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The eukaryotic translation initiation factor (eIF) 4G is re-
quired during protein synthesis to promote the assembly of sev-
eral factors involved in the recruitment of a 40S ribosomal sub-
unit to an mRNA. Although many eukaryotes express two eIF4G
isoforms that are highly similar, the eIF4G isoforms in plants,
referred to as eIF4G and elFiso4G, are highly divergent in size,
sequence, and domain organization but both can interact with
elF4A, elF4B, eIF4E isoforms, and the poly(A)-binding protein.
Nevertheless, eIF4G and elFiso4G from wheat exhibit prefer-
ences in the mRNAs they translate optimally. For example,
mRNA containing the 5'-leader (called Q) of tobacco mosaic
virus preferentially uses eIF4G in wheat germ lysate. In this
study, the eIF4G isoform specificity of {) was used to examine
functional differences of the eIF4G isoforms in Arabidopsis. As
in wheat, (2-mediated translation was reduced in an eif4g null
mutant. Loss of the elFiso4G1 isoform, which is similar in
sequence to wheat eIFis04G, did not substantially affect {3-me-
diated translation. However, loss of the elFiso4G2 isoform sub-
stantially reduced 2-mediated translation. elFiso4G2 is sub-
stantially divergent from elFiso4G1 and is present only in the
Brassicaceae, suggesting a recent evolution. eIFiso4G2 isoforms
exhibit sequence-specific differences in regions representing
partner protein and RNA binding sites. Loss of any eIF4G iso-
form also resulted in a substantial reduction in reporter tran-
script level. These results suggest that eIFiso4G2 appeared late
in plant evolution and exhibits more functional similarity with
elF4G than with elFiso4G1 during {2-mediated translation.

The synthesis of proteins from cellular mRNAs requires sev-
eral translation initiation factors that assist in recruiting the 40S
ribosomal subunit to an mRNA as well as in the recognition of
the initiation codon and in the assembly of the 80S ribosome
(1-3). Eukaryotic initiation factor (elF) 4F is essential to pro-
mote 40S subunit binding to an mRNA and to assist in 40S
subunit scanning of the 5'-leader in search of the initiation
codon. elF4F is a multisubunit factor composed of eIF4E, which
binds the 5'-cap structure; the RNA helicase, elF4A, which
unwinds the secondary structure in a 5'-leader that would oth-
erwise inhibit 40S subunit scanning; and the scaffolding pro-
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tein, eIF4G, which interacts with eIF4E, eIlF4A, eIF4B (which
stimulates the RNA helicase activity of elF4A), elF3 (required
for 40 S binding to an mRNA), and the poly(A)-binding protein
(PABP)? (2, 4—6). The interactions between eIF4G and elF4E
and between eIlF4G and PABP results in mRNA circularization
that stimulates translation by promoting 40S subunit recruit-
ment (7, 8). An interaction between elF4B and PABP further
increases the affinity for poly(A) RNA of PABP (9-11). These
factors, therefore, are necessary for the efficient translation of
most mRNAs.

Although plants express two forms of elF4G as do many
eukaryotes (12), the plant isoforms are more divergent from
each other than observed between elF4G isoforms in other spe-
cies. eIF4G in wheat is 168 kDa, whereas the second isoform,
elFis04G, is only 83— 86 kDa and they differ in sequence homo-
logy sufficiently that each interacts with a specific eIF4E iso-
form: elF4G interacts with eIF4E, whereas elFiso4G interacts
with elFiso4E (13). Despite their differences in size and
sequence, both isoforms interact with eIF4B, e[F4A, and PABP,
although eIF4G has two interaction domains for each of these
partner proteins, whereas elFiso4G has only one such domain
for elF4B and PABP (14, 15). The divergence between the two
elF4G isoforms has suggested functional specialization that
allows them to discriminate between mRNAs that has been
experimentally supported. For example, barley a-amylase and
oat globulin mRNAs use elF4G preferentially for their transla-
tion. In contrast, translation of Arabidopsis HSP21 and alfalfa
mosaic virus RNA 4 is supported equally well by either e[F4G or
elFiso4G (16). eIF4G is used preferentially for the cap-indepen-
dent translation mediated by the tobacco etch virus 5'-leader
(17).

Although the activity of translation initiation factors might
be expected to affect translational efficiency only, the transla-
tional status of an mRNA can influence the rate of mRNA decay
(18). NPQI encodes violaxanthin deepoxidase (VDE), the
enzyme responsible for the de-epoxidation of pigments in the
xanthophyll cycle (19). Loss of elFiso4G expression in Arabi-
dopsis resulted in more than a 5-fold increase in the NPQI
transcript level, which correlated with increases in VDE protein
and VDE activity (20). The NPQI 5'-leader was sufficient to
confer this increase in transcript level in response to loss of
elFiso4G expression. This observation suggested that changes

2 The abbreviations used are: PABP, poly(A)-binding protein; HEAT, Hunting-
ton, elongation factor 3, PR65/A, TOR; TMV, tobacco mosaic virus; qPCR,
quantitative PCR; VDE, violaxanthin de-epoxidase; Tricine, N-[2-hydroxy-
1,1-bis(hydroxymethyl)ethyllglycine; (), ohm.
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elFiso4G1 and elFiso4G2 Exhibit Functional Specialization

in elF4G isoform expression can affect other aspects of gene
expression in addition to translation.

Differential use of eIF4G isoforms has also been reported for
the 5’-leader sequence from tobacco mosaic virus (TMV) (21).
The TMV genome is a single strand, positive sense RNA that
functions as the mRNA for the 5’'-proximal cistron encoding
the replicase. The 68-nucleotide TMV 5’-leader (known as (})
facilitates the first round of translation of the genomic RNA to
which the viral coat protein binds loosely releasing the RNA
from the virion particle through a co-translational disassembly
process (22). Translation in fractionated in vitro lysates dem-
onstrated that e[F4F was 20 —30-fold more active in translating
mRNAs containing () as the leader than elFiso4F (21).

In this study, the eIF4G isoform-specific preferences of the ()
5'-leader were examined in vivo in Arabidopsis. The Arabidop-
sis genome contains a single gene encoding eIF4G, whereas two
genes encode elFiso4G isoforms (elFiso4G1 and elFiso4G2)
(23). Loss of expression of any elF4G isoform did not affect
growth rate or size but did result in a substantial reduction in
reporter gene expression in seedlings, adult leaves, and flowers,
indicating that each eIF4G isoform contributes significantly to
the protein synthetic capacity. Interestingly, much of the reduc-
tion in expression was a result of a decrease in reporter gene
transcript level. The translational efficiency of ()-containing
mRNA, however, was reduced to a greater extent in an eif4g
null mutant than in an eifiso4gl null mutant. Surprisingly,
the translational efficiency of {)-containing mRNA was also
reduced in an eifiso4g2 mutant. As elFiso4Gl1 is expressed to a
higher level than elFiso4G2, this suggests that the two elF4G
isoforms are functionally different from one another and from
elF4G. Phylogenetic analysis demonstrated that elFiso4G2
appears only in the Brassicaceae and is substantially divergent
in sequence from elFiso4G1 that is present in Arabidopsis.
These results suggest that elFiso4G2 is a Brassicaceae-specific
isoform that exhibits functional differences from elFiso4G1
present throughout the plant kingdom.

Experimental Procedures

Plant Growth and Transformation—Arabidopsis seeds were
germinated on soil and grown in a plant growth room supple-
mented with Sylvania Gro-Lite fluorescent bulbs (Sylvania,
Danvers, MA) at a photon flux density (PFD) of 100 umol pho-
tonsm~ *s” ', Wild-type Arabidopsis was transformed with the
firefly luciferase (Luc) transgene under control of the cauli-
flower mosaic virus 35S promoter with or without the
5'-leader using the binary vector, pBI121 as described (20). The
primary inflorescences of Arabidopsis plants were removed,
and the secondary inflorescences were allowed to initiate
before infiltration. Inverted plants were dipped into the infiltra-
tion medium containing the Aglol strain of Agrobacterium
containing a transgene. Infiltrated plants were kept on their
side for 1 day and allowed to continue to flower in an upright
position in the same growth room. Seeds of infiltrated plants
were collected and screened on 0.25 X MS plates containing 50
pg/ml of kanamycin and 500 pg/ml of vancomycin.

