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Eukaryotic translation initiation factor-4E (eIF4E) recognizes and binds the m” guanosine nucleotide at the 5" end of eukaryotic
messenger RNAs; this protein-RNA interaction is an essential step in the initiation of protein synthesis. The structure of eIF4E
from wheat (Triticum aestivum) was investigated using a combination of x-ray crystallography and nuclear magnetic resonance
(NMR) methods. The overall fold of the crystallized protein was similar to eIF4E from other species, w1th elght B-strands, three
a-helices, and three extended loops Surprisingly, the wild-type protem did not crystallize with m ’GTP in its binding site,
despite the ligand being present in solution; conformational changes in the cap-binding loops created a large cavity at the usual
cap-binding site. The eIF4E crystallized in a dimeric form with one of the cap-binding loops of one monomer inserted into the
cavity of the other. The protein also contained an intramolecular disulfide bridge between two cysteines (Cys) that are
conserved only in plants. A Cys-to-serine mutant of wheat elF4E, which lacked the ability to form the disulfide, crystallized
with m’GDP in its binding pocket, with a structure similar to that of the eIF4E-cap complex of other species. NMR
spectroscopy was used to show that the Cys that form the disulfide in the crystal are reduced in solution but can be induced to
form the disulfide under oxidizing conditions. The observation that the disulfide-forming Cys are conserved in plants raises
the possibility that their oxidation state may have a role in regulating protein function. NMR provided evidence that in
oxidized elF4E, the loop that is open in the ligand-free crystal dimer is relatively flexible in solution. An NMR-based binding
assay showed that the reduced wheat eIF4E, the oxidized form with the disulfide, and the Cys-to-serine mutant protein each

bind m’GTP in a similar and labile manner, with dissociation rates in the range of 20 to 100 s

Protein synthesis in eukaryotic cells is a highly regu-
lated process that begins with the interaction of eukar-
yotlc translation initiation factor-4E (eIlF4E) with the
m GpppN cap group at the 5’ end of the mRNA (for
review, see McKendrick et al., 1999; Pestova et al., 2001;
Dever, 2002; Sonenberg and Dever, 2003). The elF4E
protein binds with its partner elF4G to form the elF4F
complex (Keiper et al., 1999; Prévot et al., 2003), which
serves as a scaffold for the assembly of initiation factors
elF4A, elF4B, elF3, and poly(A)-binding protein. This
protein-mRNA complex recruits the 40S ribosome with
its attendant initiation factors (elF1, eIF1A, elF2, elF5B,
and eIF5) prior to scanning for the initiator AUG codon
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(Asano et al., 2000; Pestova et al., 2000; Sonenberg and
Dever, 2003).

The role of elF4E in translation has been extensively
studied, particularly in mammalian and yeast (Saccha-
romyces cerevisiae) systems. In mammals, protein syn-
thesis can be regulated by modulating the ability of
elF4E to interact with elF4G (for review, see Richter and
Sonenberg, 2005); this regulation is carried out by a
group of repressor proteins called 4E-binding proteins
(4E-BPs; Raught and Gingras, 1999; Pyronnet et al.,
2001). The 4E-BPs function by mimicking eIF4G and are
able to bind and sequester elF4E, blocking formation of
elF4F, a complex of elF4E and elF4G. The 4E-BPs can be
phosphorylated by the FRAP/mTOR intracellular sig-
naling pathway (Raught and Gingras, 1999), which
releases elF4E, enabling it to form a complex with
elF4G. Inmammals, eIF4E is subject to direct phosphor-
ylation at Ser-209 by the kinases MNK1 and MNK?2,
which are activated by the mitogen-activated protein
kinase signaling pathways (Fukunaga and Hunter,
1997; Waskiewicz et al., 1997; Raught and Gingras,
1999; Lachance et al., 2002). The C terminus of mam-
malian elF4G has an MNK1-binding site that facilitates
access of MNKI1 to elF4E (Pyronnet et al., 1999;
Waskiewicz et al., 1999; Bellsolell et al., 2006). The effect
of phosphorylation on mammalian elF4E is still a
subject of debate, with observations linking elF4E
phosphorylation to both increased and decreased
protein synthesis (Pyronnet et al., 1999; Naegele and
Morley, 2004; Orton et al., 2004; Worch et al., 2004;
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Arquier etal., 2005; Reiling et al., 2005). Phosphorylation
of elF4E does not appear to be necessary for protein
synthesis in vitro or in vivo (McKendrick et al., 2001),
and the mutation of the functional equivalent of Ser-209
in Drosophila melanogaster to Ala-209 is viable but does
not have normal growth and development (Lachance
et al., 2002). It has been reported that phosphorylation
alters the ability of eIF4E to bind capped mRNAs in vitro
(Scheper et al., 2002); however, phosphorylation has
recently been reported to have no effect on ligand dis-
sociation rate (k) for cap analogs in vitro (Slepenkov
etal.,2006).5" caps onlonger (12 nucleotide) RN As have
increased affinity for both phosphorylated and unphos-
phorylated elF4E, suggesting that there may be addi-
tional stabilizing interactions with elF4E and the mRNA
(Slepenkov et al., 2006).

Higher plants possess an equivalent form of elF4E
and in addition have an isozyme form of the protein,
elF(iso)4E (Allen et al.,, 1992; Browning et al., 1992;
Browning, 1996, 2004). Plant elF(iso)4E is approxi-
mately 50% similar in primary sequence to plant e[F4E
(Allen et al., 1992; Metz et al.,, 1992). Furthermore,
elF(iso)4E is found in complex with an isozyme form
of elF4G, elF(is0)4G (Lax et al., 1985; Browning et al.,
1987, 1992). elF4G and elF(is0)4G share some similar-
ity in their domains for the binding of additional
factors elF4A, elF3, and poly(A)-binding protein but
differ significantly in molecular mass, 180,000 versus
82,000 kD, respectively (Browning, 1996; Metz and
Browning, 1996). Both the elF4F (complex of elF4E/
elF4G) and elF(iso)4F [complex of elF(iso)4E/ elF(is0)4G]
have similar activities in supporting the initiation of
translation in vitro (Lax et al., 1985; Browning et al.,
1992). The role of the isozyme form of the eIF4E cap-
binding protein in plants is not yet clear. Fluorescence
quenching experiments have indicated that wheat
(Triticum aestivum) elF(iso)4F prefers hypermethylated
cap structures and mRNAs with less secondary struc-
ture compared to wheat elF4F (Balasta et al., 1993;
Gallie and Browning, 2001). Plant elF(iso)4F has also
been shown to localize to maize (Zea mays) mi-
crotubules both in vitro and in vivo, suggesting that
localization of elF(iso)4F may have a role in the trans-
lation of specialized proteins within the cell (Bokros
et al.,, 1995). Arabidopsis (Arabidopsis thaliana) elFAE
and elF(iso)4E mRNAs are differentially expressed
(Rodriguez et al., 1998), with the eIFAE mRNA being
expressed in all tissue types except certain root cells,
while elF(iso)4E mRNA is particularly abundant
in floral organ cells and young, developing tissues
(Rodriguez et al., 1998). It was also demonstrated that
Arabidopsis elF4E could functionally complement
a yeast elF4E knockout, whereas elF(iso)4E could
not (Rodriguez et al., 1998). Resistance to some plant
viruses has been shown to reside in the genes for
elF4E or elF(iso)4E (for review, see Kang et al., 2005b;
Robaglia and Caranta, 2006). These results suggest that
although the biochemical properties of elF4E and
elF(iso)4E are similar, there are differences in their
function in plant cells.
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The structures of elF4E in complex with mRNA cap
analog from several different organisms have previously
been determined. The structure of yeast elFAE was
solved by NMR methods (Matsuo et al., 1997), and the
murine elF4E (Marcotrigiano et al., 1997) and human
elF4E (Tomoo et al., 2002, 2003) structures were solved
by x-ray crystallography. These molecules were found to
have identical topologies, with each protein containing a
mixed eight-stranded B-sheet and three a-helices. In
each case, the purine ring of the cap analog was bound to
the protein using a 77 stacking interaction involving
invariant Trp residues. A solution structure of apo-eIF4E
from yeast was recently reported, where the protein was
found to undergo changes in structure and internal
motions in response to ligand binding, and a structural
basis for a coupling between elF4G and mRNA cap
binding was described (Volpon et al., 2006).

