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Heat Shock Protein HSP101 Binds to the Fed-1 Internal
Light Regulatory Element and Mediates Its High

Translational Activity
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The internal light-regulatory element (iLRE) of ferredoxin (Fed-1) mRNA, comprising the 5’ leader and at least the first
13 codons of the open reading frame, controls transcript abundance after illumination of the plant in a translation-
dependent manner. We have characterized the RNA binding activities associated with the Fed-1 iLRE and have identi-
fied one activity as the heat shock protein HSP101, a protein shown to bind the 5’ leader of tobacco mosaic virus.
HSP101 was sufficient and necessary to mediate a high level of translational activity from a Fed-1 iLRE-containing
mRNA in yeast. Moreover, the Fed-1 iLRE substantially enhanced translation of reporter mRNAs in plant protoplasts
expressing HSP101. Expression of HSP101 was subject to developmental regulation in leaves in that expression was
highest in young leaves. These data suggest that Fed-1 mRNA may use the HSP101 regulatory mechanism as a means
of ensuring a high level of translation required for the light-mediated regulation of Fed-1 mRNA stability.

INTRODUCTION

The plant heat shock protein HSP101 belongs to a class of
heat shock proteins that is conserved in bacteria, yeast, and
plants and functions to confer thermotolerance (Sanchez
and Lindquist, 1990; Lee et al., 1994; Schirmer et al., 1994;
Wells et al., 1998). In plants, the expression of HSP101 is
subject to developmental regulation (Singla et al., 1997),
suggesting that the protein may play a developmental role
beyond its known thermotolerance function. Recently,
HSP101 was identified as the trans-acting factor responsi-
ble for mediating the translational enhancement associated
with the 5' leader (called () from tobacco mosaic virus
(TMV) (Wells et al., 1998). HSP101 was shown to function as
an RNA binding protein that binds to a poly(CAA) region
within ) that is responsible for the translational enhance-
ment. The translational regulatory function of HSP101 could
be recapitulated in yeast expressing an ()-containing reporter
mRNA. Moreover, genetic analysis in yeast expressing
HSP101 demonstrated that the HSP101-mediated transla-
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tional enhancement specifically required two initiation fac-
tors (elF): elF3 and elF4G (Wells et al.,, 1998). These
observations suggest that the genomic mRNA of TMV
evolved to access a cellular regulatory mechanism that uses
HSP101 as a means to optimize recruitment of 40S ribosomal
subunits and, by so doing, to optimize translation of the viral
mRNA. The discovery of a translational regulatory function
for HSP101 raises the question of which cellular mRNAs
might serve as clients for this regulation.

In pea, the nuclear-encoded photosynthetic electron
transport protein ferredoxin 1 is encoded by the single-
copy, intronless Fed-1 gene (Elliott et al., 1989) and is trans-
ported into the chloroplast to facilitate electron transfer from
photosystem 1 to NADP*. Expression from Fed-1 is con-
trolled by an internal light-regulatory element (iLRE) present
within the transcript that regulates the stability of the mRNA
(Petracek et al., 1998). The 5’ untranslated leader and the
first 47 codons of the Fed-1 coding region are sufficient and
necessary to direct full light regulation, even when fused to
reporter MRNASs in transgenic tobacco (Dickey et al., 1992,
1998). Light regulation is observed even with the coding re-
gion component of the Fed-1 iLRE shortened to the first 13
codons (Dickey et al., 1998). Active translation of Fed-1
mRNA is required for light regulation of its stability (Dickey et
al., 1994), and most mutations that abolish light regulation
also reduce the association of Fed-1 mRNA with polyribo-
somes (Dickey et al., 1998). However, at least one mutation
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that affects Fed-1 light regulation does not disrupt transla-
tion or its light-regulated polyribosome association (Dickey
et al., 1998), suggesting that despite a requirement for ac-
tive translation in the control of Fed-1 mRNA stability, addi-
tional components may be required for the light-mediated
regulation of transcript abundance.

As a first step toward identifying the trans-acting factors
involved in the translation of Fed-1 mRNA, we characterized
the RNA binding activities associated with the Fed-1 iLRE
and examined the functional consequence that one trans-
acting factor, identified as HSP101, has on Fed-1 mRNA
translation. Using mapping studies, we found that the Fed-1
5’ untranslated leader is essential for binding HSP101.
Translational enhancement directed by the Fed-1 iLRE
could be recapitulated in yeast expressing HSP101. The
Fed-1 iLRE also functioned as a translational enhancer in
plant protoplasts expressing HSP101. In addition to its ther-
mal induction, expression of HSP101 was detected in mod-
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erate amounts in leaves, the greatest expression being
observed in young leaves. These data suggest that Fed-1
mRNA may serve as a client mRNA for regulation by
HSP101 to achieve a high level of translation. Such a mecha-
nism would ensure the active translation of Fed-1 mRNA that
is necessary for the light-mediated control of its stability.

RESULTS

The Fed-1 iLRE Functions as a Binding Site for One or
More Specific RNA Binding Activities

To examine whether the Fed-1 iLRE is recognized by a spe-
cific trans-acting factor, we initially performed RNA binding
reactions with in vitro-synthesized, radiolabeled Fed-1 iLRE
and crude plant extract, and the resulting complexes were
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Figure 1. The Fed-1 5’ Leader Component of the iLRE Serves as a Specific Recognition Site for Trans-Acting Factor Binding.

(A) The radiolabeled Fed-1 5’ leader RNA and the coding region component of the iLRE were tested individually in binding reactions with crude
wheat germ extract, and the resulting complexes were resolved by using gel shift analysis. A 58-nucleotide RNA of random sequence (Tanguay
and Gallie, 1996) was used in the binding reaction as a control RNA. Increasing amounts of crude extract used in the binding reactions are rep-

resented by the ramps above the appropriate lanes.

(B) Complex formation, resulting from RNA binding reactions between fractions obtained from Mono S chromatography containing HSP101 and
either the radiolabeled Fed-1 iLRE (left) or {2 RNA (right), was compared using gel shift analysis.
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Figure 2. HSP101 Enhances Expression of an mRNA Containing

the Fed-1 iLRE in Yeast.

(=

(A) and (B) Expression of pGAL-Fed-luc or the control pGAL-luc
construct, respectively, was determined using yeast strain SL304A
transformed with pTPI-HSP101 (filled circles) or pYX232 (open cir-
cles) to examine the regulatory role of HSP101 during translation.

(C) Expression of pGAL-Q-luc was examined in SL304A trans-
formed with pTPI-HSP101 (filled circles) or pYX232 (open circles).

