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At the heat shock temperature of 45°C, there is a transient induction of the synthesis of heat shock proteins
and repression of normal protein synthesis in cells of Neurospora crassa. Both conidiospores and mycelial cells
resume normal protein synthesis after 60 min at high temperature. At the RNA level, however, these two
developmental stages responded with different kinetics to elevated temperature. Heat shock RNAs (for hsp30
and hsp83) accumulated and declined more rapidly in spores than in mycelia, and during recovery spores
accumulated mRNA that encoded a normal protein (the proteolipid subunit of the mitochondrial ATPase),
whereas mycelia showed no increase in this normal RNA (for at least 120 min). Therefore, the resumption of
normal protein synthesis in spores may depend upon accumulation of new mRNAs. In contrast, mycelial cells
appeared to change their translational preference during continued incubation at elevated temperature, from
a discrimination against normal mRNAS to a resumption of their translation into normal cellular proteins,
exemplified by the ATPase proteolipid subunit whose synthesis was measured in the heat-shocked cells.

Exposure of cells to supraoptimal temperatures dramati-
cally alters the patterns of gene expression in all organisms
examined (1, 30, 32, 35). During exposure to high tempera-
ture, a distinctive group of proteins, the heat shock proteins,
are synthesized from mRNAs that are usually newly tran-
scribed in response to heat shock. At the same time, the
synthesis of normal cellular proteins is sharply curtailed
because of repressed transcription of their genes and due to
posttranscriptional mechanisms, such as degradation (25) or
inactivation of preexisting mRNAs (15, 22, 39).

During studies of germinating Neurospora crassa conid-
iospores, or asexual spores, we observed that the growth of
this organism was arrested by exposure to 45°C and that
growth resumed only after the cultures were shifted down to
30°C (the normal incubation temperature). We found that at
45°C N. crassa synthesizes large amounts of six heat shock
proteins (with Ms of 98,000, 83,000, 67,000, 38,000, 34,000,
and 30,000) and normal protein synthesis is repressed (31).
This changed pattern of synthesis occurs both in activated
spores and in growing mycelial cells, and in both types of
cells it persists only for the first 60 min of exposure to high
temperature (31). During continued incubation at 45°C, N.
crassa resumes the synthesis of normal cellular proteins and
discontinues heat shock protein synthesis. A similarly tran-
sient response to high temperature has been documented for
other organisms including Saccharomyces cerevisiae (26,
28), but these organisms adapt physiologically to the induc-
ing temperature, at which they resume growth. In contrast,
the temperatures that strongly induce synthesis of heat
shock proteins in Drosophila melanogaster do not support
growth in that organism (29), nor do they allow a return to
normal protein synthesis (39) such as occurs in N. crassa. N.
crassa, therefore, exhibits some features of both these two
general patterns of response to heat shock. After initial
repression, this mycelial fungus can resume normal protein
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synthesis at a heat shock temperature, but it cannot grow or
develop at that temperature.

The basis for this resumption of normal protein synthesis
during prolonged heat shock is not yet known. We have
asked in our study whether N. crassa cells might retain
normal mRNAs, untranslated early in the heat shock re-
sponse, or whether, as in S. cerevisiae (22, 25), RNA levels
alone determine what proteins are synthesized. The possi-
bility of translational regulation in N. crassa holds particular
interest, since there are relatively few well-documented
cases of translational control by eucaryotic cells, with a
prominent example being the selective discrimination by D.
melanogaster against translation of normal mRNAs during
heat shock (22, 39).

In the present study we measured accumulation and
decline of specific RNAs in cells exposed to heat shock by
using a cloned cDNA for a normal cellular protein (the
proteolipid subunit of mitochondrial ATPase) and cloned
cDNAs, whose isolation we describe here, for two heat
shock proteins of N. crassa (hsp83 and hsp30). We found
that both activated conidiospores and mycelial cells synthe-
size new heat shock transcripts in response to high temper-
ature, but these two developmental stages accumulate heat
shock RNAs and, subsequently, a normal RN A with sharply
different kinetics. In addition, mycelial cells apparently
retain normal mRNAs that are inefficiently translated during
the first 60 min of heat shock, and they resume normal
protein synthesis by a change in translational efficiency. On
the other hand, spores do not require such translational
control, since their recovery at high temperature includes
accumulation of new transcripts for normal proteins.

MATERIALS AND METHODS .

