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Background: The initiation factor eIFiso4G organizes the assembly of those factors needed to initiate translation of plant

mRNAs.

Results: Loss of elFiso4G results in increased violaxanthin de-epoxidase expression and increased xanthophyll cycle activity.
Conclusion: elFiso4G is required to maintain VDE expression at an optimal level.
Significance: Of the two isoforms of eIF4G, elFiso4G is required specifically to support photosynthetic activity.

The eukaryotic translation initiation factor (eIF) 4G is a scaf-
fold protein that organizes the assembly of those initiation fac-
tors needed to recruit the 40 S ribosomal subunit to an mRNA.
Plants, like many eukaryotes, express two elF4G isoforms.
elFiso4G, one of the isoforms specific to plants, is unique among
eukaryotic eIF4G proteins in that it is highly divergent and
unusually small in size, raising the possibility of functional
specialization. In this study, the role of elFiso4G in plant
growth was investigated using null mutants for the eIF4G iso-
forms in Arabidopsis. eIFiso4G loss of function mutants exhib-
ited smaller cell, leaf, plant size, and biomass accumulation that
correlated with its reduced photosynthetic activity, phenotypes
not observed with the eIF4G loss of function mutant. Although
no change in photorespiration or dark respiration was observed
in the elFiso4G loss of function mutant, a reduction in chloro-
phyll levels and an increase in the level of nonphotochemical
quenching were observed. An increase in xanthophyll cycle
activity and the generation of reactive oxygen species contrib-
uted to the qE and qI components of nonphotochemical
quenching, respectively. An increase in the transcript and pro-
tein levels of violaxanthin de-epoxidase in the eIFiso4G loss of
function mutant and an increase in its xanthophyll de-epoxida-
tion state correlated with the higher qE associated with loss of
elFiso4G expression. These observations indicate that elFiso4G
expression is required to regulate violaxanthin de-epoxidase
expression and to support photosynthetic activity.

The autotrophic nature of plants relies on their ability to
transform absorbed light energy into chemical energy through
photosynthesis to fix atmospheric CO, into sugars that are used
to support growth. Plants use only a fraction of the total light
energy they absorb because the capacity of photosynthesis is
limited. Levels of light energy exceeding the capacity of photo-

*This work was supported by National Science Foundation Grant DBI-
0820047 and grants from the University of California Agricultural Experi-
ment Station (to D. R. G.).

' To whom correspondence should be addressed: Dept. of Biochemistry, Uni-
versity of California, Riverside, CA92521-0129.Tel.: 951-827-7298; Fax: 951-
827-4434; E-mail: drgallie@citrus.ucr.edu.

13926 JOURNAL OF BIOLOGICAL CHEMISTRY

synthesis can result in the production of reactive oxygen species
(ROS),” e.g. singlet oxygen, superoxide anion, hydroxyl radicals,
and H,0, (1, 2). ROS can damage protein subunits and pig-
ments of photosystem II (PSII), resulting in the inactivation of
reaction centers, protein degradation, and the inhibition of the
subsequent repair mechanisms for the reaction centers (3, 4).
Given the potential for light-induced damage, plants have
evolved mechanisms to deal with excess absorbed light energy
to reduce ROS generation. In addition to quenching as a result
of photochemistry (qP), absorbed light energy can be quenched
through its dissipation as heat (qE), used in photoinhibition
(qI), or re-emitted as light as a consequence of chlorophyll
fluorescence.

qE and gl are components of nonphotochemical quenching
(NPQ) that limit the generation of ROS by protecting the pho-
tosystems from over reduction. Under most growth conditions,
qE predominates, is rapidly reversible, and results in the pH-de-
pendent dissipation of excess excitation energy as heat before it
is used to generate ROS (5, 6). Under high light conditions or
during conditions of stress, e.g. drought, ozone exposure, or
chilling, ql, which mostly results from photodamage to the
reaction centers, can become significant and is only slowly
reversible or irreversible (7—10). In addition to qE and qI, NPQ
processes include quenching associated with state transition,
but this typically contributes little to NPQ and is unlikely to be
a significant factor in photoprotection. Thus, NPQ plays an
important role in modulating photosynthetic performance (5).

Although many of the components of the photosynthetic
machinery are encoded in the chloroplast genome, several reg-
ulators of chloroplast gene expression as well as proteins
involved in chloroplast development, light harvesting, CO, fix-
ation, and NPQ are encoded by nuclear genes. The expression
of such proteins relies on the translational machinery present in

2 The abbreviations used are: ROS, reactive oxygen species; PSll, photosystem
II; elF, eukaryotic initiation factor; PFD, photon flux density; VDE, violaxan-
thin de-epoxidase; NPQ, nonphotochemical quenching; qP, quenching as
a result of photochemistry; gE, quenching through dissipation as heat; g,
quenching used in photoinhibition; PABP, poly(A)-binding protein; V, vio-
laxanthin; A, antheraxanthin; Z, zeaxanthin; qPCR, quantitative PCR; RbcL,
large subunit of Rubisco; ZE, zeaxanthin epoxidase; Lug, luciferase.
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the cytoplasm, which is responsible for synthesizing proteins
from nuclear-encoded mRNAs.

The initiation of protein synthesis from nuclear-encoded
mRNAs is facilitated through the action of several translation
initiation factors that function to recruit the 40 S ribosomal
subunit to an mRNA, assist in the recognition of the initiation
codon, and promote the assembly of the 80 S ribosome (11-13).
Recruitment of the 40 S subunit requires the eukaryotic initia-
tion factor (elF) 4F, which is composed of eIF4E, elF4A, and
elF4G. elF4E functions to bind the 5'-cap structure of an
mRNA, elF4A is an RNA helicase that uses ATP hydrolysis to
unwind secondary structure present in the 5'-leader of an
mRNA that would otherwise inhibit the scanning of the 40 S
subunit in its search for the initiation codon, and elF4G is a
scaffolding protein that interacts with elF4E, elF4A, elF4B
(which stimulates the RNA helicase activity of eIlF4A), elF3
(required for 40 S binding to an mRNA), and the poly(A)-bind-
ing protein (PABP) (12, 14-16). The interaction of eIF4G with
elF4E bound to the 5'-cap and PABP bound to the poly(A) tail
results in the circularization of an mRNA and stimulates trans-
lation by promoting 40 S subunit recruitment (17, 18). eI[F4B
also binds PABP to increase the affinity of PABP for poly(A)
RNA (19-21).