Luciferase Assay—Plant samples were ground in liquid nitro-
gen and the soluble protein fraction resuspended in luciferase
assay buffer (25 mm Tricine, pH 8, 5 mm MgCl,, 0.1 mm EDTA
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supplemented with 33.3 mm DTT, 270 um coenzyme A, 500 um
ATP). Aliquots of total cell extract were assayed for luciferase
activity following injection of 0.5 mm luciferin using a Monoli-
ght 2010 Luminometer (Analytical Luminescence Laboratory).
Triplicate plant samples were prepared for each line and the
average value reported. All luciferase expression data are nor-
malized for equal amounts of total protein.

qPCR Analysis—Plant material was frozen in liquid nitrogen
and ground to a fine powder, and 100 mg was resuspended in 1
ml of TRIzol® reagent (Invitrogen). Following centrifugation,
the supernatant was extracted with 200 ul of chloroform and
centrifuged to separate the phases. RNA was precipitated from
the aqueous phase using isopropyl alcohol, and the RNA pellet
was washed with 75% ethanol and resuspended in RNase-free
H,O. 1 pg of RNA was used to obtain the first-strand cDNA by
Omniscript RT kit (Qiagen) in a 20- ul reaction. The qPCR anal-
ysis was performed using a iQ5 real time PCR detection system
(Bio-Rad) in 25-ul reactions containing 1 X SYBR Green Super-
Mix 500 nm forward and reverse primers and 10 ng of cDNA.
Reactions were carried out using the following conditions:
95 °C for 5 min (1 cycle) and 95 °C for 30 s, 55 °C for 30 s, and
72 °C for 30 s (35 cycles). To detect the presence of Luc, a
forward primer, Luc-F1 (5'-CCGTTGTTGTTTTGGAGCAC-
GGAAA-3'), and a reverse primer, Luc-R1 (5'-GATCTCTCT-
GATTTTTCTTGCGTCGAG-3'), were used. Protein phos-
phatase PP2A (Atlgl3320) was used as the reference gene for
the quantitation of Luc expression in Arabidopsis leaves. To
detect the expression of PP2A, a forward primer, PP2A-FW
(5'"-AGTATCGCTTCTCGCTCCAG-3') and a reverse primer,
PP2A-RV (5'-GTTCTCCACAACCGCTTGGT-3'), were
used. The efficiency of PCR was determined by five 10-fold
serial dilutions of the template DNAs in triplicate.

Sequence Alignment and Phylogenetic Analysis—The elFiso4G1
and elFiso4G2 amino acid sequences of Arabidopsis thaliana
used in this study are available in the National Center for Bio-
technology Information (NCBI) sequence database (www.ncbi.
nlm.nih.gov) and were used as queries to perform BLAST
searches of the Phytozome database (v10.3) (phytozome.jgi.
doe.gov) for orthologs of the species used in the study. Amino
acid sequence alignments for examining elFiso4G2-specific
sequence differences were performed by ClustalW2 with the
following parameters: pairwise gap opening penalty 10, pair-
wise gap extension penalty 0.1, multiple gap opening penalty
10, multiple gap extension penalty 0.2, Gonnet protein weight
matrix, and no end gap separation.

Using alignments obtained by MUSCLE, the evolutionary
history was inferred by using the maximum likelihood method
based on the JTT matrix-based model (24). The tree with the
highest log likelihood (—6408.5683) is shown. Initial tree(s) for
the heuristic search were obtained by applying the Neighbor-
Joining method to a matrix of pairwise distances estimated
using a JTT model. Similar trees were seen using the Whalen
and Goldman substitution model and did not alter the findings.
The tree is drawn to scale. The percentage of replicate trees in
which the associated taxa clustered together in the bootstrap
test is shown next to the branches in the figures with branch
lengths measured in the number of substitutions per site. No
branches were collapsed regardless of bootstrap values. The
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TABLE 1
Expression from Luc mRNA in WT and mutant lines

Luciferase expression”

Mutant Relative Relative Relative
line Seedlings expression Adult leaves expression Flowers expression
Luc/min/mg protein

WT 1,025,659 * 519,237 1 179,7961 * 35249 1 4,479,681 * 335,657 1

eifisode 1,122,767 *+ 381,480 1.09 1,177,807 *+ 97,045 0.655 2,682,324 * 102,022 0.599

eif4g 4,404 = 427 0.00429 32,955 * 1,050 0.0183 92,614 * 6,429 0.0207
eifisodgl 270,204 * 107,473 0.263 172,935 * 9,062 0.0961 249,183 * 6,328 0.0556
eifiso4g2 71,921 + 7,613 0.0701 84,433 * 5,200 0.0470 75,362 * 6,679 0.0168
eifisodgl/2 28,821 * 2,570 0.0281 164,344 = 12,769 0.0914 231,244 * 14,855 0.0516

“ All luciferase expression data are normalized for equal amounts of total protein.

analysis involved 66 amino acid sequences. There were a total of
232 positions in the final dataset. Evolutionary analyses were
conducted in MEGA®6 (25).

Gene sequences used the analyses were from A. thaliana
(AT2G24050 and AT5G57870); Arabidopsis lyrata (Al 481263,
Al_495887, and Al_353746); Boechera stricta (Bs_27895s0080,
Bs_26833s0467, and Bs_7867s0925); Capsella rubella (Cr_
10022680m, Cr_10025916m, and Cr_10004122m); Capsella
grandiflora (Cg_3181s0015, Cg_0380s0056, and Cg_2848s0070);
Eutrema salsugineum (Es_10000058m and Es10012738m);
Brassica rapa (Br_K00529, Br_H01394, Br_A00681, and Br_
B01185); Carica papaya (Cp_supercontig 46.175); Gossypium
raimondii (Gr_009G009800, Gr_004G273900, Gr_013G105700,
and Gr_013G241300); Theobroma cacao (Tc_1EG036897 and
Tc_1EGO038403); Eucalyptus grandis (Eg_C00247 and Eg_
C00248); Citrus clementina (Cc_10007494m and Cc_10007769m);
Manihot esculenta (Me_1_001915m and Me_1_001934m);
Ricinus communis (Rc_27455.m000039); Phaseolus vulgaris (Phv_
003G154900 and Phv_009G207600); Glycine max (Glyma.
17G072500.1, Glyma.02G205500.1, Glyma.06G225700.1, and
Glyma.04G154100.1); Vitis vinifera (Vv_GSVIVT01023638001
and Vv_GSVIVT01035980001); Solanum lycopersicum (SI_
07g005810.2 and SI_12g009960.1); Solanum tuberosum (St_
PGSC0003DMT400029102, St PGSC0003DMT400020464, and
St PGSC0003DMT400029103); Sorghum bicolor (Sb006G136400);
Brachypodium distachyon (Bd_5g14687); Zea mays (Zm_
GRMZM2G098577 and ZmGRMZM2G157061); Oryza sativa
(0s02g39840 and Os04g42140); Panicum virgatum (Pv_Ab02269,
Pv_Aa01373, Pv_J01984, and Pv_Gb01258); Setaria italica
(Si_016412m and Si_009406m); Triticum aestivum (Ta_M95747);
Selaginella moellendorffii (Sm_437322); Physcomitrella pat-
ens (Pp_014G077600, Pp_014G078000, Pp_017G069800, Pp_
017G069500, and Pp_017G069100).

Results

Each eIF4G Isoform Contributes Substantially to Luc Expres-
sion Throughout Plant Development—elF4G is encoded by a
single gene (i.e. At3g60240) in the A. thaliana genome. Other
than a slight delay in flowering time, loss of e[F4G expression in
A. thaliana results in no other readily observable phenotype
(20). elFiso4G is encoded by two genes, elFiso4Gl and
elFiso4G2 (i.e. At5g57870 and At2g24050, respectively) (23),
which share only 55.4% identity and 64.9% similarity. As in
A. thaliana, elFiso4G is encoded by two genes in maize
(GRMZM2G157061 and GRMZM2G098577) but these are
more similar (90.1% identity and 92.8% similarity). Loss of
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either elFiso4G1 or elFiso4G2 in A. thaliana does not result in
a visible phenotype other than a slightly smaller stature in
eifiso4gl plants. However, the elFiso4G double null mutant, i.e.
eifiso4gl/2, is substantially smaller, grows slower, and contains
less chlorophyll than WT plants (20, 23), demonstrating that
both elFiso4G genes contribute to vegetative growth and that
they must share some functional similarities. Interestingly,
elFiso4E, the eIF4E isoform that interacts with the elFiso4G
isoforms, is encoded by a single gene (i.e. At5g35620) in
A. thaliana but the eifiso4e null mutant has no visible pheno-
type (20), perhaps because elF4E can interact with elFiso4G as
a less preferred partner in the absence of elFiso4E (13).
Although elFiso4G and elF4G exhibit functional differences
(12,16, 17, 20, 21), the limited homology between the elFiso4G
isoforms in A. thaliana suggests that they too may be function-
ally divergent in some respects.

To determine the extent to which each elF4G and elFiso4G
gene products contribute to gene expression in Arabidopsis, the
eifisode, eif4g, eifiso4gl, and eifiso4g2 mutants previously
described (20) were crossed with Arabidopsis expressing the
firefly luciferase (Luc) cDNA under the control of the CaMV
promoter. As the eif4e triple null mutant is not viable (26), it
could not be included. Progeny homozygous for the Luc trans-
gene and null for the initiation factor were isolated. This
approach avoided position effects of the transgene in the
genome. Luciferase activity was then measured in different
organs to determine the effect of loss of an initiation factor on
its expression. Luciferase expression in 8-day-old eifiso4e null
mutant seedlings, representing total steady-state luciferase
activity normalized for equal amounts of total protein, was not
significantly different from that in WT seedlings (Table 1). In
contrast, loss of expression of either elFiso4G1 or elFiso4G2 in
seedlings resulted in substantial reduction in luciferase activity
although loss of elFiso4G2 expression had a greater effect on
reporter gene expression than did loss of elFiso4G1 expression
(Table 1). Luciferase activity in the eifiso4gl/2 double mutant
was lower than in either single mutant. The greatest reduction
in Luc expression, however, was observed in the eif4g mutant
(Table 1).

