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An Ancient Developmental Induction: Heat-Shock 
Proteins Induced in Sporulation and Oogenesis 

Every eukaryotic and prokaryotic organism tested to date synthesizes a small number 
of heat-shock proteins in response to heat and other forms of stress. A particular 
pattern of heat-shock gene expression was observed during ascospore development in 
Saccharomyces: heat-shock proteins hsp26 and hsp84 were strongly induced, whereas 
hsp70, the most highly conserved of these proteins, was neither induced nor inducible 
by heat shock. Instead, two proteins related to hsp7O were induced. A strikingly 
similar pattern of expression occurs during oogenesis in Drosophila, suggesting that it 
may be one of the earliest developmental pathways to evolve in eukaryotic cells. 

A LL ORGANISMS RESPOND TO MILD 

elevations in temperature by coordi- 
nately synthesizing a small set of 

heat-shock proteins. The exact number of 
proteins induced varies in different orga- 
nisms, but in all cases proteins of approxi- 
mately 84 and 70 kilodaltons (hsp84 and 
hsp70) are among the most prominent spe- 
cies. These proteins have been highly con- 
served in evolution. The hsp70 proteins of 
Drosophila and yeast have 72 percent amino 
acid identity (1) and their respective hsp84 
proteins have 63  percent identity (2, - 3 ) .  
Most organisms also produce heat-shock 
proteins of 20 to 30 kD. Drosophila cells 
hroduce four closely related of 28, 
26, 23, and 22 kD. Cells of the yeast 
Saccharomyces cererhiae produce only one 
prominent small protein with a molecular 
mass of 26 kD. These small heat-shock 
proteins have not been conserved to the 
same extent as hsp70 and hsp84, but nucleic 
acid sequence analvsis has demonstrated ho- 
mology among the proteins of insects, verte- 
brates, and nematodes (4-5). Furthermore, 
the small heat-shock proteins of Drosophila, 
yeast, and tomatoes form particles of highly 
conserved morphology (6, 7). 

Although the specific fimctions of the 
heat-shock proteins are not yet known, 
some of them are expressed during oogene- 
sis and pupation in Drosophila (8-12), sug- 
gesting that they play a role in normal 
development as well as in the response to 
stress. To investigate developmental regula- 
tion of the heat-shock genes in the yeast S. 
cerevisiae, we examined sporulating cells. 

Since these cells do not efficiently take up 
radiolabeled amino acids, gene expression 
was determined with DNA probes and anti- 
bodies. In the experiment represented in 
Fig. 1, diploid cells of the strain AP3 
reached the tetranucleate stage 8 to 10 hours 
after transfer to nitrogen-deficient medium 
and sporulation was complete at 24 hours. 
Total cellular RNA's were isolated at various 
times during sporulation, electrophoretical- 
ly separated, and analyzed by hybridization 
with cloned probes for the heat-shock genes. 

Messenger RNA (mRNA) for hsp26 was 
induced early in sporulation, eventually 
reaching a concentration higher than that 
achieved during a 1-hour heat shock (Fig. 
la) .  Messenger RNA for hsp84 was also 
induced during sporulation (Fig. lb) .  The 
timing of its accumulation was different 
from that of the hsp26 message. The maxi- 
mum level of induction was comparable to 
that achieved with a 1-hour heat shock. 

The hsp70 gene family in Saccharomyces 
contains two different classes of heat-induc- 
ible genes encoding 70-kD proteins. Tran- 
scripts from one class, represented here by 
clone YG100, are observed at low levels at 
25°C and at much higher levels at 36°C. 
Transcripts of the other, represented by 
clone YG107, are observed only at tempera- 
tures above 38°C (13). Neither class was 
induced during sporulation (Fig. lc). More- 
over, as can be seen with longer exposures, 
as sporulation proceeded, the concentration 
of the YGlOO message dropped below the 
basal level observed during normal vegeta- 
tive growth. 
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We examined the expression of heat- 
shock RNA's in several S. cerevisiae strains of 
widely divergent genotypes. Messages for 
hsp26 and hsp84 are induced at different 
times in strains that sporulate at different 
rates, but they are always induced strongly. 
Neither class of hsp70 message was induced 
during sporulation in any strain. Thus, un- 
like the coordinate induction of these genes 
during heat shock, their induction during 
development is uncoupled; only a particular 
subset of heat-shock genes is induced. 

