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ABSTRACT. Phosphorylation of eukaryotic translational initiation factors (elFs) has been shown to be an
important means of regulating protein synthesis. Plant initiation factors undergo phosphorylation/
dephosphorylation under a variety of stress and growth conditions. We have shown that recombinant
wheat cap-binding protein, elF(iso)4E, produced frBnroli can be phosphorylated in vitro. Phospho-
rylation of elF(iso)4E has effects on’@ cap-binding affinity similar to those of phosphorylation of
mammalian elF4E even though elF(iso)4E lacks an amino acid that can be phosphorylated at the residue
corresponding to Ser-209, the phosphorylation site in mammalian elF4E. The cap-binding affinity was
reduced 1.22.6-fold when elF(iso)4E was phosphorylated. The in vitro phosphorylation site for wheat
elF(iso)4E was identified as Ser-207. Addition of elF(is0)4G and elF4B that had also been phosphorylated
in vitro further reduced cap-binding affinity. Temperature-dependent studies showadHthags favorable

for cap binding regardless of the phosphorylation state of the initiation factors. The entropy, however,
was unfavorable (negative) except when elF(iso)4E was phosphorylated and interacting with elF(is0)4G.
Phosphorylation may modulate not only cap-binding activity, but other functions of eukaryotic initiation
factors as well.

Eukaryotic mRNAs have a common cap structure activities are required for unwinding RNA secondary struc-
[M’G(5)ppp(B)N, where N is any nucleotide] at theé-5  ture), and elF3 (responsible for 40 S ribosomal subunit
terminus which plays an important role in stabilizing the recruitment) 4—6).

MRNA structure and facilitating mRNA binding to the  |n eukaryotic protein biosynthesis, the binding of mMRNA
ribosome during initiationk). To allow the efficient transla- o the small (40 S) ribosomal subunit is the rate-limiting step
tion of MRNA, an interaction is required between the cap and is a key target for regulatio-{11). The presence of
structure and eukaryotic initiation factor (elF)4Epnsisting  cap structure on eukaryotic mRNA facilitates the recruitment
of elF4G, elF4E, the cap-binding protei@) @nd sometimes  of translational initiation factors to allow ribosome binding
elF4A depending on the preparation. In plants, a second cap-and initiation at the correct start sit@, (12—15). elF4AE
binding protein, elF(iso)4F, is also present. elF(is0)4F interacts directly with the cap via its concave surfat8, (
consists of elF(iso)4E, a 28 kDa cap-binding protein, and 17) and forms a complex with the scaffold protein, elF4G
elF(is0)4G, an 86 kDa polypeptid8)( In mammalian cells,  (18), on its convex surface. elF4G in turn recruits other
it has been indicated that cap-dependent translation isinjtiation factors, such as elF3, elF4A, and poly(A)-binding
regulated through the interaction of elF4E with endogenous protein (PABP) to the '5end of the mRNA, to generate the
4E-binding proteins (4EBP1, 4EBP2, and 4EBP3) and the cap-binding complex. This is believed to promote the
interrelated phosphorylation of elF4E and 4EBPs. Thus far, efficient unwinding of secondary structure in tHeusitrans-
elF4E-binding proteins have not been identified in plants. |ated region {9) and the functional circularization of mMRNA
elF4G, the large subunit of elF4F, serves as a platform for pelieved to be necessary to promote efficient translatipn (
the interaction and assembly of multiple initiation factors, 14, 15, 20, 21).

including elF4E, elF4A (whose RNA helicase and ATPase  The functional interaction between the cap and poly(A)

tail is repressed following serum starvation in mammalian
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is also present as multiple phosphorylated species, and itdl (31) in vitro in a reaction mixture containing 50 mM Tris
phosphorylation state is regulated during development or HCI, pH 7.0, 100 mM NaCl, 10 mM MgGJ 200uM ATP,
following heat stress30). elF4B undergoes dephosphory- 1.0 mM EDTA, 1.0 mM DTT, and 50 U of casein kinase II.
lation following phosphatase treatment, and the array of The reaction was incubatedrf8 h at 30°C with stirring.
phosphorylated elF4B species observed in vitro can be The samples were assayed by nondenaturing gel electro-
recapitulated by phosphorylation of nonphosphorylated elF4B phoresis.