Strain. Conidiospores of N. crassa 74-OR23-1A (Fungal
Genetics Stock Center, Department of Microbiology, Uni-
versity of Kansas Medical Center, Kansas City) were pro-
duced and harvested under nonactivating conditions (4).
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RNA purification. N. crassa cells were disrupted (5) in 8 M
guanidine hydrochloride, RNA was isolated by repeated
precipitations from 6 M guanidine hydrochloride with a 0.5
volume of ethanol, and solubilization with Tris buffer (7, 8,
10) followed. For lipid-rich spore material, the supernatant
was extracted with water-saturated chloroform-butanol (4:1
[vol/vol]) before precipitation. The RNA was stored at
—80°C or was fractionated by oligo(dT) cellulose chromatog-
raphy (2).

Preparation of cDNA library. Poly(A)* RNA isolated from
mycelial cells that had been exposed to 45°C for 45 min was
used to synthesize cDNA. The procedures of Gubler and
Hoffman (14) were used for first-strand cDNA synthesis with
AMY reverse transcriptase (Life Sciences, Inc.), to degrade
poly(A)* RNA with Escherichia coli RNase H (Bethesda
Research Laboratories, Inc.), and for second-strand cDNA
synthesis with DNA polymerase I (Boehringer Mannheim
Biochemicals). The double-stranded cDNA was treated (23)
with S1 nuclease (Sigma Chemical Co.), tailed (11) with
dCTP by terminal deoxynucleotidyl transferase (P-L
Biochemicals, Inc.), and annealed (23) with dG-tailed, PstI-
cleaved pBR322 (Bethesda Research Laboratories) in a ratio
of 1:25 (wt/wt, cDNA to plasmid). The hybrid plasmids were
used to transform the DH1 strain of E. coli (provided by J.
Messing), which was prepared for transformation by over-
night incubation in calcium chloride (9). Transformed colo-
nies (520 from 1.5 ng of cDNA) were selected by tetracycline
resistance and ampicillin sensitivity.

Screening of cDNA library by differential hybridization.
Ninety-five plasmids were isolated by the boiling method of
Holmes and Quigly (16) and were screened by differential
hybridization. The plasmids were denatured and applied (21)
to nitrocellulose filters (BA8S5; Schleicher & Schuell, Inc.) in
duplicate by means of an S&S Minifold apparatus. The
filters, according to the directions of the vendor, were dried
under vacuum and were prehybridized and hybridized at
42°C in 50% formamide to 3?P-labeled cDNA made either
from poly(A)* RNA of N. crassa cells grown at 30°C or from
poly(A)* RNA of cells heat shocked at 45°C for 45 min. The
filters were washed under stringent conditions (6) and auto-
radiographed with intensifying screens (Cronex Lightning-
Plus, Du Pont Co.) and X-Omat AR-S film (Eastman Kodak
Co.).

Screening of cDNAs by Northern blot hybridization.
Twelve plasmids that displayed a clear difference in hybrid-
ization were isolated by the alkaline lysis procedure of
Birnboim and Doly (3) and then purified through NACS
mini-columns (Bethesda Research Laboratories), and the
sizes of their inserts were determined by electrophoresis
through a 1.5% agarose gel. Ten of the plasmids were
individually labeled by nick translation (24) with [*?P}dCTP
(3,500 Ci/mmol; New England Nuclear Corp.) for use as
hybridization probes of Northern blots (38), containing
poly(A)* RNA (1.6 pug) from cells grown at 30°C and from
cells exposed to 45°C that had been separated electrophoreti-
cally in formaldehyde—1.3% agarose gels (33). Two plasmids
were selected containing the largest inserts that hybridized
preferentially to distinct 45°C mRNAs.

Quantification of the kinetics of RNA accumulation. Total
RNA was extracted from approximately 1 g (wet weight) of
cells after successive intervals of cell incubation at 45°C. For
isolation of RNA from activated conidiospores, the spores
were suspended in liquid nutrient medium (41) at a concen-
tration of 10 mg/ml; at harvest the culture flasks were rapidly
(within 2 min) cooled to 0°C by swirling them in granulated
dry ice and the spores were collected by filtration at 4°C. For
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isolation of RNA from mycelial cultures, spores were sus-
pended in 75 ml of liquid medium at an initial spore density
of 1 mg/ml and allowed to grow for 7 h before experimental
treatment. Cell cultures that were shifted to a 45°C water
bath reached 44°C within 2 min and 45°C by 4 min after
transfer. After the cellular material was homogenized in
buffered 8 M guanidine hydrochloride, 5 ug of purified rabbit
globin mRNA (Bethesda Research Laboratories) was added
to the extract to allow later estimation of the efficiency of
cellular RNA purification and the original cellular content of
RNA.