This pattern of heat-shock gene expres- 
sion is remarkably similar to one reported to 
occur during normal oogenesis in Drosophi- 
la. In adult females, RNA's for hsp26, 
hsp28, and hsp84 are induced in ovarian 
nurse cells and passed into the developing 
oocyte (1 1) .  As with meiosis in S. cerevisiae, 
this developmental induction differs from 
heat-shock induction in that mFWA for 
hsp70 does not accumulate. In fact, in late 
egg chambers and early embryos, hsp70 is 
not induced even with heat shock (1 1'1. This 

\ ,  

is significant, since, in virtually all other 
tissues, hsp70 is the protein most strongly 
induced by heat. 

To determine whether h s ~ 7 0  is heat-in- 
ducible during sporulation, we removed 
portions of a sporulating culture at various 
times during development and subjected 
them to heat shock at 39°C. RNA's from 
these cells were hybridized with probes for 
the two classes of hsp70 genes. Both were 
inducible during the early stages of sporula- 
tion; neither was inducible during the final 
stages of spore maturation (Fig. 2a). This 
change apparently occurred before general 
transcriptional inactivation of the spore 
genome, since an mRNA encoding a 21.5- 
kD sporulation-specific polypeptide accu- 
mulated after hsp70 became refractory to 
induction (Fig. 2b). 

We translated RNA's from sporulating 
cells in vitro and found that the heat-shock 
messages they contained were fully translat- 
able. However, the fact that these RNA's 
can be translated in vitro provides no infor- 
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mation about their utilization in vivo. To 
analyze the expression of hsp26, we generat- 
ed a polyclonal antibody specific for this 
protein. The antibody was raised by immu- 
nizing rabbits with electrophoreticdy puri- 
fied 26-kD protein from heat-shocked cells. 
The antibody was highly specific. It reacted 
very strongly with proteins from wild-type 
cells that had been subjected to heat shock, 
but not with proteins from an isogenic 
strain in which the hsp26 gene was deleted 
(Fig. 3a) (14). 

: 2 B 8 l o  12 24 32 48 hours 

Fig. 1. Expression of heat-shock genes during 
sporulation. Total RNA's were extracted from 
diploid AP3 cells at various times after transfer to 
sporulation medium (25). For each time point, 2 
pg of total RNA's were separated on 1.2 percent 
agarose gels containing 5 rnM methylmercury 
hydroxide, transferred to nitrocellulose, and hy- 
bridized with 32P-labeled DNA probes for (a) 
hsp26, (b) hsp84, a 3' probe specific for the heat- 
induced gene, and (c) hsp70 genes. Blots were 
hybridized as previously described (24) and 
washed in four changes of 0 . 2 ~  standard saline 
citrate and 0.5 percent sodium dodecyl sulfate 
(SDS) at 42°C. Lane designations: HS, RNA's 
extracted from mid-logarthmic cells after a 1-hour 
incubation at 39°C; (c), RNA's extracted from 
mid-logarthmic cells grown at 30°C; 2 to 48 
hours, RNA's extracted at various times after 
transfer to sporulation medium. The 32-hour 
time point is omitted from (b) and (c). The heat- 
shock lane was cut from another portion of the 
same blot. Hybridization of the blots to a ribo- 
somal RNA probe demonstrated that the lanes 
were evenly loaded. 

To examine the expression of hsp26 dur- 
ing sporulation, we extracted total cellular 
proteins by glass bead lysis in ethanol. The 
proteins were elecnophoretically separated, 
transferred to nitrocellulose, and treated 
with the antibody. Accumulation of hsp26 
was first detectable at 8 hours (Fig. 3b). 
This protein continued to accumulate dur- 
ing sporulation, becoming one of the major 
bands stainable with Coomassie blue on 
polyacrylamide gels of total cellular proteins. 
The band did not appear in proteins isolated 
from sporulating cells homozygous for the 
hsp26 gene deletion (14). 

Studies in other systems have suggested 
that hsp70 is induced in particular cells at 
various stages of development (15-18). 
However, in those studies the heat-induc- 
ible 70-kD protein was not differentiated 
from related 7 0 - 0  proteins. Both the yeast 
and Dosophila genomes contain several 
genes (termed cognates) related to hsp70 
(19). Some of the cognates are constitutively 
synthesized and not induced by heat (I). It 
is probable that a multigene family for 
hsp70 is present in the genomes of most 
eukaryotes. 

