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A Role for RNA Metabolism in Inducing
the Heat Shock Response

TAGE CARLSON,*' NOAH CHRISTIAN,f AND J. JOSE BONNER*
Departments of *Biology and FChemistry, Indiana University, Bloomington, IN 47405

Yeast HSF is constitutively trimeric and DNA bound. Heat shock is thought to activate HSF by inducing a
conformational change. We have developed an assay in which we can follow a conformational change of HSF
that correlates with activity and thus appears to be the active conformation. This conformational change requires
two HSF trimers bound cooperatively to DNA. The conformational change can be induced in whole cell extracts,
and is thus amenable to biochemical analysis. We have purified a factor that triggers the conformational change.
The factor is sensitive to dialysis, insensitive to NEM, and is not extractable by phenol. It is small, and apparently
not a peptide. Mass spectroscopy identifies a novel guanine nucleotide that tracks with activity on columns. This
novel nucleotide, purchased from Sigma, induces the conformational change (although this does not prove the
identity of the activating factor unambiguously, because Sigma’s preparation is contaminated with other com-
pounds). What is the source of this nucleotide in cells? Activity can be generated by treating extracts with
ribonuclease; this implicates RNA degradation as a source of HSF-activating activity. The heat shock response
is primarily responsible for monitoring the levels of protein chaperones; how can RNA degradation be involved?
Synthetic lethal interactions link HSF activity to ribosome biogenesis, suggesting a possible model. Ribosomal
proteins are produced in large quantities, and in excess of rRNA; unassembled r-proteins are rapidly degraded
(t;» = 3 min). Unassembled r-proteins aggregate readily. It is likely that unassembled r-proteins represent a
major target of chaperones in vivo, and for proteasome-dependent degradation. Interference with tRNA process-
ing (e.g., by heat shock) requires hsp70s to handle the aggregation-prone r-proteins, and proteasome proteins to
help degrade the unassembled r-proteins before they aggregate. A nucleotide signal could be generated from the
degradation products of the rRNA itself.
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IT is believed that, during stresses such as heat shock,
proteins become destabilized and unfold, at least par-
tially. Other stresses interfere with protein synthesis,
resulting in the premature release of nascent peptides
that cannot fold into a stable conformation. The pro-
duction of aberrant proteins triggers the heat shock
response, which elevates the level of expression of
the protein chaperones such as hsp70. These bind to
the aberrant proteins, and minimize their likelihood
of aggregation, and facilitate their refolding.

Not all aberrant proteins produced during stress
can be refolded. These are degraded through the ubi-
quitin-dependent proteasome system, some compo-
nents of which are also produced more abundantly
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during stress. Thus, the heat shock system represents
a mechanism by which cells can monitor the level of
aberrant proteins, and refold or degrade them.

In eukaryotes the “aberrant protein signal” is com-
municated to the heat shock transcription factor,
HSF, which is the transcription factor primarily re-
sponsible for the stress-dependent regulation of the
heat shock genes. In the species examined thus far,
HSF (HSF1 in species with multiple HSF-related
genes) is expressed constitutively, and is “activated”
when cells are stressed. HSF activation appears to be
a two-step process. The first step is the assembly of
HSF monomers into trimers that are capable of bind-
ing DNA. The second step of HSF activation is a
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conformational change that exposes the otherwise
masked transcriptional activation domains of the pro-
tein. In human cells, the monomer-to-trimer transi-
tion can be induced by treatment with salicylate (14),
or by overexpression of HSF1 (24). In budding yeast
such as Saccharomyces cerevisiae, trimerization and
DNA binding occur constitutively (13,29). The sec-
ond step of HSF activation requires a stress, such as
heat shock.

Most attention has been given to the monomer-to-
trimer transition. It is clear that this involves both
hsp70 (2,3,20,27) and hsp90 (32), which interact with
the HSF1 monomer. Presumably, these chaperones
maintain the monomeric conformation of HSF, pre-
venting it from assembling into trimers. If the con-
centration of aberrant proteins increases, however,
these may titrate the available chaperones, leaving
HSF free to change conformation, and assemble into
trimers.