In this work, we describe the first structure of an
elF4E protein from a plant, determined using a com-
bination of x-ray crystallography, NMR, and muta-
tional methods. These results are part of an effort to
further understand the functional aspects of eIF4E that
are unique to plants and provide some insight into the
molecular basis of the functional differences between
elF4E and elF(iso)4E.

RESULTS
Crystal Structure of the Wild-Type Wheat AN-eIF4E

The initial crystals of recombinant wheat elF4E took
over 1 year to grow. Data were collected in house and a
molecular replacement solution was obtained using
murine elF4E as a test model (Marcotrigiano et al.,
1997). Inspection of the electron density map and
several rounds of refinement revealed that 38 amino
acids at the N terminus of the protein were not visible.
N-terminal sequence analysis of protein from dissolved
crystals confirmed that these 38 residues had been
removed during the prolonged crystallization period.
These N-terminal amino acids are not well conserved
between species. A similar number of amino acids were
not visible at the N terminus of the murine and hu-
man forms of elF4E (Marcotrigiano et al., 1997; Tomoo
et al., 2002), and NMR results have shown that the
N-terminal 35 amino acids of the yeast e[FAE are flexible
in solution (Matsuo et al., 1997). To expedite additional
crystallography work, the DNA encoding wheat elF4E
was truncated to produce a modified protein with
38 N-terminal residues removed; this protein is called
AN-elF4E. AN-elF4E crystallized in about 2 weeks
under the same conditions as the proteolyzed protein
and had identical unit cell parameters.

The crystals of AN-eIF4E belong to hexagonal space
group P6; with the following cell constants: a = b =
66.3 A, ¢ = 180.9 A. The crystallographic asymmetric
unit of wheat AN-elF4E is a dimer, exhibiting non-
crystallographic symmetry along a pseudo 2-fold axis
(Fig. 1). The V_ of the AN-eIF4E crystals is 2.8 A%/D.
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Figure 1. The backbone of the dimeric structure of
wheat elF4E. Molecule A of the dimer is shown in
red; molecule B is shown in blue. Tryptophan side
chains analogous to those previously implicated in
cap binding (Trp-62 and Trp-108) are shown in black,
as well as Cys-113 and -151, which form a disulfide
bond, are shown in yellow. Loop 1 (residues 53-65)
of each monomer extends into the neighboring mol-
ecule in the dimer, with Trp-62 occupying the center
of the expected cap-binding pocket.

Three—Angs’crom electron density maps, made with
diffraction data collected in house, showed a dramatic
conformational change in the area of the expected cap-
binding site at the dimer interface. However, due to the
low resolution of the map, the peptide chain could not
be unambiguously traced through this area. A crystal
freezing protocol was developed that allowed 1.85 A
data to be collected at the Brookhaven synchrotron,
facilitating high resolution structure determination.
Crystallographic data for AN-eIlF4E are summarized
in Table I. A Ramachandran plot shows 89.6% of
residues to be in the most favorable region, 9.1% in
additional allowed space, and 1.3% in generously
allowed space. The refined structure includes 322 sol-
vent molecules.

The overall fold and the central B-sheet regions of the
dimeric protein are similar to that seen in monomeric
elF4E from mammals and yeast (Marcotrigiano et al.,
1997; Matsuo et al., 1997; Tomoo et al., 2002). However,

the mammalian and yeast proteins differ from the
wheat AN-elF4E in that they contain an mRNA cap
analog sandwiched between two invariant Trp rings in
an aromatic stack; the wild-type wheat protein crystal-
lized without bound cap, despite its being present in
solution. The most significant differences between the
protein structures occur in the region of the two loops,
residues 53 to 65 (loop 1) and 103 to 116 (loop 2), which
hold the cap-binding Trp; these correspond to Trp-62
and Trp-108 in wheat elF4E. These loops were left
out of early models of the wheat protein and were
carefully rebuilt from a series of omit maps. In the
mammalian and yeast proteins, these loops form ran-
dom coils that come together with the bound cap
sandwiched between the two Trp. Loop 2 is in close
proximity to a short helix (residues 199-203 in the
wheat protein) between B-strands 7 and 8. In the wheat
elF4E structure, these loops are extended away from
the surface, opening a wide cavity between the loops

Table I. Summary of crystallographic and structure refinement statistics for the wheat elF4E protein
lacking residues 1 to 38 at its N terminus (AN-elF4E) and mutant C113S of the truncated protein
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Wheat AN-elF4E Mutant C113S
Space group P6, P2,
Cell constants a=b = 6634, a = 36.65, b = 5823,
c=180.85 A c=39.06A 8=1158°

Resolution (/3\) (last shell) 50.0-1.85 (1.92-1.85) 50.0-2.25 (2.32-2.25)
Rmerge (%) (last shell) 7.5 (47.7) 6.3 (14.7)
<l/o> (last shell) 8.7 (3.9) 16.5 (12.4)
Completeness (%) (last shell) 100.0 (100.0) 96.9 (88.9)
Completeness (I/o; > 3) (%) (last shell)  81.3 (46.2) 88.4 (72.7)
Unique reflections 38,354 6,939
Redundancy 8.2 5.5
Wavelength (A) 1.1 1.5418
No. of residues 354 177
No. of atoms 3,130 1,553
Ruorking 0.211 0.200

oo 0.234 0.274
rms deviation from ideality

Bonds 0.006 0.007

Angles 1.180 1.102
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and the short helix. In the cap-bound elF4E structures,
this space is occupied by the two loops and the bound
cap. In the wheat protein, loop 1 is folded as a B-loop
rather than random coil, and in the dimer, the loop 1 of
the neighboring monomer is inserted into the cavity,
forming a four-strand antiparallel B-sheet with the
loop 1 of the first monomer. Trp-108 also interacts with
residues of the empty cap-binding pocket of the neigh-
boring protein in the dimer (Fig. 1). The recently re-
ported NMR structure for the yeast apo-elF4E indicates
similar aberrant movement of the two loops that are
supposed to bind the cap analog (Volpon et al., 2006).

A Novel Disulfide Bond

Wheat elF4E contains four Cys residues. The wheat
AN-elF4E crystal structure showed that two of these
Cys, Cys-113 and Cys-151, form a disulfide bond (Fig.
2). Interestingly, this pair of Cys is conserved in all
known elF4E proteins from higher plants, but not in
animals or yeast. For example, in mouse, the homolog
of Cys-151is a Cys, but the homolog of wheat Cys-113is
Asn-107 in mouse (Fig. 3). Finding a disulfide bond in a
cytoplasmic protein was somewhat surprising, because
the cytoplasm of most cells is reducing. The geometry
associated with the disulfide is nearly ideal. The ¢ and
yangles for residues 113 and 151 are both in the allowed
regions of a Ramachandran plot, and the C-S-S bond
angles are 105.4° and 105.3° for residues 113 and 151,
respectively. The C-S5-5-C dihedral angle is —94.4°.
These data suggest that the bond is not strained. From
the crystallographic data alone, it was not clear whether
the disulfide bond is an artifact of an aerobic purifica-
tion procedure and crystallization, or if it exists under
some circumstances in the cytoplasmic protein under
physiological conditions.

Crystal Structure of the C113S Mutant of Wheat AN-eIF4E

The Cys-to-Ser mutant C113S of wheat AN-eIF4E was
prepared for the purpose of further investigating the role
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of the disulfide bond in the protein structure. We were
unable to crystallize the mutant protein in the ammo-
nium sulfate conditions that yielded wheat AN-elF4E
crystals. However, the mutant protein did crystallize
under a different, low-salt condition. These crystals were
of space group P2, with cell constants a = 36.7, b = 58.2,
c =391 A, and B = 115.8°. The asymmetric unit
contained a monomer, giving a V,, of 1.9 A%/D. The
2.3-A structure was solved by the molecular replace-
ment method. Crystallographic data for the C113S mu-
tant are summarized in Table I. A Ramachandran plot
shows 89.0% of residues to be in the most favorable
region, 10.4% in additional allowed space, and 0.6% in
generously allowed space. The refined structure in-
cludes 101 solvent molecules. A ribbon drawing com-
paring the wild type and C113S mutant protein is shown
in Figure 4.