HSP101 Regulates Fed-1 mRNA Translation 1215

resolved by gel shift analysis. Because the Fed-1 iLRE con-
tains two regions of CA-rich sequences similar to the
poly(CAA) element in Q) that has been identified as the high-
affinity binding site for HSP101 (Tanguay and Gallie, 1996),
the trans-acting factor responsible for the translational en-
hancement associated with this viral leader (Gallie and Walbot,
1992), the binding reaction utilized wheat embryo extract,
which contains a high HSP101 content with low amounts of
protease and RNase activities. Moreover, although the Fed-1
iLRE used in this analysis originates from pea, the observa-
tion that it functions in tobacco and Arabidopsis (Vorst et al.,
1993; Bovy et al., 1995; Dickey et al., 1998) suggests con-
servation of this regulatory mechanism among plants. Com-
plex formation after adding the complete Fed-1 iLRE RNA
(i.e., the 5’ leader plus 47 codons of the Fed-1 coding re-
gion) to the binding assay was observed using gel shift anal-
ysis (data not shown). The large size of the RNA as well as
intermolecular base pairing between molecules of Fed-1
iLRE RNA precluded good resolution of the protein—-RNA
complexes; therefore, the 5’ leader of the Fed-1 iLRE was
tested separately from the coding region component in the
binding assay. Specific binding to the Fed-1 5’ leader was
observed under highly stringent conditions and led to the
formation of at least two complexes: a faint complex of re-
duced mobility and a faster migrating, more prominent com-
plex that appeared to consist of two bands (as shown in
Figure 1A, lanes 2 and 3). No binding was detected to the
coding region component of the Fed-1 iLRE when it was sep-
arated from the 5’ leader (Figure 1A, lanes 5 to 7) or to a con-
trol RNA of random sequence (Figure 1A, lanes 9 and 10).
The position and number of complexes formed between
the 5’ leader of the Fed-1 iLRE after gel shift analysis resem-
bled those observed when (), the TMV 5’ leader, was used
in identical binding reactions (Leathers et al., 1993). To de-
termine whether the activity responsible for binding ) also
bound the Fed-1 iLRE, we compared complex formation
with each RNA by using fractions obtained in the final step
of HSP101 purification with Mono S chromatography, as
previously described (Tanguay and Gallie, 1996). The frac-
tions containing HSP101 activity that bound to the minimal

The mRNA served as a positive control for HSP101-mediated regu-
lation of translation from luc containing () as the 5’ leader. Transfor-
mants were first grown to late-exponential stage (after which the
expression from pGAL-Fed-luc in yeast expressing HSP101 was
the same as that in yeast from which HSP101 was absent) and then
inoculated into synthetic galactose medium at time zero.

Luciferase expression was measured at various times during the
growth cycle and normalized to the optical density (filled squares,
right scale in [A] to [C]) during growth. The expression ratio from
each construct in yeast expressing HSP101 compared with its ex-
pression in yeast not containing HSP101 is indicated below each
graph.
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Figure 3. HSP101 Enhances Translation from Exogenously Delivered Fed-luc-As, mRNA in Yeast.

In vitro-synthesized luciferase mMRNA constructs terminating in a poly(A)s, tail were electroporated into SL304A (containing either pGAL1-
HSP101, i.e., HSP101 under the control of the GAL1 promoter, or pYES2, as indicated above each set of histograms); luciferase expression was
measured after the completion of translation. The expression ratio is shown at right. Fed-luc-As; mMRNA was tested relative to luc-As; mMRNA as
a negative control, and Q-luc-As, mMRNA was used as a positive control. The error bars represent the standard error.

Fed-1 iLRE (Fed-1 5’ leader plus seven codons of the Fed-1
open reading region) corresponded to those that also bound
Q) RNA,; for example, a single fraction containing the highest
() binding activity also bound the Fed-1 iLRE and resulted in
the formation of similar complexes (Figure 1B, cf. lanes 3
and 11). Complex formation with the Fed-1 iLRE was less
than that observed for (), suggesting that the affinity of
HSP101 for ) was greater than it was for the Fed-1 iLRE.

HSP101 Mediates High Translational Activity from the
Fed-1iLRE

HSP101 functions as a trans-acting, translational regulator
that enhances protein synthesis when an mRNA contains a
high-affinity HSP101 binding site within the 5’ leader, as is
found with , the 5’ leader of TMV, a well-characterized
translational enhancer (Gallie et al., 1987a, 1987b, 1989;
Gallie and Walbot, 1992; Wells et al., 1998). The ability of
HSP101 to mediate translational enhancement from () could
be recapitulated in yeast expressing either wheat or tobacco
HSP101, where typically the translation of ()-containing
mMRNA exceeded that of control mRNA by at least 10-fold
(Wells et al., 1998). The requirement for HSP101 was abso-
lute: ) failed to enhance translation in the absence of
HSP101. The degree to which HSP101 mediated transla-
tional enhancement from an mRNA in yeast correlated with
its affinity for the 5’ leader: The high level of enhancement
afforded by HSP101 from an Q2-containing mRNA correlated
with the high affinity of HSP101 for the sequence, whereas

HSP101 did not regulate translation of an mRNA containing
the tobacco etch virus 5’ leader, in agreement with its lower
affinity for this sequence (Wells et al., 1998).

To determine whether Fed-1 mRNA utilized the HSP101
regulatory mechanism in vivo, we examined whether
HSP101 could enhance translation of a luciferase (luc) re-
porter mRNA containing the Fed-1 iLRE, using the same
yeast assay used in the analysis of the () leader (Wells et al.,
1998). The tobacco HSP101 cDNA was placed under the
control of the constitutively active triose phosphate isomer-
ase (TPI) promoter in yeast expression vector pYX232,
which resulted in pTPI-HSP101. luc, with or without the
complete Fed-1 iLRE, was placed under the control of the
galactose-regulated GAL1 promoter to yield pGAL-Fed-luc
or pGAL-luc, respectively. A combination of pGAL-Fed-luc
and either pTPI-HSP101 or pYX232 was introduced into
yeast strain SL304A, an hsp104 null mutant. SL304A con-
taining pGAL-luc and either pTPI-HSP101 or pYX232
served as negative controls. Luciferase assays were per-
formed to measure the expression of pGAL-Fed-luc and
pGAL-luc in the presence or absence of HSP101. Expres-
sion from each luciferase construct during growth was mea-
sured as light units per optical density unit of yeast so that
luciferase expression would be normalized to the same
number of cells regardless of the growth phase. Expression
from the Fed-1 iLRE—containing luc construct was less than
that from the luc control construct because the fusion of the
N-terminal 47 amino acids of ferredoxin to luciferase re-
duced its enzyme activity (see the following section for fur-
ther analysis). To quantify the extent of the HSP101
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Figure 4. The Fed-1 iLRE Functions as a Translational Enhancer in
Plant Protoplasts.

(A) Expression levels of uidA reporter gene constructs containing
the Fed-1 5’ leader, minimal Fed-1 iLRE (Fed-1 5’ leader plus five
codons of the Fed-1 coding region), complete Fed-1 iLRE (Fed-1 5’
leader plus 47 codons of the Fed-1 coding region), or a control
leader were compared in vivo for carrot protoplasts as 35S pro-
moter-based plasmid constructs.