By use of an S&S Minifold, 2.5 and 10 pg of each RNA
preparation in 15X SSC (1x SSC is 0.15 M NaCl plus 0.015
M sodium citrate, pH 7.0) were applied under light vacuum
to nitrocellulose filters (13) immediately after the binding
buffer was drawn through each well to enhance uniformity of
RNA binding (36). Each filter was dried, prehybridized, and
hybridized to 500 ng of plasmid that had been nick translated
with [*2P]JdCTP (7,000 Ci/mmol; Amersham Corp.). Nicked
pBR322 was added to the hybridization solution (2 to 2.5 ml)
at a concentration of 25 pg/ml. After three 15-min washes at
room temperature in 2 X SSC-0.2% sodium dodecyl sulfate
(SDS), the filters were washed four times at 55°C with 0.1 X
SSC-0.2% SDS. To measure proteolipid RNA levels in
heat-shocked spores, we increased the sensitivity of detec-
tion by applying 10 and 20 pg of RNA to a filter and used as
hybridization probe the isolated cDNA insert (40 ng) that
had been radiolabeled to a high specific activity.

Radiolabeling and immunoprecipitation of the proteolipid
subunit of the mitochondrial ATPase from cellular and mito-
chondrial extracts. For preparation of cellular extracts, indi-
vidual flasks of nutrient medium containing 30 mg of N.
crassa spores (1 mg/ml) were incubated at 30°C for 7 h, after
which they were transferred to 45°C and radiolabeled with 75
wCi (2.5 pCi/ml) of [*’S]methionine (1,185 Ci/mmol;
Amersham Corp.) for consecutive 30-min intervals. The
radiolabeled methionine was chased with 1 pumol of
unlabeled methionine immediately before the cells were
collected by filtration. The cells were disrupted (5) in 3 ml of
cold 0.1 M sodium phosphate (pH 8.0), and cellular debris
was separated by centrifugation at 1,500 X g for 5 min. For
mitochondrial isolation, 300 mg of spores was treated as
described for cellular extracts, except that they were radio-
labeled every other 30-min interval with 300 wCi (1 pCi/ml)
of [**S]methionine, chased with 5 umol of unlabeled methio-
nine, and homogenized in 10 ml of cold STE buffer (0.25 M
sucrose, 1 mM EDTA, 50 mM Tris [pH 7.5]). The
mitochondria, isolated by differential centrifugation (5),
were suspended in 0.1 M sodium phosphate (pH 8.0) buffer.

A sample (7 mg of cellular protein or 1 mg of mitochondrial
protein) in 1% Triton X-100 was reacted with 100 wl of
proteolipid antiserum (42) and 50 pl of hydrated protein
A-Sepharose (Pharmacia Inc.). After washes with 2% Triton
X-100 and phosphate buffer, proteins that were bound to
protein A-Sepharose were solubilized in electrophoresis
sample buffer (20) and were separated by electrophoresis at
100 V through cylindrical SDS-12.5% polyacrylamide gels;
cytochrome ¢ was used as a tracking dye. The gels were
frozen and sliced into 1-mm slices which, after solubilization
(43), were counted by liquid scintillation spectrometry.

RESULTS

Selection of cloned cDNAs. We made a cDNA library from
poly(A)* RNA isolated from heat-shocked mycelial cells to
develop specific probes for mRNAs encoding heat shock
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FIG. 1. Differential hybridization of two cloned cDNAs to dis-
tinct mRNAs from heat-shocked cells versus non-heat-shocked
cells. A Northern blot of poly(A)* RNA (1.6 ng) from mycelial cells
either kept at 30°C or transferred to 45°C for 45 min was probed with
nick-translated plasmids containing N. crassa cDNA inserts. The
activity of pNcHsp-83 was 6 X 107 dpm/250 ng, and hybridization
was in 3.6 ml; pNc¢Hsp-30 had 9 x 107 dpm/250 ng, and hybridization
was in 6.5 ml. The XAR-5 film was exposed with two intensifying
screens at —80°C for 20 h. Restriction fragments from pBR322
digested with Hinfl were the molecular weight markers. b, Bases.

