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Abstract .  Temperatures in excess of 45~ are required to stop the growth of Schizophyl lum 
commune  colonies. Transfer of colonies from normal growth conditions (21~ to 55~ while 
halting mycelial expansion and increasing the production of aerial hyphae, was not lethal. Short- 
term heat shock (3 h) resulted in the appearance of nine proteins resolvable by SDS-PAGE that 
were newly synthesized or had their synthesis increased. The molecular weights of these proteins 
qualify two of them as being members of the hsp90 and hsp70 families of heat shock proteins. 
Heat shock also affected proteolytic processes in the colonies. Changes in the pattern of 
ubiquitinated protein conjugates occurred; fewer high-molecular-weight conjugates were found 
in heat-shocked colonies, and the appearance of a ladder of lower-molecular-weight conjugates 
was noted. Protease enzymes detected by gelatin-gel PAGE showed a general decrease in 
activity. One of these proteases, which was up-regulated during nitrogen deprivation, showed 
an intermediate response during the combined stresses of heat shock and nitrogen starvation. 

Virtually all organisms, upon a shift to higher than 
normal growth temperatures, have been shown to 
exhibit a common array of cellular responses. The 
most striking of these responses is the increased 
production of a group of proteins referred to as heat 
shock proteins (hsps). The regulation of the heat 
shock response and the transcription of heat shock 
proteins have received in-depth investigation in a 
few microorganisms, especially Saccharomyces  cer- 
evisiae and Escherichia coli [12, 13, 16]. Study of 
heat shock in filamentous fungi has been limited 
principally to Neurospora crassa [18], Aspergillus 
nidulans [22], and Achlya ambisexualis [21]. Within 
the basidiomycetes, the heat shock response has 
been documented only in the plant pathogen Usti- 
lago maydis [8]. 

Schizophyllum commune  is a widely distributed 
basidiomycete, growing primarily on dead and de- 
caying wood. As such, it is likely to be exposed 
to numerous environmental stresses including high 
temperatures and nutrient deprivation. Of particular 
interest to us is the role of proteolysis in these stress 
responses. We have reported previously that nitro- 

gen deprivation leads to increased general proteoly- 
sis and a change in the spectrum of proteases detect- 
able in gelatin-containing polyacrylamide gels [10, 
11]. An integral part of the heat-shock response also 
involves proteolysis. The best characterized heat 
shock-related protein degradation occurs by ubiquit- 
in-mediated proteolysis [5, 7]; however, it is clear 
that other systems operate also. The peptide se- 
quence KFERQ and related sequences serve as sig- 
nal sequences that target intracellular proteins for 
lysosomal degradation [4]. A 73-kilodalton (kDa) in- 
tracellular protein from rat liver, established as a 
member of the hsp70 family, binds the KFERQ se- 
quence and translocates proteins containing the se- 
quence into a lysosome [3, 23]. This directly links 
the heat-shock response to proteolytic channels 
other than the ubiquitin-mediated ones. 

Here we report several responses of S. com- 
mune to heat shock, including the production of 
hsps, ubiquitination of proteins, and changes in pro- 
teases. 

Materials  and M e t h o d s  

1 Present address: Department of Biology, Syracuse University, 
Syracuse, NY 13210, USA. 

Fungal culturing and growth. The S. commune stock culture used 
in this study, homokaryon 4-39 (A41/B41), is descended from the 
original Raper 699 strain. Stock cultures were maintained on the 
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surface of agar-containing minimal medium plates that had been 
covered with a cellophane membrane [1]. A 3 • 3 mm square of 
the cellophane membrane supporting the mycelium of the advanc- 
ing hyphal front of a stock culture was used to inoculate a fresh 
membrane-covered medium plate. Cultures were kept inverted in 
the dark and incubated at the standard growth temperature of 
21~ 