(B) and (C) Same as in (A), except that expression levels were com-
pared after translation of in vitro-synthesized mRNAs in a wheat
germ or rabbit reticulocyte lysate, respectively. The fusion of the N-ter-
minal 47-amino acid sequence of the Fed-1 gene product to GUS
(i.e., in the complete Fed-1 iLRE construct) reduced the specific ac-
tivity of the reporter, as was observed in the in vitro translations.
Each experiment was repeated at least three times.
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translational regulatory function, we calculated the expres-
sion ratio of translation from pGAL-Fed-luc, pGAL-luc, or
pGAL-Q-luc in the presence (pTPI-HSP101) or absence
(PYX232) of HSP101 expression; it is included below the re-
spective graphs in Figure 2. The expression ratio therefore is
a measure of the HSP101-mediated enhancement, indepen-
dent of any differences in absolute expression attributable
to differences in strains, media conditions, or growth phase.
Because stationary cells were used to initiate the experi-
ment, a characteristic lag phase in cell growth (observed in
the optical density of the growth curves shown in Figure 2)
was observed during the first hour after transfer to fresh me-
dium. Expression from the Fed-luc construct was substan-
tially more (up to 10-fold) in yeast expressing HSP101 than it
was from the same mRNA in yeast lacking HSP101 (Figure
2A). Moreover, expression from the control luc mRNA con-
struct remained unaffected by the presence or absence of
HSP101 (Figure 2B). The preferential translation of Fed-luc
mRNA, which was initiated as the cells left stationary phase,
persisted at an increased rate until the midexponential
phase, whereupon its preferential translation progressively
decreased as cell growth slowed. That is, the behavior dur-
ing the late-exponential/early stationary phase of growth
was identical to the pattern of translational enhancement
observed when Q was present as the leader sequence (Fig-
ure 2C), in good agreement with our previous observations
(Wells et al., 1998). These results demonstrate that HSP101
is sufficient and necessary to mediate translational en-
hancement from the Fed-1 iLRE.

To demonstrate that the enhancement afforded by the
Fed-1 iLRE in yeast expressing HSP101 was not due to nu-
clear events during gene expression, we synthesized Fed-
luc (containing the Fed-1 5’ leader), O-luc, and control MRNAs
in vitro as capped and poly(A)* mRNAs (containing a
poly[Als, tail) and used RNA electroporation to deliver the
mRNAs to exponentially growing yeast expressing HSP101.
The same mRNAs were delivered to yeast not expressing
HSP101 to serve as controls. Figure 3 demonstrates that
translation from the control luc mRNA in yeast expressing
HSP101 did not differ substantially from that observed in the
absence of HSP101 expression, confirming that HSP101
does not enhance the translational activity of mRNAs in gen-
eral, that is, in mRNAs without a high-affinity binding site.
The expression from the OQ-luc mRNA construct was en-
hanced 10.9-fold relative to the luc control mRNA in yeast
that expressed HSP101 (Figure 3), in good agreement with
the previous observations for exogenously delivered Q-luc
mRNA (Wells et al., 1998). As with O-luc mRNA, the expres-
sion from the Fed-luc mRNA construct was enhanced (7.6-
fold) relative to the luc control mRNA in yeast expressing

Mock represents delivery of plasmid vector alone. The error bars
represent the standard error.
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Figure 5. The Fed-1 iLRE Controls mRNA Stability in Transiently
Transformed Protoplasts.

(A) The steady state level of RNA expressed in carrot protoplasts
from each 35S promoter-based uidA reporter construct used for
Figure 4A was determined by RNA gel blot analysis. The steady
state level of actin MRNA was also determined and served as an in-
ternal control.

(B) and (C) For the in vitro translation assays using wheat germ (B)
or rabbit reticulocyte lysate (C), the amount of GUS protein (top) and
RNA (bottom) was determined by SDS-PAGE analysis of the 35S-
Met-labeled protein and RNA gel blot analysis, respectively. Protein
expression from in vitro—synthesized mRNAs was determined after
120 min of translation.

Lanes 1, mock (plasmid vector alone); lanes 2, uidA containing a 30-
nucleotide vector control leader; lanes 3, uidA containing the Fed-1
5’ leader; lanes 4, the minimal Fed-1 iLRE translationally fused to the
uidA coding region; and lanes 5, the complete Fed-1 iLRE transla-
tionally fused to the uidA coding region. Each experiment was re-
peated at least three times.

HSP101 (Figure 3). The extent of enhancement from the
Fed-luc mRNA construct was somewhat less than that ob-
served for O-luc mRNA, which correlates with the lower af-
finity that HSP101 exhibits for the Fed-1 iLRE relative to Q,
as was observed in the binding reactions shown in Figure
1B. The extent of enhancement conferred by the 5’ leader of
Fed-1 (relative to the control luc construct) as shown in Fig-
ure 3 is also somewhat less than that conferred by the com-

plete Fed-1 iLRE (relative to the control luc construct), as
observed in Figure 2A, suggesting that the Fed-1 iLRE is re-
quired for full translational function. These data support the
conclusion that HSP101 enhances translation of an mRNA
that contains the Fed-1 5’ leader or iLRE.

Fed-1 iLRE Functions as a Translational Enhancer
in Plants

Because HSP101 mediates translational enhancement of an
mRNA containing the Fed-1 iLRE in yeast, we examined
whether the Fed-1 iLRE could function as a translational en-
hancer in plants in which HSP101 ordinarily is expressed.
The Fed-1 iLRE was introduced upstream of the uidA cod-
ing region that encodes B-glucuronidase (GUS), and the
construct was placed under the control of the 35S promoter.
In addition to the complete Fed-1 iLRE (containing the 5’
leader plus 47 codons of the Fed-1 coding region), the mini-
mal Fed-1 iLRE (containing the 5’ leader plus five codons)
was also introduced upstream of the uidA coding region to
make a translational fusion. Constructs containing the Fed-1
5’ leader or the 30-nucleotide vector control leader under
the control of the 35S promoter were also made. 5 pg of
each plasmid construct was delivered to carrot protoplasts,
and after a 15-hr incubation, the resulting amount of GUS
expressed from each construct was measured by assaying
for GUS activity, as shown in Figure 4A. The presence of the
Fed-1 5’ leader enhanced expression by 6.1-fold relative to
the control, whereas the minimal Fed-1 iLRE increased ex-
pression by 13.8-fold, and the complete Fed-1 iLRE in-
creased expression by 11.7-fold (Figure 4A). The increased
expression from the construct containing the Fed-1 5’
leader was not a consequence of an increase in the amount
of mRNA at steady state (Figure 5A , cf. lanes 3 and 2, GUS
mRNA), which suggests that the Fed-1 5’ leader increases
the rate of protein synthesis. The presence of the minimal
Fed-1 iLRE increased expression an additional twofold over
that observed for the construct containing the Fed-1 5’
leader alone (Figure 4A), which correlated with a reproduc-
ible twofold increase in the steady state amount of mMRNA
(Figure 5A, cf. lanes 4 and 3, GUS mRNA), suggesting that
the first five codons of the Fed-1 iLRE may be required to
regulate RNA stability positively. No increase in the steady
state amount of RNA was observed for the construct con-
taining the complete Fed-1 iLRE (Figure 5A, lane 5, GUS
mRNA), which suggests that the additional sequence in the
complete Fed-1 iLRE may negatively regulate mRNA stabil-
ity. Despite a steady state RNA level less than that observed
for the minimal Fed-1 iLRE construct, expression from the
complete Fed-1 iLRE construct was almost as much as that
from the minimal Fed-1 iLRE construct (Figure 4A).

To determine whether the presence of the N-terminal five
or 47 codons of the Fed-1 coding region in the uidA con-
struct might affect GUS enzyme activity, we placed the con-
trol and Fed-1-uidA constructs under the control of the T7
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Figure 6. Expression of HSP101 in Carrot Suspension Cells.

