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HSP101 tunctions as a specitic
translational regulatory protein whose
activity is regulated by nutrient status

Douglas R. Wells,! Robert L. Tanguay,"” Hanh Le,' and Daniel R. Gallie'”?

'Department of Biochemistry, University of California, Riverside, California 92521-0129 USA

The 5’ leader (Q) of tobacco mosaic viral RNA functions as a translational enhancer. Sequence analysis of a
102-kD protein, identified previously as a specific & RNA-binding protein, revealed homology to the
HSP101/HSP104/ClpB family of heat shock proteins and its expression in yeast complemented a
thermotolerance defect caused by a deletion of the HSP104 gene. Up to a 50-fold increase in the translation of
Q-luc, but not luc mRNA was observed in yeast expressing the tobacco HSP101 whereas Q failed to enhance
translation in the absence of HSP101. Therefore, HSP101 and O comprise a two-component translational
regulatory mechanism that can be recapitulated in yeast. Analysis of HSP101 function in yeast translation
mutants suggested that the initiation factor (eIF) 3 and specifically one (TIF4632) of the two eIFAG proteins
were required for the HSP101-mediated enhancement. The RNA-binding and translational regulatory activities
of HSP101 were inactive in respiring cells or in cells subject to nutrient limitation, but its thermotolerance
function remained unaffected. This is the first identification of a protein required for specific translational
enhancement of capped mRNAs, the first report of a translational regulatory function for any heat-shock
protein, and the first functional distinction between the two eIF4G proteins present in eukaryotes.

[Key Words: HSP101; translation initiation; protein synthesis; RNA-binding protein]
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There is now substantial evidence showing the impor-
tant regulatory role that an mRNA 5’ leader can play
during translation in eukaryotes. In addition to struc-
tural features, such as its length (Kozak 1988; Gallie and
Walbot 1992) and higher order structure (Pelletier and
Sonenberg 1985), the presence of cis-acting regulatory
elements in a leader have been shown to influence pro-
tein synthesis including those present within ferritin
mRNA (for review, see Rouault et al. 1996), GCN4
mRNA (for review, see Hinnebusch 1996) and picorna-
viruses (for review, see Ehrenfeld 1996). In each of these
examples, the 5’ leader serves as a regulator that enables
translation to occur only under certain cellular condi-
tions.

Tobacco mosaic virus (TMV) is a single-stranded, posi-
tive-sense RNA virus for which the genomic RNA serves
as an efficiently translated mRNA. The 68-nucleotide 5’
leader (known as Q) is responsible, in part, for the effi-
cient translation of TMV mRNA and is distinguished by
the absence of guanosine residues and a central poly-
(CAA) region required for the stimulation of translation
(Gallie et al. 1987a,b; Gallie and Walbot 1992). A model
frequently proposed to explain the translational en-
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hancement afforded by Q posits that the lack of second-
ary structure within the leader, in itself, facilitates 40S
subunit scanning and thereby reduces the requirement
for initiation factors (eIFs), such as eIF4E or eIF4A (Sleat
et al. 1988; Altmann et al. 1990a,b, 1997; Kozak 1991,
1992, 1994). This model predicts that Q functions pas-
sively by presenting no barrier to 40S ribosomal subunits
as they scan the 5' leader in search of the initiation
codon. In contrast, an active mechanism requiring a
trans-acting factor that would specifically bind Q and
actively mediate the regulation from this sequence was
suggested by the identification of the 25 nucleotide poly-
(CAA) sequence within ) as the essential subsequence
for translational enhancement (Gallie and Walbot 1992).
As Q does not require any other viral sequence or protein
to enhance translation, such a trans-acting factor would
have to be cellular in origin. Previously, we reported that
a 102-kD protein (pl02) was an RNA-binding protein
that binds to Q) within the poly(CAA) subsequence re-
sponsible for translational enhancement (Leathers et al.
1993; Tanguay and Gallie 1996). RNA-binding assays
and Western analysis revealed that p102 is a conserved
RNA-binding protein throughout the higher plant king-
dom (Tanguay and Gallie 1996).

In this study, we show that the 102-kD Q-binding pro-
tein is the heat shock protein, HSP101. Expression of
wheat or tobacco ¢cDNAs encoding HSP101 not only
complemented the thermotolerance defect in a yeast
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hsp104 null mutant but also mediated up to a 50-fold
increase in translation specifically from Q-containing
mRNAs. The translation initiation factor eIF3 and spe-
cifically one of the two yeast e[F4Gs (i.e., TIF4632) was
required for the HSP10l-mediated enhancement of
translation. HSP101 activity was repressed following
transient or severe amino acid starvation, in respiring
cells, or during late-exponential growth/early stationary
phase when the reduced availability of nutrients results
in metabolic changes required for the successful entry
into the stationary phase. As amino acid starvation or
respiration failed to support HSP101 translational regu-
latory activity, these data suggest that the function of
HSP101 during translation is itself subject to regulation
by the nutrient status of the cell.

Results

Identification of p102 from wheat and tobacco
as HSP101

p102 was purified from wheat and tobacco on the basis of
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its ability to bind  RNA as described previously (Tan-
guay and Gallie 1996). Several regions of amino acid se-
quence were obtained through peptide sequencing that
were identical or highly similar to HSP101 from Arabi-
dopsis (Schirmer et al. 1994), soybean (Lee et al. 1994,
and to a lesser extent, to yeast Hspl04 (Parsell et al.
1991). Regions designated with asterisks in Figure 1 rep-
resent the five peptide sequences obtained. Full-length
cDNAs encoding the wheat and tobacco 102-kD proteins
were obtained by expression screening of wheat and to-
bacco heat shock ¢cDNA libraries by use of anti-p102
antibodies. The predicted amino acid sequence from
each cDNA was aligned with known homologs (Fig. 1).
The tobacco HSP101 (101,141 kD; encoded by
NtHSP101: Nicotiana tabacum HSP101) is 84.8%,
86.3%, and 46.5% identical to the Arabidopsis, soybean,
and yeast homologs, whereas the wheat HSP101
(100,337 kD; encoded by TaHSP101: Triticum aestivum
HSP101) is 68.4%, 67.1%, and 39.8% identical to these
same proteins, respectlvely, and is 68.5% identical to the
tobacco HSP101. The peptide sequences obtained from
the purified pl102 proteins were identical to the corre-

KRAR R KA R R R

Figure 1. The predicted amino acid se-
quence of the tobacco and wheat cDNAs
encoding HSP101 and their homology with
Arabidopsis (Schirmer et al. 1994), soybean
(Lee et al. 1994), and yeast (Parsell et al.
1991) homologs. Regions of homology be-
tween the proteins are shaded in black
when conserved in at least three of the five
proteins. The peptide sequences obtained
from amino acid sequencing of the purified
wheat and tobacco p102 proteins are indi-
cated by asterisks. The tobacco and wheat
c¢DNA sequences were deposited into Gen-
Bank as accession nos. AF083343 and
AF083344, respectively.
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sponding regions in the predicted sequence of the to-
bacco or wheat HSP101 proteins.