by casein kinase 1130). Protease DigestianThe protein was digested in a solution
elF4A has been shown to be phosphorylated following of 50% TFE and 30 mM ammonium bicarbonate buffer, pH
environmental stress such as hypoxia or heat sha@I3(). ~ 8, in the presence of 10 mM DTT. Trypsin solution was

Other plant initiation factors subject to phosphorylation prepared as directed by the supplier and added to the protein
include elF2., elF23, elF4E, and elF(is0)4G30, 32). These mixture in a molar ratio of 1:30 (w/w) protease:protein. The
observations raise the possibility that the phosphorylation reaction was incubated overnight in a water bath atG7
state of these proteins mediates the functional interac- The digest mixture was sampled and analyzed by mass
tion between the cap and the poly(A) tail; i.e., elF(is0)4E, spectrometry.
elF(is0)4G, and elF4B might determine the extent of their Mass SpectrometryMass spectrometric analysis was
interaction with MGTP or with each other. To investigate performed with an HPLEESI/MS ion trap mass spec-
whether the phosphorylation state of these proteins influencestrometer (Agilent model 1100 LC/MSD). The protein diges-
binding activities with one another and with’@iTP, direct tions were separated on a 300 SB-C8 column (2.150
fluorescence measurements were used. mm) at a flow rate of 40Q:L/min, eluting with a linear
gradient of 6-100% solvent B over 45 min (solvent A, 0.1%

EXPERIMENTAL PROCEDURES formic acid in water; solvent B, 0.1% formic acid in

Materials.m’-GTP and trifluoroethanol (TFE) were pur- acetonitrile). Peptide separation was performed at room
chased from Sigma (St. Louis, MO). Sequencing grade modi- temperature with a fast-rising methanol gradient. The elutant
fied trypsin was from Promega. Ant@TP was synthesized  was transferred through a 50 mm inside diameter fused silica
and purified as described previousBg|. The concentration  capillary from the column to the ion source of the mass
of Ant-m’GTP was determined spectrophotometrically using spectrometer and electrosprayed at-%® kV. Data were
an absorption coefficient afs3; = 4600 Mt cm™. analyzed by a computer running operating system HP'S