Heat shock and radiolabeling. Label-containing plates were pre- 
pared by overlaying standard mimimal medium with 5 ml of me- 
dium containing 35S-methionine (typically 6 k~Ci/ml; specific activ- 
ity = 1100 Ci/mmole). The heat-shock response was induced 
by transferring plates supporting 4-day-old colonies to a 55~ 
incubator. Two methods of labeling heat-stress colonies were 
used: (1) pre-labeling, in which colonies and their subtending 
membranes were transferred to label-containing plates 15 min 
before being exposed to the high temperature stress, and (2) 
pre-shock, in which colonies were incubated at the heat stress 
temperature for 1 h, then transferred with their subtending mem- 
branes to prewarmed, label-containing plates and replaced in the 
high-temperature incubator. Control colonies, maintained at the 
standard incubation temperature for the duration of the experi- 
ment, were transferred to label-containing plates at the same time 
as test colonies. The duration of the exposure to high-temperature 
stress was typically 3 or 5 h. 

Harvest and extraction. Colonies were harvested by scraping 
them from the surface of the membrane. Harvested colonies were 
weighed and quick-frozen with liquid nitrogen. The frozen myce- 
lium was then transferred to a mortar and ground to a fine powder 
under liquid N 2. Cold extraction buffer (0.1 M K-phosphate, pH 
7.0) was then added to the powdered mycelium, and the slurry 
was ground for 30 s [15]. The colony homogenate was then di- 
vided among 1.5-ml microfuge tubes and centrifuged for 10 min 
at 10,000 g. The supernatant was aspirated, pooled, and used 
as the crude extract. When the crude extracts were not used 
immediately, they were quickly frozen and stored at -80~ 

Analylical methods. The concentration of protein in the extracts 
was determined with Bradford reagent against a set of BSA stan- 
dards [2]. The concentration of radiolabel in the colony extracts 
was determined by liquid scintillation counting. Two forms of 
polyacrylamide gel electrophoresis (PAGE) were utilized for this 
study: SDS-PAGE (12% T/3.44% C; [9]) and native gelatin- 
PAGE [10]. Native gelatin-containing PAGE separating gels (10% 
T/2.76% C) contained 0.3% (w/v) gelatin. Following SDS-PAGE, 
the gels were stained for total protein by the standard Coomassie 
blue method. Proteins containing radiolabel were visualized by 
fluorography using En3Hance (E.I. Du Pont) and intensifying 
screens. 

Native gelatin gels, containing separated proteases, were 
incubated in cold water for 15 min, cold citrate buffer (0.05 M 
citrate, pH 6.0) for 15 min, warm citrate buffer for 15 rain, and 
warm citrate buffer for 2.5 h. The gels were then stained with 
Coomassie blue. Clear areas, where the gelatin had been de- 
graded, indicated the presence of proteases. 

Ubiquitin and ubiquitin-conjugated proteins were visualized 
by Western blot analysis [24]. Proteins were separated by 
SDS-PAGE and electrophoretically transferred onto a nitrocellu- 
lose filter. The filters to which the separated proteins were cova- 
lently bound were blocked with 1% (w/v) gelatin in Tris-buffered- 
saline + Tween 20 (TBST), incubated for 30 min in a solution 
containing a 1 : 100 dilution of an IgG fraction of rabbit anti-yeast- 

ubiquitin antibody (Sigma Chemical Co., St. Louis, Missouri), 
washed three times for 10 min each in TBST, incubated for 30 
rain in a solution containing a I : 2000 dilution of a goat anti-rabbit- 
IgG antibody that was conjugated to alkaline-phosphatase (AP), 
and washed three times in TBST for 10 min each. Filters were 
then incubated in AP-developing solution that contained 5-bromo- 
4-chloro-3-indolyl phosphate and nitroblue tetrazolium in 100 mM 
Tris-CI, 100 mM NaCI, 5 mM MgCI2, pH 9.5. 