To determine whether the isolated cDNAs encoded
functional HSP101, each was placed under the control of
the GAL1 promoter in the yeast expression vector,
pYES2, the resulting constructs introduced into the
Ahsp104 strain, SL304A, and early exponential cells
grown in synthetic galactose medium (SGM) were tested
for thermotolerance as described previously for yeast
Hsp104 (Parsell et al. 1991). SL304A(pYS104), containing
the wild-type yeast HSP104, was used as the positive
control, whereas SL304A(pYES2) served as the negative
control. NtHSP101 complemented the Ahsp104 mutant
(Fig. 2A) to the same extent observed for Arabidopsis and
soybean HSP101 (Lee et al. 1994; Schirmer et al. 1994).
TaHSP101 also partially complemented the Ahsp104
mutant (Fig. 2A). NtHSP101 expression was required for
thermotolerance as complementation was observed in
SL304A(pGALI-NtHSP101) grown in SGM but not in
glucose [synthetic medium containing dextrose (SDM]]
or raffinose-containing media, which repress GALI pro-
moter activity (Fig. 2B). Expression of NtHSP101 also
conferred a high degree of thermotolerance in late-expo-
nential/early stationary cells (Fig. 2C). These data show
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Figure 2. pl02 from tobacco and wheat is a functional HSP101
that complements a thermotolerance defect in yeast. (A)
SL304A, the hsp104 mutant containing pGALI-NtHSP101 or
PGAL1-TaHSP101, was grown to an early exponential stage in
SGM (an OD of 0.06 or 1.8 x 10° cells/ml) prior to assaying for
thermotolerance. The expression vector, pYES2, was used as a
negative control and pYS104, containing HSP104, was used as a
positive control. The percentage of survival at 50°C was plotted
as a function of the length of treatment. (B) SL304A(pGALI-
NtHSP101) was grown in galactose, glucose, or raffinose prior to
assaying for thermotolerance. SL304A(pYES2) grown in galac-
tose was included as a negative control. (C) Thermotolerance
conferred by tobacco HSP101 in late-exponential yeast (an OD
of 1.2 or 3.6 x 107 cells/ml) was examined.
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that the tobacco and wheat ¢cDNAs encode functional
HSP101.

HSP101 specifically enhances translation
from Q-containing mRNA

As Q does not enhance translation in yeast (Everett and
Gallie 1992; van den Heuval and Raue 1992), we exam-
ined whether NtHSP101 was sufficient to mediate the
translational enhancement from € in this species.
pPGALI-NtHSP101 (NtHSP101 under the control of the
GAL1 promoter) and either pTPI-Iuc or pTPI-Q-luc (luc
and Q-Iuc under the control of the constitutively active
triose phosphate isomerase (TPI) promoter) were intro-
duced into SL304A (Fig. 3A). SL304A(pYES2) with either
pTPI-luc or pTPI-Q-luc served as a negative control (Fig.
3A, bottom). Luciferase assays were performed to mea-
sure the level of expression from pTPI-Iuc and pTPI-Q-
Iuc in the presence or absence of NtHSP101. Expression
during growth was measured as light units per OD unit
of yeast to normalize the luciferase expression to the
same number of cells regardless of the growth phase. To
quantitate the degree of NtHSP101 translational regula-
tory function, the expression ratio of translation from
the Q-luc versus Iuc construct (i.e., Q-luc/luc) was cal-
culated and included below each graph (Fig. 3A). There-
fore, the expression ratio is a measure of NtHSP101 ac-
tivity independent of any differences in absolute expres-
sion caused by differences in strains, medium
conditions, or growth phase. Although expression from
the luc construct appears low when plotted together
with expression from the Q-luc construct (Fig. 3A), it is
typically 10,000-20,000 light units per sample depending
on the medium conditions, and there is no detectable
background luciferase activity in yeast. In addition to the
graphical representation of Q-luc and Iuc expression, the
actual expression values from each used to calculate the
expression ratio are included below each graph. As sta-
tionary cells were used to initiate the experiment, a char-
acteristic lag phase in cell growth (observed in the OD of
the growth curves in Fig. 3A) during the first hour after
transfer to fresh medium was observed. Expression from
Q-luc was substantially higher (up to 19-fold) than the
Iuc control in exponentially growing cells grown in ga-
lactose medium (NtHSP101 expression induced) (Fig.
3A, top) but not in cells grown in glucose (NtHSP101
expression repressed) (Fig. 3A, middle). Expression from
the control luc mRNA remained unaffected by
NtHSP101 expression (compare expression from Juc
mRNA in Fig. 3A, top and bottom) and expression from
QO-luc and luc were equivalent in the absence of
NtHSP101 (Fig. 3A, bottom). NtHSP101 expression (Fig.
3B, middle) and RNA-binding activity (Fig. 3B, top) were
observed in yeast grown in SGM (GAL1 promoter active)
but not SDM (GAL1 promoter inactive), which correlate
with the presence or absence of translational enhance-
ment observed from Q-luc (Fig. 3A, top and middle, re-
spectively). Only one shifted complex was observed in
each case, whereas binding of purified TaHSP101 to
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Figure 3. NtHSP101 specifically enhanc-
esexpression from an mRNA when Q is
present as the 5 leader. (A) Expression
from pTPI-Q-luc (@) or pTPI-luc (O) was
followed in SL304A transformed with
pPGALI-NtHSP101 (top and middle) or
pYES2 (bottom) to examine the regula-
tory role of NtHSP101 during transla-
tion. Transformants were first grown to
late-exponential stage (whereupon ex-
pression from pTPI-Q-luc and pTPI-luc
was equivalent) and then inoculated into
synthetic galactose medium (top and
bottom) or synthetic dextrose medium
(middle) at the zero time point. Lucifer-
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ase expression was measured at time
points during the growth cycle, normal-
ized to the OD (right) during growth. The
expression from pGALI-Q-luc, pGALI-
luc, and their expression ratio (i.e.,
NtHSP101 activity as indicated by the
ratio, Q-luc/luc) are shown below each

2GS panel. (B) Tobacco and wheat HSP101 re-
tain RNA-binding activity when ex-

pressed in yeast. (Top) SL304A contain-

= 7| ing pGALI-NtHSP101 or pGALI-

- TaHSP101 were grown in galactose or

glucose and crude extracts used in RNA

gel shift binding assays with radiolabeled

QO RNA. SL304A(pYES2) was used as a
negative control and purified HSP101
was included as a positive control.
(Middle) Western analysis of crude ex-
tracts from SL304A (containing either
pPGALI-NtHSP101, pGALI1-TaHSP101,
or pYES2) by use of anti-p102 (i.e., anti-
HSP101) antibodies. The lanes corre-
spond to the extracts as indicated at top.
The lower molecular weight bands in

BB IGI

lane 1 are degradation products of HSP101 that are observed when a high level of the purified protein is analyzed. (Bottom) Titration
of HSP101 protein in the  RNA gel shift binding assay. The concentration of purified HSP101 used in each binding reaction was
decreased twofold in each succeeding lane, whereas the concentration of 0 RNA was held constant.

resulted in the appearance of two shifted bands, which is
typically observed when a high level of this protein is
used (Fig. 3B, bottom; Tanguay and Gallie 1996).

