proteins will be described in detail elsewhere
(manuscript in preparation). Briefly, the protein purified by
glutathione-agarose affinity chromatography was further
purified by FPLC using a 5 mLheparin-Sepharose column.
The protein was applied to a heparin-Sepharose column and
washed with a solution of 10 mM Tris-HCl (pH 8), 1 mM
EDTA, 1 mM â-mercaptoethanol, and 10% glycerol. Fol-
lowing the wash step, proteins were eluted with a 200 mL
linear gradient of 0 to 500 mM NaCl at a rate of 2 mL/min
in the same buffer.

Construction and Expression of VP39 Variants.VP39
variants were expressed with a C-terminal six-His tag using
a modified version of the vector pET28-a (Novagen). The
31 C-terminal amino acids of VP39 which correspond to a
flexible “tail” of the protein have been removed and replaced
with the sequence SRGSCGLEHHHHHH. Site-directed
mutagenesis was performed using the Stratagene Quick-
Change kit, and all variant genes were verified by sequenc-
ing. Variants were expressed inE. coli strain BL21(DE3)
by inducing a saturated culture (∼16 h after inoculation with
1% of a saturated culture) with 0.2 mM IPTG. Cell pellets

were lysed with a French press in a buffer containing 10
mM Tris (pH 8.0), 100 mM NaCl, 1 mM EDTA, 1 mM
2-mercaptoethanol, 0.1% IGEPAL detergent, and 10%
glycerol. Lysed cells were cleared by centrifugation and
purified by Ni affinity columns followed by heparin affinity
columns. The average yield was 25 mg of pure protein per
liter of culture.

Circular Dichroism Measurements.CD spectra for all
protein variants were collected at 25°C on an Aviv CD
spectrometer. Each protein was dialyzed into a buffer
consisting of 10 mM sodium phosphate (pH 7.4) and 100
mM NaCl. Spectra were taken with protein concentrations
near 1µM in a 1 mmcuvette.

Fluorescence Measurements. Fluorescence measurements
were taken at 25°C on the ISS PC1 photon-counting
spectrofluorometer equipped with polarizers. eIF4E binding
assays were performed in a buffer of 20 mM HEPES (pH
7.5), 150 mM KCl, and 1 mM DTT. VP39 assays were
performed in a buffer of 20 mM HEPES (pH 7.0), 20 mM
NaCl, and 1 mM DTT. Binding to m7G was assessed in two
different assays depending on the experiment. With one
method, we observed changes in the intrinsic fluorescence
of the proteins with the addition of m7GDP. With an
excitation wavelength of 290 nm, the fluorescence of a fixed
amount of protein was measured at several m7GDP concen-
trations. The fluorescence of m7GDP was measured in a
separate experiment with no protein, and the results were
subtracted from the protein-m7GDP measurements to obtain
a binding curve (see Figure 1). In a second assay, the changes
in the fluorescence intensity and polarization of anthraniloyl-
labeled m7GDP (ant-m7GDP) were monitored by excitation
at 332 nm while varying the protein concentration. Ant-m7-
GDP synthesis was performed as described previously (16).
The fluorescence intensity and anisotropy of the ant-m7GDP
yielded two independent measurements of protein binding.
These values were then both utilized to calculate a binding
curve.

Data Analyses.Binding curves from both assays were fit
by least-squares nonlinear regression to a simple binding
curve quadratic equation using the program Mathematica
(Wolfram Research). Mathematica scripts and details of the
calculations are available on the Internet (17).

FIGURE 1: Plot of the ratio of the fluorescence change (∆F/F) of
eIF4E proteins to the log value of protein concentration (logCligand)
during titration. Representative binding data of the variant eIF4Es,
including wild type (9), a mutant (f) with a higher m7G binding
affinity (W56Y), and a mutant (2) with a lower m7G binding
affinity (W56F).
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In a number of cases, the measurement of very weak
binding constants was limited by the experimental conditions.
The assay based on the intrinsic fluorescence of the protein
was limited by the overlapping fluorescence of the m7GDP.
The assay based on the ant-m7GDP probe was limited by
the solubility of the protein. In the cases where these effects
became limiting, an estimated lower boundary on the
dissociation constant is reported.