R e s u l t s  a n d  D i s c u s s i o n  

The t empera tu re s  requi red  to hal t  cell p ro l i fe ra t ion  
in the a scomyce te s  Saccharomyces  cerevisiae and  
Neurospora crassa are 39~ and  45~ respec t ive ly  
[12, 18]. At 37~ Schizophyl lum commune ' s  growth  
rate was  marked ly  increased ,  ind ica t ing  that  higher  
t empera tu res  are requi red  to induce  the hea t - shock  
response .  Similar ly,  at 45~ radial  g rowth  con t in -  
ued,  and  there was  a subs tan t ia l  inc rease  in the pro- 
duc t ion  of aerial hyphae  by the co lony  after  24 h 
at this t empera ture .  In te res t ing ly ,  c o n s e n s u s  heat-  
shock e lements  (HSEs)  have b e e n  found  in the up- 
s t ream regions of the S. commune  Sc3 and  Sc4 genes  
(F. Schuren  and  J. Wesse ls ,  pe r sona l  c o m m u n i c a -  
tion). These  genes  code for h y d r o p h o b i n  pro te ins ,  
which are depos i ted  in hyphal  walls  and  cause  the 
p roduc t ion  of aerial hyphae  [27]. At  55~ there was  
cessa t ion  of growth  of  the S. c om m une  colonies ;  
however ,  t ransfer  of the colonies  back  to lower  tem- 
pera tures ,  fol lowing a short  exposu re  (ca 3 h) to 
55~ al lowed r e s u m p t i o n  of growth  af ter  a shor t  lag 
period.  While  a 3-h heat  shock is long compared  
with the t ime neces sa ry  to induce  the r e sponse  in 
p rokaryo tes  and  yeas t  species ,  it r ep resen t s  on ly  
10% of the no rma l  doubl ing  t ime of  S. commune  
(dry wt. basis) at 21~ As such,  the exposu re  is 
comparab le  to that  g iven to these  o rgan isms .  

Trans fe r  o f4 -day-o ld  S. commune  colonies  f rom 
21~ to 55~ resul ted  in changes  in the pa t t e rn  of 
prote in  synthes is  a l though the total  a m o u n t  of  pro- 
tein ex t rac ted  f rom cont ro ls  and  hea t - shocked  colo- 
nies did not  s ignif icant ly differ (Fig. 1). In  gels nor-  
mal ized for total  radiolabel ,  it is appa ren t  that  there  
was a cons ide rab le  inc rease  in the syn thes i s  of  sev- 
eral new prote ins .  We have  identif ied n ine  of  these  
(those with the highest  signal s t rength)  as S. com- 
mune heat  shock pro te ins .  T h e y  are identif ied by  
their  relat ive molecu la r  weights  as hsp114, hsp89, 
hsp75, hsp43.6,  hsp38.5,  hsp31.5,  hsp21.5,  hsp20.8,  
and hsp l9 .4 .  Inc lud ing  the n ine  major  hsps ,  there are 
no fewer  than 20 newly  syn thes ized  pro te in  bands  
identif iable in p re - shocked  samples .  Wi th  mi no r  dif- 
fe rences  in in tens i ty ,  these  pro te ins  appeared  in bo th  
pre- labeled  and  p re - shocked  colonies .  
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Based on the high degree of conservation ofhsps 
across taxa, two of the major hsps of S. c o m m u n e  

can be assigned to hsp families with a fair amount of 
confidence: hsp75 to the hsp70 family and hsp89 to 
the hsp90 family. Sch i zophy l lum c o m m u n e  hsp114 is 
approximately the same size as mammalian hsp110, 
which associates with nucleoli [26]; however, it is 
also possible that it is an analog to S a c c h a r o m y c e s  

hspl04, which may be involved in proteolysis [17]. 
Exposure of animal cell cultures to extreme heat 

shock (44~ results in the synthesis of a 48-kDa 
peptide that does not appear when the cultures are 
shocked at 42~ [14]. Given the high temperatures 
used to induce heat shock in this study, hsp43.6 
could be related to the animal cell hsp48. The 38.5- 
kDa and 31.5-kDa hsps of S. c o m m u n e  are similar 
in size to N.  crassa hsp38 and hsp30. However, 
N e u r o s p o r a  hsp38 was reported to be induced only 
after conidiospores had begun to germinate [18]. 
N e u r o s p o r a  hsp30 has been found to be associated 
with mitochondria [19]. The remaining three, 
hsp21.5, hsp20.8 and hspl9.4, can be classified as 
low-molecular-weight hsps. Many low-molecular- 
weight hsps have been identified, but their specific 
functions remain a mystery [13, 25]. All of these 
identifications are based simply on similarities in 
size; more rigorous tests, however, such as antibody 
cross-reactivity, will be required to substantiate 
them. 