proteins of N. crassa. The library was initially screened (95
clones from 520) by hybridization to cDNA prepared from
heat shock (45°C) mRNA in preference to cDNA prepared
from normal (30°C) mRNA. Ten plasmids that displayed
strong differential hybridization were then radiolabeled and
screened by hybridization to Northern blots of poly(A)*
RNA from cells incubated at 45 and 30°C. Two of the
plasmids were complementary to an mRNA of approxi-
mately 3,400 bases that was expressed at both temperatures
but that was strongly induced by heat shock (Fig. 1). One of
these plasmids (pNcHsp-83), which contains a 930-base
insert, was shown by in vitro translation of hybrid-selected
RNA to encode a part of the 83,000-M, heat shock protein of
N. crassa (Fig. 2). The insert from this plasmid hybridized
under nonstringent conditions (data not shown) with the
hsp83 gene (pUTX17) of S. cerevisiae (12) but did not

FIG. 2. Translation product of RNA that was hybrid selected by
plasmid pNcHsp-83. The translation products from a reticulocyte
lysate to which plasmid-selected RNA was added (B) and the
products without added RNA (A) are shown. Proteins were radio-
labeled with 50 wCi of [**S]methionine. Also shown are the total
translation products of poly(A)* RNA (0.5 pg) (C) and the in vivo
synthesis pattern of heat-shocked cells (D); the three high-
molecular-weight heat shock proteins are indicated. The proteins
were separated in an SDS-10% polyacrylamide slab gel and autora-
diographed for 19.5 h.
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FIG. 3. Translation product of RNA that was hybrid selected by
plasmid pNcHsp-30. The translation products from a reticulocyte
lysate to which plasmid-selected RNA was added (C) and the
products when no RNA was added (D) are shown. Proteins were
radiolabeled with 3.3 uCi of [*H]leucine. Also shown are the total
translation products of poly(A)* RNA (B) and the in vivo protein
synthesis pattern of heat-shocked mycelial cells (A). The prominent
heat shock proteins of mycelial cells are indicated. The proteins
were separated by SDS electrophoresis in cylindrical 10% polyacryl-
amide gels, and the tracking dye bromophenol blue migrated 90 mm.

cross-hybridize with the hsp70 gene (B8) of D. melanogaster
(17). Seven hybrid plasmids were complementary to an
mRNA of 1,400 bases that was expressed only during heat
shock (Fig. 1). The largest of these plasmids (pNcHsp-30),
which contains a 1,230-base insert, was determined by
hybrid selection and in vitro translation to encode the
30,000-M, heat shock protein of N. crassa (Fig. 3). The heat
shock proteins encoded by these cloned cDNAs, pNcHsp-83
and pNcHsp-30, are synthesized during heat shock by both
conidiospores and mycelial cells. .
Measurement of specific RNA content of cells. RNA was
extracted from dormant conidiospores of N. crassa and from
spores incubated at 45°C for 5, 15, 30, and 45 min. RNA was
also isolated from mycelial cultures (grown 7 h at 30°C)
before transfer and at 5, 15, 30, 60, and 90 min aftet transfer
to a 45°C water bath. Rabbit globin mRNA was added (5 pg)
to each cellular extract. Equal amounts of total RNA from
each treatment were applied in replicate to nitrocellulose
filters which were subsequently hybridized in parallel to four
radiolabeled probes: pNcHsp-83 and pNcHsp-30, which
encode heat shock sequences; AV48, which contains full-
length cDNA for the proteolipid subunit of the mitochondrial
ATPase-ATP synthase of N. crassa (40), a nuclear gene
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TABLE 1. Quantity of specific sequences in extracted RNA

Hybridized dpm for specified probe and amt (pg)
of assayed RNA“

pNcHsp-83 pNcHsp-30 AV48
10 2.5 10 2.5 10 2.5
Dormant spore 12.57 1;281 461 1,019 419 133 38

RNA source  Total
and no. of RNA
min at 45°C (mg)