Less is known about the second step of HSF acti-
vation, the “unmasking” of the transcriptional activa-
tion domains. In S. cerevisiae, it is known that the
N-terminal 165 amino acids of HSF participate in
masking the transcriptional activators, which reside
at the N-terminus and in the C-terminal quarter of the
protein (6,8,21,28). It is also known that the central
portion of the protein, comprising the DNA binding
and trimerization domains, plays a role in heat shock
inducibility (6,21). Indeed, a single missense muta-
tion in a highly conserved residue in the DNA bind-
ing domain renders HSF at least 40-fold more active
under nonstressed conditions (6), indicating that this
mutation interferes with the mechanism whereby the
transcriptional activation domains are masked. Here,
we use this mutation to provide an entry into the anal-
ysis of the second step of HSF activation.

MATERIALS AND METHODS

B-Galactosidase Assays

Cultures of YIB378 (a/ov trpl-289::TRPI1-HSE-
lacZtrp1-289::TRP1-HSE-lacZ ura3-52/ura3-52 leu2-
3,112;leu2-3,112 his3A1/his3AHindIll met2/MET2
his4-519/HIS4 adel-100/ADE] LYS2/LYS2::HSE-
HIS3 hsflA/hsflIA [YEpHSF-LEU2]) or YJIB368 (iso-
genic with YJB378, but carrying YEpHSE"*?Y
‘LEU2) were grown in YPD at 25°C, until cell den-
sity reached Agy = 0.7-1.0. Cells were heat shocked
at 37°C in a shaking water bath. After the appropriate
time, cells were harvested and assayed as described
previously (6).

Gel Mobility Shift DNA Binding Assays

Extracts were prepared as previously described (5)
from YJB371 (a prcl-407 prbl-1122 pep4-3 leu2
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trpl wura3-52 hsflA [YEpHSF-LEU2]) or isogenic
cultures in which YEpHSF-LLEU2 was replaced with
different HSF plasmids, as indicated in the text.
For each binding assay, extract (35 ug of protein)
was suspended in 30 pl of binding reaction [20 mM
N-2-hydroxyethylpiperazine-N’'-2-ethanesulfonic acid
(HEPES; pH 7.9), 1| mM EDTA, 60 mM KCl, 12%
glycerol, 1 mM dithiothreitol, 1 pg/l bovine serum
albumin (BSA), 0.1 pg/ml sonicated E. coli DNA].
The binding reaction was initiated by addition of 1.3
ng of oligonucleotide probe HSE4AT (5-ACAGG
GATCCTGAAGCTTCTAGAAGCTTCCTAGAGT
CGACCTGCAG-3") or HSE6T (5-ACAGGGATCC
TGAAGCTTCTAGAAGCTTCTAGAAGCTTCCT
AGAGTCGACCTGCAG-3’) labeled with [o-"P)
dCTP by fill-in synthesis of a second strand after
priming with oligo Bsb(5-CTGCAGGTCGACTC-
TAG-3"). ATP (1 mM) was included in the reactions.
Reactions were incubated at room temperature for 30
min. To assay column fractions of complex IlI-induc-
ing activity, incubations were supplemented, after 30
min at 25°C, with 5 pl of test fraction dissolved in
FCBM (50 mM Tris, 7.4, 50 mM KCl, 10% glycerol,
3 mM MgCl,), and incubated an additional 30 min.
After incubation, reactions were chilled and loaded at
4°C onto a 4-10% polyacrylamide gel (prepared and
run in 22.5 mM Tris-base, 22.5 mM boric acid, 0.63
mM EDTA, or, for the experiment of Fig. 3, 50 mM
Tris-base, 380 mM glycine, 0.63 mM EDTA). Gels
were run at 4°C for 4800 volt-hours.

Quantitation was performed after phosphorimager
analysis by integrating under the peaks of traces of
individual lanes, in order to avoid complications due
to background (and thus the baseline above which the
signal is detected) or “smiling” of the bands.

Guanosine 5’-phosphate 2’,3’-cyclic phosphate
(CGps) was purchased from Sigma Chemical Com-
pany and dissolved in water. The relative concentra-
tion of *G,; was determined by mass spectroscopy;
concentrations given in Fig. 6 are based on this deter-
mination.