Carrot suspension cells used for the experiments described in Fig-
ures 4 and 7 were analyzed for the amount of HSP101 expression by
protein gel blot analysis. Ten micrograms of total protein from con-
trol and heat-stressed (at 41°C for 1 hr) cells was resolved on a 10%
SDS—polyacrylamide gel, transferred to a nitrocellulose membrane,
and probed with anti-HSP101 antibodies. Wheat germ extract (lane
1) was included as a positive control for HSP101. A degradation
product of HSP101 is present in lanes 2 and 3. C, wheat germ ex-
tract; RT, room temperature protoplasts; HS, heat-treated proto-
plasts.

promoter to synthesize and translate the mRNAs in vitro and
then to quantify the amount and activity of GUS expressed.
Translation of the control and Fed-1-uidA constructs in
wheat germ or in rabbit reticulocyte lysate yielded equiva-
lent amounts of GUS protein (Figures 5B and 5C, GUS pro-
tein, respectively), and the stability of the RNA constructs in
vitro did not differ substantially (Figures 5B and 5C, GUS
mRNA, respectively). As expected, the fusion protein ex-
pressed from the complete Fed-1 iLRE-uidA construct (in
which 47 additional amino acids are N-terminally fused to
GUS) was larger than the wild-type GUS protein (cf. Figures
5B and 5C, lanes 5 and 2, GUS protein). The fusion protein
resulting from the minimal Fed-1 iLRE-uidA construct (con-
taining only five additional amino acids fused to GUS) was
not sufficiently larger than wild-type GUS protein (Figures
5B and 5C, lanes 4, GUS mRNA) to have an easily observ-
able increase in molecular mass. That the same amount of
protein was expressed from the control, the Fed-1 5’ leader,
and the iLRE-containing constructs in the in vitro systems
suggests that the Fed-1 5’ leader and iLRE do not function
to increase translation in vitro. A similar amount of GUS ac-
tivity was observed for the control and the Fed-1 5’ leader
constructs when translated in wheat germ or rabbit reticulo-
cyte lysate (cf. the Fed-1 5’ leader construct with the control
construct in Figures 4B and 4C, respectively), which is con-
sistent with each construct expressing similar amounts of
protein, as observed in Figures 5B and 5C. A similar amount
of GUS activity was also observed for the minimal Fed-1
iLRE-uidA construct (cf. the minimal Fed-1 iLRE construct
with the control construct in Figures 4B and 4C), suggesting
that the presence of the five additional amino acids at the N
terminus did not affect the activity of GUS. However, activity
from the GUS fusion expressed from the complete Fed-1
ILRE-UidA construct was reduced 4.4- and 4.2-fold in wheat
germ and rabbit reticulocyte lysate, respectively, relative to
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the control construct (cf. the complete Fed-1 iLRE construct
with the control construct in Figures 4B and 4C), suggesting
that fusion of the 47 N-terminal amino acids to the GUS pro-
tein reduced the activity of the enzyme. These data demon-
strate that the increase in GUS expression observed in vivo
for those fusion constructs (i.e., the minimal Fed-1 iLRE-
uidA and complete Fed-1 iLRE-uidA constructs) was not a
result of an increase in the enzymatic activity of the fusion
protein. Moreover, the reduced activity of the GUS fusion
protein expressed from the complete Fed-1 iLRE-uidA con-
struct in vitro in Figures 4B and 4C suggests that the degree
of translational enhancement conferred by the complete
Fed-1 iLRE in vivo (as determined by the measurement of
GUS activity in Figure 4A) is underestimated by approxi-
mately fourfold; in other words, the complete Fed-1 iLRE
enhanced expression more than did the minimal Fed-1 iLRE.

If HSP101 is responsible for the translational enhance-
ment associated with the Fed-1 5’ leader or iLRE in plants,
then HSP101 must be expressed in the carrot cells used in
the in vivo analysis shown in Figure 4A. Protein gel blot anal-
ysis for HSP101, shown in Figure 6, confirmed that this was
indeed the case for the carrot protoplasts used and that the
level of HSP101 expression was moderately high because
a heat shock induced HSP101 expression by only two- to
threefold.

To dissect the regulatory effect of the Fed-1 iLRE on
translation and mRNA stability and examine whether the ef-
fect of the Fed-1 iLRE is independent of the reporter gene
used, control and Fed-1 iLRE—containing luciferase mRNA
constructs were synthesized in vitro and delivered to carrot
protoplasts. The leader was also divided in half, and each
half was introduced individually upstream of the luc coding
region. Figure 7A shows that the 5" and 3’ halves of the Fed-1
5’ leader increased luciferase expression relative to the con-
trol by 3.7- and 3.2-fold, respectively. Combining the 5’ and
3’ halves to form the Fed-1 5’ leader resulted in a 4.5-fold
increase in luciferase expression (Figure 7A). The observa-
tion that each half of the Fed-1 5’ leader increased expres-
sion almost as much as did their combined effect in the full
Fed-1 5’ leader suggests a possible functional redundancy
between the two halves of the leader. The presence of the
minimal Fed-1 iLRE (containing the 5’ leader plus five
codons) increased luciferase expression relative to the con-
trol construct by 5.7-fold (Figure 7A). When the complete
Fed-1 iLRE was tested as a translational fusion with the lu-
ciferase coding region, expression was substantially less
than that from the control construct (Figure 7A).

After heat stress in plants, a global repression of transla-
tion is imposed from which only a few transcripts, most no-
tably, heat shock mMRNAs, escape (Key et al., 1981; Gallie et
al., 1995). The 5’ leader of heat shock mRNAs is responsible
for their continued translational competence after a heat
stress (Pitto et al., 1992). The TMV 5’ leader (2) functions like
a heat shock 5’ leader in that its presence enables an mRNA
to escape the heat shock-mediated translational repression
(Pitto et al., 1992), behavior consistent with the function of
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Figure 7. The 5’ and 3’ Halves of the Fed-1 iLRE Are Partially Re-
dundant in Promoting Translation in Plant Protoplasts.

(A) and (B) Expression levels of luc reporter gene constructs con-
taining the Fed-1 5’ half, Fed-1 3’ half, full-length Fed-1 5’ leader,

HSP101 in mediating its translational enhancement (Wells et
al., 1998). If HSP101 mediates the translational regulation
associated with the Fed-1 iLRE in vivo, then the presence of
the Fed-1 iLRE in a transcript should enable the mRNA to
escape the translational repression that would ordinarily be
imposed by a heat shock in the absence of the regulatory el-
ement. To examine this possibility, we delivered the same
luc mRNAs that were delivered to carrot protoplasts in Fig-
ure 7A to carrot cells treated at 40°C for 1 hr and allowed
them to recover at 24°C for 1 hr before isolating the proto-
plasts and measuring the resulting amount of luciferase ex-
pressed after incubation (Figure 7B). Expression from the
control luc mRNA construct was repressed by more than an
order of magnitude in carrot cells subjected to heat shock
relative to expression from the same mRNA in non-heat-
shocked carrot cells (cf. expression from the control 5’
leader construct in Figures 7B and Figure 7A). In contrast,
expression from the luc mRNA constructs containing the
Fed-1 5’ leader or the minimal Fed-1 iLRE decreased
only minimally relative to the expression from these same
mRNAs in control cells, and expression from the luc mRNA
construct containing the complete Fed-1 iLRE actually in-
creased threefold in the heat-shocked cells (cf. expression
levels in Figures 7B and 7A). Thus, the presence of the Fed-1
iLRE, like €}, enables an mRNA to escape translational ther-
morepression. Interestingly, expression from the luc mRNA
construct containing the 5’ half of the Fed-1 5’ leader better
escaped translational repression in the heat-shocked proto-
plasts than did the construct containing the 3’ half of the
Fed-1 5’ leader, thus indicating a difference between the
two halves of the leader. The observation that the Fed-1
iLRE can confer translational competence to an mRNA un-
der heat shock conditions is consistent with the notion that
HSP101 may be responsible for the translational regulation
associated with the Fed-1 iLRE in vivo.