Purification of ProteinselF(is0)4E, elF(iso)4G, and elF4B  G1710 AA Chemstation software. Use of this software was
were expressed iBscherichia colcontaining the constructed ~ accomplished using a utility provided by CSS Analytical Co.,
pET3d vector in BL21(DE3)pLys as described elsewhere Inc.
(34). A HiTrap Mono-Q ion exchange column and an Fluorescence Titration Measuremeni&uorescence mea-
m’-GTP-Sepharose 4B affinity column (Pharmacia Biotech. surements were performed using a Spex Fluorebgpec-
Inc) were used for the purification of elF(iso)4E. The bound trofluorimeter equipped with excitation and emission polar-
protein was eluted with 10 mM GTP in buffer B-50. A izers. The excitation and emission slits were set at 4 and 5
HiTrap SP column from Amersham Pharmacia Biotech was nm, respectively. The excitation wavelength for Ant@ii P
used to purify elF(is0)4G and elF4B by the following was 332 nm, and emission was monitored at 420 nm. The
procedureE. colicells were disrupted by alumina, suspended excitation slits were chosen to avoid photobleaching, and
in buffer B (20 mM HEPES/KOH, pH 7.6, 0.1 mM EDTA, the absorbance of the sample at the excitation wavelength
1.0 mM DTT, and 10% glycerol) containing 600 mM KCI was less than 0.02 to minimize the inner-filter effect.
(B-600), and centrifuged at 45000 rpm for 2 h. The Emission spectra were corrected for the wavelength-depend-
supernatant was diluted with B-0 to a final concentration of ent lamp intensity and monochromator sensitivities. Steady-
50 mM KCI, loaded onto a % 5 mL HiTrap SP column,  state fluorescence anisotropy was measured using an L-for-
and washed by B-50 buffer until the optical density re- mat detection configuration. All samples were incubated at
turned to the baseline. A 58100 mM KClI linear gradient ~ least 10 min before data were collected.
(total volume 100 mL) was used to elute the proteins, and The samples were thermostated at different temperatures,
1.0 mL fractions were collected. The proteins appearedi.e., 4, 10, 15, 22, and 3% 0.3 °C, controlled with a
in the 200-300 mM KClI fractions. After purification by gel ~ thermocouple inside the cuvette. Titrations were performed
filtration, the purity was confirmed by 10% SDgel in 20 mM HEPES/KOH, pH 7.6, 100 mM KCI, 1.0 mM
electrophoresis. All steps were carried out in a cold box MgCl,, and 1.0 mM DTT. Fluorescence intensities, when
at approximately 5°C. The pH of buffer B used for  necessary, were corrected for dilution and for the inner-filter
elF(iso)4E and elF(is0)4G purification was 7.0; for elF4B effect. In a mixture of elFs and Ant-i@TP, the average
it was 7.5. All samples were dialyzed against buffer B (20 anisotropy is related to the fraction of the total fluorophore
mM HEPES/KOH, 100 mM KCI, 1.0 mM MgGJ 1.0 mM that is bound as described previous§6( 37), and the