As in many eukaryotes, plants express two forms of elF4F
(22). In addition to elF4F, plants express an elF4F isoform
called elFiso4F, which is composed of elFiso4E, elF4A, and
elFiso4G, although eIF4A typically does not co-purify with
either eIF4F or elFiso4F (23). Like elF4G, elFiso4G interacts
with eIF4B, e[F4A, and PABP, although elFiso4G contains only
one interaction domain for eIF4B and PABP, whereas elF4G
contains two for each of these partner proteins (24). Among all
eukaryotic eIlF4G isoforms, however, plant elFiso4G is unusual
in that it is substantially smaller than eIF4G and shares only
limited similarity to other eIF4G proteins. For example, wheat
elF4G is 168 kDa, whereas elFiso4G is just 83— 86 kDa, which is
smaller than any elF4G protein in animals or yeast (22, 24).
Similarly, two isoforms of elF4E are present in plants that are
referred to as eIF4E and elFiso4E. As a consequence, e[F4F and
elFiso4F are substantially more divergent from one another
than are elF4F isoforms in other species, suggesting greater
functional specialization.

Of those mRNAs analyzed to date, preferential translation by
either elF4G or elFiso4G has been observed. elF4G is used to
translate mRNAs containing the 5'-leader sequence from
tobacco mosaic virus (known as (1), which functions as a trans-
lational enhancer (25). elF4G also preferentially translates
mRNAs containing the 5'-leader sequence from tobacco etch
virus, which promotes cap-independent translation (26). Barley
a-amylase and oat globulin mRNAs preferentially use eIF4G,
whereas Arabidopsis HSP21 and alfalfa mosaic virus RNA 4 use
elF4G and elFiso4G equally well (27). These observations sup-
port the notion that elF4G and elFiso4G are functionally dis-
tinct to some extent and that cellular mRNAs may differ in
which isoform they use predominately for their translation.

In Arabidopsis, elF4G is encoded by a single gene (ie.
At3g60240), whereas elFiso4G is encoded by two genes,
elFiso4G1l and elFiso4G2 (i.e. At5g57870 and At2g24050,
respectively) (28). Given their role in supporting protein syn-

SASBMB

MAY 16,2014 +VOLUME 289+-NUMBER 20

VDE Expression Is Regulated by elFiso4G

thesis, loss of a general translational initiation factor might be
expected to result in pleiotropic effects or lethality. Interest-
ingly, eifiso4gl and eifiso4g2 loss of function mutants exhibit
few visible phenotypes other than a slightly smaller stature in
eifiso4gl plants, and the elFiso4G double null, i.e. eifiso4gl/2,
remains viable, although it has a reduced stature and a slower
growth rate (28).

In this study, we investigated the role of elFiso4G in plant
growth. The elFiso4G loss of function mutant exhibits substan-
tially reduced photosynthetic activity that correlates with a
smaller cell, leaf, plant size, and biomass accumulation.
Although eifiso4g1/2 plants exhibit a reduction in stomatal
conductance, it was not sufficient to limit internal CO, levels
because the substomatal CO, concentration was not substan-
tially different from the wild-type level. The reduced photo-
chemistry of eifiso4gl/2 plants was not a result of a change in
the level of photorespiration or dark respiration but did corre-
late with lower chlorophyll levels and elevated levels of the qE
and ql components of NPQ, processes that divert absorbed
light energy from use in photochemistry. The increase in qE
correlated with an increase in the activity of violaxanthin de-
epoxidase (VDE), the enzyme responsible for the de-epoxida-
tion of xanthophyll pigments such as violaxanthin (V) and
antheraxanthin (A) into zeaxanthin (Z). The increase in VDE
activity was a result of its greater expression in the elFiso4G loss
of function mutant, which was reflected at the transcript and
protein levels. These results indicate that loss of elFiso4G
expression affects the appropriate regulation of VDE expres-
sion, which is not affected by loss of eIF4G expression, and that
elFiso4G expression is important to maintain photosynthetic
activity.

EXPERIMENTAL PROCEDURES

Plant Material and Transformation—Col-0 Arabidopsis was
used throughout this study. After surface sterilization and cold
treatment at 4 °C for 4 days in the dark, seeds were planted on
0.25X MS agar plates and grown at 20 °C in a plant growth
room supplemented with Sylvania Gro-Lite fluorescent bulbs
(Sylvania, Danvers, MA) at a photon flux density (PFD) of 100
wmol photons m~ 2 s . For adult plants, seeds were germi-
nated on medium for 1 week and transferred to soil and grown
under a 16-h light cycle at 21 °C in a plant growth chamber at
250 PFD. Wild-type Arabidopsis was transformed with the fire-
fly luciferase (Luc) transgene under the control of the cauli-
flower mosaic virus **>S promoter or the NPQI promoter with
or without the NPQ1 5'leader using the binary vector, pBI121.
The primary inflorescences of Arabidopsis plants were
removed, and the secondary inflorescences were allowed to ini-
tiate before infiltration. Inverted plants were dipped into the
infiltration medium containing the Aglo1 strain of Agrobacte-
rium 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 0.25X MS plates con-
taining 50 wg/ml kanamycin and 500 ug/ml vancomycin.

For high light experiments, a Li-6400 portable photosynthe-
sis system (LI-COR, Lincoln, NE) was used for the times indi-
cated. F_ and F,, were measured immediately in dark-adapted

JOURNAL OF BIOLOGICAL CHEMISTRY 13927



VDE Expression Is Regulated by elFiso4G

leaves or plants before the high light exposure and at time
points during recovery. For the analysis, leaves with similar ini-
tial F,/F,, values were used.

Western Analysis—Protein extracts were resolved using
standard SDS-PAGE, and the protein was transferred to
0.22-um PVDF membrane by electroblotting. Following trans-
fer, the membranes were blocked in 5% milk in TPBS (0.1%
Tween 20, 137 mm NaCl, 2.7 mm KCI, 10 mm Na,HPO,, 1.4 mm
KH,PO,, pH 7.4) followed by incubation with antiserum raised
against elF4A, PsbS, or the large subunit of Rubisco diluted
1:1,000 in TPBS with 1% milk for 1.5 h. The blots were then
washed twice with TPBS and incubated with goat anti-rabbit
horseradish peroxidase-conjugated antibodies (Southern Bio-
technology Associates, Inc.) diluted 1:20,000 for 1 h. The blots
were washed twice with TPBS, and the signal was detected
using chemiluminescence (Amersham Biosciences).

Chlorophyll Measurements—Chlorophyll @ and b were mea-
sured spectrophotometrically as described (29). Leaf samples
were ground in liquid nitrogen and extracted with 90% (v/v)
acetone. The absorbance at 664 and 647 nm was determined
and used to calculated chlorophyll @ and b content by the equa-
tions: Chla = 11.93A4,, — 1.93A,,, and Chl b = 20.36A,, —
5.50A 44, respectively. Each experiment was repeated two or
three times, and representative results are presented.