A comparison of hspll4, hsp89, and hsp75 in 
the pre-labeled, heat-shock colonies and the pre- 
shocked, heat-shock colonies revealed a difference 
in the intensity of the bands (Fig. 1). The hsp114 and 
hsp75 bands were much more intense than the hsp89 
band in colonies labeled prior to heat shock. When 
the colonies were incubated at 55~ for 1 h, prior to 
addition of the radiolabel, the three hsps had similar 
intensities. This suggests differential regulation of 
these genes. We hypothesize that the initial response 
to heat shock in S. c o m m u n e  results in synthesis 
of hspll4 and hsp75, followed by the synthesis of 
hsp89. 

One of the best characterized heat-shock re- 
sponses involves ubiquitin-mediated proteolytic 
pathways [6, 20]. Ubiquitin is a 76-amino-acid poly- 
peptide with a primary structure that is highly con- 
served. Evidence suggests that proteins marked by 
poly-ubiquitination enter an ATP-dependent proteo- 
lytic pathway mediated by the multicatalytic prote- 
ase or proteosome [7]. We exploited the highly con- 
served nature of ubiquitin by using an anti-yeast 
ubiquitin antibody to assess changes in the patterns 
of protein ubiquitination as a result of the transfer 

Fig. I. Synthesis of heat shock proteins by Schizophyllum com- 
mune. Proteins were labeled in vivo with 35S-methionine for 15 
rain prior to transfer to 55~ for 3 h (pre-labeled; lane 2) or were 
incubated 1 h at 55~ prior to transfer to 35S-methionine medium 
for an additional 2 h at 55~ (pre-shocked; lane 3). Lane 1 = 
control transferred to label-containing plates and maintained at 
21~ Loads were normalized for total radioactivity. 

of S. c o m m u n e  colonies to high temperature (Fig. 
2). Although high-molecular-weight proteins were 
not very well resolved with this particular combina- 
tion of gel size and acrylamide concentration, high- 
molecular-weight conjugates (HMWC) appeared to 
be less abundant in the heat-shock colonies than in 
the control colonies. Changes in lower-molecular- 
weight ubiquitin-protein conjugates owing to heat 
shock, were more easily discerned. Most apparent 
was the presence of a ladder of lower-molecular- 
weight ubiquitinated conjugates, the largest of which 
(M r =- 27.5 kDa) was present in highest concentra- 
tion. The rungs of the ladder decreased in apparent 
intensity and molecular weight by increments of ap- 
proximately 3 kDa. 

At present, the best explanation for the ladder 
is that the bands are unrelated ubiquitinated conju- 
gates. Ubiquitin plays a role in targeting proteins for 
degradation via the multicatalytic protease. Thus, it 
is possible that the bands are the result of proteolysis 
of the ubiquitin-protein conjugates and could ac- 
count for the apparent decrease in the quantity of 
high-molecular-weight conjugates seen in the heat- 
shock extracts. This would mean that the protease 
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Fig. 2. Western blot analysis of  extracts from control and heat- 
shocked colonies probed with rabbit anti-ubiquitin and anti-rabbit 
IgG-alkaline phosphatase conjugates. Lane 1 = 21~ control 
colony; lane 2 = heat-shocked colony; lane 3 = heat-shock 
colony extract  incubated for 1.5 h at 25~ prior to electrophoresis;  
mixture of  heat-shocked and control colony extracts incubated 
for 1.5 h at 25~ prior to electrophoresis.  

degrading these conjugates (perhaps the multicata- 
lyric protease) was proceeding by cleaving 3-kDa 
fragments of the target protein. The accumulation of 
the fragments suggests that a portion of the subse- 
quent proteolytic pathway was inactivated during 
heat shock. In a mixing experiment, in which ex- 
tracts of heat-shock colonies were incubated 1.5 h 
at 25~ with extracts from control colonies prior to 
Western analysis, the ladder banding pattern disap- 
peared. The ladder remained visible, but somewhat 
decreased in intensity, when the heat-shock extract 
was incubated alone (Fig. 2). 