Interestingly, it was found that unlike the wild-type
wheat elF4E, which crystallized without the bound
cap, the C1135 mutant contained m’GDP in a bind-
ing site that is strikingly similar to that observed in
crystal structures of the murine and human elF4E
(Marcotrigiano et al., 1997, Tomoo et al., 2002). As
shown in Figure 5, the purine ring of the cap is
sandwiched between the rings of Trp-62 and Trp-108.
Conserved Glu-109 is hydrogen bonded to the meth-
ylated guanine ring. Arg-158 and Arg-163 interact
with the phosphate groups of the cap; these positively
charged amino acids are well conserved (as either Arg
or Lys) in mammals, yeast, and plants (Fig. 3). Another
remarkably conserved residue, Asp-96, forms a salt
bridge with Arg-158 and is therefore likely to also be
important for cap binding. The ring of conserved Trp-
167 makes a van der Waals contact with the methyl
group of the m’GDP ligand, providing a structural
basis for the ability of the protein to discriminate
between GDP and m’GDP.

Interestingly, the distance between Oy of Ser-113 and
Sy of Cys-151 in the C113S mutant protein is only 3.7 A.
In the wild-type protein, where both of these residues
are Cys, the sulfur atoms would be well placed to form a

Figure 2. A section of the 2F -F_ electron density map
of wheat elF4E showing the disulfide bridge between
Cys-113 and Cys-151. The map is contoured at 1.0 o-.
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E 5 10 15 20 25 30 35 40 45
wheat eIF4E MAEDTETRPASAGAEEREEGETIADDGDGSSAAAAGRTITA[H|P[L]EN A
wheat iso-eIF4E MAEVEAARLPVAATETPEVAAEGDAGAAEA AKGP|H|E|L[QRQ
arabi eIF4E (26 a.2a.)- YHEEGDDAEEGEIAGGEGDGNVDESSKSGVPES|HP|ILIEHS
arabi iso-eIF4E (10 a.a.)- EENTTAKNMATDDVNEPLPAAAELPATEAEZEKS®QP|H|K|L|E R K
nicot eIF4E (133 4.4a.)- S KTNTREVEEEGEIVGESDDTMSSLGNPSMAMEK|H|A|L|IEH S
nicot iso-eIF4E MATEAPIEATEVPPPASATETVYAZKSCOQP|H|XK|LIERR
human eIF4E MATVEPETTPTPNPPTTEEEKTESNQEVANPEEHTYTIK|HP|L|QNR
yeast eIF4E MSVEEVSKKFEENVSVDDTTATPEKTVLSDSAHFDUVEK|HP|LINTEK
<« fl —> loop 1 B2 al loop
50 55 6 65 70 75 80 85 90
wheat eIF4E W|T|F W F|D|N|P|Q|G|K S R|Q|V AW ] IIHP I H|T|F|S|ITVEDTFW|G|ILIYIN|N|II|H NP S
wheat iso-eIF4E wlr|F w Y[p|z|@|T|%|P Xk P|G|A A|w|G|T|s|L|k kK G ¥Y|T|F[D|T Vv E E F w|c|u|Y|D|Q|I|F R P &
arabi eIF4E wlT|F w Fp|v|P|Aa|V|K s K|o|T s|w|G|s|s|u|r P Vv F|T||F|s|T v E E F w|s|L|Y|N|N|M|K H P S
arabi iso-eIF4E Wls|F w Fp|n|o|s K|k - -|6|a a|w|G|a|s|L|R K A ¥|T||F[D|T v E D F w|G|L|H|E|T|I|F QT 8
nicot eIF4E wlT|F w Fp|v|P|s|6|K s K|o|a A|w|G|s|s|z[r P I ¥|T||F|s|T v E D F w|s|v|y|w|N|I|EHP 5
nicot iso-eIF4E W|T|F W FIDIN |Q|S [K|P K Q |G|A A|W S LIR K A Y|TYF|E|T VEETFW|S|L|Y|D|JQ|I|F KP S
human eIF4E WAILWFIFKNDKSK---T|W ANILIRL I S K|FIDITVEDTF WAIL|Y NH|I|[QL S SN
yeast eIF4E WrlpwylrkPAVDKXKS -ESsWSsDL[L[RPVTS|Flo[rVEEFWaA|I|[IQN|I|PEPHE
loop < f3—> loop 2 p4 <« a2
95 100 105 110 115 120 125 130
wheat eIF4E LIN V|G|A|D|F H|IC|F K|N|K|I E PJK|W EJDJPJIC|A N|G G K W|T|I|]S CGR G - - - - |K D F
wheat iso-eIF4E L|v ¢|s|a[p|F B|L|F K|a 6|V E P|K|w E|D|PfE|C|2 N|G G K W|T|V|I S SRKT - - -|N L|D|T M
arabi eIF4E L|a BE|G|a|D|F Y|C|F K|H|I|I E P|K|W E[D|PJI|C|A N|G G K W|T|M|[T F P KE - - - -|K 5|D|K S
arabi iso-eIF4E L|t a|u|ale|z B|L|F K|a|G|v E P|&|w E|D|PfE|C|A N|G G K W|T|W|V VT ANRK - E|a L|D|K G
nicot eIF4E L|IA V|G|A|D|F H|IC|F K|N|K|I E P|K|W EJD|JP|V|C|A N|G G K W|T|IM|S FSRG - - - =-|K DIT C
nicot iso-eIF4E |t a|n|alp|F B|L|F K|ac|r E P|k|w E|D|PjE|C|2 S|G G K W|T|V|]T S SRKA - - -|N L|E|T M
human eIF4E LmrpGclplrs[CFRlpDG|I EP[M|[WEID|[EKNKR|GGRWL|[I[TLNKQQRRSDL|DRF
yeast eIF4E LIP L KS|DI[Y H|VFR|ND|VRP|E|WEIDIEANAZKRK|GGKW|S|IFIQLRGKG - -AD DIE L
—_— loop «—f5—> «—f6——>
135 140 145 150 155 160 165 170
wheat eIF4E WLJH|ITLLAMIGE|QIF DIFG-DE|I|C|IGAV V|S|VI[IRIQK - -QE VIA|IJWIT|K N A A|N
wheat iso-eIF4E WLlElrcMmaL 16 E|Q|F D|E s - ¢ E|1fc|e v v A|s|V[R|@ R - - @0 D|K|L|s|L|w|T|k T A s |N
arabi eIF4E Wwilylro L aL 16 E|Q|F D|JEHG - D E|I|c|lc A Vv V|N|I|R|G K - - Q E|R||Z|S|I|wW|T|E ¥ A 5 |N
arabi iso-eIF4E WLIET L MALIGE|QIF DJEA - D E|IJCIG V V A|S|V|R|P Q S QD LIS|LYWIT|R T K S|N
nicot eIF4E WLIYITLLAMIGE|QIF D|JCG -DE|IJC|IG AV I|IN|IV|RIVR - - QE I|A|LYWIT|IR N A A|N
nicot iso-eIF4E WLIEJTL MAL YV G E|JQJF DJE S - E E|IJC|G V V A|S|V|RIR S - - QD LIS|LYWIT|K T A S|N
human eIF4E WLIEITLLCLTIGE|S|IFDDY SDD|V|IC|IGAV V[IN|IVIRIAK - -GD I|A|IJWIT|T E C E N
yeast eIF4E WLIRITLLAVIGE|T|IDIEDDS Q|I|N|le Vv VL|sS|[I|R|IKG - -6 N[K|F|a|nfw|T|K - s ED
a3 «— [(7—> loop 3 <« (8§ —>
175 180 185 190 195 200 205 210 215
wheat eIF4E E(AAQTI S|I GIK|Q|W E FILID Y KD|S|[I G|FII VHE|DIAKR - ~--SDEKGPIKHNR|Y|T|V
wheat iso-eIF4E E|A vV QVD|T G|K|K|W K|E V[T|D Y ND|R|M V|Y|S FEDID|S RS ---QKPSRGGR|YT|V
arabi eIF4E E|AAQV S|I G|K|Q|W K|E F[L|D Y NN|S|[I G|F|I I HE[DJAKXKK---LDRNAKNRA|Y|T|A
arabi iso-eIF4E E|A VL MG|I G|K|K|W E IILIDVTDI|K|I TIFIN NHDID|SR - = = = = = = = = R S R|F|T|V
nicot eIF4E E|T AQV S|I G|K|g|Ww K|E F[L|[D Y ND|s|VG|F|I FEDIDJAKXKK---LDRAAKNR|Y[S]|V
nicot iso-eIF4E E(A I QMS|I G|R|K|W E I|IIDA - E|K|I S|Y|S FHD|IDJSKR----ERSAKSRI|Y|T|V
human eIF4E REAVTH|I G|IR V|Y ER|ILIGLPPEKIV|IIGYQSHADT TKSGSTTEKNR|F|IV|V
yeast eIF4E KEPLLRI|I G|G K|F QVILIKLTDDGH|LIEFFPHSSA---NGRHPQPS|I|IT|L