As in seedlings, loss of elF4G expression in adult leaves
resulted in the greatest reduction in steady-state Luc expres-
sion (Table 1). However, loss of expression of either elFiso4G1,
elFiso4G2, or the double mutant also resulted in substantial
reduction in Luc expression. Luc activity in eifiso4e adult leaves
was reduced moderately relative to WT leaves (Table 1). Similar
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results were observed in flowers (Table 1). These results indi-
cate that eIF4G and each of the elFiso4G isoforms contribute
substantially to expression throughout vegetative growth and
in flowers.

To determine whether loss of one elF4G isoform affects the
expression of the remaining isoforms, qPCR was performed on
the mutants to measure the relative levels of each elF4G iso-
form. As expected, little expression of eIF4G was observed in
the eif4g mutant and the level of elF4G expression in the
eifiso4gl and eifiso4g2 single mutants was similar to WT,
whereas a modest reduction in expression was observed in the
eifiso4g1/2 double mutant (Fig. 1). Expression of elFiso4G1 was
not significantly different in the eif4g or eifiso4g2 mutants (Fig.
1). Similarly, elFiso4G2 was not lower in the eif4g or eifiso4gl
mutants. These results suggest that the reduction in Luc
expression following loss of expression of one eIlF4G isoform
was not a result of a substantial decrease in the expression of the
remaining isoforms.

1.6

[ elF4G
BN elFiso4Gl
‘:i.j W c/Fiso4G2

0.86

1.4 1 131

1.2 1 024 099 105
1.0 4 M
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Relative expression

0.4 1
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WT eif4g

eifisodgl  eifiso4g2  eifiso4gl/2?

FIGURE 1. Expression of elF4G isoforms in elF4G mutants. gPCR was per-
formed for elF4G (white bars), elFiso4G1 (gray bars), and elFiso4G2 (black bars)
in 8-day-old WT seedlings and eifisode, eif4g, eifiso4gl, eifiso4g2, and
eifiso4g1/2 mutants. Expression is reported relative to the level in WT seed-
lings, which is set at a value of 1.

TABLE 2
Expression from Q-Luc mRNA in WT and mutant lines

The Presence of Q) as the 5'-Leader Alters the Requirement for
elF4G Isoforms—To examine the elF4G isoform requirement
for a transcript containing () as the 5'-leader, the () sequence
was introduced into the luciferase construct described above
and plants containing the transgene were generated as previ-
ously described (20). The 35S::()-Luc transgene was then intro-
duced into elF4G isoform mutants through crosses to avoid
position effects in the genome. Luciferase expression, repre-
senting total steady-state luciferase activity normalized for
equal amounts of total protein, from the {)-Luc construct was
higher than from the Luc construct in WT seedlings (Table 2).
A moderate reduction in expression was observed in the
eifisode mutant relative to WT. As with the Luc construct,
expression from the ()-Luc construct was substantially lower in
eif4g and eifiso4g mutants with expression being most affected
following loss of elF4G or elFiso4G2 expression (Table 2).
However, expression was also substantially reduced in the
eifiso4gl mutant. Expression in the eifiso4g1/2 double mutant
was nearly as low as that observed for the eifiso4g2 mutant. In
adult leaves and flowers, expression from the {)-Luc construct
was moderately higher in the eifiso4e mutant than in WT, in
contrast to observations made in seedlings. However, as
observed in seedlings, expression from the ()-Luc construct
was substantially reduced in the eif4g, eifisodgl, eifiso4g2, and
the eifiso4gl/2 double mutants and the reduction was more
pronounced than that observed in seedlings.

Loss of an elF4G Isoform Affects Transcript Abundance—The
luciferase expression data in Tables 1 and 3 represent contribu-
tions of the translatability and stability of an mRNA. Although
elF4G and its isoforms function to promote translation initia-
tion, loss of an elF4G isoform can affect the transcript level as
shown by the increase in the level of Luc mRNA in the
eifiso4gl/2 mutant when the VDE 5'-leader was present in the
mRNA (20). To examine whether the reduced expression
observed from the {)-Luc and Luc constructs in eif4g, eifiso4gl,
and eifiso4g2 mutants involves changes at the RNA level, the

Luciferase expression”

Mutant Relative Relative Relative
line Seedlings expression Adult leaves expression Flowers expression
Luc/min/mg protein
WwWT 1,484,868 *+ 61880 1 2,113,573 * 255,152 1 7,706,585 * 324,332 1
eifisode 927,776 * 146,235 0.625 3,961,323 * 296,860 1.87 11,355,385 * 396,134 1.47
eif4g 330 = 274 0.000222 547 * 67 0.000259 820 = 132 0.000106
eifisodgl 202,298 * 58,271 0.136 143,136 * 4,312 0.0677 189,559 * 5,766 0.0246
eifisodg2 1728 = 147 0.00116 936 * 63 0.000443 2,192 + 40 0.00284
eifiso4gl/2 14,640 £ 918 0.00986 106,912 = 4,994 0.0506 108,006 = 9,217 0.0140
“ All luciferase expression data are normalized for equal amounts of total protein.
TABLE 3
elF4G and elFiso4G2 support (-mediated translation
Luc mRNA Q-Luc mRNA
Mutant Relative Relative Q
line Luciferase/qPCR” expression Luciferase/qPCR” expression dependence
WwWT 1,025,659 1 331,629 1
eifisode 1,122,767 1.09 1,181,881 3.56 0.307
eifdg 4,404 0.00429 56.2 0.000169 25.3
eifiso4gl 270,204 0.263 45,562 0.137 1.92
eifiso4g2 71,921 0.0701 883 0.00266 26.3
eifisodgl/2 28,821 0.0281 10,844 0.0327 0.859

“ Luciferase expression and qPCR data are taken from Tables 1 and 2 and Fig. 2.
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FIGURE 2. All elF4G isoforms are required to support Luc and Q-LUC tran-
script levels. gPCR was performed for expression from 35S:Luc and
35S:Q-Luc transgenes in 8-day-old WT seedlings in WT plants and in eifiso4e,
eif4g, eifiso4g1, eifiso4g2, and eifiso4g1/2 mutants into which each transgene
was crossed. In A, expression is reported relative to the level of Luc (white bars)
and Q-Luc (black bars) mRNAs in WT seedlings, which is set at a value of 1. In
B, the transcript level of Q-Luc (black bars) is reported relative to the Luc (white
bars) transcript level (set at a value of 1) for WT and mutant seedlings.

transcript level of each in each mutant was measured by qPCR.
The transcript level of Luc was higher in the eifiso4e mutant
than in WT plants but was substantially lower in eif4g, eifiso4g1,
and eifiso4g2 mutants than in WT plants (Fig. 2A). It was also
lower in the eifiso4gl/2 mutant, in good agreement with its level
when expressed from the NPQ1 promoter in this same mutant
(20). The Q-Luc transcript level in eifiso4e was moderately
lower than in WT plants (Fig. 24), correlating with the modest
reduction in Luc expression (Table 2). The ()-Luc transcript
level was substantially lower in eif4g, eifiso4gl, and eifiso4g2
mutants (Fig. 24). It was also lower in eifiso4gl/2 plants as
shown previously (20). When the transcript levels of ()-Luc and
Luc mRNAs were compared, (3-Luc mRNA was more abun-
dant in WT seedlings but was reduced to parity in the eifiso4e
mutant (Fig. 2B). Although the transcript level of {}-Luc mRNA
relative to Luc mRNA was largely unchanged in eif4g and
eifiso4gl, reductions in its relative level were observed in
eifiso4g2 and eifiso4gl/2 seedlings (Fig. 2B). These results indi-
cate that loss of elFiso4E or elFiso4G2 selectively reduces the
level of (3-Luc mRNA relative to the Luc transcript level but loss
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of any elF4G isoform reduces the absolute level of Luc and
Q-Luc mRNAs. The reduction in their transcript level partially
accounts for the reduction in Luc expression observed for these
constructs.

elF4G2 Exhibits Functional Similarity with eIF4G during
O-Mediated Translation—As noted above, loss of specific
elF4G isoforms affects ()-Luc and Luc transcript abundance.
To measure the relative translational efficiency of each mRNA,
the Q-Luc and Luc expression data obtained above in the
eifisode, eifdg, eifiso4gl, and eifiso4g2 mutants can be normal-
ized to RNA abundance using transcript levels determined by
qPCR resulting in normalized values representing expression
from a uniform amount of transcript (Fig. 2B). The degree to
which the presence of () as the 5'-leader alters the translational
efficiency of an mRNA can then be determined by the ratio of
normalized luciferase expression from ()-Luc mRNA to that
from Luc mRNA. Relative comparisons between the normal-
ized expression from the €)-Luc and Luc constructs eliminates
any indirect effect that loss of an eIF4G isoform may have on
transcriptional activity, mRNA processing, or protein turnover.
Thus the ratio of expression from {)-Luc and Luc constructs
normalized to mRNA levels enables the analysis of the effect
that an elF4G isoform has on translatability of an mRNA
specifically.