Schizophyllum commune produces numerous 
proteolytic enzymes that can be detected in gelatin- 
containing native polyacrylamide gels [10]. Heat 
shock decreased total proteolysis in gelatin gels (Fig. 
3). While four banding areas, labeled A, B, C, and 
D, were visible with this particular gel size and acryl- 
amide concentration, they represented the activity 
of many more than four proteases (Lilly, unpub- 
lished data). Proteases responsible for the appear- 
ance of banding area A were active in the control 
colonies but not in the heat-shock colonies. These 
proteases are regulated by nitrogen availability and 
nitrogen source; both nitrogen starvation and pro- 
tein nitrogen sources lead to their increased activity 
[10, 11; Tilley and Lilly, unpublished data]. In an 
experiment in which colonies were transferred to 
low-nitrogen plates 3 h before being exposed to high- 
temperature stress cofiditions, there was an interme- 
diate effect of the two stress responses (Fig. 4). 

The activity of proteases responsible for band- 

Fig. 3. Native gelatin-containing polyacrylamide gel of extracts 
from control and heat-shocked colonies showing activity of sepa- 
rated proteases against gelatin. Lane 1 = control; lane 2 = heat 
shock. 

Fig. 4. Native gelatin-containing polyacrylamide gel of  extracts of  
colonies exposed to the combined stresses of  nitrogen deprivation 
and heat shock. Colony transferred to nitrogen-deficient medium 
for 6 h at 21~ lane 2 = colony maintained on minimal medium 
heat shocked for 3 h; lane 3 = colony transferred to nitrogen- 
deficient medium for 3 h at 21~ and then heat shocked for 3 h. 

ing areas B, C, and D was also decreased because 
of heat shock. Whether this overall reduction in ac- 
tivity occurs with all proteases or is the result of the 
loss of a particular few proteases in each banding 
area is unknown. The application of both nitrogen 
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and heat stress also resulted in an intermediate re- 
sponse for those proteases corresponding to banding 
area D. 

The response of S.  c o m m u n e  colonies to heat 
shock includes changes in colony morphology, pro- 
duction of putative heat-shock proteins, changes in 
protein ubiquitination, and alteration of protease ac- 
tivity. Further analysis of the relationship between 
heat shock and proteolysis will lead to a greater 
understanding of the regulation of proteolytic en- 
zymes in filamentous fungi. 

ACKNOWLEDGMENTS 

This work was supported by grants from the Grants and Research 
Funding Committee of Southeast Missouri State University and 
from the National Science Foundation (DCB-9004085) to WWL. 

Literature Cited 

1. Anderson M, Deppe C (1976) Control of fungal development. 
I. The effects of two regulatory genes on growth in Schizo- 
phyllum commune. Dev Biol 53:21-29 

2. Bradford M (1976) A rapid and sensitive method for the 
quantification of microgram quantities of protein utilizing the 
principle of protein-dye binding. Anal Biochem 72:248-254 

3. Chiang HL, Terlecky SR, Plant CP, Dice JF (1989) A role for 
a 70-kilodalton heat shock protein in lysosomal degradation 
of intracellular proteins. Science 246:382-385 

4. Dice JF, Chiang HL (1989) Peptide signals for protein degra- 
dation within lysosomes. Biochem Soc Symp 55:45-55 

5. Finley D, Chau V (1991) Ubiquitination. Annu Rev Cell Biol 
7:25-69 

6. GoffSA, Voellmy R, Goldberg AL (1988) Protein breakdown 
and the heat-shock response. In: Rechsteiner M (ed) Ubiqui- 
tin. New York: Plenum Press, pp 207-238 

7. Hershko A (1988) Ubiquitin-mediated protein degradation. J 
Biol Chem 263:15237-15240 

8. Holden DW, Kronstad JW, Leong SA (1989) Mutation in a 
heat-regulated hsp70 gene of Ustilago maydis. Eur Mol Biol 
Organ 8:1927-1934 

9. Laemmli U (1970) Cleavage of structural proteins during as- 
sembly of the head of bacteriophage T4. Nature 227:680-685. 