Xanthophyll pigments were extracted with 100% acetone
under dim light and were separated on a Spherisorb ODS-1
column (Alltech) as described (30), using solvent A-1: acetoni-
trile:methanol:0.1 m Tris-HCI, pH 7.5 (72:8:3), and solvent B:
methanol:hexane (4:1). Pigments were identified and quanti-
fied by the retention time and amount of standards using a
photodiode array detector.

Gas Exchange and Fluorescence Measurements—Gas exchange
and fluorescence measurements were performed using LI-COR
Li-6400 portable photosynthesis system with LI-6400-40 leaf
chamber, a relative humidity of 50%, and ambient level of CO.,,.
Fluorescence measurements were taken using overnight dark-
adapted leaves. At the start of each experiment, the leaf was
exposed to 2 min of far-red illumination (1 PFD) for the deter-
mination of F, (minimum fluorescence in the dark-adapted
state). Saturating pulses (0.8 s of 7000 PFD) were applied to
determine the F, or F,,' values. Actinic light, consisting of 90%
of red light (A = 630 = 20 nm) and 10% blue light (A = 470 £ 20
nm) was provided by light emission diode sources. F, is the
steady fluorescence yield during actinic illumination. F_’ (min-
imum fluorescence in the light-adapted state) was determined
in the presence of far-red (A = 740 nm) light after switching off
the actinic light. A total of four to six samples were measured in
each experiment. All data presented were calculated from at
least three independent measurements. Conventional fluores-
cence nomenclature was used (31). NPQ was calculated from
(F,, — E,))/FE,', ¢PSII from (F,," — F,')/F., qP from (F,,’ —
F)I(E, ~ E,).

For the determination of NPQ, and NPQ,, F;, was recorded
from dark-adapted leaves, following which, leaves were
exposed to 1200 PFD actinic light for 10 min, and F," was
recorded at the end of light period. F, was continuously
recorded for 45 min at 1-min intervals immediately after the
actinic light was turned off. NPQ,and NPQ, were calculated as
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described (31) using NPQ, = (Fy, — F.,)/F;, and NPQ, = (Fy,/
F.") — (Fo/F.). F., was calculated from the extrapolation of
log(F,,,) to the time point where the actinic light was switched
off.

H,0, Assay—Foliar H,O, concentrations were determined
as described (32), based on the peroxide-mediated oxidation of
Fe>", followed by the reaction of Fe** with xylenol orange
(o-cresolsulfonephtalein 3’'-3'-bis-[methyliminol] diacetic acid,
sodium salt). Protein was removed from the leaf extract by adding
an equal volume of 25 mm HCI. Protein-depleted extract was
mixed with an equal volume of 2X assay reagent (500 um
ammonium ferrous sulfate, 2200 mm HCIO,, 200 um xylenol
orange, and 200 mm sorbitol). Absorbance of the Fe**-xylenol
orange complex (A54,) was detected after 45 min. The specific-
ity for H,O, was tested by removing H,O, from the reaction
mixture using catalase prior to protein removal. Standard H,O,
curves were obtained for each independent experiment by add-
ing various amounts of H,O, to 500 ul of assay reagent.

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 ug 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 for-
ward primer, Luc-F1 (5'-CCGTTGTTGTTTTGGAGCACG-
GAAA-3'), and a reverse primer, Luc-R1 (5'-GATCTCTCT-
GATTTTTCTTGCGTCGAG-3'), were used. Protein phosphatase
PP2A (Atlgl3320) was used as the reference gene for the quanti-
tation of Luc expression in Arabidopsis leaves. To detect the
expression of PP2A, a forward primer, PP2A-FW (5'-AGTAT-
CGCTTCTCGCTCCAG-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 tem-
plate DNAs in triplicate.

RESULTS

elFiso4G Is Required to Support Photosynthetic Activity—
elF4G is encoded by a single gene (i.e. At3g60240), whereas
elFiso4G is encoded by elFiso4G1 and elFiso4G2 (ie.
At5g57870 and At2g24050, respectively). To determine the
extent to which each eIF4G isoform affects plant growth and
development, SALK T-DNA insertion knock-out lines were
identified for eIF4G, elFiso4G1, and elFiso4G2. Knock-out
lines were also identified for eIF4E and elFiso4E. Loss of eIF4G
or elFiso4G2 expression had no discernible effect on growth
(data not shown). Loss of elFiso4G1 expression resulted in only
a slight reduction in plant stature, but the eifiso4g1/2 double
mutant was substantially smaller than either single mutant or
WT plants as previously reported (28). Combining the eifdg
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mutation with eifiso4gl, resulting in an eif4g/eifiso4gl double
mutant, resulted in slight reduction in plant stature but less so
than observed for the eifiso4gl/2 double mutant (data not
shown). Loss of eIF4E expression from At4g18040, which is the
predominantly expressed member of the eIF4E gene family (i.e.
At4g18040, At1g29590, and At1g29550), had no effect on plant
growth. Although elFiso4E is expressed by a single gene (i.e.
At5g35620), loss of elFiso4E expression had no effect on plant
growth (data not shown).

Because the eifiso4g1/2 double mutant grew at a slower rate
than WT plants (28), growth of eifiso4gl/2 plants was com-

50 umol m? s
35 days

250 umol m? s
35 days

08 days

WT eifiso491/2

WT _ eifiso4g1/2

FIGURE 1. Growth phenotypes of initiation factor mutants. WT and the
eifiso4g1/2 mutant were grown the same developmental stage within each
panel. A, plants were grown at the light level indicated to approximately the
appearance of the inflorescence. B-E, plants were grown at 250 PFD. B, juve-
nile leaves of 16-day-old plants. C, adult leaves of 39-day-old plants. D, adult
plants at flowering. E, the inflorescence of flowering plants.

TABLE 1
elFiso4G regulates leaf and cell size

VDE Expression Is Regulated by elFiso4G

pared with WT plants at a similar developmental stage. Just
prior to the appearance of the inflorescence, eifiso4g1/2 plants
were substantially smaller than the wild type whether grown at
low, i.e. 50 wmol photons m 2 s~ ! (PFD), or moderate (250
PED) light (Fig. 1A). eifiso4g1/2 adult leaves were 37.7 or 51.7%
the size of adult WT leaves when grown at low or moderate
light, respectively (Table 1). eifiso4gl/2 leaf size was smaller
than the wild type for both the juvenile and adult stage (Fig. 1, B
and C, respectively) as was root growth (Fig. 1D). eifiso4g1/2 cell
size in adult leaves was 42.0% (low light) or 53.6% (moderate
light) of that in WT leaves with only a small reduction in cell
number per leaf (Table 1). Little change in the stomatal index
(i.e. the ratio of stomata per epidermal cell) was observed,
although eifiso4g1/2 plants exhibited a substantial reduction in
the number of trichomes (Table 1). Following flowering, the
inflorescence of eifiso4gl/2 plants was substantially smaller
than in WT plants (Fig. 1E).