Figure 3. Amino acid sequences of elF4E and its isoform from higher plants aligned with human and yeast elF4E. Sequences are
shown for elFAE and elF(iso)4E from wheat, Arabidopsis (arabi), and Nicotiana tabacum (nicot), aligned with elF4E from Homo
sapiens (human) and yeast. Amino acids that are most directly involved in binding m’GTP are boxed in red. Amino acids that are
important for stabilizing the structure of the protein are boxed in black; these are either located in the hydrophobic core or
involved in other tertiary interactions and are well conserved across all eukarya. Plant-specific amino acids are boxed in green;
these are conserved (>95%) in plants but differ from those in other eukarya. The plant-specific amino acids include Cys-113 and
Cys-151, which form the disulfide linkage in the wheat elF4E crystal structure, as well as several other surface residues. Blue
boxes indicate amino acids that are >90% conserved in one isoform of plant elF4E while being variable or conserved as another
residue type in elF(iso)4E and, therefore, indicative of whether the protein belongs to the elF4E or elF(iso)4E family. Interestingly,
most of these isoform-specific residues are relatively accessible on the protein surface; hence, there is little overlap between the
set of architecturally important residues (black boxes) and the isoform-specific residues (blue boxes). Although only eight
sequences are shown in the figure, 55 sequences were examined in determining which residues are conserved (Joshi et al.,
2005).
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disulfide linkage with a relatively minor, but perhaps
functionally significant, perturbation of the protein
structure. The side chain of Ser-113 (Cys-113 in the
native protein) is located relatively close to the cap-
binding site; the distance between the C of Ser-151 and
the ring of Trp-108 is approximately 6.1 A.

Wheat eIF4E in Solution

NMR spectroscopy is well known as a tool for pro-
viding detailed information about the structure, dy-
namics, and stability of proteins in solution; however, it
is also an effective tool for detecting Cys that form
disulfide bonds (Sharma and Rajarathnam, 2000). Spe-
cifically, the 13C NMR chemical shift of the CB in a
reduced Cys is typically 28 to 32 ppm, while Cys that
are involved in disulfides have CB chemical shifts near
40 ppm. An NMR method has a significant advantage
over more traditional biochemical methods for disul-
fide detection, such as Ellman’s assay (Ellman, 1959),
because NMR can specifically indicate which Cys in the
protein sequence are involved in a disulfide while
simultaneously monitoring whether the protein has
remained in a folded conformation during the oxida-
tion attempt. In the case of wheat elF4E, which contains
four Cys residues, we found that Ellman’s assay could
be used to show a decrease in the number of reduced
Cys under oxidizing solution conditions but did not
give an unambiguous indication regarding the pres-
ence or absence of the Cys-113-Cys-151 disulfide bond.

As a first step in using NMR for disulfide bond
detection, triple-resonance methods were used to as-
sign the spectrum of ’C- and "N-enriched wheat
AN-elF4E under conditions that were not intentionally
oxidizing, in a solution of 20 mM potassium phosphate
at pH 7, 100 mm KCl, and m’GTP that slightly
exceeded the 1-mMm protein concentration. The pres-
ence of m’GTP was found to significantly increase the
stability of the protein in solution. The CB chemical
shifts of all four Cys within eIlF4E were identified in a
three-dimensional HN(CO) CACB spectrum (Fig. 6).
Cys-113 and Cys-151 were found to have CB chemical
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Figure 4. Ribbon diagram comparing the structure of
the wild type (right) and C113S mutant (left) of wheat
elF4E. The Trp of the cap-binding pocket are shown
in green, the m’GDP is shown in magenta and the
disulfide bond (right) and positions of the reduced
Cys (left) are shown in yellow.

shifts of 29.2 and 29.1 ppm, respectively, indicating
that they are not involved in a disulfide bond under
these solution conditions. The other two Cys in the
protein, Cys-99 and Cys-123, have CB chemical shifts
of 29.4 and 32.1, indicating that they are also reduced.
The Cys CB chemical shifts were unchanged in a
protein sample that had been stored for 3 months at
4°C in NMR buffer without the addition of a reducing
agent such as dithiothreitol (DTT), indicating that the
Cys are not particularly susceptible to oxidation in
solution under the conditions of the NMR experi-
ments. The one-dimensional NMR spectrum of the
protein contains resonance line widths that are typical
of a 20-kD molecule, consistent with wheat AN-elF4E
being a monomer in solution.

In an effort to determine whether the Cys-113-Cys-
151 disulfide bond that was observed in the crystals of
wheat AN-eIF4E can be formed in solution, NMR was
used to study the protein under more oxidizing condi-
tions, where 10 mM hydrogen peroxide and 0.3 M

Figure 5. A section of the 2F -F_ electron density map of the C113S
mutant of wheat elF4E showing the bound m’GDP. The map is
contoured at 0.8 0.
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Figure 6. Sections of three-dimensional
HN(CO) CACB spectra of wheat AN-elF4E

SN = 106.3 ppm

5N = 106.0 ppm 5N = 119.9 ppm 5N = 120.2 ppm

showing the change in chemical shift of A
the CB of Cys-113 upon disulfide forma-
tion. Peaks indicating the '*C chemical
shifts of Ca and CB of Cys-123 and Cys-

113 are labeled. Sections A and C are from Cé?—» @
a spectrum of AN-elF4E protein in 100 mm
KCl, 10 mm potassium phosphate at pH 7,
with m’GTP in slight excess over the pro-
tein concentration; sections B and D show
the spectrum when 0.3 v ammonium sul-
fate and 10 mm hydrogen peroxide were
added to the NMR sample to more closely
mimic the conditions under which the
crystals were obtained. Under these latter
conditions, the '*C chemical shift of C8 of
Cys-113 changes from 29.2 to 41.4 ppm,
indicative of its participation a disulfide
bond, while the chemical shifts of CB8 of
Cys-123 and other 'H, *C, and N nuclei
undergo relatively modest changes.
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ammonium sulfate were added to the sample (the
crystals were grown in ammonium sulfate). A two-
dimensional "N-"H correlated spectrum showed little
or no chemical shift changes for the large majority of
backbone °N and 'H nuclei, indicating that these more
oxidizing conditions did not cause the protein to de-
nature or undergo a drastic conformational change.
Resonance line widths were also not significantly
changed, indicating that the protein did not dimerize
in solution, asithad in the crystal. However, there was a
significant decrease in intensity (or disappearance) of
the NMR signals of approximately 20 backbone amide
protons, mostly located in loops 1 and 2, near the cap-
binding site. This decrease in NMR intensity can be
attributed to an increased rate of exchange of the amide
protons with the solvent and/or line resonance line
broadening due to chemical exchange, either of which
would be consistent with these regions of the pro-
tein becoming more flexible under the more oxidizing
conditions. Most significantly, a three-dimensional
HN(CO) CACB spectrum obtained under the oxidizing
conditions (Fig. 6) showed a chemical shift of 41.4 ppm
for CB of Cys-113, whichis typical of a Cysinvolved ina
disulfide bond (Sharma and Rajarathnam, 2000), pre-
sumably with Cys-151. There was also a small change of
0.2 ppm in the Cys-113 CB chemical shift and slight
changes in the amide '°N and "H chemical shifts of Cys-
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113 and adjacent amino acids. The Cg resonance of Cys-
151 was not detected in the HN(CO) CACB spectrum,
due to the amide proton of Gly-152 being unobserved,
likely due to its rapid exchange with protons of the
solvent. The chemical shift of C8 of Cys-123 was
unchanged at 32.1 ppm under the oxidizing conditions,
and the CB chemical shift of Cys-99 was not detected in
the HN(CO) CACB spectrum due to the amide proton
of residue 100 being unobserved.