The preferential translation of Q-luc mRNA observed
in Figure 3A initiated as the cells left stationary phase,
persisted at an elevated level until the mid-exponential
phase, whereupon its preferential translation progres-
sively decreased as cell growth slowed during the late-
exponential /early stationary phase of growth. This
slower growth during the late-exponential phase is
caused by depletion from the medium of nutrients that
are required for growth. As synthetic medium contains
only limited nutrients, growth under these conditions
slows substantially once an OD of 0.7 is reached. To
examine whether the preferential translation of Q-luc
mRNA mediated by NtHSP101 is regulated by nutrient
availability, SL304A(pTPI-NtHSP101) or SL304A(pYX232)
containing either pGALI-Q-Iuc or pGALI1-luc (which con-
tains the 5’ leader of GAL1 instead of ()) were grown in a
synthetic (SGM) or rich [yeast extract/peptone/galactose

(YPG)] medium (Fig. 4). Exponentially growing cells were
used to inoculate each medium to eliminate the lag phase
to show that the preferential translation from Q-luc
mRNA in cells expressing NtHSP101 can be observed from
the earliest time point following transfer to fresh medium
(Fig. 4, top). In SGM, the expression ratio (i.e., translation
from Q-luc versus luc mRNA) declined to 1 as the OD
reached 0.9 as observed in Figure 3A, top, whereas in YPG
this did not occur until the OD reached 7. Expression from
PGALI-luc in yeast expressing NtHSP101 was equivalent
to expression from this same construct in the absence of
NtHSP101 (Fig. 4, bottom). The richer nature of the YPG
medium permitted cell growth to continue to a higher den-
sity, but as observed with growth in SGM, the loss in the
preferential translation from Q-luc mRNA in cells express-
ing NtHSP101 occurred prior to the onset of slower growth
because of the eventual depletion of nutrients from the
medium. In YPG, translation from Q-Iuc dropped >60-fold
between 9 and 17 hr of growth (Fig. 4, top right), whereas
less than an [2-fold drop in expression was observed from
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Figure 4. Growth in rich medium sup-
ports HSP101 activity to higher cell den-
sity. (Top) SL304A(pTPI-NtHSP101) and
(bottom) SL304A(pYX232) containing ei-
ther pGALI-Q-luc (®) or the GAL1 5’
leader construct, pGALI-luc (O), were
grown in SGM (left) or YPG medium
(right). The OD of the cultures is indicated
at right. Luciferase expression was normal-
ized to the OD and plotted as a function of
the growth phase. The expression from
PGALI-Q-luc, pGALI-luc, and their ex-
pression ratio (i.e., NtHSP101 activity as
indicated by the ratio, Q-luc/luc) are

shown below each panel.

Iuc during the same period. The decline in expression from
PGALI1-Q-luc during late-exponential growth in SGM was
not observed for pGALI-luc, from which expression actu-
ally increased (see Fig. 3A or Fig. 4, left). These data suggest
that the decline in expression from Q-luc mRNA in late-
exponential/early stationary cells was largely specific to Q)
and suggest that NtHSP101 may itself be regulated by nu-

trient availability.

The loss in preferential translation from Q-luc mRNA
during late-exponential growth might result from a re-
duction in the level of NtHSP101, a reduction in its ac-
tivity, or a selective reduction in the level of Q-luc
mRNA relative to luc mRNA. Western analysis of yeast
expressing NtHSP101 at different points in the growth
cycle ranging from an OD of 0.2 to 3.0 revealed no sig-
nificant change in the level of NtHSP101 (Fig. 5A) show-
ing that the loss in the NtHSP101-mediated enhance-
ment during late-exponential growth cannot be ex-
plained by a change in the level of NtHSP101 expression.
Moreover, Northern analysis of the level of Q-luc and luc
mRNAs in yeast expressing NtHSP101 during stages in
the growth cycle revealed no differences in their relative

amounts (Fig. 5C).

The enhancing effect of NtHSP101 on expression from
Q-Iuc mRNA cannot be explained by a selective, chap-
erone-mediated alteration of the stability of luciferase
protein because the protein produced from Q-luc and Iuc
mRNA is identical. Moreover, expression from luc
mRNA is unaffected by NtHSP101 (see Figs. 3A and 4)
showing that NtHSP101 does not alter luciferase protein
stability, activity, or affect overall cellular translational
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activity through any indirect chaperone-mediated func-
tion. That NtHSP101 does not affect luciferase turnover
synthesized from either Q-luc and luc mRNAs was con-
firmed by the analysis of the stability of luciferase when
synthesized in the presence or absence of NtHSP101
(Fig. 5D). Expression from pGALI-Iuc or pGALI-Q-luc
was measured in either SL304A(pTPI-NtHSP101) or

SL304A(pYX232) following their shift from galactose to

glucose medium to repress the further synthesis of Q-luc
and Juc mRNAs. No difference in the rate of loss of lu-
ciferase activity following transcriptional repression was
detected between either mRNA regardless of whether
NtHSP101 was expressed or not. However, these data do
show that luciferase protein has a relatively short half-
life (a maximum value of 35 min), showing the utility of
Iuc as a reporter gene in examining rapid changes in gene
expression in yeast.

Although no alteration in NtHSP101 protein level was
observed during growth, the loss of translational en-
hancement mediated by NtHSP101 did correlate with a
progressive loss in its RNA-binding activity (Fig. 5B).
RNA-binding activity was observed in extracts prepared

from early exponential SL304A(pTPI-NtHSP101) cells

grown in SGM (Fig. 5B, lane 3). RNA-binding activity
decreased in cells approaching the late-exponential
stage: at an OD of 0.4, only 50% of RN A-binding activity
remained relative to the activity present in cells at an
OD of 0.1 and only 10% remained at an OD of 0.6 (Fig.
5B, lanes 3-6). No binding activity was observed follow-
ing further growth (Fig. 5B, lanes 7,8). As the loss in
NtHSP101 RNA-binding activity at an OD correspond-
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Figure 5. HSP101 RNA-binding activ-
ity is regulated during yeast growth
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cells grown in SGM. Total RNA was
used for the analysis and in vitro-synthe-
sized luc mRNA (lane 1) was included to

indicate the size of the mRNA. The OD of the cells and expression ratio (i.e., translation from Q-Iuc relative to luc mRNA) is indicated
below each pair of lanes representing each growth stage examined. (D) The effect of NtHSP101 on luciferase protein stability was
determined by switching early exponential SL304A(pTPI-NtHSP101, O,®) or SL304A(pYX232, U], M) containing either pGALI-Q-luc
or pGALI-luc from SGM to SDM and the level of luciferase measured at time points following the transcriptional repression of the
GALI1 promoter. Equal volumes of cell culture were used for the measurements to account for the dilution of luciferase protein during
cell growth and division. The amount of luciferase activity is shown relative to the level (defined as 100%) present in the cells

immediately following introduction into SDM.

ing to the late-exponential phase correlated with the loss
of preferential translation at this same stage from Q-luc
mRNA in cells expressing NtHSP101 (see Fig. 4, top,
left), these data suggest that the loss in NtHSP101 regu-
latory activity during late-exponential growth may be a
result of the loss of RNA-binding activity (also see be-
low).

HSP101 functions through a poly(A)
tail-independent mechanism

The role of the poly(A)-binding protein (PABP)/poly(A)
tail during translational initiation has been shown in
yeast and higher eukaryotes (Le et al. 1997; Tarun et al.
1997; Craig et al. 1998). To examine whether NtHSP101
regulatory function requires the poly(A) tail, translation
from poly(A)*" versus poly(A)~ Iuc and Q-luc mRNAs was
compared in SL304A(pGALI-NtHSP101). As poly(A)”
mRNAs cannot be produced in vivo, in vitro-synthe-
sized, capped Q-luc-A,,, luc-As,, Q-Iuc, and luc mRNAs
were delivered by use of electroporation. The presence of
a poly(A) tail increased expression as expected (Fig. 6A,
cf. top and middle and note the difference in scale) and
NtHSP101 increased expression from Q-Iuc regardless of
whether the mRNA was polyadenylated or not (Fig. 6A)

or terminated in the 204 nucleotide 3'UTR of TMV (Fig.
6A, bottom)|, which itself serves as a translational en-
hancer (Gallie and Walbot 1990; Leathers et al. 1993).
These data suggest that the mechanism by which
NtHSP101 enhances translation is independent of 3’
regulatory elements.