This analysis revealed that translation from )-Luc mRNA
was less dependent on elFiso4E than Luc mRNA (Table 3), per-
haps resulting from the unstructured nature of the () sequence
and consistent with its ability to confer elF4E-independent
translation on an mRNA (27). In contrast, translation from
Q-Luc mRNA was ~25-fold more dependent on eIlF4G than
Luc mRNA as translation from -Luc mRNA was dispropor-
tionately reduced in the eif4g mutant (Table 3). Similarly, trans-
lation from -Luc mRNA was ~26-fold more dependent on
elFiso4G2 than Luc mRNA (Table 3). However, translation
from -Luc mRNA was significantly less dependent on the
elFiso4G1 isoform in that it was only 1.9-fold more dependent
on this isoform than Luc mRNA (Table 3) indicating a signifi-
cant difference between the two elFiso4G isoforms in support-
ing translation from -Luc mRNA. Interestingly, when both
elFiso4G isoforms were absent, the translation efficiency of
)-Luc and Luc mRNAs was similar (Table 3), suggesting that a
change in the relative abundance of the two elFiso4G isoforms
alters the translation efficiency of (2-Luc mRNA.

elFiso4G2 Is a Recently Evolved elFiso4G Isoform Present
Only in the Brassicaceae—As noted above, although elFiso4G1
and elFiso4G2 are elFiso4G isoforms, they exhibit substantial
sequence divergence in Arabidopsis (Fig. 3). elFiso4G1 and
elFiso4G2 orthologs in other species show similar low sequence
conservation (Fig. 3). In species with multiple elFiso4G2 para-
logs, a higher level of sequence conservation was observed as it
was among elFiso4G1 paralogs (Fig. 3). To examine the rela-
tionship among elFiso4G isoforms through land plant evolu-
tion, phylogenetic analysis was performed using elFiso4G1 and
elFiso4G2 gene sequences representing non-vascular, vascular,
and seed-bearing species. The tree was rooted using the
elFiso4G gene family from the non-vascular species, P. patens,
which is composed of four members. As expected, the elFiso4G
isoforms from P. patens and the early vascular species, S.
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elFiso4G1 vs.
elFiso4G2 elFiso4G2 homology
gene number (% Identity/Similarity)

elFiso4G1 paralogs
(% Identity/Similarity)

elFiso4G2 paralogs
(% Identity/Similarity)

elFiso4G1
gene number
Arabidopsis thaliana [}
Arabidopsis lyrata [}
Capsella rubella [ )
Capsella grandiflora [ ]
Boechera stricta [
Brassica rapa [ )
Eutrema salsugineum °
Carica papaya [ ]
Gossypium raimondii (X X X
Theobroma cacao o0
Citrus clementina (X))
Eucalyptus grandis o0
E Glycine max [ XX N ]
Phaseolus vulgaris o0
E Ricin communis [}
Manihot esculenta o0
Vitus vinifera [ X )
— Solanum tuberosum X X
Y Solanum Iycopersicum o0
Sorghum bicolor )
Zea mays o0
Setaria italica [ X )
Panicum virgatum o000
Oryza sativa [ X )
_E Brachypodium distachyon °
Sellagenella moellendorffii °
Physcomitrella patens (X N N N ]

° 55.5/64.9
(X} 57.4-58.4/65.9-66.6 74.1/80.1
(X} 52.7-56.6/60.2-64.3 64.2/70.9
(X ) 54.4-58.0/62.6-66.0 70.5/77.6
LA 53.5-57.4/62.7-66.2 68.7/75.4
[ X X J 42.1-58.4/48.8-67.5 60.8-82.9/64.2-86.6
o 56.5/65.7

78.1-81.9/83.2-86.1
65.5/75.2
76.5/76.5
71.1/78.2

75.1-95.2/82.6-96.6
71.3/78.7

88.7/91.9
57.5/62.2
79.0-99.7/85.2-99.7

78.7/85.0

90.1/92.8

68.7/76.9
45.4-74.2/49.3-76.1

66.3/74.6

73.4-98.3/79.5-98.6

FIGURE 3. Evolution and sequence conservation of elFiso4G1 and elFiso4G2 in land plants. The presence of elFiso4G1 and elFiso4G2 genes in a species is
indicated by a black dot and the number of genes for each type is indicated by the number of black dots. The evolutionary relationship of the species shown is
indicated to the left. Sequence identity and similarity between elFiso4G1 and elFiso4G2 isoforms in each species is reported as are the identity and similarity
among elFiso4G1 isoforms and among elFiso4G2 isoforms within a species when more than one isoform is present.

moellendorffii, cluster together and lie outside the elFiso4G iso-
forms from flowering plants (Fig. 4). The elFiso4G1 orthologs
from monocotyledonous species also form a separate clade
from that representing elFiso4G1 orthologs of dicotyledonous
species. The elFiso4G isoforms in species of the Brassicaceae
form a clade composed of a subclade of the elFiso4G1 isoforms
and two closely related subclades of eIFiso4G2 isoforms (Fig. 4).
As elFiso4G2 isoforms are present throughout the species of
the Brassicaceae examined but are absent outside the Brassi-
caceae, these observations suggest that elFiso4G2 arose early
during the evolution of the Brassicaceae. The presence of mul-
tiple elFiso4G2 isoforms in some species of the Brassicaceae
that are present in each of the elFiso4G2 subclades suggests
gene duplication prior to speciation. The presence of an
elFiso4G?2 isoform in each elFiso4G2 subclade in Arabidopsis
lyrata but only one elFiso4G2 isoform in A. thaliana suggests
that one elFiso4G2 gene family member has been lost in the
latter species. Together, these results indicate that eIFiso4G2 is
a recently evolved elFiso4G isoform not present outside the
Brassicaceae.

To examine in greater detail how elFiso4G2 may differ from
elFiso4G1 at the amino acid level, selected elFiso4G1 and
elFiso4G2 protein sequences representing Brassicaceae and
other plant families were aligned. The amino acid sequence of
elFiso4G1 from wheat was included as its protein interaction
domains and RNA-binding domains have been identified pre-
viously (15). Although the elFiso4G1 and elFiso4G2 isoforms
exhibit sequence conservation throughout the protein, the
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regions of greatest homology represent the HEAT-1 and HEAT-
2 domains (Fig. 5). eIF4A binds to both of these domains,
whereas PABP binds within the HEAT-1 domain (15). elF4B
binds adjacent to this domain to a region also implicated in
interaction with elF3 in animal eIF4G (15, 28, 29). Analysis of
those residues in elFiso4G2, which differ from eIFiso4G1 iso-
forms but are conserved in elFiso4G2 isoforms revealed a rela-
tively small number of residues that are elFiso4G2-specific (res-
idues with asterisks in Fig. 5) and these are present largely in
four regions of the protein.

One elFis04G2-specific residue is a tyrosine to phenylalanine
change within the elFiso4E binding site that occurs in both
elFiso4G2 subclades (Fig. 6). Although this represents a con-
served change, the effects on elFiso4E are unknown. An argi-
nine to leucine change is also present in one of the elFiso4G2
subclades (Fig. 6).

Several elFiso4G2-specific residues are present within the
elF4B interaction domain that lies just C-proximal to the
HEAT-1 domain. Analysis of all eIFiso4G2 isoforms confirmed
the conservation of these elFiso4G2-specific sequence differ-
ences (Fig. 7). As this region might also be involved in elF3
binding, such sequence differences may affect interaction with
one or both of these partners, although the elF3 interaction
with this region in eIFiso4G has not been examined. The region
including the HEAT-1 domain also exhibits RNA binding activ-
ity as does the corresponding region in animal eIF4G (15, 30),
although the role of this binding activity is unknown.
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: Lycophyte

Bryophyte

FIGURE 4. Phylogenetic analysis of elFiso4G1 and elFiso4G2 isoforms in land plants. A phylogenetic tree of elFiso4G1 and elFiso4G2 isoforms was
constructed using the maximum-likelihood method. The tree with the highest log likelihood is shown. The tree is drawn to scale, with branch lengths measured
in the number of substitutions per site. Numbers on each branch denote percentages of bootstrap support. elFiso4G isoforms from the non-vascular species,
P. patens, and the early vascular species, S. moellendorffii, were used to root the tree.
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FIGURE 5. Sequence conservation among elFiso4G1 and elFiso4G2 isoforms. The sequence of elFiso4G1 and elFiso4G2 from A. thaliana (At),
C. grandiflora (Cg), E. salsugineum (Es), P. vulgaris (Phv), S. lycopersicum (Sl), O. sativa (Os), and T. aestivum (Ta) were aligned. Amino acid identity is
highlighted in green and amino acid similarity is highlighted in yellow. HEAT domains and binding sites for partner proteins of wheat elFiso4G are
indicated above the sequence as reported (15). elFiso4G2-specific sequence differences that are conserved among elFiso4G2 isoforms are indicated by

asterisks.