RESULTS AND DISCUSSION

A set of three amino acid side chains that are hypothesized
to have similar roles in binding mRNA caps in eIF4E and
VP39 was the focus of this study. The cap-binding pocket
in eIF4E contains two tryptophans stacked above and beneath
the m7G base and a glutamic acid that forms hydrogen bonds
with one edge of the base (Figure 2A). VP39 contains a
tyrosine and a phenylalanine that are stacked with the m7G
base and two acidic amino acids, Asp and Glu, that hydrogen
bond with the edge of m7G. Although the m7GDP binding
sites in eIF4E and VP39 are similar (Figure 2A), there remain
unique differences in the orientation of the aromatic and
acidic side chains. The shared features of the eIF4E and
VP39 m7G-binding site configurations include two aromatic
amino acids stacking with different sides of the m7G ring
(face A or face B) and acidic residues interacting with the
edge of the base by hydrogen bonding (Figure 2B). Attention
was focused on Glu233 of VP39, instead of Asp182, in these
studies because it is most similar to Glu103 of eIF4E in the
m7G-binding site geometry.

Requirements for the Acidic Residue.The series of amino
acids substitutions that were introduced in eIF4E and VP39
are illustrated schematically in Figure 2C. The first set of
mutations tested the requirements for a hydrogen-bonding
glutamate residue in each protein. Glu103 in eIF4E and
Glu233 in VP39 were replaced with aspartate or glutamine.
The aspartate substitution retained the negative charge of
glutamate. However, the geometry of the cap-binding site
in each protein suggested that an aspartate might not be able
to adopt the hydrogen bond with m7G as glutamate does in
the native protein. The complementary substitution of
glutamate with glutamine was performed because the hy-
drogen bonding characteristics of the native glutamate are
maintained while removing the negative charge. Analysis
of these mutants of eIF4E and VP39 showed that either
substitution of the native glutamate ablated m7GDP binding
(Figure 2C). CD analyses of the variant proteins indicate
that the observed defects are not a result of misfolding or a
large conformational change, but are due to the subtle
changes in the local environment of the m7G binding sites
(Figure 3).

These results provide evidence that there is an absolute
requirement for a glutamate residue hydrogen bonding to
N1 of the guanine base in the cap-binding site of both eIF4E
and VP39. The loss of cap binding with the substitution of
this glutamate by the isostructural glutamine indicates that
the negative charge of the glutamate provides a significant
energetic contribution to m7G binding. The observation that
the aspartate substitution at these positions ablated cap
binding suggests that the hydrogen bonds are as important
as the negative charge of the acidic side chain. The relative
effect of these mutations on eIF4E was more severe than in

VP39. The effect of removing the glutamate residue in VP39
is most likely mitigated by the additional hydrogen bonding
provided by Asp182.

Requirements for Aromatic Stacking Residues.The next
set of experiments was performed to test whether the three
aromatic amino acids (Trp, Tyr, and Phe) were equivalent
in their ability to promote high-affinity stacking interactions
with m7GDP. Aromatic residues of eIF4E and VP39 that
stack with the m7G base were systematically substituted with
all three aromatic amino acids, and the effects of these
substitutions on m7GDP affinity were assessed. When
assayed through CD analysis, all variant proteins have a
signature identical to that of the wild-type proteins, suggest-
ing that all variants fold into the correct native structure
(Figure 3). The cap-binding affinity of eIF4E was very
sensitive to substitutions at position 102. Substitution of the
native Trp102 of eIF4E with Tyr or Phe reduced the m7-
GDP binding affinity to an unmeasurable level (data not
shown). In contrast, when Trp56 of eIF4E, which stacks with
the “B” face of the m7G base, was changed to Tyr, the m7G-
binding affinity increased slightly (Figures 1 and 2C).
However, when Trp56 was replaced with Phe, the m7G-
binding affinity decreased to1/3 of that of wild-type eIF4E.
The effect of substituting Tyr22 of VP39, which stacks on
the “A” face of m7G, with Trp and Phe was also determined.
The Trp22-substituted VP39 retained m7GDP binding affin-
ity. However, substituting the native Tyr22 with the nearly
isostructural Phe dramatically reduced the m7G binding
affinity (Figure 2C). Although the effect of Phe substitution
in eIF4E was less dramatic than that observed in VP39, these
results indicate a pattern where both Trp and Tyr form nearly
equivalent interactions with the m7GDP base and Phe is not
capable of mimicking this interaction. Thus, m7G binding is
much weaker in both Phe-substituted proteins.

To test this pattern more thoroughly, the same series of
substitutions was performed in a variant of VP39 where
Phe180, which stacks on the “B” face of m7G, was replaced
with Trp creating a “4E-like” m7G binding site (Figure
2A,C). Tyr22 on the A face of the m7G base was then
substituted with Trp or Phe. Like that for eIF4E, a pattern
of m7GDP binding affinities was observed where Trp and
Tyr retained m7G binding, whereas Phe dramatically reduced
the affinity for m7GDP (Figure 2C). Unfortunately, we were
unable to generate the corollary “VP39-like” eIF4E variant
due to the sensitivity of eIF4E residue 102 to amino acid
substitutions.