To determine whether the translational regulatory
function of NtHSP101 is unique to this protein, the
wheat homolog (TaHSP101) was expressed from the
GAL1 promoter in the pYES2 vector in yeast. Capped
Q-luc-A5y and Tuc-A;, mRNAs were then delivered by
use of electroporation and the degree of enhancement
conferred by TaHSP101 was compared with that medi-
ated by NtHSP101 (Fig. 6B). TaHSP101 enhanced trans-
lation specifically from Q-luc-A;, mRNA as observed
with NtHSP101, although the degree of enhancement
was reduced compared with NtHSP101. This reduced en-
hancement conferred by wheat HSP101 is in good agree-
ment with our previous observation that () enhances
translation less in monocot versus dicot plants (Gallie et
al. 1989) and also correlated with its lower-binding affin-
ity for Q relative to NtHSP101 (see Fig. 3B, lane 7, top).
The translation regulatory activity exhibited by
TaHSP101 shows that this function is not unique to
NtHSP101.
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Figure 6. HSP101 enhancement is specific
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lation from TEV 5’ leader-containing mRNA. TEV-luc-Azg, Q-luc-Ag, or Iuc-A;o mRNAs were electroporated into SL304A containing
either pPGAL1-NtHSP101 or pYES2. Expression is shown relative to the level obtained from each construct in SL304A(pYES2).

Delivery of Q-luc-As, and luc-A;, mRNAs to yeast
also allows analysis of NtHSP101 translational regula-
tory function independent of nuclear steps during gene
expression. Following delivery of the mRNAs into SGM-
grown, SL304A(pGALI-NtHSP101) cells, the rate of lu-
ciferase accumulation functions as a measure of their
respective translation efficiencies and the period of time
over which the mRNAs are translationally active is a
measure of their relative stabilities (Fig. 6C). The rate of
translation from Q-luc-A,, mRNA was sevenfold higher
than for Iuc-A;, mRNA, whereas both mRNAs were
translationally active for the same period of time ([¥5
min). The extent of enhancement of the rate of transla-
tion correlates well with the end-point expression mea-
surements (Fig. 6A).

As shown in Figure 4, NtHSP101 failed to enhance
translation from the control Juc construct containing the
GAL1 5' leader. To examine whether NtHSP101 medi-
ates translational regulation from a second, but unre-
lated, viral 5’ leader sequence known to regulate trans-
lation, a luc construct containing the leader from to-
bacco etch virus (TEV), which is naturally uncapped
and confers cap-independent translation (Carrington
and Freed 1990; Gallie et al. 1995), was delivered as
uncapped mRNA to SL304A(pGALI-NtHSP101) and
SL304A(pYES2). Translation from the TEV-luc mRNA
was virtually unaffected by NtHSP101 (Fig. 6D) as ob-
served for the luc control construct, whereas translation
increased 10-fold when Q was present as the leader of
uncapped luc mRNA in cells expressing NtHSP101. The
failure of NtHSP101 to regulate translation from the
TEV 5’ leader correlated with the low-binding affinity
that NtHSP101 exhibited for this leader (data not
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shown). These data show that NtHSP101 does not en-
hance translation from a second but unrelated viral 5’
leader. Moreover, these data show that NtHSP101 regu-
latory function is not dependent on the presence of a 5’
cap as translational enhancement was observed from the
Q) construct even when uncapped.

NtHSP101 activity is regulated by the nutrient status
of the cell

The loss in NtHSP101 RNA-binding activity and the cor-
responding loss in preferential translation of Q-luc
mRNA during late-exponential/early stationary phase
growth suggests that NtHSP101 activity may be regu-
lated by either the depletion of an essential nutrient
from the medium or a result of the change from fermen-
tation to respiration that characterizes the transition to
the stationary phase. To examine whether the onset of
the loss in NtHSP101 activity can be triggered prema-
turely by the limitation of an essential nutrient,
SL304A(pTPI-NtHSP101) and either pGALI-luc or
pPGALI1-Q-luc were grown to early exponential stage in
SGM to induce NtHSP101 regulatory activity and then
transferred to SGM in which histidine was present at
either the normal concentration (95 um), or at 19, 5, or 0
uM. SL304A is auxotrophic for histidine resulting in a
strong starvation response following histidine depletion
that cannot be relieved through induction of the histi-
dine biosynthetic pathway. Early exponential cells, in
which NtHSP101 was highly active, and consequently,
the expression ratio was already high (Fig. 7A, see zero
time point), were used to initiate this experiment so that
the effect of severe amino acid starvation on the timing
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of the decline in NtHSP101 activity could be determined
prior to its normal decline in activity observed above an
OD of 0.6. Immediately following transfer to fresh SGM
supplemented with the various levels of histidine, the
expression ratio was [.3-24 (Fig. 7A). Growth in the ab-
sence of histidine resulted in a complete loss of
NtHSP101 activity within 2 hr as determined by the re-
duction in the expression ratio. Growth in 5 or 19 um
histidine also resulted in a loss of NtHSP101 activity at
a lower cell density than that observed in 95 pm histidine
(Fig. 7A). It should be noted that expression from
pGALI-luc, which contains the 5' leader of GALI in
place of Q, was not similarly affected in the reduced or
histidine-free medium (Fig. 7A). The level of NtHSP101
protein and the level of Q-luc or luc mRNAs in histidine-
starved cells were identical to those in cells grown in 95
uMm histidine over the time course of this experiment as
revealed by Western and Northern analysis, respectively
(data not shown). Thus, the limitation of an essential
amino acid was sufficient to repress NtHSP101 activity

Luc
Light units x 103 | 8
Q-Luc/Luc

18 21 24 29 27 24
3 1616 17 16 5
3 16 18 16 12 1

in cells at low density such as that observed during late-
exponential/early stationary phase in unmodified SGM.