The remaining two regions involve poorly conserved regions
within elFiso4G isoforms. All elFiso4G2 isoforms examined
contain a deletion with proximal sequence differences just
upstream of the HEAT-1 domain in one such poorly conserved
region (Fig. 8). A second poorly conserved sequence repre-
senting the region between the HEAT domains contains the
last cluster of elFiso4G2-specific changes that introduce a
variable number of PQ repeats in addition to other sequence
differences (Fig. 9). The function of this region has not been
examined in detail but in animal eIF4G is subject to phos-
phorylation in response to the nutritional status of the cell,
which regulates eIF4G activity (31). These results demon-
strate that the recent evolution of eIFiso4G2 within the Bras-
sicaceae has resulted in an isoform that differs from
elFiso4G1 in sequence including regions known to be
involved in protein and RNA interactions.
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Discussion

Plants are unusual in expressing two highly divergent elF4G
isoforms. Previous work has demonstrated that elF4G and
elFiso4G from wheat exhibit clear differences in the types of
mRNAs they translate optimally (12, 16, 17, 20, 21), which sug-
gests that these two isoforms differ functionally as well as struc-
turally. In addition to the divergence between elF4G and
elFiso4G, some plant species express multiple elFiso4G iso-
forms, which are significantly divergent from one another. The
sequence divergence among elFiso4G isoforms raises the ques-
tion of whether they too may differ functionally. As the TMV
5'-leader was shown to discriminate between elF4G and
elFiso4G during in vitro translation in wheat germ lysate, it was
used in this study to interrogate the translational preference of
each eIF4G isoform in vivo in Arabidopsis. This in vivo
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Gr_013G241300
Gr_013G105700
Gr_009G009800
Gr_004G273900
Cc_10007494m
Vv_GSVIVT01035980001
Vv_GSVIVT01023638001
Phv_003G154900
Glyma.17G072500.
Glyma.02G205500.1
Phv_009G207600
Glyma.06G225700.1
Glyma.04G154100.1

-

ERVRYTRDQLLOLR-E
ERVRYTRDQLLQLR-E
DRVRYTRDQLVQLR-E
DRVRYTRDQLLSLR-E
ERVRYTRDQLLQLR-E
ERVRYTRDQLLOLR-E
ECVQYTRDQLLKLR-V
ECVRYTRDQLLQLR-E
ERVRYTRDQLLQLR-E
ERVRYTREQLLQLR-E
ERVRYTRDQLLOLR-E
ERVRFTRDKLLQLR-E
ERVRYTREQLLQLS-E
ERVRYTREQLLQLK-E
ERVRYTREQLLLLR-E
ERVQOYTRDKLLOLQ-E
ERVRYTRDQLLQLK-E
ERVRYSRDQLLQLQ-E

Other
core eudicots

FIGURE 6. elFiso4G2 isoforms differ from elFiso4G1 isoforms within the
elFiso4E binding site. The sequences of the elFiso4E binding site from
elFiso4G2 and elFiso4G1 isoforms from core eudicot species were aligned
and the conserved elFiso4G2-specific sequence differences are shown.
Amino acid identity is highlighted in gray and conserved elFiso4G2-specific
sequence differences are highlighted in black. The two elFiso4G2 subgroups
present in Brassicaceae are indicated to the right as are elFiso4G1 isoforms
present throughout core eudicots. The position of the elFiso4E binding site is
shown for wheat elFiso4G at the top.

approach also made it possible to investigate how loss of a spe-
cific el[F4G isoform may affect expression in ways other than
translational efficiency. As observed in wheat germ lysate (21),
translation from mRNAs containing () as the 5'-leader exhib-
ited a strong dependence on elF4G in Arabidopsis. Surpris-
ingly, Q) was also highly dependent on elFiso4G2 but not on
elFiso4G1, the two elFiso4G isoforms expressed in Arabidop-
sis. Loss of any elF4G isoform did result in a substantial reduc-
tion in reporter transcript level regardless of whether () was
present as the 5'-leader or not, suggesting that all eIF4G iso-
forms in Arabidopsis are functionally similar in supporting the
abundance of the mRNA independent of these 5'-leaders.

The finding that elFiso4G1 and elFiso4G2 exhibit some
functional difference was unexpected as loss of either isoform
results in no visible phenotype in Arabidopsis but loss of both
results in reduced stature, slow growth, and lower chlorophyll
content (20, 23), suggesting functional overlap between the iso-
forms. Their functional overlap does not preclude, however,
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some degree of functional specialization. Clearly, the extent to
which elFiso4G1 and elFiso4G2 are functionally different in
supporting ()-mediated translation must lie within their
sequence differences. This raises the question, however, of why
)-mediated translation in wheat germ lysate was not strongly
dependent on elFiso4G. Analysis of the evolution of elFiso4G
isoforms in land plants revealed that eIFiso4G2 is not present in
early land plants and did not appear until after the divergence of
monocots (e.g. wheat) from dicot species including Arabidop-
sis. In fact, elFiso4G2 appears only in the Brassicaceae suggest-
ing a late evolution of this elFiso4G isoform. As an elFiso4G2
homolog is not present in wheat, only eIF4G and elFiso4G1 are
available for translation in wheat germ lysate, which explains
why ()-mediated translation was dependent on elF4G but not
elFiso4G in this earlier study (21). The finding that elFiso4G2
does support ()-mediated translation in Arabidopsis suggests
that it and perhaps other species of the Brassicaceae have
evolved a novel elFiso4G isoform that exhibits some differences
in the preference of mRNAs selected for translation.

As sequence differences between elFiso4G1 and elFiso4G2
must underlie their functional difference in supporting {)-me-
diated translation, which are likely to be responsible for this
functional specialization? The location of the sequence differ-
ences between elFiso4G1 and elFiso4G2 fall into two catego-
ries: those present in conserved domains known to be involved
in interactions with partner proteins or RNA and those present
in poorly conserved regions of the protein for which little to no
function is known. The nature of these changes in elFiso4G2
falls into two categories: those residues that differ from
elFiso4G1 but are conserved among elFiso4G2 homologs and
those that differ from elFiso4G1 but are poorly conserved
among elFiso4G2 homologs. It is the former group of changes
that are more likely to contribute to the observed functional
differences between elFiso4G1 and elFiso4G2.

Conserved elFiso4G2-specific sequence differences are
found principally in four regions of the protein. A tyrosine to
phenylalanine change within the elFiso4E binding site is pres-
ent in all elFiso4G2 orthologs (Fig. 8). This is notable as this
binding site in all plant eIF4G and elFiso4G1 orthologs exam-
ined, with the exception of one of the two elFiso4G1 isoforms in
grape (Vv_GSVIVT01023638001) that shares no other
elFiso4G2-specific feature, contains a phenylalanine at this
position. It is unknown how such a conserved change may alter
interaction with elFiso4E, but the conservation of such a
change and the fact that eIFiso4E and eIF4E are responsible for
binding the 5'-cap structure and therefore are involved in
mRNA selection (32) suggests it could contribute in some way
to the functional difference exhibited by eIFiso4G2.

A second region containing elFiso4G2-specific amino acid
differences lies C-proximal to the HEAT-1 domain where
elF4B interacts as determined in wheat elFiso4G1 (15). It
should be noted that eIF3 binds to the corresponding region
in animal eIF4G but not in yeast eIF4G (29, 33, 34) and as
such, it would be necessary to determine which is the case for
plant elFiso4G isoforms to consider whether the observed
elFiso4G2-specific sequence changes might affect this interac-
tion. The elFiso4G2-specific differences are clustered together
in the central region of the eIlF4B interaction domain and
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AteIFiso4G2_AT2G24050
Al_481263
Cr_10022680m
Cg_318150015
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£s_10000058m
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Cr_10004122m
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Bs_786750925
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Al 495887
Bs_2683350467
Cr_10025916m
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Eg_C00247
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St_PGSC0003DMT400020464
Rc_27455.m000039
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Gr_013G105700
Gr_009G009800
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Cc_10007769m
Vv_GSVIVT01035980001
Phv_003G154900
Glyma.17G072500.1
Glyma.02G205500.1
Phv_009G207600
Glyma.06G225700.1
Glyma.04G154100.1

elFiso4G1 and elFiso4G2 Exhibit Functional Specialization

elFiso4G1
45 CIF4A/HEAT-1 eIFAA/HEAT-2

PABP PABP | eIF3

/\

LGMRPG MASMRNTFTT ¥ SGANSGMGLGY -[RLGRPGTGGMMPGMPGTRVM
LGLRPGAMANMRE REXAVSGA

SIGSGN-IL.GRPGTGGMMPGMPGTRMV

LGLRPGAZANMRN| Pﬁvssy-smsc -1 . GRPGFGGMMPGMPGIMKM elFis04G2
LGLRPG. HANMRNWilI NNy SCANS TG SN -IRRT GRPGFGGMMPGMPG I MKM subgroup 1
LGLRPGAZASMRN REVAFSGAR I GRPGTGGIMPGMPGTRKM
LNLRPGAASMRNUSINRGEWVSG - P GRPGTGGMMPGMPGARKM

-

=
LGLRPGAJANMRN} L.GRSGTGGMMPGMPGARKM
LGLRPGA&ANMRY R ILGRSGTGGMMPGMPGARKM
LGLRPGAVANMR Y} ILGRSGTGGMMPGMPGARKM elFis04G2
LGLCPGAIJANMRNE LGRSGTGGMMPGMPGARKM subgroup 2
LGLRPGAZANMRNINN Y GRSGTGGMMPGMPGARKM Brassicaceae
LGLRPGAZANMRN R [LGRSGTGGMMPGMPGARKM