Besides the mutations introducing alternative aromatic
residues at these stacking positions, other mutant proteins
with nonaromatic substitutions of Tyr22 in VP39 and Trp56
and Trp102 in eIF4E were prepared and analyzed. These
mutations included Tyr22 to Leu, Arg, or Gln for VP39 and
either Trp56 to His and Ala or Trp102 to His, Leu, and Ala
for eIF4E. All of these substitutions ablated the ability of
either protein to bind m7GDP while maintaining the correct
native fold of the protein (see the legend of Figure 3). The
m7GDP dissociation constants for these mutant proteins were
at least 50 times higher than those of their respective wild
types (data not shown).

In our examination of the requirements for the residues
that stack on the faces of the m7G base, a striking pattern
emerged from the mutant proteins that retained the native
function. The most noteworthy observation was that both
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tryptophan and tyrosine were nearly equivalent in their ability
to support m7GDP binding, whereas phenylalanine was
unable to fulfill this role. These data support the hypothesis
that there is a specific interaction that forms between the

m7G base and the aromatic side chains of either tryptophan
or tyrosine. This interaction either is not supported by a
phenylalanine side chain or is much weaker between this
amino acid and m7G.

FIGURE 2: (A) Crystallographic structures of the m7G-binding pocket in the VP39-m7GDP and eIF4E-m7GDP complexes. In the VP39-
m7GDP complex, m7G was bound through stacking interactions with two aromatic residues, Tyr22 and Phe180, and hydrogen bonding with
acidic residues, Glu233 and Asp182. In the eIF4E-m7GDP complex, m7G was bound by stacking interactions with two tryptophans, Trp102
and Trp56, and hydrogen bonding with acidic residue Glu103. (B) Schematic model of the m7G-binding pockets of VP39 and eIF4E.
Viewing from the edge of the m7G-base ring, illustrated as the shadowed box, two aromatic residues stacked above and beneath the ring
facing different sides of the base. In addition, the acidic residue that interacts with the m7G by hydrogen bonding was placed to the right
side of m7G in the model to present its relative position in the binding pocket. (C) m7GDP binding affinity of the protein variants measured
by fluorescence spectroscopy, either by the tryptophan titration assay (Trp) or by the anthraniloyl-probe inhibition assay (ant-m7GDP).
Affinities are reported in micromolar with approximate error. NM indicates that no measurable binding was observed in the assay. The
residue that was mutated is shown as a question mark in the binding site configuration. Wild-type residues are indicated by WT. Three sets
of data are presented in this figure to show the ability of key mutants to bind m7GDP. The data are not shown for mutations that resulted
in a very low m7G binding affinity.
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Charge-Transfer Complexes and the Analogy to FlaVins.
The pattern of relative interactions between aromatic amino
acids and m7GDP is strikingly similar to that observed for
amino acids in complex with flavin molecules (18). The face-
to-face stacking of aromatic amino acids with flavins has
been extensively examined both in small molecule model
systems and in flavin-bound proteins (19-21). A variety of
spectroscopic, chemical, and crystallographic data suggest
that flavins interact preferentially with tryptophan and
tyrosine with little or no interaction with the other aromatic
amino acids phenylalanine and histidine (21-23).

One of the more remarkable phenomena that coincides
with such stacking complexes is the formation of a charge-
transfer complex. This term was coined to describe a new
absorption band in complexes of tryptophan and riboflavin
that does not exist in either compound in isolation (24). The
absorption band was hypothesized to originate from the
donation of an electron from the highest-energy occupied
molecular orbital (HOMO) of the tryptophan indole ring to
the lowest-energy unoccupied molecular orbital (LUMO) of
the riboflavin. Although the spectroscopic observation of a
charge-transfer band often coincides with the formation of
a tight face-to-face stacking complex, there is little evidence
that this electronic phenomenon contributes significantly to
the binding energy of the complex. The binding energy of
the stacking complex is most likely due to a combination of
hydrophobic, electrostatic, and van der Waals interactions
between the flat ring systems (18, 25). These collective

interactions are significantly weaker for phenylalanine and
histidine side chains than for tryptophan and tyrosine, which
is consistent with the observations reported here with mutants
of eIF4E and VP39.