Preparation of Complex IlI-Inducing Activity

Extracts were prepared from heat-shocked cells, as
for gel mobility shift DNA binding assays, then
boiled for 10 min and clarified by centrifugation at
13,000 rpm at 4°C. The supernatant was then passed
over affigel blue and heparin agarose, and the un-
bound fraction passed over DEAE sephadex. The
bound material was eluted at 500 mM NaCl, and pre-
cipitated with 6 volumes of 95% ethanol. The precip-
itate was resuspended in FCBM, and subjected to
HPLC fraction on monoQ as described in the text.
The active fraction was again precipitated and resus-
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pended in FCBM for assay of activity, or in HD for
mass spectroscopy.

Mass Spectroscopy

Analyses of the samples by mass spectrometry
were performed using a delayed-extraction linear
time-of-flight matrix-assisted laser desorption/ioniza-
tion (MALDI) mass spectrometer in negative ion
mode. A matrix of 0.2 pi of 3-hydroxypicolinic acid
(saturated) and 0.2 pi of trihydroxyammonium citrate
(1 molar) was combined with 1 pi of a sample ali-
quot. The dried solution of matrix and sample was
laser desorbed using a frequency-tripled neodymium/
yttrium-aluminum garnet (Nd:YAG) laser at 355 nm.
Masses were calibrated using a range of nucleotide
bases and nucleotides of known mass and purity.

RESULTS

Replacement of methionine... with  valine
(M232V) drastically elevates the activity of yeast
HSF (Fig. 1A), such that the expression of a lacZ
reporter gene is elevated 40-fold under nonstressed
conditions. Upon heat shock, HSFMV mutant cells
nonetheless display a modest increase in lacZ expres-
sion, indicating that HSFM2Vis highly, but not com-
pletely, deregulated. Interestingly, HSFNBV displays
at least as much activity in nonshocked cells as does
wild-type HSF in heat-shocked cells, and even
greater activity after heat shock. This suggests that
wild-type HSF does not completely unmask its tran-
scriptional activation domains upon heat shock, or
that heat shock induces only a fraction of the HSF
molecules in the cell to adopt the high-activity con-
formation.

The M232V mutation is in the DNA-contact a-
helix of HSF (11,30). To determine whether the mu-
tation affects DNA binding, we examined the ability
of the mutant protein to bind to an oligonucleotide
that accommodates only a single HSF trimer, using
an electrophoretic mobility shift assay. We were un-
able to detect any differences in binding between the
wild-type protein and the M232V mutant (Fig. IB),
even when the assays were performed Kinetically to
examine association and dissociation rates (not
shown).

Although HSFM3V showed no difference from
wild-type with respect to the binding of a single HSF
trimer to DNA, the mutation had a remarkable effect
on the binding of two trimers cooperatively. Figure
1C shows that HSF from nonshocked wild-type cells
exhibits primarily two bands in this assay, the lower
of which (complex 1) corresponds to the trimer, the
upper of which (complex Il) corresponds to two tri-
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FIG. 1 The effect of the M232V mutation. (A) Yeast carrying a
HSE-lacZ reporter gene, the hsfl-A disruption, and an episomal
plasmid expressing either wild-type HSF or HSFMB3/ were grown
at 25°C, then assayed for (Lgalactosidase activity either directly or
after 1 h at 37°C. (B) Protease-deficient yeast expressing either
wild-type HSF or HSFMV were used to prepare whole cell ex-
tracts after growth at 25°C or at 25°C followed by a 30-min heat
shock at 37°C. Extracts were then used for gel mobility shift DNA
binding assay using a 3P-labeled DNA probe (HSE4T) to which a
single HSF trimer can bind. (C) The extracts from (B) were reana-
lyzed using a DNA probe (HSE6T) to which two trimers can bind
simultaneously. The 25°C sample of wild-type was also assayed
with DNA probe 4T, in order to identify the position of the DNA-
bound trimer.

mers (5). HSF from heat-shocked cells displays, in
addition, a third band (complex IlI) that is of slower
mobility than either complex | or complex Il
HSFNM3, forms much more complex IlI; indeed, the
majority of the probe is in complex Il after heat
shock.