In summary, the NMR data show that wheat
AN-elF4E does not contain a disulfide between Cys-
113 and Cys-151 under solution conditions that are not
intentionally oxidizing. The NMR data also provide
evidence that the Cys-113-Cys-151 disulfide can be
induced to form in solution under oxidizing condi-
tions; these oxidizing conditions do not denature or
induce substantial structural changes in the protein;
however, there is evidence of increased flexibility in
loops of the protein near the cap-binding site.

Binding of m’GTP by Wheat eIF4E in Solution

The observation that Cys-113 and Cys-151 can form a
disulfide linkage without unfolding the eIF4E protein
(supported by our crystallographic as well as NMR
results), combined with the observation that these Cys
are well conserved in plants, suggests the possibility
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that their oxidation state may have a role in protein
function. As part of a test of this hypothesis, an inves-
tigation of the influence of disulfide formation upon the
ability of the protein to bind the cap analog m’GTP was
undertaken.

Biochemical methods have previously been used to
study the binding of capped mRNAs and cap analogs
by eIF4E from mammals and yeast in numerous studies
(Carberry et al., 1990, 1991, 1992; Ueda et al., 1991;
Minich et al., 1994; Niedzwiecka et al., 2002; Scheper
etal., 2002), while cap binding by eIF4E from plants has
been investigated to a lesser extent (Sha et al., 1995; Ren
and Goss, 1996; Ruud et al., 1998; Khan and Goss, 2004;
Michon et al., 2006). A fluorescence assay has been used
to quantitatively assess the binding of m’GTP by the
elF4AE protein, where quenching of Trp fluorescence
upon stacking with the purine ring of the cap is mea-
sured as a function of protein and cap concentration
(Carberry et al., 1989; Niedzwiecka et al., 2002). In the
case of the wheat elF4AE and AN-elF4E, the proteins
were found to be unstable in the absence of ligand (as
detected by NMR), thus preventing the preparation of
the cap-free protein required for the fluorescence-
quenching method. At low m’GTP concentrations, the
protein concentration appeared to continuously de-
crease with time as measured by fluorescence emission
or UV absorbance, perhaps due to its precipitation.
Instability has also been reported for the cap-free
mammalian elF4E (Niedzwiecka et al., 2002), as well
as the tendency for the protein to aggregate in the
absence of cap (Niedzwiecka et al., 2005).

NMR spectroscopy was used as an alternative to
fluorescence methods for the investigation of the equi-
librium and dynamics of the e[F4AE-m’GTP interaction.
NMR has the advantage that it can be used without
preparing ligand-free samples of the protein. In addi-
tion, the characteristic "H NMR spectrum of the protein
could be monitored to maintain confidence that all
of the protein was folded when ligand binding was
measured. Upon introducing an excess of ordinary
(**C rich) m’GTP into a sample of the protein that had
been purified with '*C-labeled ligand, it was observed
that the pool of free ligand reached an equilibrium
mixture of >C and *C in less than 90 s, which is how
long it took to acquire a C NMR spectrum after
mixing. This observation immediately suggested weak
ligand binding and put a lower limit on k4 for the
protein-ligand interaction. A two-dimensional 'H-"H
NOE spectrum of a mixture of wheat AN-elF4E and
excess m’GTP shows that separate (and broadened)
resonances are observed for the free and bound ligand
(Fig. 7). Cross peaks between resonances of the free and
bound m’GTP indicate that a significant fraction of the
free and bound pools exchange during the 200-ms NOE
mixing time (Fig. 7); this NOE spectrum is remarkably
similar to that of the Trp repressor protein obtained with
a similar concentration of excess Trp (Schmitt et al.,
1995). The observation that the resonances of the protein
and free ligand have the same sign in a two-dimensional
NOE spectrum is also consistent with weak ligand
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Figure 7. A section of a two-dimensional 'H-'"H NOE spectrum of
1 mm wheat AN-elF4E in the presence of 5 mm m’GTP with the
chemical shifts of free and bound m’GTP indicated by arrows. The spec-
trum was obtained at 25°C with a 200-ms NOE mixing time. The
resonances of the free m’GTP have the same sign as those of
the protein, consistent with weak ligand binding, and the resonances
of the bound m’GTP are broadened, consistent with slow exchange on
the NMR time scale. The off-diagonal exchange peaks between the free
and bound m’GTP are striking, similar to those observed in the
spectrum of the Trp repressor protein in the presence of excess Trp
(Schmitt et al., 1995) in a similar example of weak ligand binding. This
NOE spectrum was obtained using a jump-return method for suppress-
ing the solvent water signal, which tends to attenuate the signals of
peaks near 5 ppm.

binding (Post, 2003). The 'H resonances of excess free
m’GTP are broadened upon the addition of a relatively
small (less than stoichiometric) amount of wheat
AN-elF4E protein (Fig. 8). These observations indicate
that the bound and free m’GTP are in slow exchange
on the NMR time scale. An analysis of the NMR line
widths (Lian and Roberts, 1993) was used to derive the
ligand dissociation rate (k) for samples of wild-type,
mutant, oxidized, and reduced elF4E protein.

Results of the NMR-based binding assay showed
that the reduced wheat AN-eIF4E, the oxidized form of
the protein with the Cys-113-Cys-151 disulfide, and the
C113S mutant protein each weakly (and similarly) bind
m’GTP. For the reduced protein, k,;; was found to be in
the range of 48 = 15 s '; oxidized protein with the
disulfide was found to have k_; of 73 = 26 s™'. The
C113S mutant that cannot form the disulfide was found
to have k. in the range of 38 = 15 s™'. The stated
uncertainty in each value is indicative of the estimated
uncertainties in the NMR line width measurements,
protein and ligand concentrations, and the variability
in data obtained using different protein preparations. It
therefore appears that there is only a small (1.5X)
difference in the dissociation rate for the cap analog
m’GTP for the three forms of the wheat AN-eIF4E
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Figure 8. A, Sections of a one-dimensional 'H NMR spectrum of a
mixture of 0.2 mm m’GTP and the chemical shift reference standard
DSS in the absence of protein. B, Sections of the 'H NMR spectrum of a
sample containing 0.25 mm m’GTP and a less-than-stoichiometric
amount (0.03 mm) of the wheat AN-elF4E protein, showing that the
wheat AN-elF4E broadens the methyl peak of the free m’GTP, as
expected in the case of slow exchange on the NMR time scale. The
width of the DSS resonance shows relatively little change upon the
addition of the protein. C, A representative graph showing that
the width of the free m’GTP methyl resonance varies with protein
and ligand concentrations, consistent with labile ligand binding and
the model of slow exchange on the NMR timescale. [Protein] and
[Ligand] refer to the total concentrations of wheat AN-elF4E protein
and m’GTP, respectively. Av,, is defined as the width of the m’GTP
methyl resonance at half height minus the width of the DSS resonance.

protein as measured by NMR. This implies that K for
the binding of m’GTP by wheat AN- eIF4E is greater
than or equal to approximately 1077 m~', which is
toward the high end of the range reported for other
(nonplant) forms of e[F4E, determined using fluorescence-
quenching assays (Carberry et al., 1992; Niedzwiecka
et al., 2002; Khan and Goss, 2004) and stopped-flow
kinetic methods (Slepenkov et al., 2006). Interestingly,
our NMR-based assay indicates that k g for eIF4E from
yeast is 12 = 2 5™, which is significantly different from
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the reduced, oxidized, and mutant forms of the wheat
protein and suggests yeast eI[F4E binds m’GTP more
tightly than the wheat eIF4E (data not shown).