The interaction between 7-methylguanosine and aromatic
amino acids has also been studied in small molecule systems
through both spectroscopic and X-ray crystallographic
techniques (12, 26). So far, these studies indicate that
tryptophan is uniquely suited to complex with the m7G base.
Although there is a small molecule crystal structure of a
phenylalanine-m7GMP complex (27, 28), a structural study
of the interaction of tyrosine with the m7G base has not been
reported. A tryptophanyl peptide-m7GMP charge-transfer
complex has been reported (12) which resembles the model
of flavin molecules (21). This charge transfer has been often
cited as the primary mechanism by which a charged nucleic
base, such as m7G, is specifically recognized by proteins (8,
12). The LUMO energy for an m7G base is significantly
lower than that of the unmethylated guanine as a result of
the positive charge conferred to the base by the methylation
at N7 (26). Thus, it has been suggested that the LUMO energy
of the base facilitates a specific donation of an electron from
the electron-rich tryptophan indole to theπ-ring system of
the charged base (12). This is an attractive hypothesis, and
there is a large body of evidence for a strong interaction
between tryptophan and the m7G base (12, 29-31). However,
there is no direct evidence at this time for the formation of
a charge-transfer complex in these proteins.

On the basis of the knowledge of interactions between
flavins and aromatic amino acids, the tight stacking interac-
tions of Trp or Tyr with an m7G base are most likely due to
a combination of hydrophobic, electrostatic, and van der
Waals forces between the flat aromatic rings. The energy in
these interactions is not necessarily due to the actual electron
donation from the aromatic side chain to the m7G base. The
delocalized positive charge of the m7G base does provide a
unique molecular “handle” for such an interaction. The
electron-rich aromatic amino acid side chains may specifi-
cally interact with the delocalized positive charge through
simple Coulombic interactions similar to the aromatic-cation
interactions that have recently gained some attention (32).
Theπ-ring system of tyrosine is more electron-rich than that
of phenylalanine due to the electron-donating character of
the phenolic oxygen. The relative difference in the m7G
interaction between tyrosine and phenylalanine could be due
to this difference in electron localization coupled with a short-
range Coulombic interaction between theπ-electron cloud
and the positive charge of the m7G base. Thus, it is striking
that Trp and Tyr residues appear to engage in favorable
stacking interactions with both flavins and the m7G base in
a similar manner.

Complex Orientation and Position Requirements for High-
Affinity Stacking.Although the pattern of Trp and Tyr
interactions with the m7G base was observed in both eIF4E
and VP39, each model system still maintains some unidenti-
fied terms that define the general requirements of an m7G
binding site. The requirement for Trp and Tyr was observed
in at least one of the two residues stacking with the m7G
base in each protein. By comparing the similar sites in the
two proteins, position 56 in eIF4E and position 22 in VP39,
we found that these two amino acid positions are on opposite
faces of the m7G base (the A face in VP39 and the B face

FIGURE 3: CD spectra for variants of (A) eIF4E and (B) VP39.
Spectra were obtained for all variant proteins mentioned in the text.
All spectra were essentially identical to that of the wild-type
proteins. For clarity, only the spectra for key variants are shown
above. In panel A, the spectra for wild-type eIF4E (2) and the
E103D (f), E103Q (9), W102Y ([), W102F (4), W56Y (g),
and W56F (0) variants are shown. In panel B, the spectra for wild-
type VP39 (2) and the E233D (f), E233Q (9), Y22F ([), F180W
(4), and F180W/Y22F (g) variants are shown.
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in eIF4E). In addition, the relative orientation of the amino
acid side chains in the two proteins is very different and the
residue stacked on the opposing face in each protein does
not show the same amino acid requirements (i.e., only Trp
or Tyr) (Figure 2A). Position 102 in eIF4E had the most
stringent requirement for tryptophan, whereas position 180
in VP39 apparently had less stringent requirements and
accepts phenylalanine as a stacking residue in the wild-type
protein. The stringent requirement for a Trp residue at
position 102 in eIF4E is probably due to the distance between
the R-carbon of Trp102 and the m7G base. The indole of
the side chain only interacts with the m7G base with its distal
edge. Thus, neither Tyr nor Phe residues are large enough
to maintain a significant interaction area with the m7G base
when they replace Trp102 (Figure 2A).