The chlorophyll  and b content of eifiso4g1/2 adult leaves
was reduced relative to WT plants, which accounted for their
pale green appearance (28). To examine whether the relative
chlorophyll content of eifiso4gl/2 was affected by light inten-
sity, the mutant and WT plants were grown at different light
levels. A similar relative reduction in chlorophyll & and b con-
tent in eifiso4gl/2 leaves was observed regardless of whether
the plants were grown at extremely low (25 PFD), low (50 PFD),
moderate (250 PED), or high (1250 PFD) light levels (Fig. 2A).
eifiso4gl/2 plants grown at 250 PFD that were then exposed to
either 1075 PED or full sun for 2 h exhibited a slightly greater
relative reduction in chlorophyll 2 and b content than observed
for WT plants, suggesting greater photosensitivity. The reduc-
tion in chlorophyll content in eifiso4g1/2 leaves was accompa-
nied by a reduction in the level of light-harvesting complex II
protein at each light level tested (Fig. 2B).

eifiso4g1/2 plants exhibited substantially lower fresh weight
and dry weight (Table 2). The reduced fresh weight was partly
explained by the smaller water content as a consequence of its
smaller cell size, but its lower dry weight demonstrates a sub-
stantial reduction in biomass accumulation. To examine
whether a reduction in photosynthetic activity might account
for the reduced stature of eifiso4g1/2, the rate of CO, assimila-
tion was measured in adult leaves at the same developmental
stage as WT plants. Correlating with its reduced biomass accu-
mulation, the rate of CO, assimilation in eifiso4gl/2 was
approximately half of the WT level (Table 2). When measured
under ambient oxygen, this rate represents net CO, assimila-
tion, which is the rate resulting from photochemistry minus
CO, produced from photorespiration and dark respiration. To

25 pmol photons/m?/s

250 pmol photons/m?/s

Col-0 eifisodgl/2 t test Col-0 eifisodgl/2 t test
Leaf size (mm?)” 281 =253 106 + 9.3 p <0.001 333 = 34.2 172 = 18.3 » <0.001
Cell size (um?) 2964 * 364 1244 = 221 p <0.001 3321 * 468 1779 = 231 p <0.001
Epidermal cells/leaf 94,940 85,414 100,189 96,482
Stomatal index” 0.307 = 0.019 0.297 = 0.014 p =0.162 0.311 = 0.014 0.314 = 0.017 p = 0.686
Trichome density* 4.85 = 0.02 7.11 = 0.06 p <0.001 3.77 £0.01 6.35 = 0.04 p <0.001

“ Adult leaves from 21-day-old plants grown at 250 PFD.
? Number of stomata per epidermal cell (i.e. stomata + epidermal cells).
¢ Number of trichomes/1000 epidermal cells.
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examine whether eifiso4g1/2 may have a higher level of photo-
respiration, the rate of CO, assimilation was measured under
2% oxygen, which largely represses photorespiration. As
expected, repressing photorespiration resulted in a higher rate
of CO, assimilation, but the rate in eifiso4g1/2 leaves remained
approximately half of the WT level (Table 2). The compensa-
tion point serves as a measure of photorespiration and dark

}\900—

800 —
700 —
600 —
500 —
400 —

300 —

Chlorophyll (ug/ g FW)

200 —

100 —

0 -

WT
eifiso4g1/2
WT
eifiso4g1/2
WT
eifiso4g1/2
WT
eifiso4g1/2
WT
eifiso4g1/2

Chla/bratio: 299 2.86 297 294 3.61 3.86 3.22 3.11 3.06 2.

©
[}

PFD: 25 50 250 1075 Full sun

B

PFD: 25 50 250 Full sun

LHCII

RbcL —

WT
eifiso4g1/2
WT
eifiso4g1/2
WT
eifiso4g1/2
WT
eifiso4g1/2

FIGURE 2. elFiso4G expression regulates chlorophyll content. A, WT and
the eifiso4g1/2 mutant were grown to a similar developmental stage at the
light level (PFD) indicated, and the levels of chlorophyll a and b were mea-
sured in adultleaves. The ratio of chlorophyll aand b (Ch/ a/b) indicated below
the histograms. B, light-harvesting complex Il (LHCII) relative to normalized
RbcL protein levels was measured by Western analysis of the same leaf sam-
ples as indicated.

respiration when performed under ambient oxygen levels or a
measure of dark respiration specifically when performed under
2% oxygen. The compensation point of eifiso4g1/2 leaves under
ambient oxygen levels was similar to that in WT leaves but
moderately higher under 2% oxygen, suggesting that the
reduced photosynthetic activity of eifiso4gl/2 is not a conse-
quence of increased photorespiration, and its increase in dark
respiration can account for only a small fraction of its reduced
photosynthetic activity.

To examine whether the reduced photosynthetic activity of
the eifiso4g1/2 mutant involved a reduction in the level of ribu-
lose bisphosphate carboxylase (Rubisco), the enzyme responsi-
ble for CO, fixation, Western analysis of the large subunit of
Rubisco (RbcL) was performed. The level of RbcL was actually
higher in eifiso4g1/2 relative to WT leaves (Fig. 3). An increase
in the level of RbcL was also observed in the eif4g/eifiso4gl
double mutant and to a lower extent in eifiso4g2 leaves with no
change in the eife, eifiso4e, eifdg, or eifiso4g2 mutants. Conse-
quently, the lower photosynthetic activity of the eifiso4gl/2
mutant was not due to a reduction in RbcL expression. No
substantial change in the level of eIlF4A, a partner protein of
elF4G and elFiso4G, was observed in any of the mutants. No
substantial change in the level of PsbS, a nuclear-encoded, thy-
lakoid lumen-localized protein involved in the qE component
of NPQ, was observed in any of the mutants.