The exhaustion of an exogenously supplied amino acid
for which the yeast are prototrophic should provoke a
transient starvation response prior to the induction of its
biosynthetic pathway. To examine whether a transient
starvation response affects NtHSP101 activity, the same
yeast used in the prior experiment, which are prototro-
phic for leucine, were grown in SGM in which leucine
was present at either the normal concentration (230 um),
or at 2.3, or 0 um leucine. In this experiment, late-expo-
nential cells in which NtHSP101 activity was fully re-
pressed and the expression ratio of Q-Iuc to the Iuc con-
struct was equivalent (Fig. 7B, see zero time point) were
used to examine the effect of transient starvation on the
induction of NtHSP101 activity during early exponential
growth. The expression ratio rapidly increased in cells
grown in 230 uMm leucine, remained high for several
hours, and then decreased during late-exponential/early
stationary phase to equivalence by 13 hr of growth (Fig.
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7B, top). The period of time required for the activation
and subsequent decline of NtHSP101 activity was longer
in this experiment (13 hr) than observed previously in
the same medium when early exponential cells were
used to initiate growth (9 hr in SGM, see Fig. 4, top, left)
as late-exponential cells require extra time to pass
through lag phase before entering exponential growth.
Consequently, growth for 13 hr was required in this ex-
periment to reach a similar OD as that achieved in 9 hr
in SGM in Figure 4. The expression ratio in cells grown
in 2.3 pum leucine increased initially but then reproduc-
ibly suffered a transient drop from the second to fourth
hours of growth (Fig. 7B, middle) before it increased to a
level similar to that observed in cells in 230 um leucine.
In the absence of leucine, the expression ratio rose only
to a low level during the first 3 hr of growth (Fig. 7B,
bottom) before increasing again to the level observed for
cells grown in 230 or 2.3 um leucine. The effect of lim-
iting leucine on expression was specific to the Q-luc con-
struct as no effect was observed for the GALI 5’ leader
Iuc construct. This is best illustrated by the expression
ratio calculated for time points during the first 5 hr of

each experiment in Figure 7B. The timing and rate of
decline in NtHSP101 activity during the late-exponen-
tial/early stationary phase was similar in each case.

To examine whether NtHSP101 activity is repressed
in respiring cells, the same yeast used above were grown
in SGM for 3 hr to induce NtHSP101 activity before
transferring the cells to synthetic medium containing
1% potassium acetate, a nonfermentable carbon source
that forces the cells to switch from fermentation to res-
piration. NtHSP101 activity was progressively lost dur-
ing growth in the acetate-only medium as determined by
the reduction in the expression ratio (Fig. 8A, left). Al-
though expression from pGALI-luc (containing the
GAL1 5’ leader) decreased to 50% of its initial value
following 5 hr of growth in acetate-only medium, show-
ing a decrease in GAL1 promoter activity, the decrease in
expression from pGALI-Q-Iuc was disproportionately
greater so that expression from pGALI-Q-luc and
pGALI-luc reached parity in <4 hr of growth in the ac-
etate-only medium (Fig. 8A, left). It was not the presence
of acetate per se that caused the repression in NtHSP101
activity as its activity remained as high in cells grown in
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Figure 8. HSPIO0I1 translational regulatory and RNA-binding activity are repressed in
respiring cells but retain thermotolerance activity. SL304A(pTPI-NtHSP101) containing
either pGAL1-Q-luc or pGALI-Iuc was grown to an early exponential stage in SGM,
transferred to synthetic medium with the indicated carbon source supplements and tested
for (A) translational regulatory activity by measuring luciferase expression as described in
Fig. 4; (B) thermotolerance as described in Fig. 2; or (C) RNA-binding activity as described
in Fig. 3B. In C, Western analysis of NtHSP101 expression (top) and NtHSP101 RNA-

binding activity (bottom) as revealed by RNA gel shift analysis.
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synthetic medium supplemented with 1% acetate plus
1% galactose (which supports growth by fermentation)
as in SGM (see the expression ratio, Fig. 8A, middle and
right, respectively). The level of NtHSP101 protein was
similar in cells grown in each medium (Fig. 8C, top) sug-
gesting that the loss of NtHSP101 activity in respiring
cells was not a consequence of a reduction in the level of
NtHSP101 expression. In contrast, NtHSP101 RNA-
binding activity was abolished in respiring cells:
NtHSP101 binding activity to ) was observed with ex-
tract from SL304A(pTPI-NtHSP101) cells grown in syn-
thetic medium containing either galactose or acetate
plus galactose (Fig. 8C, lanes 2 and 4, respectively, bot-
tom), but not when grown in acetate-only medium (Fig.
8C, lane 6, bottom). These data support the correlation
between NtHSP101 RNA-binding activity and transla-
tional regulatory activity and show that both are re-
pressed in respiring cells.

To examine whether the loss of NtHSP101 activity as
a translational regulator in respiring cells is accompa-
nied by a similar reduction in its ability to confer ther-
motolerance, SL304A(pTPI-NtHSP101) was grown in
synthetic medium supplemented with 1% acetate for 5
hr to ensure that the translational regulatory activity of
NtHSP101 was fully repressed (Fig. 8A, left) and the cells
tested in the thermotolerance assay. No loss in the abil-
ity of NtHSP101 to confer thermotolerance was observed
in acetate-grown cells (Fig. 8B, left) compared with
growth in either galactose or acetate plus galactose (Fig.
8B, right and middle, respectively). These data show that
growth by respiration selectively abolishes the transla-
tional regulatory function and RNA-binding activity of
NtHSP101 without affecting its ability to confer thermo-
tolerance.