The appearance of complex Il in heat-shocked
wild-type extracts, and in HSFM3V extracts, sug-
gested that complex Il might be the high-activity
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conformation of HSF. To assess how well complex
Il correlates with activity, we examined both (3-ga-
lactosidase activity and complex Il formation during
the course of a heat shock and subsequent recovery.
There is a very good correlation between HSF activ-
ity, as measured by the lacZ reporter gene (Fig. 2A),
and the formation of complex Il (Fig. 2B). We also
asked whether other stress agents, such as ethanol or
hydrogen peroxide, might also induce the formation
of complex IlI; they did (Fig. 2C). These correlations
suggest that complex Ill does, indeed, represent the
“active” form of HSF.

We have previously shown that complex Il repre-
sents two trimers of HSF bound to DNA (5); complex
Il exhibits a slower mobility. Is complex Il com-
posed of more protein subunits, or does it have the
same composition as complex I, but in a different
conformation? Our gel mobility shift assays were
performed with the addition of ATP, which dissoci-
ates hsp70 from HSF (23). We were unable to detect
hsp70 or any other protein associated with complex
Il by EGS cross-linking (not shown). If non-HSF
proteins exist in complex Ill, they have thus far es-
caped detection by our techniques.

To determine how many HSF subunits are in com-
plex Ill, we took advantage of the fact that C-termi-
nally truncated HSF molecules also form complex 111
both upon heat shock and when they carry the
M232V mutation. Using HSF138as a short form, and
full-length HSFI83 as a long form, both carrying
M232V, we performed a mixed-extract DNA binding
experiment, in which the different forms of HSF can
associate as heteromultimers. To ensure that we ex-
amined only complex Il1, we used heat-shocked cells,
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and ran the gel mobility shift assays in a buffer sys-
tem (Tris-glycine) in which only complex 11l is de-
tected. The mixed extract (Fig. 3) exhibits a large
number of bands, the mobilities of which are nearly
identical to those predicted for the heteromulitimers
of a complex containing six HSF monomers. These
observations lead us to conclude that complex Il rep-
resents two trimers of HSF, but in a different confor-
mation from those that comprise complex II.

It is possible to induce the formation of complex
Il by an in vitro heat shock (Fig. 4A). We took ad-
vantage of this finding to ask whether complex Il
forms de novo, or from preexisting complexes | and
Il. To do so, we incubated a nonshocked extract with
labeled probe, then added a 1000-fold excess of unla-
beled competitor, and shifted the extract to 37°C and
loaded samples onto a gel at various times thereafter.
Although the total amount of label in complexes I, 1I,
and |1l decreased as expected after adding competitor
(Fig. 4B, C), the amount of label in complex Il actu-
ally increased at 37°C (Fig. 4C), whereas the
amounts of complexes | and Il decreased much more
rapidly than they did at 25°C (Fig. 4B). Because the
competitor blocks new binding of HSF to the labeled
probe (not shown), the increase in complex Il can be
explained only by conversion of complexes | and/or
Il into complex IlI.

The ability to generate complex Il by in vitro heat
shock of an extract from nonshocked cells suggested
to us that the biochemistry of complex Il formation
might be accessible using this system. Thus, we
sought to determine whether it might be possible to
identify an activity in extracts from heat-shocked
cells that, when added to a DNA binding reaction

FIG. 2. Complex Ill correlates with HSF activity. (A) Cells carrying a HSE-lacZ reporter gene were grown at 25°C, then heat shocked at
37°C for 1 h, then returned to 25°C for recovery. Samples were taken at the indicated times for assay of p-galactosidase activity. (B) Cells
were grown as for (A), then used to prepare extracts for gel mobility shift DNA binding assay. The distribution of label in complexes I, II,
and 11l was determined by phosphorimager, and the percentage of complex Il calculated. (C) Cells were exposed to 6% ethanol or to 125
pPM H2D 2for 30 min, then used to prepare extracts for gel mobility shift DNA binding assay. An extract from untreated cells (©) was run

on the same gel for comparison.
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FIG. 3. Heteromultimer analysis of complex Ill. Extracts were
prepared from heat-shocked cells carrying either truncated HSF
(HSFIE) or full-length HSF (HSF183), each with the M232V mu-
tation. The extracts were used alone, or mixed, in a gel mobility
shift DNA binding assay using Tris-glycine gel buffer. The posi-
tions of predicted mobilities for heteromultimers formed from six
HSF monomers are indicated. The HSF138 expression vector was
prepared by inserting a 9-base oligonucleotide carrying an in-frame
stop codon into a Stul restriction site. The stop codon was later
discovered to be subject to translational readthrough [see (15)];
cells carrying this plasmid express a small amount of full-length
readthrough product (detectable by Western blot, not shown),
which accounts for the appearance of heteromultimers in the “1-
583 only” lane.