The eifiso4gl/2 Mutant Exhibits Elevated Nonphotochemical
Quenching—NPQ, the process of dissipating excess absorbed
light energy as heat, protects the photosystems from over-re-
duction and regulates photosynthetic performance (5). Because
NPQ competes with photosynthesis for absorbed light energy,

~
I
—~ o~ '8 g
y _$ 8§89
T 223 8 9 3
£ f g & & £ & &
T T ¢ & T T 9
PshS &> a» - a» = o o
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FIGURE 3. Rubisco and PsbS protein levels in initiation factor mutants.
WT, eif4e, eifisode, eif4g, eifiso4g1, eifiso4g2, eif4g/eifiso4g1, and eifiso4g1/2
mutants were grown at a PFD of 250 PFD for to a similar developmental stage,
and the levels of PsbS and RbcL were determined using Western analysis and
compared with elF4A on a fresh weight basis.

TABLE 2
elFiso4G regulates CO, assimilation and biomass accumulation
Col-0 eifisodgl/2 t test

CO, assimilation under ambient oxygen (umol CO,/m?/s/g FW)* 650 = 276 335 = 36.3 » < 0.001
CO, assimilation under 2% oxygen (wmol CO,/m?/s/g FW)* 841 + 274 456 + 31.1 » <0.001
Compensation point (Ci) under ambient oxygen (uwmol CO,/mol)” 63.0 65.1
Compensation point (Ci) under 2% oxygen (umol CO,/mol)® 14.8 19.2
Fresh weight (%)b 1.72 £ 0.46 0.131 = 0.053 » <0.001
Dry weight (g) 0.14 = 0.04 0.013 = 0.005 » < 0.001

“ Measured from plants grown to the same developmental stage at 250 PFD. FW, fresh weight.

? Plants grown for 28 days at 250 PED.
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FIGURE 4. The eifiso4g loss of function mutant exhibits increased induc-
tion of nonphotochemical quenching. A and B, rapid (A) and slow (B) induc-
tion of NPQ was measured in dark-adapted WT (filled diamonds), eif4e (filled
triangles), eifiso4e (open triangles), eif4g (open squares), eifiso4g1 (open circles),
eifiso4g2 (filled circles), eif4g/eifiso4g1 (open diamonds), and eifiso4g1/2 (filled
squares) plants grown at 250 PFD to a similar developmental stage and
exposed to 500 PFD. Cand D, quantumyyield of PSII (C, $PSll) and photochem-
ical quenching (D, gP) were measured simultaneously with the slow induc-
tion of NPQ. Eight replicates were assayed for each line in A, and four or five
replicates were assayed for each line in B-D with the average and standard
error reported.
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TABLE 3

NPQ, ®PSll, and gP of initiation factor mutants

Measurements are from Fig. 4 from plants grown to the same developmental stage
at 250 PFD and exposed to 500 PFD.

NPQat DPSII

Mutant NPQat20s 10 min at 10 min qP at 10 min
wWT 0.409 + 0.071 0.736 = 0.035 0.381 = 0.038 0.653 * 0.047
eifde 0.405 + 0.072  0.743 = 0.020 0.400 = 0.014  0.646 * 0.020
eifisode 0417 +0.035 1.195*+0.149 0.369 = 0.033  0.638 * 0.042
eifdg 0.566 + 0.099 1.177 = 0.263  0.363 = 0.037  0.637 * 0.043
eifisodgl 0.479 = 0.111  1.380 = 0.025 0.318 = 0.020 0.599 * 0.020
eifiso4g2 0.435 + 0.056  1.407 = 0.062 0.306 = 0.031  0.635 * 0.035
eifdg/eifisodgl  0.458 + 0.086 0.948 + 0.222 0.345 + 0.030 0.575 = 0.046
eifisodgl/2 0.742 + 0.088 1.746 = 0.073  0.242 = 0.027 0.519 * 0.044

an increase in NPQ may account for the reduced photosyn-
thetic activity of the eifiso4g1/2 mutant. To examine this possi-
bility, the rate of induction of NPQ was measured in dark-
adapted eifiso4gl/2 plants exposed to moderately high but
nonsaturating light (500 PFD). Fast NPQ induction kinetic
analysis of WT leaves revealed that NPQ increased rapidly in
the first 1-2 min following light exposure and then dropped to
a steady-state level (Fig. 44). NPQ was induced in the
eifiso4gl/2 mutant faster and to a higher level than observed in
WT leaves (Fig. 4A), which was observed during the early
induction of NPQ, as well as after longer exposures to light
(Table 3). Following the full induction of photochemistry, the
level of NPQ in the eifiso4gl/2 mutant continued to increase,
which was greater than that observed for any of the other
mutants (Fig. 44). Examination of the induction of NPQ over a
longer period revealed that NPQ continued to increase for at
least 25 min, whereas NPQ remained at its steady-state level
following its initial increase (Fig. 4B). No other mutant exhib-
ited an elevated induction of NPQ to the extent observed for the
eifiso4gl/2 mutant. The quantum efficiency of photosystem II
(PPSII) was also lowest in eifiso4gl/2 plants (Fig. 4C and Table
3) and was accompanied by a reduction in photochemistry (Fig.
4D and Table 3). An aberrantly high level of NPQ was observed
in the eifiso4gl/2 mutant over a range of light intensities with
the exception of light levels below the level to which the mutant
was grown, i.e. 250 PFD (Fig. 5A). The elevated level of NPQ was
accompanied by a reduction in ®PSII (Fig. 5B) and photochem-
istry (Fig. 5C) relative to the WT. These results indicate that a
loss of elFiso4@G causes an increase in NPQ as a function of the
level of light used and length of light exposure. The higher
induction of NPQ in eifiso4g1/2 correlated with a lower level of
photochemistry and may contribute to its reduced photosyn-
thetic activity.

The faster initial induction of NPQ in the eifiso4g1/2 mutant
suggested a greater qE component of NPQ, whereas the contin-
ued increase in NPQ following prolonged exposure to light sug-
gested a greater qI component of NPQ. NPQ is composed of a
fast relaxing component (i.e. NPQ,) and a slow relaxing compo-
nent (i.e. NPQ,), which are typically measured during recovery
from exposure to high light. NPQ; is largely due to high energy
state quenching (qE), which is rapidly reversible and relaxes
within minutes following transfer to darkness, whereas NPQ, is
often a result of photoinhibition caused by damage that
requires time to repair. NPQ; and NPQ, were measured in
eifiso4gl/2, and WT leaves at a similar developmental stage
following exposure to high light (i.e. 1200 PFD). Higher levels of
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FIGURE 5. Increased nonphotochemical quenching in the eifiso4g mutant
as a function of light intensity. NPQ (A) and quantum yield (B) of PSII (¢PSII)
and photochemical quenching (C, qP) were measured in dark-adapted WT
(filled diamonds), eif4e (filled triangles), eifiso4e (open triangles), eif4g (open
squares), eif4g/eifiso4g1 (open diamonds), and eifiso4g1/2 (filled squares)
plants grown at 250 PFD to a similar developmental stage and exposed to a
range of light intensities. Four to five replicates were assayed for each line
with the average and standard error reported.