5 ) 12.36 14,241 3,455 20,342 5,171 291 106
15 12.69 31,494 8,482 49,021 12,909 198 66
30 11.58 32,181 9,017 43,367 11,624 260 57
45 10.20 16,891 4,419 16,935 4,200 587 174
Mycelium (7h) 7.59 4,065 2,002 650 452 7,467 2,017
5 6.38 11,551 3,269 5,113 1,502 5,094 1,465
15 5.96 29,584 7,040 19,485 4,899 3,750 1,068
30 6.15 71,589 19,097 57,114 15,168 2,556 580
60 8.74 66,741 17,142 73,683 19,733 1,359 366
90 8.08 57,446 14,753 72,528 16,831 1,475 403

2 Two concentrations (10 and 2.5 pug) of RNA from each cell preparation
were applied to nitrocellulose filters and probed with nick-translated plasmids
that contained cDNA sequences either for one of the heat shock proteins
(pPNcHsp-83 or pNcHsp-30) or for the ATPase proteolipid subunit (AV48).
Background radioactivity has been subtracted for the values shown.

product; and pRB1.95, containing the 5’ portion and flanking
sequences of the Bl gene for rabbit B-globin (19). The
nitrocellulose filters were autoradiographed, and the areas
containing bound RNA were cut out for counting by scintil-
lation spectrometry. Background counts were subtracted,
and hybridized radioactivity was found to increase linearly
with the increase in RNA bound to the filter, a fourfold
increase for each (Table 1) and a twofold increase for
proteolipid spore RNA (Fig. 4). These experiments were
performed two or more times, and the data presented are
typical results.

To estimate the amount of specific mRNA sequences
originally present in the cells, we determined the original
RNA content of each preparation, expecting that the RNA
content of N. crassa cells would change during heat shock.
The total RNA content was determined by dividing the final
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FIG. 4. Dot blot of RNA from spores incubated at 45°C for
different time intervals before extraction. Cellular RNA (20 p.g [row
1] and 10 pg [row 2]) was applied to a nitrocellulose filter and
hybridized to the proteolipid cDNA insert that was radiolabeled to a
high specific activity (4.0 X 107 dpm/40 ng). The filter was exposed
to X-ray film for 24 h, and the hybridized radioactivity was quanti-
fied by scintillation spectrometry. The disintegrations per minute for
RNA from dormant spores and from spores extracted after 5, 15, 30,
and 45 min of incubation were (for 10 pg of RNA) 782, 1,806, 559,
790, and 2,910, respectively. The corresponding figures for 20 pg of
RNA were 1,556, 3,448, 1,099, 1,788, and 6,061 dpm. When the two
measurements for each time point were averaged and adjusted for
total cellular RNA content, the resultant figures were 1,961 dpm for
20 pg of dormant spore RNA and 4,363, 1,407, 1,950, and 6,060 for
RNA from spores incubated at 45°C for S5, 15, 30, and 45 min,
respectively.
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yield of RNA for the preparation by its own extraction
efficiency, and its extraction efficiency was determined by
hybridization of a B-globin sequence to the globin mRNA
added to the cell extract, compared with hybridization to a
known amount of globin mRNA (Fig. 5). This estimated total
RNA content of each preparation was used to adjust the
hybridized radioactivity for each experimental probe. For
example, if the original total RNA in the cell extract was 10
mg, the hybridized counts for the 10 pg of applied RNA were
multiplied by 1; the radioactive counts from a cell prepara-
tion originally containing 12 mg of RNA were multiplied by
1.2. The estimated total RNA content ranged from 6.0 to 8.7
mg for mycelial cells (approximately 1 g [fresh weight] at
harvest) and from 10.2 to 12.7 mg for spores (1 g at
inoculation) exposed to 45°C (Table 1).

These normalized counts from RNA hybridization to a
specific DNA probe do not indicate the actual number or
amount of specific RNA molecules present in the cells;
instead, they reflect the relative amounts of specific se-
quences present in cellular RNA from different sources,
provided these RN As were hybridized in parallel to the same
radiolabeled probe.