Loss of eIF4G or elF3 function reduces
HSP101-mediated translational enhancement

To determine whether NtHSP101 regulatory activity
specifically requires the involvement of one or more
translation initiation factors, the degree of NtHSP101-
mediated enhancement of translation from Q-luc con-
structs was examined following the introduction of
pTPI-NtHSP101 and either pGALI1-luc or pGAL1-Q-luc
into yeast mutants with null or temperature-sensitive
mutations in genes encoding specific initiation factors.
elF4F is composed of the cap-binding subunit, that is,
elF4E (encoded by a single gene), and eIlF4G (encoded by
two genes) (Merrick and Hershey 1996), whose interac-
tion to form elIF4F is prevented by the binding of CAF20
to e[F4E (Altmann et al. 1997; de la Cruz et al. 1997).
elF4A, a factor that exhibits ATP-dependent RNA heli-
case activity and is essential for viability (Linder and
Slonimski 1989; Schmid and Linder 1991), and the non-
essential elF4B that assists e[F4A (Coppolecchia et al.
1993) are two additional factors that participate in eIF4F
function. In wild-type CWO04, translational enhancement
was observed from pGALI-Q-luc but not from pGALI-
Iuc (Fig. 9A) similar to that observed in SL304A in Figure
4. The time required to complete the cycle of the nutri-
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ent-induced increase and subsequent starvation-induced
decrease in NtHSP101 translational regulatory function
was longer for CWO04 (18 hr) than for SL304A (12 hr)
because of the slower growth rate of CW04. Neverthe-
less, the changes in the expression ratio occurred at simi-
lar stages in the growth cycle as determined by the OD of
the culture. Null mutations affecting eIF4B (Fig. 9B) or
CAF20 (Fig. 9C) had no substantial effect on NtHSP101
function as measured by the expression ratios during the
growth cycle, suggesting that neither was required for
the NtHSP101-mediated regulation. In contrast, tif4632,
an elF4G null mutant (Goyer et al. 1993), substantially
failed to support NtHSP101 activity (Fig. 9E). Although
overall translation was reduced in this mutant as evi-
denced by the lower level of luciferase expression from
pGALI-luc, expression from pGALI-Q-Iuc was reduced
disproportionately, resulting in an expression ratio (i.e.,
QO-Iuc/luc) of only 3 during early to mid-exponential
growth (Fig. 9E) compared with 13 in CWO04 (Fig. 9A).
Interestingly, the loss of TIF4632 did not substantially
reduce the growth rate of this mutant. A null mutation
(tif4631) affecting the second gene encoding elF4G,
whose gene product (TIF4631) is expressed to the same
level as TIF4632 (Tarun et al. 1997) but is only 53%
identical to TIF4632 (Goyer et al. 1993), exhibited a near
normal level of NtHSP101-mediated translational en-
hancement (Fig. 9D), data implicating TIF4632 to be in-
volved in the NtHSP101-mediated regulation. Although
50 hr were required to complete the cycle of regulation of
NtHSPI101 activity in the tif4631 mutant because of its
very slow growth phenotype, the changes in NtHSP101
activity occurred at similar stages in the growth cycle
(determined by OD) as observed for wild-type strains.
NtHSP101 activity was unaffected by inactivation of
elF4E following a shift of an eIF4E*™ mutant (Altmann et
al. 1989] to the nonpermissive temperature that substan-
tially inhibited further growth (Fig. 9F,G). Note that al-
though NtHSP101 activity at the permissive tempera-
ture (as measured by the expression ratio) was com-
pletely lost by 22 hr when further growth could not be
supported because of nutrient limitation (OD of 4.5) (Fig.
9F), NtHSP101 activity remained high for the duration of
the experiment following a shift to the nonpermissive
temperature as cell growth was largely inhibited and the
culture reached an OD of only 0.42 by 22 hr (Fig. 9G).
This observation suggests that the mechanism by which
NtHSP101 enhances translation does not specifically re-
quire eIF4E. Although it is possible that any residual
elF4E activity present after transfer to the nonpermissive
temperature may be sufficient for NtHSP101 function,
the complete absence of effect on NtHSP101 activity
when growth was so dramatically reduced would argue
against this. The observation that NtHSP101 enhanced
translation from uncapped Q-luc mRNA (see Fig. 6D) to
at least the same extent as from capped mRNA (see Fig.
6A) supports the results obtained with the elF4E* mu-
tant indicating that neither a cap nor ¢IF4E are specifi-
cally required for the NtHSP101-mediated regulation.
These data also suggest that NtHSP101 can remain ac-
tive in cells exhibiting a reduced growth rate as long as
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Figure 9. Analysis of NtHSP101 translational regulatory activity in yeast mutants affecting individual translation initiation factors.
pTPI-NtHSP101 and either pGAL1-Q-luc (®) or pGAL1-luc (O) were introduced into null and temperature-sensitive mutants affecting
translation initiation factors. Transformants first grown to late-exponential stage (whereupon expression from pGALI-Q-Iuc and
pGALI-luc was equivalent) were inoculated into fresh SGM at the zero time point. The expression from pGALI-Q-luc, pGALI-luc,
and their expression ratio (i.e., NtHSP101 activity as indicated by the ratio, Q-luc/luc) are shown below each panel. Analysis of the
temperature-sensitive mutants was performed at the permissive (21°C) (F,H,]) and nonpermissive (37°C) (G,I,K) temperatures, where
the arrow indicates the time point at which each culture was shifted to 37°C. (WT) parent strain. Strains used for the analysis: CW04
is wild-type for TIF3, CAF20, TIF4631, TIF4632 (A); RCB1-1A is the eIF4B null mutant (tif3) (B); CDK36-1A is the caf20 null mutant
(C); YCG318 is the tif4632 null mutant (E); YCG165 is the tif4631 null mutant (D); 4-2 is the eIF4E*™ mutant (F,G); 21R is the PRT1
parent strain (H,I); and TP11B-4-1(prt1-1) is an elF3-p90* mutant (J,K).

the reduction in growth is not a result of nutrient limi-
tation. Inactivation of elF4A following the shift of a
elF4A-conditional mutant to the nonpermissive tem-
perature significantly reduced overall protein synthesis
but had no effect on the NtHSP101 activity (Fig. 10A).
Note that because of the lack of sufficient selectable
markers in the mutant needed to support plasmid-based
constructs, it was necessary to deliver the constructs as
capped Q-luc-A,, and Tuc-A-, mRNAs.
Phosphorylation of elF2a at serine 51 by GCN2, for
example, in response to amino acid starvation, reduces
elF2 activity (Hinnebusch 1996). Mutation of Ser-51 to

3246 GENES & DEVELOPMENT

alanine (eIF2a-S51A) prevents phosphorylation and re-
sults in constitutive activity, whereas mutation of the
serine to aspartic acid (e[F2a-S51D) mimics phosphory-
lation and results in constitutively reduced activity (De-
ver et al. 1992). To examine whether changes in elF2«
function affect NtHSP101 activity, expression from -
Iuc-Asy and Tuc-As; mRNAs was examined in mutants
expressing elF2a containing either the S51A or S51D
mutations. Translation from Q-Iuc-A, mRNA was 10.8-
fold higher than luc-A;, mRNA when NtHSP101 was
expressed in a wild-type elF2a/GCN2 background but
virtually identical to Iuc-As;; mRNA in the same yeast
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Figure 10. The NtHSP101-mediated regulation is not affected
following the inactivation of eIF4A in the conditional mutant,
S$S8-3B(pSSC120), or in yeast expressing e[F2a mutants affecting
factor activity. Translation from in vitro-synthesized capped Q-
Tuc-Agp and Iuc-Az;y mRNAs was measured following RNA de-
livery into early exponential (A) wild-type CW04 and eIF4A®™
mutant cells grown at the permissive (30°C) or nonpermissive
(37°C) temperatures or (B) gcn2 containing wild-type elF2q, i.e.,
gen2(elF2a-WT), GCN2 containing wild-type elF2a, i.e.,
GCNZ2(elF2a-WT), GCN2 containing the el[F2a-S51 A mutant, or
GCN2 containing the elF2a-S51D mutant, each containing ei-
ther pGALI-NtHSP101 or pYES2. The expression ratio is
shown to the right of each pair of histograms. (Solid bars) Q-luc-
Asp; (hatched bars) luc-Asy,.

not expressing NtHSP101 (Fig. 10B). Similar results were
observed in a elF2a-S51A/GCN2 or in wild-type elF2a/
gen2 background in which elF2a is constitutively active
as a result of either the mutation of Ser-51 to alanine or
the loss of GCN2 kinase activity, respectively. As ex-
pected, in a elF2a-S51D/GCN2 background in which the
mutation of Ser-51 to aspartic acid mimics a constitutive
phosphorylated state resulting in reduced elF2«a activity,
the level of expression from both luc mRNAs was re-
duced by more than twofold (Fig. 10B). However, the
degree of enhancement from Q-luc-A;, mRNA relative
to Iuc-As, remained at 9.4-fold in yeast expressing
NtHSP101 (Fig. 10B). These data suggest that the mecha-
nism by which NtHSP101 functions to enhance transla-

HSP101 functions as a translational regulator

tion is unaffected by the difference in elF2a activity
caused by the mutations at Ser-51.

elF3 contains a core of five subunits (Phan et al. 1998),
binds eIF4G (Lamphear et al. 1995), and is required for
40S ribosomal subunit binding to an mRNA. prt1-1 is an
elF3 mutant containing a temperature-sensitive muta-
tion in the eIF3—p90 subunit that results in the inactiva-
tion of eIF3 at the nonpermissive temperature (Naranda
et al. 1994). NtHSP101 activity was observed in the par-
ent strain (i.e., 21R) at the normal (Fig. 9H) and nonper-
missive temperature (Fig. 91) and in the prt1-1 mutant
under normal conditions (Fig. 9]). As expected, following
the shift of the prt1-1 mutant to the nonpermissive tem-
perature, the loss of Prtlp function affected expression
from both the Iuc and Q-luc constructs (Fig. 9K). How-
ever, expression from the Q-Iuc construct was lost pref-
erentially: A 26-fold drop in expression from the Q-Iuc
construct was observed within 4 hr following inactiva-
tion of Prt1p when only a 2.6-fold decrease in expression
from the Juc construct containing the GALI 5’ leader
occurred in the same period. The preferential loss in
translation from the Q-luc construct is also revealed by
the drop in the expression ratio from a value of 15 at the
time of the shift to the nonpermissive temperature to a
value of 1.5 within 4 hr following inactivation of Prtlp
(Fig. 9K). The loss in NtHSP101 activity was not caused
by nutrient limitation as it was observed at an OD of
only 0.15.