Alower limitfor K can be estimated by assuming that
k., is no more raE1d than the diffusion limit (approxi-
mately 10%-10° s7 1), given that K is defmed by kog/kon
This implies that K, for the b1nd1ng of m’GTP by wheat
AN-eIF4E is approximately 107" M ' or greater, which is
consistent with values determined for mammalian
elF4E using fluorescence-quenching assays (Carberry
etal., 1989; Ren and Goss, 1996; Niedzwiecka et al., 2002)
and stopped-flow kinetic methods (Slepenkov et al.,
2006).

DISCUSSION

The results of this work provide the first description,
to our knowledge, of a structure of a plant form of the
translation initiation factor elF4E. As expected, the
wheat protein has much in common with the mam-
malian and yeast forms of elF4E. Approximately 55
residues are conserved for clearly architectural rea-
sons, forming the hydrophobic core of the protein and
other essential tertiary interactions (boxed in black,
Fig. 3). The re51dues that are most intimately involved
in binding m ’GTP are also conserved across all species
(boxed in red, Fig. 3). Interestingly, there are 11 resi-
dues that are remarkably well conserved in plants yet
differ in identity from the amino acids in analogous
position in the mammalian and yeast forms of elF4E;
these plant-specific residues are boxed in green in
Figure 3 and include Cys-113 and Cys-151, which form
the disulfide linkage observed in the crystal structure
of the wheat protein. Other plant-specific residues
(Asp-51, Lys-90, Lys-107, Glu-143, Asn-173, Glu-174,
and Asp-201) are located in relatively accessible posi-
tions on the protein surface. This combination of
conservation plus surface accessibility suggests that
these residues are excellent candidates for being in-
volved in functional interactions involving elF4E that
are unique to translation initiation in plants. The roles
of these plant-specific surface residues will perhaps be
made clear as additional biochemical data are accu-
mulated. The presence of plant-specific elF4E surface
features should not be too surprising, because several
aspects of the initiation pathway are indeed unique to
plants, including the presence of two distinct forms of
elF4E and elF4G (Browning, 2004).

Although the roles of the two elF4E isoforms are not
yet well understood, the presence of two significantly
divergent forms of the protein in plants strongly sug-
gests some isoform-specific function. It has been re-
ported that a knockout of the single elF(iso)4E gene in
Arabidopsis grows normally, although the amount of
elF4E is increased in the mutants (Duprat et al., 2002),
suggesting that the two forms have overlapping func-
tions. Perhaps more interestingly, mutants (both natu-
rally occurring and induced) for both elF4E and
elF(iso)4E are resistant to infection by a number of
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plant viruses, particularly the potyviruses, suggesting
that these plant viruses exploit the elF4E/elF(iso)4E
machinery to their benefit (for review, see Robaglia and
Caranta, 2006). The resistance phenotype arises from
disruption of the direct interaction between the viral
protein (VPg) linked to the 5’ end of the potyviral RNA
and elF4E or elF(iso)4E (Leonard et al., 2004; Michon
et al., 2006). However, the viruses have countered
natural resistance with mutations in the VPg (Keller
et al.,, 1998; Redondo et al., 2001; Moury et al., 2004).
Naturally occurring potyvirus resistance genes have
been shown to reside in the genes for eIlF4E or elF
(is0)4E in lettuce (Latuca sativa) mol (elF4E; Nicaise
etal., 2003); pepper (Capsicum annuum) porl (eIF4E) and
por6 [elF(iso)4E; Ruffel et al., 2002, 2006; Kang et al.,
2005a]; tomato (Lycopersicon esculentum) pot-1 (elF4E;
Ruffel etal., 2005); pea (Pisum sativum) sbm1 (elFAE; Gao
et al., 2004b) and sbm2 [elF(is0)4E; Gao et al., 2004a];
and Arabidopsis Ism1 [elF(is0)4E; Duprat et al., 2002;
Lellis et al., 2002; Sato et al., 2005] and cuml (elF4E;
Yoshii etal., 2004; Sato et al., 2005). The barley (Hordeum
vulgare) rym4/5/ 6 resistance genes to various strains of
the bymoviruses, Barley yellow mosaic virus and Barley
mild mosaic virus, were also found to be mutations in the
elF4E gene (Kanyuka et al., 2005; Stein et al., 2005).
The exact role of elFAE and elF(iso)4E in virus
resistance is not clear. A number of hypotheses have
been proposed for the elF4E/elF(iso)4E-mediated vi-
ral resistance. These include disruption of host trans-
lation initiation (Lellis et al., 2002), stabilization of the
viral RNA from degradation (Lellis et al., 2002), dis-
ruption of trafficking of the viral RNA (Lellis et al.,
2002), interference with viral replication (Robaglia
and Caranta, 2006), sequestration of initiation factors

A

All potyvirus resistance mutation sites
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(Kanyuka et al., 2005), and interference with cell to cell
movement (Gao et al., 2004b). In the case of resistance
of Pepper veinal mottle virus, both the pvr2 (elF4E) and
por6 [elF(iso)4E] mutations are required for resistance
(Ruffel et al., 2006). The role of the interaction of the
VPg and elF4E/elF(iso)4E in the viral infection/repli-
cation cycle is far from clear (Robaglia and Caranta,
2006).

A number of structural models for plant eIF4E have
been proposed based on the murine or human structure
(Marcotrigiano et al., 1997; Tomoo et al., 2002) to show
the positions of these naturally occurring mutations in
plant elF4E (Gao et al., 2004b; Kang et al., 2005a;
Kanyuka et al., 2005; Ruffel et al., 2005; Stein et al.,
2005; Albar et al., 2006; Robaglia and Caranta, 2006).
These models predicted that the mutations are largely
on the surface of elF4E and some are near the cap-
binding pocket. However, very few of the naturally
occurring mutations have been shown to affect cap
binding per se (Kang et al., 2005a). The residues known
to be involved in potyvirus or bymovirus resistance are
shown at the comparable position in wheat elF4E
(see Fig. 9) and are numbered to be consistent with
the wheat elF4E sequence in Figure 3. The naturally oc-
curring resistance mutations in elF4E for potyviruses
in tomato (red), lettuce (blue), pepper (orange), and
pea (green) and the bymovirus resistance mutations
in elF4E (yellow) are modeled in Figure 9. Most of
the resistance genes carry more than one amino acid
mutation, although the lettuce mo1? is a single muta-
tion (S55P; Nicaise et al., 2003), and a single muta-
tion (Q161H) generated by ethyl methanesulfonate
mutagenesis confers bymovirus resistance (Kanyuka
et al., 2005). These single mutations suggest that by