10. Lilly WW, Higgins SM, Wallweber GJ (1990) Electrophoretic 
detection of multiple proteases from Schizophyllum com- 
mune. Mycologia 82:505-508 

11. Lilly WW, Wallweber G J, Higgins SM (1991) Proteolysis and 

amino acid recycling during nitrogen deprivation in 
Schizophyllum commune. Curr Microbiol 23:27-32 

12. Lindquist S (1986) The heat shock response. Annu Rev Bio- 
cbem 55:1151-1191 

13. Lindquist S, Craig EA (1988) The heat-shock proteins. Annu 
Rev Genet 22:631-677 

14. Margulis BA, Zhivotovski BD, Pospelova TV, Smagina LV 
(1991) Patterns of protein synthesis in various cells after 
extreme heat shock. Exp Cell Res 193:219-222 

15. May GD, Lilly WW (1988) A rapid method for extraction of 
membrane-plate grown fungal cultures. Mycologia 
80:247-249 

16. Neidhardt FC, VanBogelen RA (1987) Heat-shock response. 
In: Neidhardt FC (ed) Escherichia coil and Salmonella typhi- 
murium. Washington, DC: American Society for Microbiol- 
ogy, pp 1334-1345 

17. Parsell DA, Sanchez Y, Stitzel JD, Lindquist S (1991) Hspl04 
is a highly conserved protein with two essential nucleotide- 
binding sites. Nature 353:270-273 

18. Plesofsky-Vig N, Brambl R (1985) Heat shock response of 
Neurospora crassa: protein synthesis and induced thermotol- 
erance. J Bacteriol 162:1083-1091 

19. Plesofsky-Vig N, Brambl R (1990) Gene sequence and analy- 
sis of hsp30, a small heat shock protein ofNeurospora crassa 
which associates with mitochondria. J Biol Chem 265: 
15432-15440 

20. Rechsteiner M (1987) Ubiquitin-mediated pathways for intra- 
cellular proteolysis. Annu Rev Cell Biol 3:1-30 

21. Silver JC, Andrews DR, Pekkala D (1983) Effect of heat shock 
on synthesis and phosphorylation of nuclear and cytoplasmic 
proteins in the fungus Aclya. Can J Biochem Cell Biol 
6 [ :447-455 

22. Stephanou G, Demopoulos NA (1986) Heat shock phenom- 
ena in Aspergillus nidulans. Curr Genet 10:791-796 

23. Terlecky SR, Chiang HL, Olson TS, Dice JF (1992) Protein 
and peptide binding and stimulation of in vitro lysosomal 
proteolysis by the 73 kDa heat shock cognate protein. J Bio[ 
Chem 267:9202-9209 

24. Towbin H, Staehelin T, Gordon J (1979) Electrophoretic 
transfer of proteins from polyacrylamide gels to nitrocellulose 
sheets: procedure and some applications. Proc Natl Acad Sci 
USA 76:4350-4354 

25. Vierling E (1991) The roles of heat shock proteins in plants. 
Annu Rev Plant Phys Plant Mol Biol 42:579-620 

26. Welch WJ, Suhan JP (1986) Cellular and biochemical events 
in mammalian cells during and after recovery from physiolog- 
ical stress. J Cell Biol 103:2035-2052 

27. Wessels JGH, deVries OMH, Asgeirsdottir SA, Schuren FHJ 
(1991) Hydrophobin genes involved in formation of aerial 
byphae and fruit bodies in Schizophyllum. Plant Cell 
3:793-799 