Discussion

With this work, we show that () increases translational
efficiency through an HSP101-mediated mechanism that
can be recapitulated in yeast. The presence of () was a
prerequisite for the HSP10l-mediated enhancement
from an mRNA, as no increase in expression was ob-
served from constructs containing either the GAL1 or
TEV 5’ leaders. Moreover, HSP101 enhanced translation
from Q-containing constructs under conditions of rapid
fermentative growth, but not following amino acid star-
vation or during respiration, showing that the enhance-
ment conferred by Q) is not an inherent property of this
sequence. Instead, a tight correlation was observed be-
tween HSP101 RNA-binding activity and HSP101-medi-
ated translational enhancement from an (-containing
construct, suggesting that HSP101 binding is a prerequi-
site for translational regulation. Previous work that had
identified the HSP101-binding site within € as the 25-
nucleotide poly(CAA) subsequence (Tanguay and Gallie
1996) that is responsible for translational enhancement
(Gallie and Walbot 1992) supports this conclusion.
Wheat HSP101 also enhanced translation from an Q-
containing construct showing that the translational
regulatory role is not unique to NtHSP101. However,
wheat HSP101 exhibited both a lower affinity for Q (see
Fig. 3B, lane 7, top) and a reduced capacity (Fig. 6B) to
enhance translation from an Q-containing mRNA than
that observed for NtHSP101, supporting the correlation
between RNA binding and translational regulation. The
difference in RNA binding between the two plant
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HSP101s may indicate evolutionary divergence in RNA
specificity between these proteins. It is not altogether
surprising that tobacco HSP101 exhibits a higher affinity
for Q) than wheat HSP101, as tobacco is the host species
for TMV. The observation that yeast Hspl04 does not
enhance translation from Q-luc mRNA (D. Gallie, un-
publ.) supports the conclusion that RNA-binding activ-
ity or specificity may differ between members of this
heat shock protein family. Although it remains to be
determined whether yeast Hspl04 can function as a
translational regulator and what the client mRNAs may
be, the conservation of a mechanism in yeast that regu-
lates the RNA-binding and translational regulatory func-
tions of plant HSP101 in response to nutrient availability
supports the possibility of conserved function.

The effect of HSP101 on expression is specific to trans-
lation: Only the rate of translation of ()-containing
mRNA was affected without a corresponding change in
reporter mRNA or protein stability. A screen of transla-
tion initiation factor mutants supported a translational
role for HSP101. Although inactivation of Prtlp had a
global effect on protein synthesis, its inactivation dispro-
portionally affected translation from Q-containing
mRNA: The loss of elF3 function following growth of
the prtip-conditional mutation at the nonpermissive
temperature resulted in 26-fold drop in translation from
Q-luc mRNA, but only a 2.6-fold reduction from luc
mRNA and, consequently, resulted in a virtually equiva-
lent level of translation from both mRNAs within 4 hr of
elF3 inactivation. Taking into account the time required
for the turnover of the elevated level of luciferase protein
made from Q-luc mRNA prior to the inactivation of
Prtlp at the nonpermissive temperature, the actual loss
in HSP101 translational regulatory function was consid-
erably faster than that indicated by the data in Figure 9K.

The two genes encoding elF4G (TIF4631 and TIF4632)
are expressed to similar levels (Tarun et al. 1997) but are
only 53% identical in yeast (Goyer et al. 1993). Although
the presence of either gene is sufficient for viability,
their redundancy, divergence, and difference in growth
phenotype when absent (Fig. 9D,E; Goyer et al. 1993)
suggests some degree of functional specialization. The
loss of TIF4632 specifically affected the HSP101-medi-
ated translational enhancement from Q-luc mRNA as
expression from luc mRNA (containing the GAL1 5’
leader) was not similarly affected. Moreover, the loss of
HSP101-mediated enhancement in tif4632, but not the
tif4631, mutant suggests that TIF4632 is specifically re-
quired for HSP101 regulatory function. Loss of TIF4631
substantially reduced the growth rate, suggesting that it
may have adopted a more general translational role or at
least be required for the translation of those mRNAs
required for growth. In contrast, the absence of TIF4632
had little effect on the growth rate, suggesting that it
may possess a more specific translational function. The
fact that the loss of TIF4632 (but not TIF4631) specifi-
cally affected the translational regulatory function of
HSP101 shows that the requirement for TIF4632 was not
a consequence of the growth phenotype. The continued
activity of HSP101 in the eIF4E* mutant following its
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virtual cessation of growth at the nonpermissive tem-
perature (Fig. 9G) supports the conclusion that rapid
growth is not a prerequisite for the translational regula-
tory function of HSP101. As no effect on HSP101-medi-
ated translational enhancement was observed in null,
conditional, or point mutations affecting eIF4A, elF4B,
elF4E, CAF20, or elF2, these data suggest that HSP101
functionally requires only TIF4632 and eIF3. HSP101 is
present in yeast in multiple isoelectric states and only
the most acidic isoforms are found associated with poly-
somes even in the absence of Q-containing mRNA (H. Le
and D. Gallie, unpubl.). This finding suggests that
HSP101 can bind some yeast mRNAs, or that the ability
of HSP101 to associate with either eIF3 or elF4G (i.e.,
TIF4632) is independent from its RNA-binding function.
The functional consequences of the tif4632 and prtlp
mutations on HSP101 function suggests that HSP101
may facilitate the recruitment of TIF4632 and eIF3 to an
mRNA when HSP101 is bound to the 5’ leader or pro-
mote the interaction between TIF4632 and elF3 that is
thought necessary for 40S ribosomal subunit binding.
Such an interaction could be related to its chaperone
activity, which involves protein-protein interactions
with non-native substrates and other chaperones (Glover
and Lindquist 1998). However, if the chaperone function
of HSP101 has been adapted to promote recruitment or
interaction between eIF4G and elF3 during the transla-
tion of those mRNAs containing a high-affinity HSP101-
binding site, its chaperone function during translation
must be distinct from its chaperone function required for
conferring thermotolerance as the deletion of either the
amino- or carboxy-terminal domains of HSP101 abol-
ishes its thermotolerance function without abolishing
its translation regulatory function (D. Gallie, unpubl.).
The correlation between the RNA-binding activity
and the translational regulatory function of HSP101 un-
der different growth conditions suggests that its activity
as a translational regulator may be controlled through
the regulation of its RNA-binding activity. A loss of
HSP101 activity early in the growth phase of yeast could
be triggered by limiting the availability of amino acids in
the medium. Even a transient state of starvation induced
by the depletion of an amino acid for which the yeast
was prototrophic was sufficient to cause a transient re-
duction in the activity of HSP101. The loss of HSP101
activity in late-exponential cells or following the deple-
tion of a limiting nutrient could not be explained by a
change in the cellular level of HSP101 or by a change in
the relative stability of either control or Q-containing
mRNAs, but correlated with a loss in HSP101 RNA-
binding activity to . These conclusions were supported
with observations that used respiring cells in which a
loss in HSP101 translational regulatory activity and
RNA-binding activity was rapidly lost. These data sug-
gest that the RNA-binding activity and the translational
regulatory function of HSP101 are manifested only in
cells engaged in fermentation whose growth is not sub-
jected to nutrient limitation. In contrast, its role in ther-
motolerance appears to be active regardless of the growth
conditions. This may reflect the paramount role that its
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thermotolerance function plays in mounting a response
to elevated temperatures.