The lax requirement at position 180 in VP39 is an
unanswered riddle. Phenylalanine exists at this position in
wild-type VP39, and m7G binding is maintained, although
with an affinity that is about 10-fold weaker than that of
eIF4E. This observation may suggest that of the two residues
stacking with the m7G base, at least one must provide some
van der Waals contact with the base, and the other must be
either a Trp or a Tyr residue engaging in a specific stacking
interaction with the charged base. With this hypothesis, one
might view the off-center stacking of Trp102 in eIF4E as
being unable to promote a specific stacking interaction and
thus establishing a requirement for either Trp or Tyr in the
stacking partner at position 56. The primary fault with this
hypothesis is found in our attempts to engineer an eIF4E-
like m7G binding site into VP39. Substituting Phe180 with
a Trp residue should position the indole of the Trp with a
large area of overlap with the m7G base. If the stated
hypothesis is correct, substituting Trp at position 180 in VP39
should relieve the requirement for Trp and Tyr at partner
position 22. However, when this was tested, m7G binding
was only maintained when residue 22 was either a Trp or a
Tyr and binding was ablated when phenylalanine was
substituted at position 22.

There are two possible explanations for these somewhat
contradictory observations. The first possibility is that Trp,
Tyr, and Phe residues all support a specific interaction with
m7G. Subtle conformational changes or misfolding of mutant
proteins might be the cause of the differential binding
between tyrosine and phenylalanine substitutions. However,
this seems unlikely because phenylalanine and tyrosine are
nearly isostructural, the atomic structures of the proteins show
no specific interactions where the tyrosine hydroxyl is
required, and the same observation was made in two
nonhomologous proteins.

The more likely explanation is that there are specific
position and orientation requirements in the establishment
of a high-affinity stacking interaction between m7G and Trp
or Tyr. With this assumption, we can return to the hypothesis
that one of the stacking partners in an m7G binding pocket
must be a Trp or a Tyr residue and form an orientation-
dependent high-affinity stacking interaction with the m7G
base. The second stacking residue in the site may simply
provide a flat, complementary surface for lower-affinity van
der Waals interactions. On the basis of this hypothesis, we
can then explain our observations. In eIF4E, Trp102 is not
in the proper orientation for a high-affinity stacking interac-
tion and only a tryptophan at this position can provide the

necessary van der Waals interactions to act as the low-affinity
stacking partner. Position 56 of eIF4E is situated such that
either a tyrosine or a tryptophan can engage in a high-affinity
stacking interaction with the m7G base. In VP39, residue
180 is not positioned in a manner that allows a Trp residue
at this location to form a high-affinity stacking interaction
with the m7G base, but Trp and Phe at this position can
provide the low-affinity van der Waals interactions necessary
to support m7G binding. Then residue 22 in VP39 must be
properly positioned to allow either Trp or Tyr to form a high-
affinity stacking interaction with the m7G base. The more
difficult aspect of this hypothesis to understand is that
position 56 in eIF4E and position 22 in VP39 exist in very
different orientations relative to m7G, yet both support the
proposed “high-affinity” stacking interaction for Tyr and Trp
residues. The best approach to address this question would
be a comparison of the three-dimensional structures of m7G-
specific binding sites in other nonhomologous cap-binding
proteins yet to be discovered.

EVolutionary Correlation.An evolutionary correlation to
our interpretation exists in a recently reported homologue
of eIF4E. All the known orthologues of eIF4E in species as
diverse as yeast and humans absolutely conserve all eight
tryptophans in the protein sequence (8). However, a recently
isolated mammalian eIF4E-related cap-binding protein 4EHP
retains a cap binding affinity similar to that of human eIF4E
(33). Remarkably, 4EHP has a single Trp to Tyr substitution
at residue 78 that corresponds to Trp56 in human eIF4E. In
our experiments, replacing Trp56 in eIF4E with tyrosine
resulted in slightly stronger binding to m7G. Thus, the
equivalency of Trp and Tyr at this position with regard to
cap binding affinity is supported by this natural orthologue.

In conclusion, we provide experimental evidence for a
specific high-affinity stacking interaction between an m7G
base and either Trp or Tyr in both eIF4E and VP39. This
interaction is absolutely necessary and must be present in at
least one of the aromatic stacking residues in the cap-binding
site of both proteins. The interaction appears to have specific
requirements for the relative orientation of the m7G base and
the aromatic side chains; however, more than one orientation
can support the interaction. As our results indicate for VP39
and eIF4E, both Trp and Tyr appear to be nearly equivalent
in their affinity for m7G at these unique positions. A better
understanding of the specific m7G recognition motifs may
provide a foundation for the design of small molecules that
either specifically bind to mRNA caps to modulate translation
or block the binding of mRNA to specifically targeted viral
or cellular cap binding proteins (34).
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