Similar to the observations made with the corresponding
GUS fusion construct, expression from the luc mRNA con-
struct containing the complete Fed-1 iLRE was significantly
lower than that observed for the other constructs (Figures
7A and 7B). To determine whether this reduction resulted

minimal Fed-1 iLRE (Fed-1 5’ leader plus five codons of the Fed-1
coding region), the complete Fed-1 iLRE (Fed-1 5’ leader plus 47
codons of the Fed-1 coding region), the vector control leader, or
Mock (plasmid vector alone) were compared in vivo for control (A)
and heat-shocked (B) carrot protoplasts after the delivery of in vitro—
synthesized mRNAs. The heat treatment in (B) was for 1 hr at 40°C
followed by 1 hr at 24°C.

(C) and (D) Expression of the constructs given above was compared
for control and heat-shocked protoplasts after their in vitro transla-
tion in wheat germ (C) or rabbit reticulocyte (D) lysate.

The error bars represent the standard error.
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Figure 8. Determination of the Stability of Fed-1 iLRE-Containing
mRNA Constructs in Transiently Transformed Protoplasts.

(A) The stability of mRNAs from the constructs given in Figure 7A
containing the vector control leader, the minimal Fed-1 iLRE, or the
complete Fed-1 iLRE was determined by RNA gel blot analysis after
delivery of the constructs into carrot protoplasts at the times indi-
cated below each lane. The amount of actin mRNA, which served as
an internal control, was also determined.

(B) and (C) For the in vitro translation assays using wheat germ (B)
or rabbit reticulocyte lysate (C), the amount of luciferase protein
(top) and mRNA (bottom) was determined by SDS-PAGE analysis of
the 3°S-Met—labeled protein and RNA gel blot analysis, respectively.
Protein expression from the in vitro-synthesized mRNAs was deter-
mined after 120 min of translation. Lanes 1, no RNA control; lanes 2,
luc containing a 30-nucleotide vector control leader; lanes 3, luc
containing the 5’ half of the Fed-1 5’ leader; lanes 4, luc containing
the 3’ half of the Fed-1 5’ leader; lanes 5, luc containing the Fed-1 5’
leader; lanes 6, the minimal Fed-1 iLRE translationally fused to the
luc coding region; and lanes 7, the complete Fed-1 iLRE translation-
ally fused to the luc coding region. Each experiment was repeated at
least three times.

HSP101 Regulates Fed-1 mRNA Translation 1221

from a reduction in luciferase enzyme activity, as had been
observed above with the GUS fusion construct, all of the luc
mMRNA constructs were translated in vitro in wheat germ
(Figure 8B) or rabbit reticulocyte (Figure 8C) lysate. Each luc
mMRNA construct was translated to a similar extent in vitro in
each lysate, and as expected, a larger protein product was
observed when the complete Fed-1 iLRE was translationally
fused to the luciferase coding region (Figures 8B and 8C,
lanes 7, Luc protein). The amounts of luciferase activity re-
sulting from the translation of each mRNA were also similar
in wheat germ or rabbit reticulocyte lysate (Figures 7C and
7D, respectively), except for the construct containing the
complete Fed-1 iLRE, for which expression was reduced by
2.3- and 2.6-fold, respectively, relative to the control luc
mRNA. This reduction accounted for only part of the low ac-
tivity resulting from this construct in vivo.

To determine whether the increased expression observed
in vivo for the minimal Fed-1 iLRE and the decreased ex-
pression observed in vivo for the complete Fed-1 iLRE (be-
yond what would be predicted from the effect of the N-terminal
fusion on luciferase enzyme activity) was a result of altered
mMRNA stability or translational efficiency, we measured the
half-life and extent of translation for the constructs contain-
ing the minimal Fed-1 iLRE, complete Fed-1 iLRE, or the
control leader in vivo. After mRNA delivery to carrot proto-
plasts, the physical mMRNA half-life could be determined by
measuring the rate of RNA decay in aliquots of cells har-
vested at various times (Figure 8A). The complete Fed-1
iLRE-luc mRNA decayed more rapidly (calculated half-life
[tos] of 45 min) than did either the minimal Fed-1 iLRE-luc
(to.5s 86 min) or control (to5 68 min) constructs (Figure 8A),
suggesting that the reduced expression from the complete
Fed-1 iLRE construct shown in Figure 7A resulted in part
from reduced RNA stability. The translational efficiency of
each mRNA was determined from the luciferase expression
curves (shown in Figure 9) obtained after mRNA delivery.
The minimal Fed-1 iLRE-luc mRNA construct was more rap-
idly recruited for translation than was the control; expression
from the construct was ~43-fold more than that from the
control only 25 min after mRNA delivery (Figure 9). Likewise,
expression from the luc mRNA containing the complete
Fed-1 ILRE was greater (by 3.25-fold) than that from the
control mRNA at this same interval, even without normaliz-
ing for the inhibitory effect of the 47-amino acid Fed-1
N-terminal fusion on luciferase enzyme activity. As Table 1
shows for both Fed-1 iLRE-containing constructs, the rate
of translation, as determined from the initial slope of each
expression curve shown in Figure 9, was greater than that
for the control (i.e., the minimal and complete Fed-1 iLRE-
luc constructs were 10.2- and 2.8-fold greater, respectively),
indicating that they were translated more efficiently. The
minimal Fed-1 iLRE-luc construct was translationally active
for >6 hr, whereas the control construct was translationally
active for ~4 to 6 hr (Figure 9), supporting the observation
made with the corresponding uidA constructs (see Figure
5A) and the luciferase physical measurements of t; 5 (Figure
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Figure 9. The Fed-1 iLRE Increases Translational Efficiency in
Plants.

Expression of luc reporter gene constructs containing the minimal
Fed-1iLRE (Fed-1 5’ leader plus five codons of the Fed-1 coding re-
gion), the complete Fed-1 iLRE (Fed-1 5’ leader plus 47 codons of
the Fed-1 coding region), or the vector control leader was deter-
mined over time in vivo in carrot protoplasts after the delivery of in
vitro—synthesized mRNAs. Aliquots of cells electroporated with
each construct were collected at various times after RNA delivery
and assayed for luciferase activity, which was plotted as a function
of the cell incubation time. The translational efficiency for each of the
constructs was measured from the maximum slope of each curve
(see Table 1). The results are representative of three independent
experiments. The error bars represent the standard error.