Figure 9. Plant virus resistance mutations
modeled on the wheat elF4E structure. A,
The residues implicated in plant potyvirus
resistance are shaded as follows on row 1,
tomato (red; Ruffel et al., 2005), lettuce
(light blue; Nicaise et al., 2003), pea
(green; Gao et al., 2004b), and pepper
(orange; Ruffel et al., 2002; Kang et al.,
2005a). The bymovirus resistance residues
are in yellow on row 2 (Stein et al., 2005;
Kanyuka et al., 2005). Residues implicated
in more than one species are shaded in
dark blue on row 3. The view on the left
shows m’GDP in the binding pocket. The
view on the right is rotated 90° to the right
about the vertical axis. B, The mammalian
elF4G peptide (purple; Marcotrigiano
et al., 1999) is modeled on the wheat
structure to show its relative position to the
all potyvirus resistance mutations (shaded
dark blue).
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disrupting a single contact, the VPg interaction is
compromised. Generally, two regions of the eIF4E pro-
tein are targeted in virus resistance, one near the cap-
binding site, but not directly part of it, and another
rotated 90° from the cap-binding pocket (see Fig. 9).
These two regions on different facets of the elF4E
molecule suggest that the VPg may have two binding
sites for optimal interaction. The single amino acid
mutations at different sites of elF4E suggest that bind-
ing at both sites is necessary for viral infection. Only
four of the mutations would appear to have any poten-
tial direct effect on cap binding. The mutation at posi-
tion G94 in tomato (G94R), lettuce (G94H), and pepper
(G94R) points toward the phosphate, and the more
hydrophilic substitutions (Arg or His) could form
hydrogen bonds with the phosphate backbone of the
mRNA. Pea N156K and barley Q161K also could inter-
act with the mRNA phosphate backbone. Only barley
E109G, where the Glu forms a direct hydrogen bond
with the guanine ring, would have a direct effect on cap
binding. The precise contact points between the VPg
and the elF4E/elF(iso)4E appear to be optimized for
each virus/host pair by coevolution, because they
occur at different positions (compare potyvirus and
bymovirus in Fig. 9). A recent study of the VPg-eIlF4E
interaction in vitro indicated that the blndmg of
the potyvirus lettuce mosaic virus VPg and m’GDP to
elFAE were not mutually exclusive; that is, both could
be bound, but binding of one ligand did reduce the
affinity for the other about 15-fold (Michon et al., 2006).
In addition, VPg increased the binding of a peptide
containing the eI[F4E-binding domain of eIF4G to elF4E.
This result suggests that the VPg is able to manipulate
the eIF4E / eIF4G interaction (Michon et al., 2006). How-
ever, the eI[F4G-binding domain of plant eIF4E (Fig. 9C,
shown in purple) is at a considerable distance from the
resistance mutations, indicating that in the case of these
particular host/virus pairs, resistance is likely not a
direct result of the elF4G interaction but more likely
due to a conformational change in eIF4E upon binding
of VPg. Mutations in elF4G and elF(is0)4G have also
been reported to confer resistance to various viruses in
Arabidopsis and rice (Oryza sativa), respectively (Yoshii
et al., 2004; Albar et al., 2006). Thus, it appears that a
variety of methods for the virus to interact with the
host’s translational apparatus have evolved, and the
hosts have responded by coevolving mutations for
resistance within these genes. The structure of a plant
elF4E will be very valuable in elucidating the mecha-
nisms for plant virus resistance and potentially for the
design of virus resistant plants.

The structure of wheat elFAE described in this work,
when combined with a comparative sequence analysis,
provides information that can be used to gain some
insight into the features that distinguish the two isoforms
that occur in plants. Thirteen residues are >90% con-
served as one residue type in one isoform of the elF4E
protein, while being variable or conserved as a different
residue type in the other isoform (Table II). Interestingly,
most of these isoform-specific residues are located in
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Table 1l. Summary of the isoform-specific amino acids that are
indicative of whether a plant protein belongs to the elF4E or
elF(iso)4E family

These residues are >95% conserved as one residue type in one
isoform while being >95% conserved as a different residue type in the
other isoform of elF4E. These isoform-specific residues are excellent
candidates for being participants in intermolecular interactions that
may functionally distinguish elF4E from elF(iso)4E. A set of 55 elF4E
and elF(iso)4E sequences from 23 diverse plant species was examined
(Joshi et al., 2005). Residues are numbered to be consistent with the
wheat elF4E sequence in Figure 3.

Residue No. Identity in Plant elF4E Identity in Plant elF(iso)4E

53 Pro Glu
55 Variable Lys
59 Gln/Lys Gly
83 Asn Asp/Glu
94 Gly Asn/Ser
99 Cys Leu

103 Lys Gly

112 lle/Val Glu

127 Lys Variable

128 Ser Leu/Phe

134 His/Tyr Glu

183 Gln Lys

193 Ser/Thr Lys

relatively accessible positions on the protein surface. Five
of these residues (53, 55, 59, 103, and 112) are located in
loops relatively near the site of the bound m’GDP nu-
cleotide, suggesting that plant elF4E and elF(iso)4E may
differ in their interactions with the mRNA cap or aregion
of the mRNA near the cap. Several other isoform-specific
residues (83, 127, 128, 134, 183, and 193) are also located
on protein surface, though relatively far from the cap-
binding site. These isoform-specific surface residues
(boxed in blue in Fig. 3) are excellent candidates for
being the key sites that are central to isoform-specific
function. Interestingly, only two of these isoform-specific
residues Correspond to the virus resistance mutations
(the mo1” single mutation, A55P, and one in rym6, P53S),
suggesting that virus resistance and isoform-specific
functions are not directly linked.

The role of the disulfide bond in plant eIF4E has yet
to be fully elucidated. The redox state of the plant cell
can vary in response to a number of events, including
light or environmental stresses (heat, drought, patho-
gens, etc.), and plants use redox as a mechanism for
regulation of photosynthesis, seed development, and
germination (Buchanan and Balmer, 2005). The appar-
ently strong conservation of Cys-113 and Cys-151 in
plants, along with their close proximity in the protein
structure and observed ability to form a disulfide
linkage, together raise the possibility that disulfide
formation may have some biological function, such as
a regulatory role. It is very intriguing to speculate that
redox may be a method unique to plants for regulating
the initiation of protein synthesis.

Perhaps the simplest hypothesis would be that
disulfide formation influences the ability of elF4E to
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bind capped mRNA, although this is not supported by
the results of this work, where modest difference
(1.5X) was observed in the abilities of the reduced
and oxidized wheat elF4E to bind m’GTP. However,
elF4E in vivo is part of a larger multiprotein complex,
and binding of m’GTP by eIF4E is not an ideal reporter
of the ability of the elF4E-elF4G complex to bind a
capped mRNA. As a specific example, it has been
shown that elF4E binding of 5’'mRNA cap is signifi-
cantly stabilized by domains of elF4G (Von der Haar
et al., 2006). So the possibility does remain that the
oxidation state of these conserved Cys may modulate
some aspect of elF4E function in vivo by affecting its
ability to bind capped mRNA, as well as form com-
plexes with elF4G, other elF4E-binding proteins, or
members of the translational machinery. Further work
will be necessary to establish a role, if any, of the
disulfide bond present in plant e[F4E/elF(iso)4E in the
regulation of plant protein synthesis.

MATERIALS AND METHODS
Preparation of Full-Length Wheat eIF4E

A cDNA expression clone based on Z12616 (Metz et al., 1992) for wheat
(Triticum aestivum) eIFAE was constructed by DNA amplification and inserted
into plasmid pET22b (Novagen). This clone differed from Z12616 in that the
DNA sequence in the first approximately 60 nucleotides was modified to
reduce the high GC content, but maintained the correct amino acid sequence.
The expression clone was transformed into BL21pLysS (Novagen) cells for
expression. Procedures for expression and purification of wheat eIF4E for
crystallization were similar to those described (Van Heerden and Browning,
1994; Mayberry, et al., 2007). Briefly, a 2.5-L culture was grown to an O.D. of
approximately 0.8 at 37°C. Expression of eIF4E was induced by the addition of
0.64 mm isopropylthio-B-galactoside and grown for an additional 2 h at 37°C.
The cells were harvested and resuspended in 20 mL of buffer (20 mm HEPES-
KOH, pH 7.6, 0.1 mm EDTA, 2.0 mm DTT, 10% glycerol, 50 mm KCl, 100 um
GTP) containing two dissolved Mini-Protease Inhibitor tablets (Boerhinger-
Mannheim). The cells were disrupted by sonication and centrifuged for 1 h in
a 60Ti rotor at 47,500 rpm. The supernatant was applied to a 3-mL m’GTP-
Sepharose (Pharmacia) column equilibrated in 20 mm HEPES-KOH, pH 7.6,
0.1 mm EDTA, 2.0 mm DTT, 10% glycerol, and 50 mm KCl. The column was
washed with equilibration buffer until the O.D. dropped to baseline. The
column was then washed with 25 mL of 20 mm HEPES-KOH, pH 7.6, 2.0 mm
DTT, and 0.2 mm GTP. The GTP helps removes a protein contaminant that
copurifies with eIF4E (identified as DNA ] by protein sequence analysis; data
not shown). The eIF4E protein was eluted from the affinity column with 25 mL
of 20 mm HEPES-KOH, pH 7.6, 2.0 mm DTT, and 0.2 mm m’GTP or m’GDP.
Fractions containing the highest amount of protein were pooled and concen-
trated to approximately 1 to 2 mg/mL for crystallization trials.