The evolution of the TMV 5’ leader as a high-affinity
HSP101-binding site suggests that variants of this se-
quence may be present in cellular mRNAs. The identi-
fication of cellular mRNAs subject to control by HSP101
will be an important step in understanding not only the
basis for the evolution of the translational regulatory
function of this heat shock protein, but also in determin-
ing whether the translational role of HSP101 is specific
for a limited set of client mRNAs, or whether its regu-
latory function may be more global.

Materials and methods

Protein purification, protein sequencing, and cDNA
library screening

The purification of HSP101 to near homogeneity has been de-
scribed previously (Tanguay and Gallie 1996). For protein se-
quencing, purified wheat HSP101 protein was digested with
Lys-C, the resulting peptides separated by HPLC, and selected
individual peptides sequenced by William Lane (Harvard Uni-
versity, Boston, MA). Purified tobacco HSP101 was resolved on
an 8% SDS-polyacrylamide gel, transferred to PVDF mem-
brane, and following staining with Ponceau S, the HSP101-con-
taining portion of the membrane subjected to digestion with
Lys-C and the peptides separated and sequenced as described for
the wheat HSP101.

Seven-day-old tobacco and five-day-old wheat seedlings were
subjected to a 37°C heat shock for 90 min, and following a
60-min recovery at room temperature, total RNA from each was
isolated. First-strand c¢cDNA synthesis was initiated from
poly(A)" RNA by use of an oligo(dT)-NotI primer (Promega) and
the second strand synthesis by use of a Boehringer cDNA Kit.
EcoRI adapters were added to the cDNA, which was then di-
gested with Notl and introduced into the EcoRI-Notl sites of
Agtll (Promega). The DNA was packaged with Gigapack IT Gold
packaging extract (Stratagene) and the resulting phage used to
transfect Escherichia coli strain Y1090. Expression screening
was performed with anti-p102 antibodies (Tanguay and Gallie
1996).

In vitro RNA synthesis, gel shift assay,
and RNA electroporation

pT7-Q-luc-Ayy, pT7-luc-Asy, pT7-luc-3'TMV, and T7-based
constructs containing ) control sequences have been described
previously (Leathers et al. 1993). In vitro transcription and gel
shift assays were carried out as described previously (Tanguay
and Gallie 1996).

For mRNA delivery by electroporation, SL304A (leu2-3, 112
trp1-1 ura3-1 ade2-1 his3-11,15 lys2A can1-100 hsp104::LEU2)
(Schirmer et al. 1994), a Ahsp104 yeast mutant (generously pro-
vided by Dr. Susan Lindquist, University of Chicago, IL), con-
taining either pGALI-NtHSP101 or pGAL1-TaHSP101, was
grown to mid-log phase in synthetic galactose (2%) medium,
electroporated as described (Everett and Gallie 1992), and incu-
bated for 4 hr before being harvested for analysis. Luciferase
assays were performed as described (Tanguay and Gallie 1996).
Ten replicate samples of each mRNA delivered to yeast were
assayed in duplicate.

Western analysis

Yeast extracts were prepared by boiling 6 x 10° cells in 2x SDS-
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loading buffer, the protein resolved on a 10% SDS-polyacryl-
amide gel, transferred to nitrocellulose membrane, blocked for
30 min in TPBS with 5% reconstituted dry milk, and incubated
with anti-HSP101 antibodies diluted in TPBS with 1% milk for
1.5 hr. The blots were then washed with TPBS, incubated with
goat anti-rabbit horseradish peroxidase antibodies for 1 hr, and
the HSP101 signal detected by enhanced chemiluminescence.

Plasmid construction, translational analysis,
and thermotolerance assay

The tobacco or wheat HSP101 ¢cDNAs were introduced into the
BamHI-Notl sites or EcoRI-Xbal sites, respectively, of pYES2
(Invitrogen) in which HSP101 expression is under the control of
the GAL1 promoter. Each cDNA was also introduced into the
BamHI site of pYX232 (Novagen), in which HSP101 expression
is under the control of the TPI promoter. Iuc or Q-Iuc was in-
troduced into the HindIII-BamHI sites of pYES2. SL304A was
transformed with plasmid constructs by the polyethylene gly-
col/LiCl method as described (Hill et al. 1991; Gietz et al. 1992).

SL304A was transformed with either pTPI-NtHSP101 (to-
bacco HSP101 in pYX232) or pTPI-TaHSP101 (wheat HSP101 in
pYX232) and either pGALI-Q-luc or pGALI-Iuc and grown in
synthetic medium containing the appropriate supplements. For
translation studies, overnight yeast cultures grown in either
SDM or SGM were diluted to the indicated OD into either syn-
thetic medium containing the appropriate supplements or YPG
medium and samples taken at time intervals during their sub-
sequent growth for luciferase assays.

The yeast strains, CW04, RCBI1-1A (tif3), and CDK36-1A
(caf20) (Coppolecchia et al. 1993; de la Cruz et al. 1997);
YCG318 (tif4632) and YCGL65 (tif4631) (Goyer et al. 1993);
T93C and 4-2 (eIF4E®), (Altmann et al. 1989); and 21R and
TP11B-4-1 (prt1-1) (Hanic-Joyce et al. 1987) were transformed
with pTPI-NtHSP101 and either pGALI-luc or pGALI-Q-luc.
SGM was inoculated from an overnight culture and the appro-
priate transformed cells and luciferase expression from pGALI-
Iuc or pGAL1-Q-luc was measured during growth. For 21R and
TP11B-4-1 (prt1-1), the shift to the nonpermissive temperature
(resulting in a loss of eIF3 function caused by the temperature-
sensitive mutation of prt1-1) occurred after 4 hr of growth in
SGM, whereas for T93C and 4-2 (eIF4E®), the shift occurred
after 3 hr of growth. Because of limited selectable markers, the
elF4A"™ mutant, SS8-3B(pSSC120) (Schmid and Linder 1991) was
transformed only with pTPI-NtHSP101. Transformants con-
taining pYX232 served as the control. Early exponential cells of
each transformant were divided and treated at the permissive
(30°C) or nonpermissive (37°C) temperatures for 1.5 hr, where-
upon Q-luc-As, and luc-Asy mRNAs were delivered by electro-
poration to both sets of cells. The cells were maintained at their
respective temperatures for the duration of the experiment prior
to assaying for luciferase. The e[F2a mutant strains, H1816,
H1896, H1897, and H1898 were transformed only with pGALI-
NtHSP101. Each was transformed with pYES2 to serve as a con-
trol.

SL304A was transformed with pGALI-NtHSP101 (tobacco
HSP101 in pYES2) or pGALI-TaHSP101 (wheat HSP101 in
pYES2). Complementation of Hsp104 function in yeast was de-
termined in a thermotolerance assay as described (Sanchez and
Lindquist 1990; Parsell et al. 1991).
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