dithiothreitol, 1.0 mM EDTA, pH 7.6) and passed through association equilibrium constants were obtained by fitting
a 0.22uM filter (Millipore) before the spectroscopy mea- the titration data to the following equation:
surements were performed. The fractions were concentrated
with a Centricon 10 (Amicon Co.) as necessary. Protein ¥ — (Kedcap™ly + KefelF]r + 1) — ((Kedcap]y +
concent_ratlons were esumateq by the method of B_radford Ke Je“:]T + 1)2 — (4|<eq2[(;ap*]T[e||:]T))0-5)/2Ke Q[C&p*]T
(35 using a Bio-Rad protein assay reagent (Bio-Rad 1)
Laboratories, California).

Phosphorylation of elFsThe recombinant elF(iso)4E, where [cap*}, [elF]r, andKeq are the total concentrations
elF(is0)4G, and elF4B were phosphorylated by casein kinaseof Ant-m’GTP and protein and the association equilibrium
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1 120 -
Human 4E MATVEPETTP TPNPPT - - - T EEEKTESNQE VANPEHYIKH PLQNRWALWF
Mouse 4E MATVEPETTP TTNPPP - - - A EEEKTESNQE VANPEHYIKH PLQNRWALWF
Wheat 4E MAEDTETRPA SAGAEEREEG EIADDGDGSS AAAAGRITAH PLENAWTFWF 100 4
Wheat isodE MAEVEAALPV AATETP - - - - EVAAEGDAGA AEAKG---PH KLQRQWTFWY
Yeast 4E MQTEQPPKES QTENTVS - - E PQEKALRTVF DDKINFNLKH PLARPWTLWF 199 208
g MVYSFHDDSR
51 5 ® S 801
Human 4E FKNDKSK - - - TWQANLRLIS KFDTVEDFWA LYNHIQLSSN LMPGCDY SLF e
Mouse 4E FKNDKSK - - - TWQANLRLIS KFDTVEDFWA LYNHIQLSSN LMPGCDYSLF 5
Wheat 4E DNPQGKSRQVAWGSTIHPIH TFSTVEDFWG LYNNIHNPSK LNVGADFHCF g 60 8
Wheat iso4E DIQTKPKPGA AWGTSLKKGY TFDTVEEFWC LYDQIFRPSK LVGSADFHLF ® <
Yeast 4E LMPPTPG - - L EWNELQKNIT TFNSVEEFWG IHNNINPASS L P I KSDYSFF E o
840 4 3
101 * * * [ -
Human 4E KDGIEPMWED EKNKRGGRWL ITLNKQQRRS DLNRFWLETL LCLIGESFDD 2
Mouse 4E KDGIEPMWED EKNKRGGRWL ITLNKQQRRS DLDRFWLETL LCLIGESFDD
Wheat 4E KNKIEPKWED PICANGGKWT ISCGR - - - - G KSDTFWLHTL LAMIGEQFDF 20 1
Wheat iso4dE KAGVEPKWED PECANGGKWT VISSRK - - - T NLDTMWLETC MALIGEQFDE
Yeast 4E REGVRPEWED VHNKTGGKWA FQNKGRGG-NALDEMWLTTV LAAIGETLDP L -IIL l
0 1 Ly T |
151 *
Human 4E  YSDDVCGAVV NVRAKGDKIA IWTTECENRE AVTHIGRVYK ERLGLPPKIV 0 500 1000 1500 2000
Mouse 4E YSDDVCGAVV NVRAKGDKIA IWTTECENRD AVTHIGRVYK ERLGLPPKIV miz
Wheat 4E - GDEICGAVV SVRQKQERVA IWTKNAANEA AQISIGKQWK EFLDYKDSIG
Wheat iso4E -SQEICGVVA SVRQRQDKLS LWTKTASNEA VQVDIGKKWKEVIDYNDKMV FIGURE 2: HPLC—ESI/MS spectrum of the tryptic digest peptides
Yeast 4E TGQEVMGVVINMRKGFYRLA VWTKSCNNRE VLMEIGTRFKQVLNLPRSET . . . .
of wheat elF(iso)4E. Protein was phosphorylated by casein kinase
201 Il and digested by trypsin. The digest was separated by reversed-
Ruman 48 {gﬁgggﬁg}ﬁ S phase HPLC coupled to the mass spectrometer. The spectrum was
Wheat 4E FIVHEDAKRS DKG - - - PKNR YTV recorded by selecting the parent ion and scanning from 300 to 2500
Wheat iso4E YSFHDDSRSQ KPS - - - RGGR YTV mass units.