Kinetics of RNA accumulation during heat shock.
Quantification of the hybridized radioactivity indicated that
mRNAs for hsp83 and hsp30 are induced together and to a
similar extent in spores and mycelial cells after exposure to
45°C, but the kinetics of this induction are different in the
two cell types. In mycelial cells (Fig. 6 and 7) the increase of
both mRNAs began as soon as 5 min after transfer to 45°C
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FIG. 5. Dot blot of RNA from spores incubated at 45°C for
different time intervals before extraction. Cellular RNA (10 pg [row
1] and 2.5 pg [row 2]) was applied to the nitrocellulose filters. In the
B-G lane of the B-globin filter, 1 ng (row 1) and 0.25 ng (row 2) of
pure globin mRNA were applied, along with 2.5 pg of E. coli tRNA
as carrier; 2.5 pg of tRNA alone was applied in row 3. The plasmids
used as probes (500 ng) were nick translated to a radioactivity of 2.0
x 107 dpm (pNcHsp-83), 3.2 x 107 dpm (pNcHsp-30), 2.0 X 107 dpm
(proteolipid AV48), and 3.2 X 107 dpm (globin pRB1.95). The blots
were hybridized in 2 to 2.5 ml each and autoradiographed with two
intensifying screens for 3.75 h (pNcHsp-83, pNcHsp-30, and
pRB1.95) or 15 h (AV48).
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FIG. 6. Dot blots of RNA from mycelial cells exposed to 45°C for
different time intervals before extraction. Cellular RNA (10 pg [row
1] and 2.5 pg [row 2]) was applied to the nitrocellulose filters. The
hybridization probes (500 ng of each plasmid) were nick translated
to a radioactivity of 3.5 x 107 dpm (pNcHsp-83), 2.1 x 107 dpm
(pNcHsp-30), 2.0 x 107 dpm (proteolipid probe AV48), and 4.0 x
107 dpm (globin probe pRB1.95). Each blot was hybridized in 2 ml
and was autoradiographed with two intensifying screens for 3.75 h
(pNcHsp-83 and pNcHsp-30) or 15 h (AV48 and pRB1.95).
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FIG. 7. Kinetics of RNA accumulation in mycelial cells exposed
to 45°C. Curves represent hsp83 (A), hsp30 (O), and the proteolipid
subunit of the mitochondrial ATPase (@®). The scale on the right
ordinate applies to the proteolipid. The radioactive counts from the
dot blots of Fig. 6 were adjusted for total cellular RNA content and
plotted.
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FIG. 8. Kinetics of RNA accumulation in ungerminated
conidiospores exposed to 45°C during activation. Curves represent
hsp83 (A), hsp30 (O), and the proteolipid subunit of the mitochon-
drial ATPase (@). The scale on the right ordinate applies to the
proteolipid. The radioactive counts from the dot blots of Fig. 5 were
adjusted for total cellular RNA content and plotted.

and the increase reached its maximum around 60 min of
exposure to heat shock; by 90 min the level of these two heat
shock-induced mRNAs began to decrease. Spores incubated
at 45°C (Fig. S and 8) displayed a much more rapid response
than did mycelial cultures. The expression of both heat
shock mRNAs was strongly induced by 5 min and reached
its maximum as soon as 15 min of exposure, and by 45 min
the RNA levels had declined considerably.

There was a dramatic decrease in RNA for the proteolipid
subunit of the mitochondrial ATPase after transfer of
mycelial cells to 45°C. This decrease in a normal cellular
mRNA was evident by S min of exposure, and the RNA
reached its lowest point by about 60 min of cellular exposure
to 45°C (Fig. 7), kinetics that are conversely similar to the
induced expression of heat shock mRNAs. However, there
was no observed increase by 90 min in the level of
proteolipid mRNA to accompany the decrease in heat shock
mRNAs at this time. Even by 120 min of heat treatment (data
not shown), when heat shock RNA concentration had de-
clined severely, there was no increase in the concentration
of proteolipid sequences in the mycelial RNA above the
concentration at 60 min of heat shock. In contrast,
ungerminated spores, whose heat shock transcripts de-
creased substantially by 45 min, accumulated new proteo-
lipid transcripts during recovery from heat shock. The
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FIG. 9. Northern blot of ATPase proteolipid RNA. The RNA (20
ng) isolated from mycelial (7-h) cells before transfer (lane 1) to 45°C
and 30 min (lane 2), 60 min (lane 3), and 90 min (lane 4) after heat
shock was subjected to electrophoresis and blotted to nitrocellulose.
The blot was hybridized in 12 ml to 250 ng of plasmid AV48
(proteolipid) that was nick translated to a radioactivity of 9.45 x 107
dpm. Film exposure was for 40 h with two intensifying screens.
Molecular weight markers were Hinfl restriction fragments of
pBR322. b, Bases.

proteolipid mRNA of these spores increased fourfold be-
tween 15 and 45 min of heat shock (Fig. 4 and 8).