We have shown that the yeast hsp70 
genes are not expressed during sporulation, 
and others have shown that the Dtvsophila 
hsp70 genes are not induced during oogene- 
sis (11). To investigate the expression of 
other members of this multigene family 
during development, we used monoclonal 
antibodies that discriminate between the 
heat-inducible and cognate proteins. These 
antibodies were obtained from a screen to 
select hybridomas against the major Dmoph- 
ila heat-shock protein, hsp70. Most of the 
hybridomas generated produced antibodies 
that were highly specific for this protein 
(20). These antibodies (for example, 7Fb) 
reacted smngly with a single 7 0 - 0  poly- 
peptide from heat-shocked cells and did not 
react with proteins from cells grown at 
normal temperatures (Fig. 4a). 

Other hybridomas generated in this screen 
produced antibodies that recogmad several 
members of the hsp70 gene family: hsp70, 
hsp68, and the cognate proteins (21). Anti- 
body 7.10 reacted with two cognate protein 
bands from tissue culture (25°C) cells, ovaries, 
and gut tissues (Fig. 4b). In ovaries, one, if 
not both, of these proteins was induced rela- 
tive to other tissues. 

The 7.10 antibody recognizes an epitope 
that has been conserved on both the heat- 
inducible and cognate 70-kD proteins of 
most eukaryotic cells (22). In sporulating 
yeast cells, this antibody detected the accu- 
mulation of two protein bands, 71 and 70 
kD, midway through spore development 
(Fig. 4c). Analysis of these samples on two- 
dimensional gels did not resolve them h- 

ther (Fig. 4, d and e). Because we do not 
have an antibody specific for the yeast heat- 
inducible 70-kD proteins, we do not have 
rigorous proof that the proteins that accu- 
mulate during sporulation are different from 
the heat-inducible proteins. However, since 
the concentrations of the hsp70 mRNA's 
drop below the basal levels observed during 
vegetative growth, and since these messages 
become refractory to induction even with a 
heat shock, we consider this possibility un- 
likely. 

Proteins related to hsp70 are induced in 
sporulating yeast cells and Drosophila ova- 
ries. In addition, hsp26 and hsp84, which 
are induced during oogenesis in Drosophila 
(ll) ,  are also induced during sporulation in 
yeast. Further parallels are provided by the 
fact that hsp70 is not induced and is not 
inducible even with a heat shock. 

The conservation of this pattern of gene 
expression in two such distantly related or- 
ganisms implies that it may be a universal 
feature of gametogenesis. On first consider- 
ation, the Xenopuz oocyte appears to be an 
exception. Hsp70 is inducible in these cells 
and hsp3O (the hsp26 homolog) does not 
accumulate (23). However, Xenopw oocytes 
are arrested at a late stage of meiosis, and it 

Time (hour.) 

Fig. 2. (a) Inducibility of hsp70 during sporula- 
tion. At various times after transfer to sporulation 
medium, aliquots of cells were subjected to heat 
shock at 39°C for 1 hour. RNA's were extracted 
and analyzed as described in Fig. 1. Hybridization 
of the h s ~ 7 0   robe (YG100) was nomalized to 
that of d e  ri&somal i n e .  (b) Accumuh- 
tion of mRNA encoding the 2 1 . 5 - 0  sporula- 
tion-specific polypeptide. Sporulation RNA's 
were translated in vitro (25). Since RNA concen- 
trations were below saturation for the lysate, the 
translation intensities of individual proteins re- 
flected the relative abundance of their mRNA's. 
Accumulation of the 21.5-kD polypeptide (sp 
21.5) was measured by laser densitomcay of 
protein gel fluorograms. 
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Fig. 3. (a) S ificity of yeast hsp26 antiserum. Cells were maintained at 25°C or subjected to heat 
shock fix 1 Ew at 3YC. Protem were prepared from a wild-type (WT) yeast strain or from an 
isogenic strain in which the gene for hsp26 was deleted (A26). Elecaophoretically separated proteins 
(26) were transferred to nitrocellulose and incubated with a 1: 100 dilution of immune rabbit serum 
specific for yeast hsp26. The blots were developed with horseradish peroxidase-labeled goat antibody 
to rabbit immunoglobulin G (I@) (Sigma) and 4-chloro-1-napthol (Bio-Rad) (27). (b) Accumulation 
of hsp26 during sporulation. After transfer to sporulation medium, aliquots of cells were removed at 2, 
4,8, 10, 12,24, and 48 hours. Proteins were analyzed as described in the legend to (a). Rabbit serum 
specific for yeast hsp26 was prepared by injecting New Zealand White rabbits with proteins purified 
from the 26-kD region of an SDS-polyacrylamide gel. Comparison of heat-shock and control proteins 
on Coomassie blue-stained gels indicated that hsp26 was the only major band in this region. 