-

=
LGLRPGATANMREE- - -RGMVSSG-GPVSPCEY PEGRPGAGGLMPGMPGTRRM
LGLRPGATANMREE---RGMVSSG-GPMSPG |{YPEGRPGAGGLMPGMPGTRRM
LGLRPGATANMRER-—-RGMVSGG-GPVSPGERYY PEGRPGAGGLMPGMPGTRRM
LGLRPGATANMREE- - ~RGMASGG-GPVSPGlYY PEGRPGAGGLMPGMPGTRRM
LGLRPGATANMREE---RGMASGG-GPVSPGlaYY PEGRPGAGGLMPGMPGTRRM
MGLRPGATANMI f*fKGM*ESSSGPLSPGPIYP .GRPGAGGLMPGMPGTRRM
LGLRPGATANMR g~ —-KGMASSSSGPVSPCIRYY PECRPGAGGLMPGMPGARRM

-

LGLRRGATASMRSG---RGVASELPGSTSPGA-YP HRPGTGGMMPGMPGTRKM

LGLRPGATAGMRNS---RGIAPGSPASTTPGG-YPVTRPGAGGMMPGMPGTRKM
LGLRPGATASMRNS---RG--PPAQGSLSPGG-FPINRPGTGGMMPGMPGTRKM
LGLRPGATASMRNS---RG--PPAQGSLSPGG-FPINRPGTGGMMPGMPGNRKM
LGLRPGATASMRNS---RG--PPAQGSLSPGG-FPINRPGTGGMMPGMPGNRKM

elFiso4G1
LGLRPGATLSIRNA---RAP-PGIQGNLGPGG-YPINRPGTGGMMPGMPGARKM
LGLRPGATLSIRNA---RAP-PGAQGNLGPGG-YPINRPGTGGMMPGMPGARKM
LGLRPGATSSIRNS---RGVISAAPGAAGPGG-FLINRPGTGGMMPGMPGTRRM
LGLRPGATSSIRNN---RGVISAAPGTAGPGV-FPINRPGAGGMMPGMPGTRRM
LGLRPGAASSIRNN---RAVVSAAPGNAGPGG-FLINRPGAGGMMPGMPGTRRM Other
LGLRPGATASIRNT---RGVVSGPPGSPGPMP-FPVNRPGTGGMMPGMPGTRRM dicots
LGLRPGATASIRNS---RVV-PVGSVSPGPGG-FPITRPGTGGLMPGMPGTRRM core eu
LGLRPGATASIRNS—--RIV---SVGPISPGG-LPITRPGTGGLMPGMPGTRRM
LGLRPGATASIRNS---RVV-SVGPMSPGPGG-FPINRPGTGGMMPGMPGTRRM
LGLRPGATASIRNS——————— PVSGGPIS-————-——— PGTWGMMPGMPGTRRM
LGLRPGATASIRNS---RGMISGAPGVTGPGG-MPITRPGSGGMMPGMPGTRKM
LGLRPGATASIRNS---RGMISGAPGVTGPGG-MPITRPGSGGMMPGMPGTRKM
LGLRPGATASMRNG---RN--TGALGGMGPGG-FPISRPGSGGMMPGMPGTRKM
LGLRPGATASMRSS---RVV-SGVQGNVNSGG-FAIARPGTGGMMPGMPGTRRM
LGLRPGATASMRNN---RVV-SGALGNTSPGG-FPIARPGTGGLMPGMPGTRRM
LGLRPGATASMRSN---RVV-SGAQGNTGPGG-FPIARPGTGGLMPGMPGTRRM
LGLRPGATASMRNA---RG---GVHGNFSPGG-FPISRPGTGGLMPGMPGSRKM
LGLRPGATASMRNS---RG---GVQGNASSGG-FHIARPGAGGLMPGMPGTRKM
LGLRPGATASMRNP---RG---GVOGNASSGG-FPTARPGAGGLMPGMPGTRKM | i

FIGURE 7. elFis0o4G2 isoforms differ from elFiso4G1 isoforms within the elF4B binding site. Subsequences of the elF4B binding site from elFiso4G2 and
elFiso4G1 isoforms from core eudicot species were aligned and the conserved elFiso4G2-specific sequence differences are shown. Amino acid identity is
highlighted in gray and conserved elFiso4G2-specific sequence differences are highlighted in black. The two elFiso4G2 subgroups present in Brassicaceae are
indicated to the right as are elFiso4G1 isoforms present throughout core eudicots. The position of the elF4B binding site is shown for wheat elFiso4G at top.

include an insertion of a stretch of asparagine residues (Fig. 7).
elF4B assists elF4A in unwinding the RNA secondary structure
and therefore would be expected to contribute most to the
translation of those mRNAs containing a structured leader.
Although the ) 5'-leader is devoid of Watson-Crick base pair-
ing, it may possess some degree of structure (35) and is still
dependent on elF4A (27). elF4B also interacts with PABP,
which may facilitate translation initiation (11, 36) so that
changes to the interaction with eIF4B might be expected to
affect multiple steps during translation initiation.

A region that lies just downstream of the HEAT-1 domain in
elF4G but within the N-terminal portion of the eIF4B interac-
tion binding site has been implicated in permitting replication
of cucumber mosaic virus in Arabidopsis as mutation of a pro-
line inhibits viral accumulation (37). This region, designated
H1-CT (38), is conserved in eukaryotes including elFiso4G1
and elFiso4G2, suggesting this region is not involved in the
functional differences between elFiso4G1 and elFiso4G2.

The remaining two regions involving sequence differences
that are highly conserved among elFiso4G2 orthologs lie within
poorly conserved regions within eIFiso4G isoforms. The first of
these involves a deletion just N-proximal to the HEAT-1
domain in a region that is not well conserved (Fig. 8). The func-
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tion of this region has not been investigated in any great detail
although it lies within a region exhibiting RNA binding activity
with preference for poly(A) and poly(G) RNA (15). If this region
were involved in binding a 5'-leader to stabilize elFiso4F bind-
ing to an mRNA during initiation, the elFiso4G2-specific
sequence differences might affect mRNA selection and there-
fore the degree to which a particular mRNA is dependent on
elFiso4G2 for translation.

A second poorly conserved sequence region lies between the
HEAT-1 and HEAT-2 domains and contains a cluster of
elFiso4G2-specific sequence differences that introduce a vari-
able number of PQ repeats (Fig. 9). In animal eIF4G, this region
is subject to phosphorylation in response to the nutritional sta-
tus of the cell (31) but this has not been examined for elFiso4G.