Log phase mycelial cells contain a substantial amount of
ATPase proteolipid RNA, and although it decreases dramat-
ically during heat shock, it never disappears; at least 20% of
the proteolipid mRNA originally present in the cells ap-
peared to be stably retained or synthesized during heat
shock (Fig. 7). We determined that the proteolipid mRNA
was intact in mycelial cells during heat shock and was not
partially degraded or present as an unprocessed precursor.
The same cellular RN As that were used in the dot blots (0,
30, 60, and 90 min at 45°C) were separated electrophoreti-
cally and hybridized, after blotting, with the radiolabeled
ATPase proteolipid probe. Autoradiography of the Northern
blot (Fig. 9) indicated that the proteolipid sequences in the
RNA from heat-shocked mycelial cells are accounted for by
intact, mature proteolipid mRNA.

Synthesis of ATPase proteolipid peptide during heat shock.
These results indicate that there is no increase in a normal
cellular RNA at a time during heat shock (90 min) when
mycelial cells are found to resume synthesis of normal
proteins (31). To determine specifically for the ATPase
proteolipid peptide its recovery kinetics of synthesis, we
immunoprecipitated this peptide subunit both from unfrac-
tionated cell extracts of mycelia and from mitochondrial
fractions. We found that between 30 and 60 min of heat
shock the synthesis of this subunit was reduced to 2% or less
of its pre-heat shock level (Fig. 10). However, synthesis of
the proteolipid subunit resumed by 60 to 90 min of heat
shock, increasing with each subsequent 30-min radiolabeling
interval up to 150 to 180 min of heat shock, when the rate of
synthesis (at least briefly) reached a plateau (Fig. 10A). The
level of incorporation of radiolabeled amino acids into total
cellular proteins was similar during each of these labeling
intervals (data not shown).

The extent of proteolipid accumulation by mitochondria
appears to depend on the rate of peptide synthesis, rather
than on differences in membrane translocation efficiency.
The proteolipid subunit of the mitochondrial ATPase is
synthesized in the cytoplasm as a peptide precursor with a
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FIG. 10. Synthesis of the proteolipid subunit of mitochondrial
ATPase during heat shock. Proteins immunoprecipitated by
proteolipid antibody were separated electrophoretically in SDS-
12.5% polyacrylamide cylindrical gels. The tracking dye cyto-
chrome ¢ migrated 65 mm. (A) Immunoprecipitation from cellular
extracts of mycelial cells that were radiolabeled with 2.5 uCi of
[>*S]methionine per ml for 30 min before harvest, beginning at 6.5 h
of growth at 30°C (top tracing) and (from bottom to top) at 30, 60, 90,
120, and 150 min after transfer to 45°C. (B) Immunoprecipitation
from a mitochondrial fraction of mycelial cells that were radiola-
beled with 1 wCi of [**S]methionine per ml for 30 min before harvest,
beginning at 6 h of growth at 30°C (top tracing) and (from bottom to
top) at 30, 90, and 150 min after transfer to 45°C.
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long amino-terminal extension, which is not removed until
after mitochondrial import. The 15,000-dalton precursor (40)
should have a different electrophoretic mobility (44) than
that of the 8,000-dalton mature subunit. The proteolipid
peptides immunoprecipitated both from cell extracts and
from mitochondria had the electrophoretic mobility of the
mature subunit, which indicates that import has already
occurred in both experiments.

DISCUSSION

The integrated response of N. crassa to heat shock
resembles in specific ways the contrasting reactions of D.
melanogaster and S. cerevisiae. Like the latter, N. crassa
resumes normal protein synthesis at elevated temperature,
but like D. melanogaster, it cannot grow or develop at that
temperature. To examine the molecular mechanisms of N.
crassa for initially expressing only heat shock genes and
later resuming normal protein synthesis at elevated temper-
ature, we compared the kinetics of RNA increase in two
developmental stages of N. crassa, in conidiospores that
were metabolically inactive before heat shock and in expo-
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nentially growing mycelial cells. At both stages, N. crassa
responded to heat shock by accumulating heat shock tran-
scripts, but the two developmental stages apparently differed
in the basis for resuming normal protein synthesis.