Drosophila 
Tissue 

culture cells Yeast  aporulatlon - 
Heat Gut Ovary 

2S°C shock 0 2 4 8 8 10 12 24 48  hours 
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- -----a:;; 
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Fig. 4. Analysis of the hsp70 family during Drmophila and yeast development. (a) Equal amounts of 
protein from Drmophila tissue culture cells kept at 25°C or subjected to heat shock at 36.5"C and 
proteins from gut and ovary tissue of Aies raised at 25°C were electrophorctically separated (28), 
transferred to nitrocellulose, and incubated with monoclonal antibody 7FB, which is specific for 
Dmcophiln hsp70. Blots were then washed, incubated with rabbit antibody to rat IgG, and developed 
with horseradish peroxidase-labeled goat antibody to rabbit IgG and 4-chloro-1-napthol. (b) Blot 
identical to that in (a) but reacted with monoclonal antibody 7.10, which recognizes several members of 
the hsp70 gene family in most eukaryotes. (c) After transfer to sporulation medium, aliquots of yeast 
cells were removed at 0,2,4,6,8,10,12,24, and 48 hours. Proteins were analyzed as in (b). (d and e) 
Proteins were isolated from sporulating yeast cells at 2 and 12 hours, separated on two-dimensional gels 
(29), transferred to nitrocellulose, and analyzed as in (b). Drmophila mchoptm (Oregon R strain) 
were grown in glass vials on standard banana medium at room temperature. Ovaries and gut tissue were 
dissected in ice-cold ethanol. Samples from 40 flies were homogenized by vortexing in 0.2 g of glass 
beads and 150 pl of 2 x SDS sample buffer (26). Tissue culture samples were prepared as described by 
Velazquez et al. (30). 

is only after fertilization that meiosis is 
completed. Recent research indicates that 
hsp70 induction is blocked immediately af- 
ter fertilization (4). Since Drarophila hsp26 is 
part of a multigene family that is differential- 
ly expressed during development, it may be 
that a related, developmentally regulated 
protein will be found to accumulate inXem- 
pus oocytes as well. 

It should be noted that developmental 
induction of heat-shock proteins is not re- 
stricted to gametogensis. In Drosophila, cer- 
tain of the small heat-shock proteins are 
induced during puparium formation (8-10). 
In yeast, hsp26 is induced in early stationary 
phase cells and in ala or ala diploids ex- 
posed to nitrogen-deficient medium. 

The heat-shock responses of yeast and 
Drosophila are regulated in different ways 
(24). In yeast the response is controlled 
primarily at the transcriptional level, where- 
as in Drarophila the response is controlled by 
both transcriptional and translational mech- 
anisms. Furthermore, the yeast heat-shock 
response is transient over a broad range of 
temperatures, whereas the Dmsophda re- 
sponse is not. Considering the substantial 
differences in the regulation of the heat- 
shock responses in yeast and Dmsophda, the 
similarity of their developmental inductions 
is striking. Both organisms have maintained 
separate patterns of regulation for the 
expression of heat-shock genes. The induc- 
tion of the proteins is coordinate during 
heat shock and uncoupled during develop- 
ment. The heat-shock vroteins and their 
related cognate proteins may have important 
hct ions in development as well as in the 
response to stress. 
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Age-Dependent Changes in Proteins of 
Drosophila melam~mtept 

Several molecular theories of aging postulate that there are age-dependent changes in 
gene expression and that these changes contribute to the reduction in the viability of 
senescent cells. High-resolution, semiautomated, quantitative two-dimensional gel 
electrophoresis of many soluble proteins was used to test this hypothesis in Drosophila. 
Two-dimensional protein gel patterns were analyzed for each of three age groups of 
[35S]methionine-labeled adult male Drosophila melam~mter, which, except for their 
spermatocytes, consist entirely of fixed postmitotic cells. Seven relatively abundant 
polypeptides expressed in middle-aged (28-day-old) flies were absent in both young 
(10-day-old) and old (44-day-old) flies. Quantitative analyses of an additional 100 
polypeptides were carried out by computer-assisted microdensitometry of fluorograms 
of the gel preparations. These analyses revealed a significant age-related heterogeneity 
in the quantitative distribution of radiolabel in these proteins. The data indicate that 
the qualitative pattern of gene expression is identical in young q d  old fiies, but that 
profound quantitative changes occur in the expression of proteins during the Drosophi- 
La life-span. 