Although elFiso4G1 and elFiso4G2 differ significantly in
sequence, elF4G differs even more substantially from elFiso4G
isoforms. eIF4G and elFiso4G are similar in possessing two
HEAT domains to which eIF4A binds and each interacts
with eIF4B and PABP but they differ in how they interact
with these partner proteins (14, 15). eIF4B and PABP bind
within the elFiso4G HEAT-1 domain at overlapping sites
and bind elFiso4G competitively (15). eI[F4B and PABP only
compete with elF4A for binding the HEAT-1 domain in the
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elFiso4G1
4] CIF4A/HEAT-1 _ [cIF4B CIF4A/HEAT-2
PABP | [paBP] cIF3]
/ \ _ _
AteIFiso4G2iAT2G24050 R TWQG--§GPTPVLIKAEVPW
Al 481263 TSQG--§GPTPVLVKAEVPW
Cr_10022680m TSQG--§GPAPVLLKAEVAW elFis04G2
Cg_3181s0015 TSQG--§GPAPVLLKAEVAW
Bs:2789550080 TSQG--§GPTPVLVKAEVPW SUbgroup 1
Es_10000058m PSGSNQA-| GPEPVLLKAEVPW
=
=
Al 353746 AHTQG--SGPJ3PALVKAEVPW
Cr 10004122m AHIGSSQG--EGPIgPALVKAEVPW
Cg_0380s0056 AHIGSSQG--FePlEPALVKAEVPH | elFiso4G2
Bs_7867s0925 -- AHTGSTOG--EGPRPTLVKADVEW | subgroup 2
Br_K00529 ARAG--SGPIEPVLVKAEVPN Brassicaceae
Br7A00681 AYSGSIQG--BGP)gPALVKAEVPW
-
=
AteIFiso4GliAT5G5787O GEERSWDNLREAKD---------— S l|-"EASQYNRQDQPNSQFSRANISSNQG——GGPAPVLVI»’(A}EIVP‘I\I
Al 495887 GEERSWDNLRETRD- —SRMYEASQYNRQDQPNSQFSRANISSNQG--GGPAPVLVKAEVPW
B5726833SO467 GEERSWDNLREARD- =S (EASQYNRQDQPNSQFSRTQISSNKG--GGPAPVLVKAEVPW
Cr_10025916m GEERSWDNLREARD- —SRpYEASQYNRQDQPNSQYSRAQISSNKGNQGGPAPVLVKAEVPW
Cg7284850070 GEERSWDNLREARD- -8! (EASQYNRQDQPNSQYSRAQISSNKGNQGGPAPVLVKAEVPW
Br_B01185 GEERSWENLREARD- —SRAYEANQYNRQGOPRGQ-———-—, ASNQG--GGPAPVLVKAEVPW
Es10012738m GEERSWENLREARD--------- SRMQYEAGLYNRODQLNSQFSRAQISSNQG--GGPAPVLVKAEVPW
-
Eg_C00248 VEERSWENIRENRE---FGGRSDSKQQQONONNHSEQLNSQFTRTQISSNQG---GPVPTLVKAEVPW
Eg_C 00247 GEERSWDNIRENRENRDSSGRSDFRQQEGNQVNRKDQLNSQFSRAQNSSLOG--GGPAPALIKAEVPW
S1_079g005810.2 TEDRSWDALRENRE---FGG----—-—-—-—-—----- RQEQLNSQFARTQISPNLG--GGPAPTLVKAELPW
StiPGSCOCO3DMT4000Z9102 AEDRSWDTLRENRE---FGG----—--—-——-——- RQEQLNSQFARTQISPNRG--GGPAPTLVKAELPW
St_PGSCO003DMT400029103 AEDRSWDTLRENRE---FGG------—-—--—-—- RQEQLNSQFARTQISPNRG--GGPAPTLVKAELPW elFis04G1
517129009960 .1 IEERSWEALRENRE---FGG-- QYTRQEQ--SQFARAQVSANQG--GGPAPTLIKAEVPW
St_PGSCO003DMT400020464 IEERSWEALRENRE---FGG---------- QYTRQEQ--SQFARAQVSANQG--GGPAPTLIKAEVPW
MeiliO 01915m GEERSWDSLRENRD---LGGRYDSRQPDTSQFNRODQLNSQFARAQISSNQS--GGPAPALVKAEVPW
Me_1_001934m GEERSWDSLREKTD---LGGRYESRQADANQFNRODQLNSQFARAQISSNQL--GGPAPALVKAEVPW
Cpisupercontigi46A 175 GEERSWESLRENRE---FVGRYDPRQODSNQFNRQDOLNSQFSRAQISSSQG--VGPAPALVKADVPW O[her
Gr7013G241300 GDERSRELLRG-RD---LGNRFDSRQQETNKFNRQEQFNPQFSRAQNSSTQG--GGSTPALVKAEVPW core eudicots
Gr 013G105700 GEERSWESLHD-RE---LGNHYDSKQPEASQFNRRAQISFNQLNCSFWMVGQ--GGQTPALVKAEVPW
Gr:O 09G009800 GEERSWESLRD-RE---SGNRYDSRQPEANQFNRQODQPNPQFSRAQISSNQG--GGPTPALIKAEVPW
Gr 004G273900 GEERSWEALRD-RE---SGNRYDFRQPEANQFNRHDQLNSQF SKA--SYDQR--GGPTPTLIKAEVPW
Cc_100074%94m  —-—-—- EFNRDNRE---FGGRYDFRQPDGSQFNRQODQLNYQFSRVQOMSSNQG--GGPAPALIKAEVPW
Vv_GSVIVT 01035980001 GEDRSWESIRDNKE---LPSRFESRTQDLN--NRQDQLNSQFVRAQLSSNQG--VGPAPVLVKAEVPW
Vv_GSVIVT01023638001 GEERSWFDSRQQEA--—-—-——————————~ NQFNRQDQLNSQFAKAQISSVLG---GPAPALVKAEVPW
th7003G154900 ADERSWDNLKENKE---FGN NRQDOMNSQFARAQISSNQG--GGPTPTLVKAEVPW
Glyma.17G072500.1 ADERSWDNLKENRE---FGN----TS-—---- NRQDQLNSQFARTQISSNQG--GGPTPTLVKAEVPW
Glyma.02G205500.1 ADERSWDNLKENRE---FGN----TN----—~- NRQDQLNSQFARAQISSNQG--GGPTPTLVKAEVPW
th7009G207600 PD LRDNSS QFARTQMSSTQG--GGPTPTLTKAEVPW
Glyma.06G225700.1 TDERSWENLRDNRE------— FGNRQQODASQVNRHDQLNSQFARTQISSMOG--GGPTPTLVKAEVPW
Glyma.04G154100.1 SDERSWENLRDNRE------- FGNRQODASQVNRHDQLNSQFARTQISSMQOG--GGPTPTLVKAEVPW
- .

FIGURE 8. elFiso4G2 isoforms differ from elFiso4G1 isoforms within a region proximal to the elIF4AA/HEAT-1 domain. The sequences of the region
proximal to the elF4A/HEAT-1 domain from elFiso4G2 and elFiso4G1 isoforms from core eudicot species were aligned and the conserved elFiso4G2-specific
sequence differences are shown. Amino acid identity is highlighted in gray and conserved elFiso4G2-specific sequence differences are highlighted in black. The
sequence absent in elFiso4G2 isoforms is indicated by dashes. The two elFiso4G2 subgroups present in Brassicaceae are indicated to the right as are elFiso4G1
isoforms present throughout core eudicots. The region representing the sequence is shown for wheat elFiso4G at the top.

absence of the HEAT-2 domain, suggesting the HEAT-2
domain stabilizes eIF4A binding in the presence of eIF4B or
PABP.

PABP and elF4B bind to overlapping sites near the HEAT-1
domain of elF4G but their binding sites include only a portion
of the HEAT-1 C-terminal region and as such, they bind com-
petitively to this region but do not compete with e[F4A in bind-
ing to the HEAT-1-containing region (14). eIF4G differs most
from elFiso4@ in that it contains a long N-terminal region to
which PABP and eIF4B bind (14). Because their binding sites
also overlap in this region, PABP and elF4B bind competitively
to this region as they do to the HEAT-1 proximal region. The
HEAT-1-containing regions including the eIlF4B and PABP
binding sites in eIF4G and elFiso4G also exhibit RNA binding
activity. Although such activity in each was determined by
binding to poly(A) and poly(G), their precise sequence prefer-
ences are unknown.

Despite the differences in domain organization and interac-
tion with partner proteins, e[F4G and elFiso4G2 support
()-mediated translation to a greater extent than does
elFiso4G1. Examination of those sequence differences between
elFiso4G1 and elFiso4G2 that are conserved among elFiso4G2
orthologs revealed no similarity with the corresponding region
in eIF4G, suggesting that it is not the elFiso4G2-specific
changes alone that are responsible for supporting {}-mediated
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translation but rather it is likely their effect in the context of the
protein in which they reside that enables this function.

Loss of any eIF4G or elFiso4G isoform resulted in a substan-
tial reduction in Luc transcript level. Similar reductions were
observed whether () was present as the 5'-leader or not, indi-
cating that () did not significantly influence the effect that loss
of an elF4G isoform had on the transcript level. The transcript
level of Luc mRNA actually increased in elFiso4G null Arabi-
dopsis when the VDE 5'-leader was present, demonstrating that
the 5'-leader can determine whether the Luc transcript level is
affected by loss of an eIF4G isoform. Reduction in the Luc tran-
script level observed in this study could be a direct consequence
of the loss of an e]F4G isoform, which renders the mRNA more
susceptible to the degradation machinery in the absence of the
factor binding the 5'-cap. It is also possible that loss of an eIF4G
isoform could reduce the Luc transcript level indirectly through
changes in transcription, nucleocytoplasmic transport, or
expression of the mRNA decay machinery. The increase in
transcript level of Luc containing the VDE 5’-leader following
loss of elFiso4G expression would argue against such a general
and indirect effect on gene expression as would the absence of
any visible phenotype in eif4g, eifiso4gl, or eifiso4g2 mutants.
Instead, the contribution that an eIF4G or elFiso4G isoform
makes to the level of a specific mRNA under normal conditions
may be determined by the strength of binding of eIF4E (or
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elFiso4G1
45 CIFAAJHEAT 1 [eIF4B eIF4A/HEAT-2
PABP | [paBP[ elF3 ]

/ \ -
AteIFiso4G2_AT2G24050 POGSGGLLYGEERPSPLLOGYGSSS-—APQ------] ST PT P 3 APLA A
Al_481263 pocscoLLchRRPSALVOCYGSSS - B ST P T PLA X
Cr_10022680m POGSGDLLYGEER-SALLQG! GSThffﬂPQ 7777777 K PISIRY PLA) elFiso4G2
Cg_3181s0015 PQGSGDLLNGEER - SALLOGGSTS ﬂPQ 7777777 S8 T P T PLANS subgroup 1
5572789550080 POGSGGLLYGEERPSVLLOGNGSNS -~ PO~ —~~~~-| IS8T PTVI APLA]
Es_10000058m POGSGGLLYGERRPSALLOGNGS SS-APQA-—=—=~~ LKPV-PTT] VAPVA,
Al 353746 POGSGGLMYG--RPSALVOGYGSEL-PKPV PSPTRPT PPTA]
Cr_10004122m POGIGGLMYG--RPSALLOGRNGAES-PKPV- PSPTRPT PPT .
Cg_038050056 POGIGGLMYG--RPSALLQGNGAES-PKPV- PSPTRPT PPT elFis04G2
Bs_ 786750925 PQGSGGLMYG--RPSALLOGYGAES - PKEV PSPTEPT VEPPTA subgroup 2
Br_K00529 POGSGGLLAG--RPSALLOGSGAEQ-TKPL-—----- PSPSIIPAM S PMAS Brassicaceae
Br_A00681 PQGSGGILYG--KPSALLQGYSAEP-AKAV-—----~- TAPSIPAVIZK PFOVAVPPMA -~ - -~ -, 2y