using extract from nonshocked cells, would induce
complex Il formation in the recipient extract. We
initially expected to identify a kinase or other protein
factor that might act to modify HSF, thus triggering
the conformational change. We were therefore sur-
prised to discover that, while a complex Ill-inducing

A temperature

B minutes after adding competitor
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activity can be purified, it is dialyzable, resistant to
extraction with phenol, unaffected by A-ethylmalei-
mide, and stable to boiling. Figure 5 shows its frac-
tionation on monoQ by HPLC. The active fraction
has a UV absorbance profile indicative of nucleo-
tides, not amino acids.

Mass spectroscopy of the active fractions showed
multiple peaks, only one of which (422.5 mass units)
correlated with activity. This is the mass of guanosine
5'-phosphate 2',3'-cyclic phosphate, which we will
refer to as ¢ 2s. Addition of a commercial prepara-
tion of & 23also showed activity (Fig. 6A). Unfortu-
nately, this does not confirm the identity of the induc-
ing factor as o 2s for the simple reason that the
commercial preparation was quite impure, as deter-
mined by mass spectroscopy. Activity could poten-
tially be due to a minor component of our partially
purified factor, which exists as a contaminant of the
% 23preparation.

2',3'-Cyclic nucleotides are intermediates in RNA
degradation by a variety of ribonucleases. If & 23
were able to change HSF conformation, then it
seemed likely that treatment of % 23 with ribo-
nuclease Ti should eliminate activity; it did (Fig. 6B).
It furthermore seemed likely that addition of ribo-
nuclease to a whole cell extract should induce the
formation of complex Ill. This prediction was borne
out only in part (Fig. 6C). Both ribonuclease "
(which cleaves after G residues) and ribonuclease A
(which cleaves after pyrimidines) induced complex
Il, even though the latter cannot produce oligo- or
mononucleotides with terminal guanosine 2',3'-cyclic
phosphates. This suggests either that nucleotides be-
sides & 23can signal HSF (e.g., % 23 or that “aber-
rent” fragmented RNAs (such as might be generated
by ribonuclease treatment in our extracts) may be ul-
timately degraded by a “scavenger” ribnonuclease

C minutes after adding competitor

25 30 37 42 0 15 30 45 60 90 120 0 15 30 45 60 90 120
25°C 37°C
FIG. 4. In vitro heat shock induces complex Ill. (A) Extracts from nonshocked cells were used in gel mobility shift DNA binding assays,

in which the DNA binding reactions were performed at various temperatures. (B) A nonshocked extract was incubated in a 25°C DNA
binding reaction for 30 min, then a 1000-fold excess of unlabeled HSE6T probe was added; incubation was continued at 25°C. At various
times thereafter, samples were withdrawn and applied to a (running) gel for analysis. (C) Analogous to (B), except that the reaction was

shifted to 37°C after addition of unlabeled competitor.
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FIG. 5. HPLC fractionation of complex Ill-inducing activity. Partially purified complex Ill-inducing activity was loaded onto monoQ at 50
mM NaCl, washed with 100 mM NaCl, then eluted with a 100-500 mM NaCl gradient. Fractions were assayed for their ability to induce

formation of complex I1l. 0 indicates the 25°C extract with no additions.

that generates the true HSF signaling molecule. Al-
though the impurity of the preparations available to
us at present precludes a definitive identification of
the complex Ill-inducing activity, these observations
suggest that it derives from an aspect of RNA metab-
olism, rather than protein denaturation.

Returning, briefly, to the HSFMRV mutant, we
have asked whether cells carrying this mutation have
a greater concentration of the complex Ill-inducing
factor than do wild-type cells. They do not (data not
shown). This indicates that the M232V mutation ren-

ders HSF particularly sensitive to the conformational
change that is caused by this factor.