NPQ, and NPQ, were observed in eifiso4gl/2 relative to WT
leaves as was the total level of NPQ (Table 4). Therefore, the
increase in NPQ in the eifiso4g1/2 mutant is due to increases in
NPQ; and NPQ,, indicating that qE- and ql-related processes
both contribute to the higher total NPQ of the mutant.

To examine whether loss of eIFiso4G expression affects ROS,
which can accompany an increase in ql-related processes, the
level of H,O, was used as a measure of the oxidative load in WT
and mutant plants. As expected, the level of H,O, was lowest in
WT leaves of plants grown under low light (i.e. 25 PFD) and
increased with light intensity (Fig. 6). The level of H,O, in
eifiso4gl/2leaves was similar to the W'T when grown under low
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TABLE 4
Loss of elFiso4G expression results in photosensitivity

Measurements are from plants grown to the same developmental stage at 250 PFD
and exposed to 1200 PFD for 10 min.

Col-0 eifisodgl/2 t test
NPQ 2.13 £ 0.11 2.57 = 0.08 p < 0.005
NPQ, 0.36 = 0.02 0.60 = 0.12 p < 0.005
NPQ; 1.77 = 0.09 1.96 + 0.10 p <0.05
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FIGURE 6. Oxidative load increases in the eifiso4g1/2 mutant. WT and the
eifiso4g1/2 mutant were grown to a similar developmental stage at the light
level (PFD) indicated, and the level of H,0, was measured in adult leaves.
Three replicates were assayed for each line, and the average and standard
error were reported.

light (i.e. 25 PFD) but increased disproportionately at higher
light intensities (Fig. 6). These results suggest that the oxidative
load in eifiso4gl/2 is significantly elevated at light levels greater
than 25 PFD. Collectively, these results demonstrate that a loss
of elFiso4G expression reduces photochemistry and increases
the qE and qI components of NPQ, ROS generation, and dark
respiration.

Loss of elFiso4G Results in Increased Violaxanthin De-epoxi-
dase Expression—Induction of qE is accompanied by de-epoxi-
dation of violaxanthin into zeaxanthin (or antheraxanthin) as
part of the xanthophyll cycle (Fig. 7A). Xanthophyll pigments
have been implicated in protective processes other than NPQ
and have been suggested to scavenge ROS such as 'O, (33).
Zeaxanthin (Z) and antheraxanthin (A) may be superior pho-
toprotectors than violaxanthin (V), whereas the latter may be a
better light-harvesting accessory pigment (33, 34). Therefore,
conversion of V to Z reduces the amount of V available to trans-
fer excitation energy to the reaction center but increases the
amount of Z (or A) that contributes to the qE component of
NPQ and to scavenging 'O,. The observation that NPQ was
induced at a faster rate in the eifiso4gI1/2 mutant relative to the
WT suggested the possibility of an increase in the de-epoxida-
tion state in the mutant. To examine this, the de-epoxidation
state of the xanthophyll pigments was examined in eifiso4g1/2
and WT leaves when dark or light-adapted. Because VDE de-
epoxidizes V to A and Z in response to light (35), V predomi-
nates in fully dark-adapted plants, whereas A and Z are gener-
ated as a function of light intensity (Fig. 7A). As expected, no A
or Z was present in eifiso4gl/2 and W'T leaves (Fig. 7B). Follow-
ing light adaptation to 100 PFD, representing a low level of light
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FIGURE 7. Loss of elFiso4G expression results in an increase in VDE
expression and de-epoxidation. A, the xanthophyll cycle. NPQ1 encodes
violaxanthin de-epoxidase (VDE) whereas NPQ2 encodes ZE. B, xanthophyll
pigments were isolated from leaves of plants grown at 100 PFD that were
either dark-adapted for 16 h, maintained under 100 PFD, or exposed to 600
PFD for 60 min. Xanthophyll pigments were quantitated by HPLC and normal-
ized to chlorophyll a. The de-epoxidation status, i.e. (A + Z)/(V + A + Z), was
determined from the amounts of V, A, and Z and is included below each pie
chart. C, VDE relative to normalized RbcL protein levels were measured by
Western analysis in adult leaves of the mutants indicated. D and E, VDE (D) and
ZE enzyme (E) activities were measured in adult leaves of the mutants
indicated.

at which the plants were grown, de-epoxidation of V to A but
not to Z was observed (Fig. 7B). The de-epoxidation state, i.e.
the fraction of xanthophyll pigments present in a de-epoxidized
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state, in WT plants increased from a value of 0 in the dark-
adapted state to 0.0116 (Fig. 7B). The de-epoxidation state in
eifiso4gl/2 was significantly higher (Fig. 7B). When dark-
adapted plants were exposed to 600 PFD, representing a high
level of light for plants grown at 100 PFD, conversion of V to A
and Z was observed, and the de-epoxidation state in eifiso4gl/2
was significantly higher than in WT leaves (Fig. 7B). No sub-
stantial change in lutein or neoxanthin was observed in
eifiso4gl/2 (data not shown). These results demonstrate an
increase in the de-epoxidation state in the eifiso4g1/2 mutant in
response to light exposure that is consistent with its faster ini-
tial induction of NPQ.

An increase in the de-epoxidation state could result from
increased VDE activity or lower zeaxanthin epoxidase (ZE)
activity, which catalyzes the epoxidation of Z to A and then to
V, i.e. the reverse of VDE activity (Fig. 7A). Therefore, the activ-
ity of VDE and ZE was measured from thylakoids isolated from
WT, eif4dg, eifiso4gl, eifiso4g2, and eifiso4gl/2 leaves. The assay
for VDE involves an in vitro pH-mediated activation of its activ-
ity, mimicking the light-mediated acidification of the thylakoid
lumen where VDE resides. As a consequence, the VDE assay
measures the maximum capacity of VDE activity, not necessar-
ily the level of activation achieved in vivo, because this depends
on the magnitude of the transthylakoid membrane pH gradient
established. The maximum level of VDE activity measured in
eifiso4gl/2 thylakoids was substantially higher than that mea-
sured in WT, eif4g, eifiso4gl, or eifiso4g2 plants (Fig. 7D). In
contrast, little change in ZE activity was observed (Fig. 7E),
suggesting that the increase in VDE activity was solely respon-
sible for the increase in de-epoxidation in eifiso4gl/2. Western
analysis revealed a higher level of VDE protein in eifiso4gl/2
relative to WT, eifdg, eifisodgl, or eifiso4g2 plants (Fig. 7C),
consistent with the increase in VDE activity observed for
eifiso4gl/2. qPCR analysis of NPQI mRNA, which encodes
VDE, revealed a 5.28-fold increase in the transcript in
eifiso4gl/2 relative to WT, supporting the observed increase in
VDE protein and activity.