8A) that a moderate increase in mMRNA stability is conferred
by the minimal Fed-1 iLRE. The complete Fed-1 iLRE-luc
construct was translationally active for only 75 min, an ob-
servation confirming the physical t; 5 data that indicate that
the complete Fed-1 iLRE-luc construct is less stable than
the control. As a result of its shorter half-life, expression
from the luc mRNA containing the complete Fed-1 iLRE
ceased early. Consequently, the lower expression associ-
ated with the presence of the complete Fed-1 iLRE is in
part a result of reduced mRNA stability and in part an indi-
cation of the inhibitory effect of the Fed-1 N-terminal fusion
on luciferase enzyme activity. Because the minimal and
complete Fed-1 iLREs direct a more rapid initial rate of
translation than does the control, particularly when the dif-
ferences in mMRNA stability are taken into account, we can
conclude that both the minimal and complete Fed-1 iLREs
function to increase translational efficiency. Moreover,
these data indicate that the 5" and 3’ halves of the Fed-1 5’
leader exhibit some redundancy with regard to translational
enhancement.

HSP101 Is Expressed in Moderate Constitutive Amounts
under Nonstressed Conditions

If HSP101 mediates high translational activity from Fed-1
mRNA during light regulation, it would need to be expressed
in leaves, where Fed-1 expression and light regulation oc-
cur. As observed for other heat shock proteins, the expres-
sion of HSP101 is under developmental regulation such that
it is highly expressed in developing seed tissues (Singla et
al.,, 1997; T. Young, J. Ling, R.L. Tanguay, and D.R. Gallie,
unpublished data). Although expression of HSP101 was ob-
served in carrot protoplasts (Figure 6), this may have been a
consequence of establishing the culture as a cell suspen-
sion. To determine whether HSP101 is expressed in
unstressed leaves, we grew carrot and tobacco under non-
stress conditions (i.e., at 24°C). Expression of HSP101 was
observed at a moderate constitutive amount in nonstressed
carrot leaves (Figure 10A, lane 2), and as expected, thermal
stress at 41°C induced its expression (lane 3). HSP101 was
also expressed in tobacco, its expression being greatest in
young leaves and decreasing as the leaves expanded to
their mature size (Figure 10B). These data demonstrate that
HSP101 is expressed in moderate constitutive amounts in
nonstressed leaves and at a developmental stage during
which the bulk of protein synthesis occurs.

DISCUSSION

The light-mediated control of Fed-1 mRNA stability is an ex-
ample of a regulatory mechanism in which the amount of
translational activity functions as an integral component in
the regulation of mRNA turnover. Previous work had dem-
onstrated that most mutations that abolish Fed-1 light regu-
lation also reduce the association of Fed-1 mRNA with
polyribosomes (Dickey et al., 1998). Because a high level of
translation is required for Fed-1 mRNA light regulation, and
because of the sequence similarities between the Fed-1
iLRE and (), the 5’ leader of TMV mRNA, we examined
whether the Fed-1 iLRE might utilize the HSP101 transla-

Table 1. Effect of the Fed-1 iLRE on Translational Efficiency

Translational Efficiency? Relative Rate

mRNA (light units/min/mg Protein) of Translation
luc-Asg 1,083 1.0
Minimal Fed-1-luc-As, 11,000 10.2
Complete Fed-1-luc-As, 3,067 2.8

aData calculated from the initial slopes of the curves shown in Figure 9.
bValue does not take into account the reduced mRNA stability or in-
hibition of luciferase enzyme activity associated with this construct.
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Figure 10. Expression of HSP101 in Carrot and Tobacco Leaves
under Nonstressed Conditions.

Carrot and tobacco plants were grown at 24°C, and 10 p.g of total
leaf protein was resolved on a 10% SDS-polyacrylamide gel, trans-
ferred to a nitrocellulose membrane, and probed with anti-HSP101
antibodies.

(A) Control and heat-stressed (41°C for 1 hr) carrot leaves were ana-
lyzed. C, wheat germ extract; RT, room temperature leaves; HS,
heat-treated leaves.

(B) HSP101 expression was determined for consecutively older
leaves of tobacco plants beginning with leaves 1 inch long through
those with fully expanded leaves; for example, L1 is the youngest
and L6 is the first fully expanded leaf.

tional regulatory mechanism responsible for mediating the
translational enhancement conferred by (). The observa-
tions made in this study indicate that the 5’ leader compo-
nent rather than the coding region component of the Fed-1
iLRE binds HSP101, as illustrated in Figure 11. Moreover,
our observations suggest that the Fed-1 iLRE directs en-
hanced translation in yeast and plants through a mechanism
requiring HSP101.

Although the sequence preferences of HSP101 have not
been fully characterized, the HSP101 binding site within Q
was mapped to a poly(CAA) region. In this respect, we find it
interesting that two CA-rich sequences present in the Fed-1
iLRE exhibit only an auxiliary function in binding HSP101
(D.R. Wells and D.R. Gallie, unpublished observations).
However, one striking similarity between the Fed-1 5’ leader
and () is their low guanosine content (6 and 1.5%, respec-
tively) and a high adenosine-uridine content (70.5 and
77.6%, respectively). Some flexibility in the binding require-
ments of HSP101 would be expected if the protein has
evolved to regulate expression from multiple mRNAs and
does so on a competitive basis. Identification of additional
client mRNAs will be necessary to determine the range of
HSP101 binding preferences.

Despite evidence suggesting that HSP101 binds to the
Fed-1 iLRE, HSP101 may not be the only protein responsi-
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ble for the interaction with Fed-1 iLRE. Additional trans-act-
ing factors may be required because a high level of
translation from Fed-1 mRNA in vivo is not in itself sufficient
to confer the light regulation of its stability; for example, re-
placing the Fed-1 5’ leader with ) abolished its light regula-
tion, but the mRNA remained polysome associated (Dickey
et al., 1998). Consequently, if HSP101 is responsible for the
high level of translation from Fed-1 mRNA in vivo, one or
more factors may be required to control the stability of the
mRNA in response to light. However, the binding data do
support HSP101 as a likely candidate in mediating the in
vivo translational regulation conferred by the Fed-1 iLRE.

The functional requirement of HSP101 in mediating the
translational enhancement from the Fed-1 iLRE was demon-
strated in yeast by using an assay previously developed for
the analysis of the translational regulatory mechanism asso-
ciated with Q) (Wells et al., 1998). Expression of HSP101 in
yeast enhanced the translation of luciferase reporter mMRNA
in the presence of the Fed-1 iLRE but not in its absence. Be-
cause the Fed-1 iLRE failed to enhance the translation of
luciferase reporter mMRNA in the absence of HSP101 expres-
sion, the Fed-1 iLRE itself does not enhance translation.
In good agreement with the HSP101-mediated regulation of
()-containing constructs, we observed that HSP101 en-
hanced translation from a Fed-1 iLRE-containing mRNA un-
der conditions of rapid fermentative growth but not under
limiting growth conditions. The loss of HSP101 function dur-
ing conditions of limited nutrient availability was correlated
with a loss in its RNA binding activity (Wells et al., 1998) and
suggests that HSP101 binding is a prerequisite for the trans-
lational regulation in vivo.