DISCUSSION

Before offering interpretations of our findings, it
is necessary to point out the caveats. First, our evi-
dence that complex Il represents the high-activity
form of HSF is correlative, not direct. Nonetheless,
complex 1ll does appear and disappear in parallel

FIG. 6. Induction of complex 11l by % 23and ribonuclease. (A) Commercially prepared 2 23was tested at 0.625, 1.45, and 2.5 mM.
Untreated extract (0) and extract treated with the monoQ fraction from Fig. 5 were run in parallel. (B) 5528 was treated with RNAse Th
then analyzed. (C) Extracts were treated with RNAse A or RNAse Tj during the DNA binding reaction and assayed by gel mobility shift,
with untreated extract (0) and extract treated with the monoQ fraction as controls.
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with HSF activity during the course of a heat shock
and recovery, it does appear when cells are stressed
in several different ways, and it appears very effi-
ciently with a mutant form of HSF (M232V) that has
exceptionally high activity. Together, these findings
are strongly suggestive of complex III being an active
form of HSF.

Second, our evidence that complex III consists
solely of two HSF trimers bound to DNA is based,
in part, on negative results. We have been unable to
identify any other, non-HSF component of this com-
plex, but cannot rule out the possibility that one may
exist that is undetectable by our methods.

Third, we remain uncertain as to the true identity
of the activating factor. Gy appears to be an excel-
lent candidate, but until such time as we have puri-
fied the activating factor to homogeneity, and/or such
time as we can test a pure preparation of *G,., its
identity must remain in doubt.

Lastly, we have thus far used whole cell extracts
for our assays. We have shown that these extracts can
respond to in vitro heat shock and to the addition
of ribonuclease, and can thus generate complex III-
inducing activity. It is therefore possible that Gy
represents a precursor to the active molecule. The use
of whole cell extracts also leaves one other question
unanswered: whether the activating factor acts di-
rectly on HSF as an allosteric regulator, or whether
it triggers the activity of an HSF-modifying enzyme.
We believe that our assay system should have identi-
fied the latter, should it exist, and therefore favor the
concept of allosteric regulation.

With these caveats in mind, it is intriguing to con-
sider our most striking findings. First, it is surprising
that the conformational change that gives rise to com-
plex III is detectable only when HSF is bound to
DNA as two trimers, side-by-side. A single DNA-
bound trimer shows no change in gel mobility under
otherwise identical conditions. This could indicate
that, for single trimers, the conformational change
does not lead to a sufficient change in cross-sectional
area to affect gel mobility. Alternatively, it is possible
that the conformational change requires the coopera-
tive interaction of two trimers. This latter possibility
is intriguing in view of several observations. First,
we have previously shown that a heat shock element
that favors cooperative interactions is more effective
in yeast cells than one that does not (5). Second, Co-
hen and Meselson have shown that the cooperative
interaction is necessary for heat shock-induced tran-
scription of the Drosophila hsp70 gene (9). Third,
natural heat shock elements contain sufficient
nGAAn motifs for the cooperative interaction of two
or more trimers of HSF (26). These latter findings
may indicate that, in vivo as well as in our in vitro
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assays, the conformational change of HSF is facili-
tated by interactions between DNA-bound trimers.

A second surprising observation is the apparent
involvement of a small molecule—perhaps a nucleo-
tide—in the conformational change of HSF. These
data suggest that an allosteric effector may trigger
HSF activation. The possibility of allosteric regula-
tion, although popular at one time, has fallen into dis-
favor. This has been due partly to the lack of discov-
ery of such a molecule, which is not surprising given
the dependence of the conformational change, in our
assays, on two DNA-bound trimers. It has also been
due to the findings that heat shock proteins such as
hsp70 and hsp90 can influence HSF activity (2,3,20,
27,32), thus providing a satisfying explanation for
HSF regulation. However, much of the information
on the interaction of these chaperones with HSF has
focused on the monomer-to-trimer transition of meta-
zoan HSF, rather than on conformational changes
that occur to HSF once it has bound DNA. Our data
do not speak to the involvement of these chaperones
in the regulation of yeast HSF, which is structurally
distinct from metazoan HSF, and for which the mon-
omer-to-trimer transition is constitutive. Rather, our
findings suggest an additional layer of regulation be-
yond the role of the chaperones themselves.