N-terminal protein sequence analysis of the crystallized eIF4E was done at
the Protein Microanalysis Facility at the University of Texas at Austin.

Preparation of Truncated and Mutant Wheat eIF4E

A cDNA expression clone for wheat eIF4E truncating amino acids 1 to 38
(referred to as AN-eIF4E) was prepared by DNA amplification and placed in
plasmid pET15b (Novagen); the C113S variant of AN-eIF4E was also prepared
using DNA amplification. The AN-eIF4E protein was expressed and purified
essentially the same as the full-length protein. The purification of the C113S
mutant AN-eIF4E protein used 20 mm HEPES-KOH, pH 7.6, 0.1 mm EDTA,
2.0 mm DTT, 10% glycerol, and 50 mm KCl for washing of m’GTP-Sepharose
column, and the protein was eluted with the same buffer containing 0.2 mm
m’GDP. The eluted protein was concentrated to approximately 1 to 5 mg/mL for
crystallization. Proteins used in NMR experiments were prepared by washing
the affinity column with a buffer of 10 mm phosphate, pH 7, and 100 mm KCl
prior to elution with 0.2 mm m’GTP in the same phosphate buffer. Protein
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samples enriched in ®N and/or *C were prepared as above, but with M9
minimal medium containing 0.5 g/L 5N ammonium chloride and /or 2 g/L B¢
Glc (Cambridge Isotope Laboratories) as the sources of nitrogen and /or carbon.

Crystallization and Data Collection

Wheat wild-type eIF4E, in elution buffer containing 0.2 mm m’GTP, was
crystallized by the hanging drop method at 4°C from 1.8 to 2.4 M ammonium
sulfate in 0.1 M HEPES or Tris-HCI buffer, pH 7.5 to 8.0. Prior to collecting cold
stream data, a wild-type crystal was dipped for 1 to 5 s into a solution of 50%
saturated sorbitol in artificial mother liquor (2 M ammonium sulfate, 25 mm
Tris-HCI, pH 8.0).

C113S mutant AN-eIF4E in elution buffer containing 0.2 mm m’GDP was
crystallized at 4°C using the hanging drop method from 28% (w/v) PEG4000,
0.1 M HEPES, pH 7.0, 20 mMm phenol. Prior to data collection, the crystal was
treated with cryoprotectant by transferring to artificial mother liquor (35%
PEG4000, 0.1 m HEPES, pH 7.0) for 1 to 5 s. Following treatment with cryo-
protectant, a wild-type or mutant crystal mounted in a cryoloop (Hampton
Research) was then frozen by dipping into liquid nitrogen and placed in the
cold stream on the goniostat.

Data from a C113S mutant crystal and preliminary wild-type crystal were
collected in-house at 100 K on a Rigaku RAXIS IV image plate detector with a
Rigaku RU-H3R rotating copper anode generator (Rigaku/MSC) operated at
50 kVand 100 mA. Data from a AN-eIF4E crystal were collected at 100 K on an
ADSC Quantum 4 CCD detector at beamline X12-B of the National Synchro-
tron Light Source, Brookhaven National Laboratory. Raw data were reduced
using the programs DENZO and SCALEPACK from the HKL suite
(Otwinowski and Minor, 1997).

Crystal Structure Determination and Analysis

Molecular replacement with both wild-type and mutant data was carried
out using murine eIF4E (Protein Data Bank ID 1EJ1; Marcotrigiano et al., 1997)
as a model; the wheat and murine proteins have approximately 40% sequence
identity. The molecular replacement and initial refinement with approxi-
mately 3 A wild-type data collected in house were carried out using the
Evolutionary Protein Molecular Replacement program (Kissinger et al., 1999)
and X-PLOR (Brunger, 1992). Initial phasing and electron density map
improvement with high resolution AN-eIF4E data were generated from the
molecular replacement solution using the program ARP/wARP (Lamzin and
Wilson, 1993; Perrakis et al., 1997). Molecular replacement with the C113S data
was done with the program MOLREP (Vagin and Teplyakov, 1997).

Following manual adjustment using the program O (Jones et al., 1991), the
model was refined with the Crystallography and NMR system (CNS, version
1.0) suite using the slow-cooling protocol (Brunger et al., 1998). There were
several rounds of refinement followed by rebuilding of the model. To facilitate
manual rebuilding of the model, a difference map and a 2F -F_ map, SIGMAA
weighted to eliminate bias from the model (Read, 1986), were prepared. Five
percent of the diffraction data were set aside throughout refinement for cross
validation (Brunger, 1993). Geometry and stereochemistry of the models were
analyzed throughout building and refinement using PROCHECK (Laskowski,
1993). For the purpose of building bound waters into the model, CNS was
used to select solvent peaks. Candidates were positive peaks on a difference
map 3.5 sbs above the mean and within 3.5 Aofa protein nitrogen or oxygen
atom. O was used to manually view and accept water sites. Computations
were done on a Gateway Select SB computer. Model visualization and rebuild-
ing was done on a Silicon Graphics Indy computer.

Pictures and drawings were constructed using MOLSCRIPT (Kraulis,
1991), BOBSCRIPT (Esnouf, 1999), and PyMOL (Delano Scientific). Atomic
coordinates for the dimeric wheat AN-eIF4E (2IDR) and its monomeric C113S
mutant (2IDV) have been deposited in the Protein Data Bank.

NMR Spectroscopy

NMR spectra were recorded at 25°C using a 500-MHz Varian Inova
spectrometer equipped with a triple-resonance cryogenic probe and z axis
pulsed field gradient. NMR samples typically contained 1.0 mm of AN-eIlF4E
protein in 90% water/10% D,O plus 100 mm KCl, a buffer of 10 mm potassium
phosphate at pH 7, and m’GTP in slight excess over the protein concentration.
Backbone 'H, *C, and °N resonance assignments were obtained using three-
dimensional HNCA, HNCACB, HN(CO) CACB, HNCO, and HACACBCO
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spectra (Grzesiek et al., 1992; Kay, 1993; Muhandiram and Kay, 1994). Side
chain resonance assignments were obtained using three-dimensional °’N-"H-"H
HSQC-TOCSY and “C-'H-'H HCCH-TOCSY spectra (Kay et al., 1993). Data
were processed using NMR-Pipe (Delaglio et al., 1995) and visualized using
Sparky (Goddard and Kneller, 2006). 'H, N, and *C chemical shifts were
referenced as recommended (Wishart et al., 1995), with proton chemical shifts
relative to internal 2,2-dimethyl-2-silapentane-5-sulfonate (DSS), and 13C and
>N reference frequencies determined by multiplying the 'H reference fre-
quency by 0.251449530 and 0.101329118, respectively.

The off rate for the interaction between wheat AN-eIF4E and m’GTP was
derived from the width of the m’GTP methyl resonance measured at various
protein and ligand concentrations. Data were obtained in NMR buffer at 25°C
and fit to the equation: wAv — wAv, =k ([P]/[L] — [P]), where Av is the width
at half height of the methyl resonance of m’GTP, Av, is the width in the
absence of protein, [P] is the total protein concentration, and [L] is the total
ligand concentration (Lian and Roberts, 1993); this analysis assumes slow
exchange on the NMR time scale and free ligand concentrations that signif-
icantly exceed Kj. In mixtures used for NMR line width measurements,
protein concentrations were typically 0.02 to 0.06 mm, as measured by
Bradford assay (Bradford, 1976), and ligand concentrations were typically in
the range of 0.2 to 1.0 mm; under these conditions, broadening of the H
resonances of the free m’GTP was typically in the range of 1 to 10 Hz due to
chemical exchange. The 0.0 ppm resonance of DSS was used as an internal
NMR line width standard to control for variations in shimming. NMR-based
ligand binding assays were carried out in (at least) triplicate.

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession number Z12616.
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