The observations obtained from the yeast studies were
supported by the results obtained in carrot cells, in which
the 5’ leader component of Fed-1 iLRE functioned as a
translational enhancer (see Figure 11), demonstrating that
the Fed-1 iLRE directs a high amount of translation in vivo in
plants in addition to conferring light regulation. Definitive ev-
idence demonstrating that HSP101 is responsible for medi-
ating the in vivo translational enhancement exhibited by the
Fed-1 iLRE in plants (as it is responsible in yeast) will require
studies with mutants deficient in HSP101 expression. How-
ever, expression from a transcript containing the complete
Fed-1 iLRE did increase after heat shock, as did HSP101
expression—observations consistent with the notion that
HSP101 may be responsible for mediating the translation
regulation associated with the Fed-1 iLRE in vivo. A prereg-
uisite for such a HSP101-mediated mechanism in vivo is the
expression of HSP101 in leaves under nonstressed condi-
tions. HSP101 expression was observed at moderate con-
stitutive amounts in nonstressed carrot and tobacco leaves,
particularly in young leaves, in which protein synthesis is
most active (see Figure 10).

The Fed-1 iLRE did not increase expression when mRNAs
containing the element were translated in wheat germ lysate
containing HSP101. Our previous results demonstrated that
the HSP101-mediated enhancement conferred by () in wheat
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Figure 11. Functional Map of the Fed-1 iLRE.
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The complete Fed-1 iLRE is shown at bottom; the 5’ leader is indicated as a line, and the coding region component of the iLRE is indicated by
an open box. Above the appropriate regions of the iLRE are the elements involved in the light regulation of Fed-1 mRNA stability (from Dickey et
al., 1998), trans-acting factor binding, translational enhancement, and mRNA stability. Regions of primary importance are indicated with a thick
line, and those that might play an accessory role are indicated with a thin line.

germ lysate was only twofold (Tanguay and Gallie, 1996). Be-
cause of the abundance of the translation initiation factors
and the absence of endogenous mRNAs in wheat germ ly-
sate, translation in the lysate does not reflect the competitive
conditions that prevail in vivo. As a consequence, those ele-
ments of an mMRNA that are essential for efficient translation
in vivo, such as a 5’ cap structure or a poly(A) tail, increase
translation in wheat germ lysate by only a fewfold or less.
Therefore, under the noncompetitive conditions that prevail in
wheat germ lysate, the HSP101l-mediated recruitment of
translational machinery to an mRNA would be expected to
afford little competitive advantage.

In addition to the 5’ leader, the coding region component
of the Fed-1 iLRE also affected expression. Inclusion of the
N-terminal five codons (i.e., in the minimal Fed-1 iLRE) or 47
codons (i.e., in the complete Fed-1 iLRE) increased reporter
gene expression in protoplasts (see Figures 4 and 7) through
increasing the translational efficiency of the mRNAs (see
Figure 9). The minimal Fed-1 iLRE (the Fed-1 5’ leader plus
five codons) also reproducibly directed a higher steady state
amount of MRNA than that observed for the construct con-
taining the Fed-1 5’ leader alone—a finding that accounts
for part of the increased expression from reporter gene con-
structs containing this sequence (see Figure 9). This obser-
vation suggests that the sequence downstream of the
initiation codon representing the N-terminal five codons of
the Fed-1 coding region may be involved in positive regula-
tion of mMRNA stability (see Figure 11) and correlates with the
observation that alteration of the sequence downstream of
the Fed-1 initiation codon decreased or abolished the light
regulation of Fed-1 mRNA stability (Dickey et al., 1998). In-
terestingly, the complete Fed-1 iLRE (containing the 5’
leader plus 47 codons of the Fed-1 coding region) reduced
luciferase mMRNA stability measurably, suggesting that this
downstream sequence may regulate mRNA stability nega-
tively. The decreased mRNA stability of the construct con-

taining the complete Fed-1 iLRE was greater when mRNAs
(i.e., luc) rather than DNA-based (i.e., uidA) constructs were
delivered to plant protoplasts. One explanation for this may
be that the association of exogenously delivered mMRNAs
with RNA binding proteins involved in the regulation of RNA
stability may differ from that of endogenous mRNAs, which,
in turn, may influence the effect of the minimal and complete
Fed-1 iLREs on reporter mRNA stability.

How then might Fed-1 transcript stability be regulated?
The ty5 for Fed-1 mRNA in dark-treated plants is just 50%
(i.e., 1.2 hr) of that measured for the same mRNA in light-
treated plants (i.e., 2.4 hr) (Petracek et al., 1998). The obser-
vation that most mutations that abolish Fed-1 light regula-
tion result in an increase in Fed-1 mRNA abundance
specifically in dark-treated plants suggests that Fed-1
mRNA is an inherently stable mRNA that is subject to active
turnover in the dark. Suspension cells, however, such as
those used in this study, are not equivalent to light- or dark-
treated plants; the cultured cells used are not photosyn-
thetic and therefore are not light responsive, and the Fed-1
mRNA remains fully polysome associated in cultured cells
(Petracek et al., 2000). HSP101-mediated translational en-
hancement, on the other hand, is observed in both plants
and suspension cells (Gallie et al., 1989; Dowson Day et al.,
1993). In addition to the reduction in Fed-1 mRNA abun-
dance, dark treatment of leaves also results in a loss in the
active translation of Fed-1 mRNA and its association with
polysomes. The loss of Fed-1 association with polysomes in
leaves is not a result of a light-mediated reduction of the
translational regulatory function of HSP101; substituting (),
the HSP101-regulated 5’ leader of TMV, for the Fed-1 5’
leader caused the transcript to remain associated with poly-
somes even in the dark (Dickey et al., 1998).

One possible model for the translational regulation of
Fed-1 transcript stability is that after dark treatment, either
the binding of HSP101 to the Fed-1 iLRE or its activity



once bound may be modulated by additional regulatory
proteins. Dark-induced inhibition of HSP101 binding or
function by other trans-acting factors would provide the
means to reduce the translational activity of Fed-1 mRNA,
which, in turn, could lead to an increase in the susceptibil-
ity of this mRNA to attack by a specific nuclease that
would reduce the t, 5 observed for this mRNA. The fact that
no light regulation of mMRNA stability was observed when Q
was substituted for the Fed-1 leader supports the notion
that other factors are required to mediate the light regula-
tion of Fed-1 mRNA in dark-treated plants. The identifica-
tion, therefore, of HSP101 as the potential factor responsible
for regulating the translational activity of Fed-1 mRNA rep-
resents the first step in elucidating the light regulation of
Fed-1 mRNA stability.

METHODS

Plasmid Constructs and in Vitro RNA Synthesis

The 35S promoter-based uidA constructs and T7-based constructs
containing the Fed-1 5’ leader, minimal internal light-regulating ele-
ment (iLRE), or complete iLRE were described previously (Dickey et
al., 1992), as were the T7-based constructs containing  or control
sequences (Leathers et al., 1993). The DNA concentration was quan-
tified spectrophotometrically after linearization and adjusted to 0.5
mg/mL. In vitro transcription was performed as previously described
(Yisraeli and Melton, 1989), with 40 mM Tris-HCI, pH 7.5, containing
6 mM MgCl,, 100 ng/mL BSA, 0.5 mM each of ATP, CTP, UTP, and
GTP, 10 mM DTT, 0.3 unit/pL RNasin (Promega), and 0.5 unit/pL T7
RNA polymerase. Radiolabeled probes were made as uncapped
RNAs by using either 32P-ATP or 32P-CTP, and the full-length tran-
scripts were resolved and electroeluted from 4% polyacrylamide
gels. Quantitation of RNA yields were determined spectrophotomet-
rically. Capped B-glucuronidase (GUS) or luciferase (luc) mRNA con-
structs were synthesized under the same conditions, except that 1
mM m’GpppG was added to the transcription reaction in which the
GTP concentration had been reduced to 0.167 mM.