Yeast4E IEFSAHEDSS KSGSTRAKTR MSV

FiIGURE 1: Sequence comparison of the amino acid sequences forof one phosphate increases the expected mass to 1335.4 Da
cap-binding proteins from human elF4E (accession number as was observed. Ser-207 represents a casein kinase Il

AAH12611), mouse elFAE (accession number AAH10759), wheat consensus site3g) and is the in vitro phosphorylation site
elF4E (accession number CAA78262), wheat elF(iso)4E (accessmnfor elF(is0)4E

number Q03389), and yeast elF4E (accession number T43287). . . .
Amino acid sequences were aligned using vector NTI. The To investigate the effects of the phosphorylation state on

conserved tryptophan residues are marked with an asterisk. TheelF function, we examined whether in vitro changes in the
position of the phosphorylated Ser-207 in wheat elF(iso)4E is phosphorylation states of these factors alter the interactions
bold. between these proteins or the binding of elF(iso)4E to the
fluorescent cap analogue, Ant‘@TP. When untreated
elF(iso)4E was compared with in vitro phosphorylated
elF(iso)4E, the phosphorylated factor showed about 2.6-fold
lower binding affinity for Ant-mMiGTP (K4 = 27.4 nM) than
the native elF(iso)4B{y = 10.5 nM). The results of titrations
are shown in Tables 1 and 2. These affinity differences were
temperature dependent. The van’'t Hoff plots (Figures 3 and
4) showed that phosphorylation of elF(iso)4E leads to a
less favorable enthalpy and more favorable entropy. These
results suggest that the electrostatic effects of the phos-
_ — o _ phate group may be important for binding. Addition of
RTIN Keg= AR~ TAS 2) elF(is0)4G to the elF(iso0)4E increased the binding affinity
RESULTS with Ant-m’GTP for both phosphorylated and nonphospho-
rylated elF(iso)4E. In the elF(iso)4kelF(is0)4G complex,
Mass spectrometry was used to determine the phospho-phosphorylation of elF(is0)4G had nearly the same effect
rylation site of wheat elF(iso)4E. Analysis of the intact as nonphosphorylated elF(iso)4G; that is, the binding was
elF(iso)4E by mass spectrometry showed an increase in masicreased slightly in a temperature-dependent manner. When
corresponding to the addition of one phosphate residue. ESTbhoth elF(iso)4E and elF(is0)4G were phosphorylated, the
database inspection revealed that wheat, human, mouse, andissociation Ky = 28.3 nM) increased about 3-fold as
yeast elF4E showed the presence of eight tryptophan resi-compared to that of both nonphosphorylated factors
dues in the same relative positions (Figure 1). Tryptic (Kq = 9.2 nM). Further, the interaction of phosphorylated
peptides were prepared from a highly purified preparation elF(iso0)4G with phosphorylated elF(iso)4E reduced binding
of wheat elF(iso)4E. To identify the location of the phos- rather than enhanced binding.
phoserine residue in wheat elF(iso)4E, the protein was Wheat germ elF4B has been shown to have different
subjected to trypsin digestion followed by HPLC separation. phosphorylation states under varying growth conditions. It
The masses of the peptides were obtained by mass spechas been shown that casein kinase Il will produce the same
trometry. The peptide sequences were compared with thoseelectrophoretic species of elF4B as found in wheat leaves
of the GeneBank database to find potential matches. Two (30). To determine the functional effects of elF4B phos-
separate experiments were performed, and in both cases, onphorylation, cap binding in the presence of phosphorylated
peak of higher molecular mass (79.9 amu) corresponding toand nonphosphorylated elF4B was determined. Similar to
the peptide"*°®MVYSFHDDSR® was observed (Figure 2). elF(is0)4G, elF4B enhanced the binding of elF(iso)4E to
The molecular mass expected for the fragment on the basisAnt-m’GTP when elF(is0)4G was present. Addition of
of the amino acid sequence is 1255.5 Da, and the additionelF(iso)4G/elF4B to elF(iso)4E increases the binding affinity

constant, respectively. Nonlinear least-squares fitting of the
data was performed using KaleidaGraph software (version
2.1.3, Abelbeck Software).

Thermodynamic Parameters for elF Binding to
Ant-m/GTP. The temperature dependence &%, for
Ant-m’GTP was analyzed according to the van't Hoff
isobaric equation, assuming the entropy chang®, and
the enthalpy changeAH®, as constants over the range of
temperatures studied:
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Table 1: Equilibrium Dissociation Constaffer the Interaction of Phosphorylated and Nonphosphorylated Initiation Factor Complexes with
Ant-m’GTP, Determined by Fluorescence Titration

Ka (nM) Kqg (nM) Kq (nM) Kq (nM) Kqg (nM) AH® AS
comple® at4°C at10°C at 15°C at22°C at 31°C (kJ/ mol) (J/mol)
elFiso4E 10.5£ 0.29 20.95+0.66 33.7£0.46 56.69+ 0.60 112.2+1.08 —64.66+0.27 —80.92+0.94
elFiso4E* 27.4£0.75 39.2+0.91 50.6+ 0.98 85.2+ 0.15 130.0+ 0.16 —44.71+0.24 —16.18+0.82
elFiso4E- elFiso4G 9.2:0.22 16.34:-0.35 23.02+-0.29 36.9+ 0.49 76.6-0.92 —53.99+0.19 —41.05+0.66
elFiso4E- elFiso4G* 9.5£0.37 16.7£0.47 26.18+ 0.57 37.01+0.77 80.5+£ 0.46 —55.36+0.18 —46.37+0.63
elFiso4E*- elFiso4G 2274 0.38 31.19-0.35 39.6+0.43 63.4+0.72 95.5+1.40 —38.04+0.11 9.17+0.37

elFiso4E*- elFiso4G*  28.3: 0.41 37.48:0.44 47.64:-0.63 69.3+0.23 98.3+ 0.4 —33.06£ 0.10 25.31+0.36

a All dissociation constants were obtained by fitting the fluorescence titration data as described in thartesterisk indicates the phosphorylated
form of the initiation factors.