NE OF THE UNANSWERED QUES- 

tions in gerontological research is 
whether significant alterations in 

gene expression occur with age. Thus, sever- 
al current molecular theories of aging postu- 
late that age-dependent changes occur in 
proteins and that such changes contribute to 
the reduction in the viability of senescent 

cells (1-5). Many aspects of gene expression 
have been evaluated in an attempt to clarify 
this issue (6). So far, studies aimed at detect- 
ing translational errors as a function of age 
have failed to provide any convincing evi- 
dence in favor of this hypothesis (7, 8). 
Observations in support of mutational theo- 
ries of aging are also lacking (9-1 1 ) . Neither 

Table 1. Quantitative comparisons of all gels. Ten gels from each age group were analyzed. Two 
exposures of each gel were made to quanufy both faint and dark spots without saturaung the film. 
Standard deviations, calculated from the data in Fig. 2, were obtained from the protein spot mean for 
each protein within its group of gels. In a given comparison, the standard deviauon 1s calculated from 
the distribution of differences of the means between the two groups over the 100 spots. The protein 
quantities are normalized, so each quantity is the percentage of the total protein quantity on the gel, 
which makes the mean of these differences 0. The greater than twofold differences indicate the number 
of proteins with at least twice as much or half the label of the corresponding protein in the group 
compared. Qualitauve differences represent the number of proteins in which the intensity is at least 20 
times greater than its counterpart in the comparative sample. The table also Indicates the reproducibility 
of the method, as determined from data obtained as described in the legend to Fig. 2A. 

Quantitative data Qualitative data 

Pro- Corre- Standard Proteins Pro- 
Compared teins lation deviation more than teins Differ- 

com- coeffi- ... .,-?, twofold corn- ences 
pared cient IX'" -1  different pared 

Young versus young 100 0.97 1.45 0 >500 0 
Middle versus middle 100 0.97 1.65 0 >500 0 
Old versus old 100 0.98 1.55 0 >500 0 
Young versus middle 100 0.87 3.55 2 >500 7 
Young versus old 100 0.77 5.60 10 >500 0 

amino acid sequence nor amino acid compo- 
sitional alterations have been found to be 
age-dependent (12). In addition, previous 
studies involving the use of two-dimension- 
al (2-D) gel electrophoresis to search for 
protein changes with senescence have gener- 
ally been restricted to qualitative assess- 
ments, with the exception of several at- 
tempts at quantitative analyses of only a few 
polypeptides (13, 14). 

Although the methodology used in these 
studies can provide significant information 
on variations in gene expression, such tech- 
niques are of limited value because alter- 
ations in the expression of proteins in old 
animals may be quantitative rather than 
qualitative. So far, no rigorous quantitative 
evaluation of polypeptides from animals of 
different ages, separated by high-resolution 
2-D gel electrophoresis, has been reported. 
This is due in part to the inability of many 
laboratories to perform these types of analy- 
ses. In contrast to classical studies of protein 
turnover, semiautomated, quantitative 2-D 
gel electrophoresis provides an accurate 
measure of the magnitude of expression of a 
large array of individual polypeptides. 

We used the imago of Drosophila melano- 
duster as a model of aging to look for 
qualitative changes in the expression of pro- 
teins by high-resolution 2-D gel electropho- 
resis (15-17). In spite of the sensitivity of 
this technique and the many proteins exam- 
ined, the fluorograms did not provide evi- 
dence that there are charge differences in any 
single protein between young and old flies. 
Moreover, the analyses did not reveal 
changes in the molecular weight of any of 
the proteins from any of the age groups, that 
is, the qualitative pattern of gene expression 
by young and old Drosuphzla was identical. 
Therefore our data do not support theories 
that invoke molecular weight changes (pro- 
tein cross-linking) or charge alterations (er- 
ror catastrophe, mutations, or deamidation) 
as the mechanism for senescence (2-5). 

Although one low molecular weight pro- 
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