The tobacco HSP101 cDNA was introduced into the BamHI/Notl
sites of pYES2 (Invitrogen Corp., Carlsbad, CA) in which HSP101 ex-
pression is under the control of the GAL1 promoter. The cDNA was
also introduced into the BamHI site of pYX232 (Novagen, Inc., Mad-
ison, WI), in which HSP101 expression is under the control of the
triose phosphate isomerase (TPI) promoter. luc or Q-luc was intro-
duced into the Hindlll/BamH]I sites of pYES2. SL304A was trans-
formed with plasmid constructs by using the polyethylene glycol/LiCl
method, as described elsewhere (Hill et al., 1991; Gietz et al., 1992).

RNA Gel Shift Assay

For the binding reactions, 1 ng of radiolabeled RNA and crude ex-
tract or fractions enriched for HSP101 were used in a 14-pL reaction
volume containing 10 mM Tris, pH 7.5, 35 mM KCI, 1.0 mM MgCl,,
5% glycerol, 1 mM DTT, 0.7 mg/mL total yeast RNA, and 0.5 unit/u.L
RNasin. After 15 min of incubation at 4°C, heparin was added to a
concentration of 5 mg/mL, and the mixture was incubated for an ad-
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ditional 10 min. The RNA-protein complexes were resolved on native
3.5% polyacrylamide gels, dried, and analyzed by autoradiography.
The extent of complex formation was quantitated by using Phosphor-
Image analysis.

Translational Enhancement Assay in Yeast

For the analysis of the Fed-1 iLRE function during yeast growth,
SL304A (leu2-3,112 trp1-1 ura3-1 ade2-1 his3-11,15 lys2 Acan1-100
hsp104::LEU2) (Schirmer et al., 1994), a Ahsp104 yeast mutant (gen-
erously provided by Dr. Susan Lindquist, University of Chicago), was
transformed with pTPI-HSP101 (tobacco HSP101 in pYX232) and
PGAL1-Q-luc or pGAL1-luc and grown in synthetic medium contain-
ing the appropriate supplements. Overnight yeast cultures grown in ei-
ther synthetic medium were diluted to the indicated optical density
into fresh medium, and samples were taken at various intervals during
their subsequent growth for luciferase assays.

mRNA Delivery

For mRNA delivery to yeast spheroplasts by electroporation, SL304A
containing pGAL-HSP101 was grown to midlogarithmic phase in
synthetic galactose (2%) medium, electroporated as described
(Everett and Gallie, 1992), and incubated for 4 hr before being har-
vested for analysis. Luciferase assays were performed as described
elsewhere (Tanguay and Gallie, 1996). Six replicate samples of each
mRNA delivered to yeast were assayed, each in duplicate.

Protoplasts were isolated from carrot (RCWC) cell suspension by
digestion with 0.25% CELF cellulase (Worthington Biochemical
Corp., Freehold, NJ), 1% cytolase, 0.05% pectolyase Y23, 0.5%
BSA, and 7 mM B-mercaptoethanol in protoplast isolation buffer (12
mM sodium acetate, pH 5.8, 50 mM CacCl,, and 0.25 M mannitol) for
90 to 120 min. Protoplasts were washed with protoplast isolation
buffer followed by electroporation buffer (10 mM Hepes, pH 7.2, 130
mM KCI, 10 mM NaCl, 4 mM CacCl,, and 0.2 M mannitol), and then
they were resuspended in electroporation buffer to ~108 cells/mL.
For the heat shock experiment, carrot suspension cells were treated
at 40°C for 1 hr and allowed to recover at 24°C for 1 hr before isolat-
ing the protoplasts as described above. Equal amounts of mMRNAs
(~2.5 ng) were added to 400 pL of cell suspension immediately before
electroporation (250 pF, 300 V, 0.2-mm-gap electrode) with an IBI
GeneZapper (New Haven, CT). The electroporated cells were incu-
bated in protoplast growth media (Murashige and Skoog salts
[Murashige and Skoog, 1962], pH 5.8, 30 g/L sucrose, 100 mg/L
myo-inositol, 0.1 mg/L 2,4-dichlorophenoxyacetic acid, 1.3 mg/L nia-
cin, 0.25 mg/L thiamine, 0.25 mg/L pyridoxine, and 0.25 mg/L calcium
pantothenate) supplemented with 20% (v/v) of culture in medium
(protoplast growth medium conditioned with carrot cells for 3 days)
overnight before assaying for reporter gene activity. For each exper-
iment, an mRNA was delivered to triplicate samples of protoplasts,
and each sample was assayed in duplicate. Each experiment was re-
peated at least three times.

In Vitro Translation
Equal amounts of mRNA were translated by using wheat germ and

rabbit reticulocyte lysate, as described by the manufacturer (Promega),
and radiolabeled methionine. After translation, 3-uL aliquots were
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analyzed for protein yield following resolution on SDS-polyacryl-
amide gels and exposure to film. Aliquots were also assayed for GUS
or luciferase activity, as described below. Each mRNA construct was
translated in triplicate, and each in vitro translation was assayed in
duplicate.

Luciferase and GUS Assays

Carrot protoplast extracts or in vitro translation lysates were added
to luciferase assay buffer (25 mM Tris, pH 8.0, 5 mM MgCl,, and 0.1
mM EDTA supplemented with 33.3 mM DTT, 270 puM CoA, and 500
wM ATP), and after injection of 0.5 mM luciferin into the reaction mix-
ture, they were assayed for luciferase activity with a Monolight 2010
Luminometer (Analytical Luminescence Laboratory, San Diego, CA).

GUS activity was assayed in a 100-pL reaction mixture, as de-
scribed elsewhere (Gallie et al., 1989), with 1 mM 4-methylumbel-
liferyl-B-D-glucuronide as the substrate. After incubation for 30 min
at 37°C, the reaction was terminated by addition of 900 pL of 0.2 M
NaCO,. The amount of the fluorescent product in each assay was
measured with a TKO 100 fluorometer (Hoefer Scientific Inc., San
Francisco, CA), using excitation at 365 nm and emission at 455 nm.

RNA Gel Blot Analysis

Total RNA was extracted from protoplasts into which DNA or RNA con-
structs had been introduced, as described elsewhere (Chomczynski
and Sacchi, 1987). For experiments to determine physical mRNA
half-life, poly(A)* mRNA was isolated by using binding to oligo dT
resin. The RNA was displayed on a denaturing formaldehyde-aga-
rose gel, transferred to nylon membrane, and probed with in vitro-
synthesized, radiolabeled anti-luc or anti-uidA RNA. For wheat germ
and rabbit reticulocyte lysate programmed with in vitro—-synthesized
mRNA, equivalent aliquots were loaded on a denaturing gel and pro-
cessed similarly.
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