Our most unexpected finding is that ribonuclease
can induce the formation of complex III. This sug-
gests that RNA degradation may play a role in the
activation of HSF. This is entirely unexpected, inas-
much as the heat shock system is well known to be
involved in the regulation of expression of protein
chaperones, and has not heretofore been strongly
linked to RNA metabolism.

In searching for models to link RNA metabolism
and the heat shock response, we suggest two general
possibilities. First, it is conceivable that RNA degra-
dation in our extracts causes a variety of RNA bind-
ing proteins to lose their stable folding patterns, and
trigger an unfolded protein response. This mechanism
may play a role in our experiments, and cannot be
ruled out. This is the simplest explanation that retains
its focus on unfolded proteins—but it does not offer
an origin for the small molecule that induces the con-
formational change. A second possibility, however,
is suggested by synthetic lethal interactions between
HSF, RNA binding proteins, and proteasome sub-
units (J. J. Bonner, unpublished; to be described else-
where). These interactions have led us to consider
ribosomal RNA processing, and ribosome biogenesis
as a major metabolic system for which the heat shock
response may be expected to be important.

Cells expend a tremendous amount of energy to
make ribosomes. The majority of cellular RNA is
rRNA; in dividing cells, the major class of mRNAs
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represents genes for ribosomal proteins. Every cell
division, the vast store of ribosomes must be dupli-
cated. With 80 or more ribosomal proteins, and the
several rRNAs, it is no easy matter to coordinate the
synthesis of all these individual components. In yeast,
there is some degree of transcriptional regulation of
ribosomal proteins (12,16,19), but the most striking
regulation is at the level of protein stability. Unas-
sembled ribosomal proteins have remarkably short
half-lives, on the order of a few minutes; due to this
rapid degradation, overexpression of ribosomal pro-
tein genes leads to virtually no increase in the abun-
dance of the proteins; the excess protein is degraded
(1,18,31).

We can imagine the evolutionary advantage of
such exquisite regulation. Ribosomal proteins are
highly prone to aggregation. It is thus advantageous
to keep the pool of unassembled ribosomal proteins
from increasing to a level sufficient to build toxic
intracellular aggregates. Rapid degradation of excess
ribosomal proteins ensures that this is unlikely to
occur.

Unasssembled ribosomal proteins thus represent a
major class of short-lived proteins. Short-lived pro-
teins are typically degraded by the proteasome sys-
tem, some components of which are heat shock in-
ducible. Furthermore, unassembled ribosomal
proteins are quite likely not in their mature conforma-
tions, and may thus represent a major class of chaper-
one substrates in vivo. Thus, for two reasons—chap-
eroning, and the degradation of excess protein—a
case can be made for a strong link between ribosome
biogenesis and the activity of HSF.

Upon heat shock, ribosomal RNA processing is
blocked (4,7,10,22,25). With ribosome biogenesis
thus blocked, the pool of unassembled ribosomal pro-
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teins would seem likely to increase markedly—with
the potential for formation of protein aggregates.
This, in turn, would be expected to increase demand
for proteolysis as well as chaperone activity. It is a
reasonable inference that this increased demand is
met through the activation of HSF.

Although the unassembled ribosomal proteins
themselves should serve as a trigger for HSF activa-
tion by means of the chaperone-dependent regulatory
mechanisms that have been previously described
(2,3,20,27,32), our data suggest that an additional
mechanism works as well, via a potential allosteric
effector of HSF. How is this factor generated in vivo?
One clear possibility is that it, like the alarmones de-
scribed by Ames and colleagues (17), is synthesized
de novo by one or more enzymes involved in protein
synthesis. An alternative that is particularly attractive
in view of our finding that ribonuclease can stimulate
the HSF conformational change is that pre-rRNA,
having been blocked from normal processing, is itself
degraded by a scavenger ribonuclease that generates
the signaling nucleotide as part of its catalytic mecha-
nism.

It remains to be seen whether a model such as this
is at all realistic. Even if the details prove somewhat
different from what we have suggested, it will have
been significant in itself that these findings have
alerted us to the ribosomal proteins as serious candi-
dates for critical targets of the heat shock system,
ones whose assembly and stability must be carefully
monitored both under normal conditions, and during
stress.
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