Table 2: Equilibrium Dissociation Constahfer the Interaction of Phosphorylated and Nonphosphorylated Initiation Factor Complexes with
Ant-m’GTP, Determined by Fluorescence Titration

Kq(nM) Kq(nM) Kq(nM) Kq(nM) Kq(nM) AH° AS
compleX® at4°C at 10°C at 15°C at22°C at31°C (kJ/mol) (J/mal)
elFiso4E- elFiso4G-elF4B 6.64+ 0.28 11.3%+-0.24 18.04+0.38 29.03- 0.55 61.5+-0.34 —57.27+0.15 —50.19+ 0.51

elFiso4E- elFiso4G-elF4B* 8.0+ 0.43 13.6+0.23 22.6M0.26 35.03:0.89 75.02£0.69 —57.44+0.23 —52.394+0.79
elFiso4E- elFiso4G*-elF4B* 9.2+ 0.44 16.2+0.29 26.70£0.27 45.40+0.31 86.70+£0.72 —58.204+0.20 —56.49+ 0.69
elFiso4E*- elFiso4G*elF4B* 30.70+0.99 39.51+0.47 49.6:0.71 63.7£0.93 935+1.1 —28.87+£0.08 39.72+:0.27

a All dissociation constants were obtained by fitting the fluorescence titration data as described in thartedterisk indicates the phosphorylated
form of the initiation factors.
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Ficure 3: van't Hoff plots for the interaction of Ant-RGTP with
(O) elFiso4E, ) elFiso4E*, () elFiso4E + elFiso4G, @) FIGURE 4: van't Hoff plots for the interaction of Ant-AGTP with
elFiso4E + elFiso4G*, @) elFiso4E* + elFiso4G, and M) (O) elFiso4E+ elFiso4G+ elFiso4B, () elFiso4E+ elFiso4G
elFiso4E*+ elFiso4G*. All the experimental conditions were the 4 elF4B*, (a) elFiso4E + elFiso4G* + elFiso4B*, and @)
same as described in the text. An asterisk indicates the phospho-elFiso4E*+ elFiso4G*+ elF4B*. All the experimental conditions
rylated form of the initiation factors. were the same as described in the text. An asterisk indicates the
phosphorylated form of the initiation factors.
up to 1.5 times for Ant-fGTP as compared to elF(iso)4E o , ] ]
alone. Phosphorylation of eIF4B reduced the effect, but did (39)- Examination of the van't Hoff plots for the interactions
not completely abolish it. However, when elF(is0)4G was Petween protein complexes containing elF(iso)4E and
also phosphorylated, the effect of elF4B was negligible. The ANt-M’GTP shows that they are also enthalpy driven in the
thermodynamic parameters for cap binding to the respectivef@nge of temperatures studied. However, the binding is
complexes were determined from van't Hoff plots and are €ntropy-opposed with the resultak®’ = —80.92 J/mol for
shown in Tables 1 and 2. Th&H® value is obtained by  €IF(iS0)4E (nonphosphorylated) ard 6.18 J/mol for phos-
least-squares fitting from the slope of the plot ofig, vs phorylated elF(iso)4E. The entropy of association for murine
1/T, which gave a straight line (correlation coefficient of €IF4E was—98.7 J/mol g9).
>0.99) for each of the complexes. The strong specific
interaction for elF(iso)4E (nonphosphorylated and phospho- DISCUSSION
rylated) with Ant-nTGTP has a high enthalpy of association, Phosphorylation of eukaryotic initiation factors has been
AH°® = —64.65 kJ/mol for elF(is0)4E ane44.71 kJ/mol shown to be an important means of regulating protein
for elF(iso)4E (phosphorylated). This compares with the synthesis. Plant initiation factors have been identified that
enthalpy of association for murine elF4E-6¥74.31 kJ/mol undergo changes in phosphorylation state as the result of
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stress, viral infection, and other environmental conditions on secondary structure in the noncoding region. Modulation
(30). It has not been clear whether both of the plant cap- of not only cap-binding activity but also other functions of

binding proteins elF4E and elF(iso)4E undergo phosphory- eukaryotic initiation factors may be an important regulator
lation, nor is it clear what the functional consequences of of MRNA selection and translation.

such modifications might be. Because of the difficulty in
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