The spores displayed a large and rapid increase (at least
20-fold) in the levels of hsp83 and hsp30 RNA that peaked by
15 min. The heat shock response of mycelial (7-h) cells,
which required 60 min for maximum accumulation of heat
shock RNAs, was considerably slower than that of spores.
In addition, the mRNA for a representative normal protein,
the proteolipid subunit of the mitochondrial ATPase, de-
clined to its lowest point at 60 min in mycelial cells, and its
concentration did not increase in these cells even by 120 min
of heat shock. Ungerminated spores, on the other hand,
showed a substantial increase (fourfold) in proteolipid
mRNA by 45 min of heat shock, compared with its low level
at 15 min.

Despite these differences at the RNA level, spores and
mycelial cells appear to resume normal protein synthesis at
the same time during heat shock. We earlier reported that
spores initiate synthesis of normal proteins, typified by
actin, by 60 to 90 min of incubation at high temperature (31).
In the current study we found that mycelia begin to synthe-
size another normal protein, the ATPase proteolipid subunit,
at the same time, or between 60 and 90 min of heat shock.
Since there is no increase in the proteolipid mRNA content
of mycelia at this time, changes in mRNA levels alone
cannot account for the repressed synthesis of this peptide
early in heat shock or for its renewed synthesis during
recovery. Instead, it seems likely that a change in transla-
tional discrimination occurs when mycelial cells are shifted
to 45°C, and there is a reversion in preference after 60 min of
exposure to heat shock. Spores, on the other hand, at
elevated temperature show an increase in a normal mRNA
(for the proteolipid subunit) that appears coordinated with
their initiation of normal protein synthesis, which suggests
that translational control is less important for the heat shock
response of spores.

This apparent difference in regulation between spores and
mycelia of N. crassa may be related to the disparate
amounts of normal mRNAs they contain. Dormant spores
contain much less proteolipid mRNA, for example, than do
growing mycelial cells. Even with a substantial decline (80%
for proteolipid mRNA), heat-shocked mycelial cells retain a
high enough level of these messages to reinitiate synthesis of
normal proteins with little or no new transcription. Spores,
on the other hand, may require new transcription for their
increased synthesis of normal proteins. In addition to this
difference in regulation between the two developmental
stages, there are two heat shock proteins (with M;s of 38,000
and 34,000) that are synthesized by N. crassa mycelia (31)
but not by spores.

We think it is likely that the synthesis of many normal
proteins by N. crassa mycelia is regulated at the transla-
tional level during heat shock. Our screening of the heat
shock ¢cDNA library from mycelial cells indicates that 24%
of the sequences were enriched in cells incubated at 45°C,
whereas 14% were enriched in cells grown at 30°C, and these
latter messages were only moderately reduced at 45°C (data
not shown). This suggests that the synthesis of many normal
proteins is depressed in mycelia during the first 60 min of
heat shock, despite a significant cellular content of their
mRNAs.

For N. crassa the predominant mechanism for regulating
normal protein synthesis during heat shock apparently de-
pends on the developmental stage. In using selective trans-
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lation to regulate protein synthesis, N. crassa mycelia re-
semble the cells of D. melanogaster, which retain normal
mRNAs during heat shock, although they are not translated
(39). The preserved mRNAs are translated into normal
proteins after temperature shiftdown when recovery occurs
in this organism (22). In contrast, the asexual spores of N.
crassa, like yeast cells (22, 25), may require new transcrip-
tion for initiating normal protein synthesis during heat
shock.

The means by which translational components of D.
melanogaster cells discriminate between normal mRNAs
and heat shock mRNAs during heat shock remain unknown.
Scott and Pardue (37) showed that the lysates from heat-
shocked cells display the same translational preference for
heat shock mRNAs as the intact cells do and that this
selectivity can be overcome by the addition of a ribosome
fraction from non-heat-shocked cells. Other workers have
examined the contribution of the long 5’ leader sequence of
heat shock mRNAs which is characteristically deficient in
secondary structure, and they have found that this sequence
(or some part of it) is both necessary (27) and sufficient (18)
for making mRNAs readily translatable during heat shock.
How this distinguishing structural feature of heat shock
mRNAEs is related to heat shock-induced changes in cellular
components of translation is not yet known.

A transient heat shock response, such as that displayed by
N. crassa, offers an important advantage for studying the
molecular bases for translational selectivity. A reversion in
translational preference occurs during prolonged heat shock,
independently of a change in temperature. This makes it
possible to analyze molecular modifications that might affect
translational discrimination at high temperature without the
complicating effects of a temperature shift (34).
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