Theincrease in VDE expression may be aresult of an increase
in NPQI promoter activity or NPQI transcript stability/trans-
latability. To distinguish between these possibilities, the NPQ1
promoter was fused to the firefly luciferase (Luc) reporter, i.e.
NPQ1I::Luc (Fig. 84).In a second construct, the NPQI promoter
and its 5'-UTR was fused to the Luc reporter, i.e. NPQI1::NPQI
5'-UTR-Luc. Following transformation of WT Arabidopsis,
lines homozygous for the NPQI:Luc and NPQI:NPQI
5'-UTR-Luc constructs were isolated. Arabidopsis containing
the cauliflower mosaic virus 35S promoter driving expression
of luciferase was used as a control. Each construct was intro-
duced into eifiso4g1/2 through crosses with WT lines contain-
ing these constructs and progeny homozygous for each trans-
gene, and the eifiso4gl/2 mutations were isolated. NPQI
promoter activity as measured by luciferase activity from the
NPQ1I::Luc construct was reduced in light-adapted eifiso4g1/2
leaves more than 4-fold relative to the same construct in WT
leaves (Fig. 8B). Similarly, luciferase activity from the 35S:Luc
construct was lower in eifiso4gl/2 relative to WT (Fig. 8B).
That luciferase activity resulting from the 35S::Luc construct
was reduced to a greater extent than it was from the

JOURNAL OF BIOLOGICAL CHEMISTRY 13933



VDE Expression Is Regulated by elFiso4G

P Q Luc
| Pypor H Luc |
| P\,‘g, |.VPQ1 5°-UTR Luc |
B Luc activity (light units/pg protein)

=}

- 000°C
= 000t
- 0009
~000°00
- 000°0ST

g

A

1
T Ny

Cdwr
I cifisodgl/?

35S::Q-Luc
NPQI::Lu

NPQI::NPQI 5-UTR-Luc

C Relative Luc mRNA level
g g ey > bl S Py
(=3 =] (=] =] =1 =] =] (=]
Il

Il Il Il Il 1 ]
I wr
W cifisodgl/?

35S::Q-Luc

|
NPQI::Luc |1:|

NPQI::NPQI 5-UTR-Luc

|

D Relative Luc mRNA level
= 8 =z B 8 &5 2
] I

o S) o
1

| 1 AN | |

]
[ ~POI:Luc
I VPO/:NPQI 5-UTR-Luc

WT

|“,

eifiso4gl/2

FIGURE 8. Loss of elFiso4G results in an increase in VDE expression. A, the
35S:Luc, NPQT:Luc, and NPQ1:NPQ1 5’-UTR-Luc constructs used to generate
transgenic Arabidopsis WT and eifiso4g1/2 lines. B, luciferase expression from
each construct was measured in adult leaves of each line grown at 100 PFD. C,
gPCRanalysis of Luc mRNA in the same leaf samples as indicated. D, the gPCR
data are presented as the level of Luc transcript from the NPQ7:NPQ1 5'-UTR-
Luc construct relative to that from the NPQT::Luc construct in the WT and
eifiso4g1/2 lines.

NPQI::Luc construct in eifiso4gl/2 leaves suggests that NPQI
promoter activity is less affected than is the 35S promoter by
a loss of elFiso4G expression. Luciferase activity from the
NPQI:NPQI 5'-UTR-Luc construct, however, increased ~2.5-
fold in eifiso4gl/2 leaves relative to WT (Fig. 8B). These results
suggest that loss of elFiso4G expression results in reduced
NPQ1I promoter activity but that the NPQ1I 5'-UTR is required
for increasing expression in eifiso4gl/2 mutant.

To examine whether the increase in luciferase activity from
the NPQI:NPQ1 5'-UTR-Luc construct was a result of an
increase in the Luc transcript level, qPCR of Luc mRNA was
performed in the eifiso4g1/2 and WT lines. Luc transcript level
from the NPQI::Luc and 35S::Luc constructs was substantially
reduced in eifiso4gl/2 relative to WT (Fig. 8C). In contrast, the
level of Luc mRNA from the NPQI::NPQ1 5'-UTR-Luc con-
struct was 6.3-fold higher in eifiso4gl/2 than in WT (Fig. 8C).
The addition of the NPQI 5'-UTR decreased the transcript
level ~3-fold in WT plants, whereas its presence increased
transcript level 37-fold in eifiso4gl/2 (Fig. 8D). These results
demonstrate that inclusion of the NPQ1 5'-UTR is required for
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the increase in NPQI transcript level following loss of eIFiso4G
expression.

DISCUSSION

In this study, we have examined the effect that loss of
elFiso4G expression has on VDE expression and, consequently,
on photosynthetic performance. Despite the fact that plants,
like other eukaryotes, express two forms of elF4G, loss of
elFiso4G expression had profound effects on photochemistry
that correlated with a substantial reduction in chlorophyll con-
tent, an increase in NPQ, a lower rate of growth, and a reduc-
tion in biomass accumulation. Similar effects were not
observed following loss of elF4G, suggesting that elFiso4G is
required to support photosynthetic activity and plant growth,
whereas elF4G is less important in this regard. The smaller
plant stature of the eifiso4g1/2 mutant was principally a result of
a reduction in cell size with only a small reduction in cell num-
ber per leaf. Although the stomatal index (i.e. the ratio of sto-
mata per epidermal cell) was little changed in the eifiso4g1/2
mutant, a substantial reduction in the number of trichomes per
leaf was observed, which together with the reduction in leaf size
suggested that elFiso4G expression is required for normal leaf
development. The smaller size of the mutant was reflected in its
biomass accumulation, which was less than 10% of the WT
fresh or dry weight.

Chlorophyll content in the eifiso4gl/2 mutant was reduced
to 79% of the WT level in low light-grown plants. When grown
at higher light intensities, the chlorophyll content of WT plants
increased, whereas that of the eifiso4g1/2 mutant did not, sug-
gesting that loss of elFiso4G expression results in greater pho-
tosensitivity. eifiso4g1/2 plants also exhibited a higher oxidative
load that increased disproportionately upon exposure to higher
light intensities, which also supports the notion that the
eifiso4gl/2 mutant experiences increased photosensitivity.