=
AteIFiso4Gl_AT5G57870 PQGSSGIMSG--KTSALLOGSGSVS-~RPV--——---~- TVSAERPAQSVAPLTVPVPVEKPQPS-GPKLSEEVL
Al_495887 PQGSSGIMSG--KTSALLOGSGSVS-~RPV--——---— TVSAVPPAQSAAPLTVPVPVEKPQPS-APKLSEEVL
Bs_26833s0467 POGSSGIMSG--KTSALLQGSGSAS--RPV--———---— TVAAELPAQSAAPLTVQVPVEKPQPS-APKLSEEML
Cr710025916n’ POGSSGIMSG--KTSALLOGSGSVP--RPV-———----, AMTAESPARSTAPLTVPVAVEKPQPS-APTLSEEVL
Cg_284850070 PQGSSGIMSG--KTSALLOGSGSVS-~RPV-—-—---~-, AMTAESPARSTVPLTVPVAVEKPQPS-APKLSEEVL
Br_B01185 PQGSSGFMSG--KTSALLOGSSS -~ --RPA---—-—=—=--= EQPVQRAAPVAVPAPVEKPQASAAPKLSEEVL
Es10012738m PQGSSGFMSG--KTSALLOGSGSVS-~RPP--—---~ SISEFGRPQAAAAPLNVPVPVEKPQPS-APKLSQEVE
-

Eg_C00248 POGSGGLISG--RPSALLOGSSAPL-SRPSNLVHGTETAVQVPAPVKSVPIASTSPVLEKPAAPVAVKLNMDDL
Eg_C00247 PQGSGGLISG--RTSALLOGSGG---LRPS--STEAPSSVPSPAPVKTVPVAPVSPVPEKPLAPAVKLNNKDEL
51_079005810.2 PQGSGGYVSG--RPSALLOGSGAPP-ARPTGYGFGMDPAAQV-——-— RPPTTVVSPVVAKPQAP-AASLTPDVL
StiPGSCO 003DMT400029102 POGSGGYVSG--RPSALLOGSGAPP-AHPTGYGIGMNPASQVPGPVRPPSTIVVSPVVAKPQAP-AASSTPDVL
St_PGSC0003DMT400029103 POGSGGYVSG--RPSALLOGSGAPP-AHPTGYGIGMNPASQVPGRPVRPPSTIVVS PVVAKPQAP-AASSTPDVL
51_129009960.1 PQGSNVGMSG- -RSSALLOGSGGEP-VRESGYVSGHEPVSQVPVEVKPS PTSTVLEVAGKEQAP-AARSNPEEL | CIFis04G1
St_PGSC0003DMT400020464 PQGSNVSMSG--RSSALLOGSGGPP-VRPSGYVSGMEPVSQVPVEVKLS PTSTVLEVAEKPQVP-AARSNPEEL
RC72 7455.m000039 POGSGGFMSG--KSSALLOGSGGPS-PRPCNISLGTEPPAQAPAPRKIVPTPHMPPAVEKPVAS-AASFNPNEL
M87170 01915m POGSGGFIGG--KSSALLQGSSGPS-PRPYGVGSGNELPAQVPAPAKTSPAPYVAPSVEKPAAS-AVSLNPEEL
Me_1_001934m PQGSGGFIGG--KSSALLOGSTGPS-PRPHSFGLGNELPAQVPVVSKPS PAPYVPPVVDKPAGS-AASLNPEEL h
Cp_supercontig 46.175 PQGSGGIISG--RTSALLOGSNPPP-ARPF--SLGLEPTAQFLCLLD--—=-————-=-——---— LCODDPDDL o er
Gr_013G241300 POGSGDLMSG--RTSALLQGSSTPP-AWQSNTSLGAEPMAQPSVSAKPVPVAAVSPITEKSPAP-AAILNPDDL core eUdlCOlS
Gr7013G1057OC POGSGGLMSG--RTSALLOGSSSPPVAQPS—————————=——~ LPAKPVLVAAVSPALEKPVTP-ASRLNQDEL
Gr_009G009800 PQGSGGLMSG--RTSALLOGSSTPP-AKPPNS I LGAESVAQPSLSPKPAP-————-— VEKPLTQ-AARLNTDDL
Gr_004G273900 PQGSAGLMTG--RTSALLOGSSTPP-AQPSNSLLGAEPPAQ-—--PTRTVPVAAVSPVVEKPLDP-AAKLNTDEL
CcilOOU 7494m POGTGGPMGA--R-SALLOGSGTPP-PRPSNFIPGPEPTSQLPIPTKPVTSSPVPAVVEKPLRP-AGKLNLDEL
Cc_10007769m POGTGGPMGA--R-SALLOGSGTPP-PRESNFIPGPEPTSQLPTPTKPVTSSPVPAVVEKPLRE-AGKLNLDEL
Vv_GSVIVT01035980001 PQGSGGFISG--KTSALLQGT---P-VRT PEKPQAA-APRSNPVDL
Vv_GSVIVT01023638001 PQGSAGFISG--RTSALLOGSGPPP-ARTANFGL-—————————————-——————— AAEKPVTP-AARLNSDDL
th70 03G154900 POGSGGTISG--RSSALVHGGGGAPSARPONIGVSAEPPPQIPSPVPVKVVSAIP--SEKPQAP-APKLNVEEL
Glyma.17G072500.1 POGSGGIISG--RSSALVHGAGAPSAARPPNLGFSAEPTPQIPSPVKAVS----AI PAEKPQPP-AAKLNFDEL
Glyma.02G205500.1 PQGSGGIISG--RSSALVHGAGAPYV--RSPNLGFSAEPTPQIPSPVKAVS----ATPSEKPQPP-AAKLNIDEL
Phv_009G207600 PQGSSGIVSG--RNSALVHGAATFS-ARPANFGVGPETVSQLSSLDKTVA--PVPVSSGKSQAP-SGGLNTDDL
Glyma.06G225700.1 POGSGGIISG--RNSALVHGGGTFS-TSSTNFCLGPEAAPQLSSPA-———-~- PVPVSSEKPQPP-AARLNTDDL
Glyma.04G154100.1 POGSGGIISG--RNSALVHGGGTN--—---— FGLGPEAAPQLSSPAKTAT--PVPVSSEKPQHP-AARLNTDNL - -

FIGURE 9. elFiso4G2 isoforms differ from

elFiso4G1 isoforms within a region proximal to the elF4A/HEAT-2 domain. The sequences of the region

proximal to the elF4A/HEAT-2 domain from elFiso4G2 and elFiso4G1 isoforms from core eudicot species were aligned and the conserved elFiso4G2-specific
sequence differences are shown. Amino acid identity is highlighted in gray and conserved elFiso4G2-specific sequence differences are highlighted in black.
Sequences absentin elFiso4G2 and elFiso4G1 isoforms are indicated by dashes. The two elFiso4G2 subgroups present in Brassicaceae are indicated to the right
as are elFiso4G1 isoforms present throughout core eudicots. The region representing the sequence is shown for wheat elFiso4G at the top.

elFiso4E) to the 5'-cap, which can be affected by the degree of
secondary structure in a 5'-leader (30), the strength of binding
of the RNA binding domains present in elF4G (or elFiso4G1
and elFis04G2), as well as those present in elF4A, elF4B, and
PABP (11, 14, 15, 36) to sequences within the 5'-leader. The
strength of interactions of these partner proteins with an eIF4G
or elFiso4G isoform might also be expected to influence mRNA
selection.

The observation that eIFiso4G2 is functionally more similar
to elF4G than to elFiso4G1 in supporting ()-mediated transla-
tion raises the question of why such an isoform would be nec-
essary in the Brassicaceae in which it appears. As elFiso4G2
orthologs are present in all species of the Brassicaceae exam-
ined, it likely appeared early in the evolution of this family and
must confer an advantage to these species as it has not been lost
in any species of the Brassicaceae examined and in fact the gene
family has expanded to more than one member in some species.
Although the elFiso4G1 orthologs in Arabidopsis and wheat
showed relatively weak support for (}-mediated translation,
whereas Arabidopsis elFiso4G2 showed strong support, to con-
clude that all elFiso4G2 orthologs are alike in their support of
Q) -mediated translation, whereas all elFiso4G1 orthologs do
not, may be too simple as there is sequence variation among
elFiso4G2 orthologs or among elFiso4G1 orthologs that may
influence the degree to which each functions in the translation
of specific mRNAs. Moreover, in those species expressing more

1512 JOURNAL OF BIOLOGICAL CHEMISTRY

than one elFiso4G1 or elFiso4G2 ortholog, there may exist
some degree of functional difference. Future work investigating
differences among elFiso4G1 or elFiso4G2 orthologs in other
species will be needed to show what possible range of function-
ality may exist for isoforms of this translation factor.

Author Contributions—D. R. G. conceived, designed, performed,
and analyzed the experiments, and wrote the paper. The author
has reviewed the results and approved the final version of the
manuscript.
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