The reduction in chlorophyll content in eifiso4gl/2 leaves
was accompanied by a significant reduction in photosynthetic
activity as measured by the net rate of CO, assimilation,
which likely contributed to its reduced biomass accumula-
tion. eifiso4g1/2 plants did not exhibit an increase in photore-
spiration, and the observed small increase in dark respiration
could not account for the substantial reduction in photosyn-
thetic activity or biomass accumulation. Similarly, an increase
in the level of Rubisco could not account for the reduced pho-
tosynthetic activity in the eifiso4g1/2 mutant because a similar
increase in Rubisco in the eif4g/eifiso4gl mutant did not affect
its photosynthetic activity.

Although loss of elFiso4G expression did result in reduced
stomatal conductance, it was insufficient to account for the
lower rate of CO, assimilation because the substomatal CO,
concentration was not reduced. The eifiso4gl/2 mutant, how-
ever, did exhibit elevated induction of NPQ, which included
increases in the qE and qI components of NPQ. Because NPQ
competes with photosynthesis for absorbed light energy, this
increase in NPQ in the eifiso4g1/2 mutant likely contributes to
its lower photosynthetic activity. Indeed, simultaneous mea-
surements of the quantum efficiency of PSII with the induction
of NPQ revealed that the quantum efficiency of PSII in
eifiso4gl/2 plants was inversely correlated with NPQ and was
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reduced substantially relative to the wild type, whereas NPQ
was elevated.

Although an increase in the ql component of NPQ was con-
sistent with the increased photosensitivity of eifiso4gl/2 as
measured by an increase in ROS production and a decrease in
relative chlorophyll content, the increase in the gE component
suggested an increase in one or more of those factors that con-
tribute to qE. Although expression of PsbS, which is required
for qE, was unchanged in eifiso4gl/2 leaves, an increase in the
xanthophyll de-epoxidation state was observed following expo-
sure to light. This suggested an increase in the level of VDE
expression and/or activity.

VDE undergoes activation following exposure to light as a
result of the light-driven proton pumping across the thylakoid
membrane that causes acidification of the thylakoid lumen (35).
VDE can be fully activated in isolated thylakoids by the pH of
the buffer, and this reflects the maximum capacity of VDE
activity present in the thylakoids. In this assay, the eifiso4g1/2
mutant exhibited a 2-fold higher level of VDE activity relative to
WT, which correlated with increases in the VDE protein and
transcript levels and a higher de-epoxidation state in light-
treated leaves. Because no change in ZE activity, which cata-
lyzes the reverse reaction of VDE, was observed, these results
indicate the effect that the loss of elFiso4G expression has on
the xanthophyll cycle is specific to VDE expression. The
increase in VDE expression explains the increase in the de-
epoxidation state in the eifiso4gl/2 leaves and its faster initial
induction of NPQ in response to light exposure. The higher
level of ql in eifiso4g1/2 leaves suggests that despite the higher
level of zeaxanthin and qE, the eifiso4gl/2 mutant is unable to
prevent an increase in g, an increase in ROS production, and a
reduction in chlorophyll.

The increased NPQ! transcript level in eifiso4gl/2 leaves sug-
gested either increased NPQI promoter activity or increased
NPQI transcript stability. The reporter assay data argued against
an increase in NPQI promoter activity in eifiso4gl/2 leaves in
that when the NPQI promoter was used to drive luciferase
expression, a more than 4-fold decrease in luciferase activity
was observed in the eifiso4gl/2 mutant relative to WT plants.
This decrease in expression from the NPQI promoter in
eifiso4gl/2 leaves correlated with a substantial decrease in Luc
reporter transcript level. Inclusion of the NPQI 5'-UTR in the
Luc construct in WT plants decreased Luc activity ~3-fold rel-
ative to the construct lacking the NPQI 5'-UTR, correlating
with an approximate 4-fold decrease in Luc transcript level.
The NPQI 5'-UTR contains two small open reading frames
upstream of the VDE coding region. Although small upstream
open reading frames can destabilize a transcript through non-
sense-mediated decay (36 —38), the role of those present in the
NPQI 5'-UTR remains to be determined. In contrast to the
findings in WT plants, inclusion of the NPQI 5’-UTR actually
increased Luc activity in eifiso4gl/2 leaves, correlating with a
6.3-fold increase in Luc transcript levels, which compared with
a 5.28-fold increase in the endogenous level of NPQI mRNA in
eifiso4gl/2 leaves relative to wild-type plants. The observation
that the presence of the NPQI 5'-UTR decreased transcript
level 3-fold in WT plants (relative to the construct lacking the
NPQ1 5'-UTR) but increased transcript level 37-fold in
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eifiso4gl/2 (relative to the construct lacking the NPQI1 5'-UTR)
indicates that changes in the expression of elFiso4G can affect the
level of a transcript containing the NPQI 5'-UTR substantially.
These results suggest that the increase in VDE expression and
activity observed in the eifiso4gl/2 mutant is a result of the loss of
elFiso4G expression, which increased mRNA levels in a NPQI
5'-UTR-dependent manner.

In the absence of elFiso4G, an increase in RbcL and a reduc-
tion in light-harvesting complex II were also observed, demon-
strating that loss of elFiso4G expression affects more than just
VDE expression. Therefore, loss of elFiso4G likely affects the
expression of several components of the photosynthetic
machinery that may contribute to the eifiso4g1/2 phenotype.
The present findings indicate that, with regard to the xantho-
phyll cycle, elFiso4G is required to support the appropriate
level of VDE expression.

Although elFiso4G and elF4G interact with similar partner
proteins, such as eIF4E, e[F4A, elF4B, elF3, and PABP (24, 39),
and both function to promote protein synthesis, mRNAs
exhibit clear preferences between elFiso4G and elF4G for their
translation (25-27), which may be a consequence of their sub-
stantial differences in size, sequence, and manner of interaction
with partner proteins (22, 24, 39). Loss of either initiation trans-
lation factor would be predicted to affect the expression of
many genes. Despite the functional differences between
elFiso4G and elF4G, elFiso4G must be able to compensate for
the loss of eIF4G because the eif4g null mutant exhibits no obvi-
ous mutant phenotype, at least under normal growth condi-
tions. The reduced photochemistry and pale green phenotype of
the eifiso4g null mutant that are not evident in the eif4g null mutant
suggest that e[F4G is unable to compensate fully for the loss of
elFiso4G. Consequently, loss of eIFiso4G results, in aberrantly
high levels of VDE expression and xanthophyll de-epoxidation,
elevated induction of NPQ, reduced photochemistry, lower
chlorophyll content, and reduced growth rate, stature, and bio-
mass accumulation. These phenotypes suggest that genes within
specific pathways, such as NPQ1, require elFiso4G for their cor-
rect expression, which elF4G alone is unable to support.
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