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Summary 

The effect of lowering the mcubatmn temperature of  sucrose-grown cultures 
of  Neurospora crassa on the level of  various enzyme achvltms was mveshgated. 
Of twelve mduclble/derepresslble actlwtms studied, three, m addihon to glyc- 
erol kmase, were found to increase during 48 h of mcubatmn at 4--6°C tre- 
halase (increase m specffm achwty  of 3--10-fold), /3-glucosldase (6--12-fold) 
and ~-N-acetylglucosammldase (4 to 6-fold) The maximum increases occurred 
at 6°C and no increases took  place m myceha incubated at 0°C The kmetms 
of  the changes m achwty  were markedly different from those observed previ- 
ously with glycerol kmase. The increases were inhibited by cyclohemmlde Tre- 
halase, /3-glucosldase and/3-N-acetylglucosammldase achwtms were not  rapidly 
lost when cultures mcubated at 6°C were returned to 26°C 

Introduchon 

In Neurospora crassa, as m many mmroorgamsms, changes m the levels of 
partmular enzyme achvltms occur m response to alterahons to the compos~tmn 
of the medmm [1] ,  and also as cultures age [2,3].  It has recently been demon- 
strated [4] that  the glycerol kmase (ATP. glycerol-3-phosphotransferase, EC 2 
7 1.30) achvlty m this orgamsm is sensitive to an additional factor, namely the 
growth temperature When cultures growing m sucrose medmm at 26°C are 
transferred to temperatures below 12°C there is a large increase m the level of 
glycerol kmase achvlty whmh is greater the lower the temperature This achvlty 
is rapidly lost when cultures are returned to 26°C [5] 

At normal growth temperatures the level of  glycerol kmase activity is sensl- 
hve to changes of  carbon source, with high levels of  activity reduced not only 
by glycerol [4,6,7],  but also by compounds that  are not  substrates, such as 
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galactose and deoxyrlbose 18] Certain slmllantms exist between glycerol kmase 
and other enzymes involved m carbon catabohsm with respect to their response 
to different carbon sources [8] In the hght of these findings it was of interest 
to determine whether other enzymes were affected by cold incubation m a sim- 
ilar manner to glycerol kmase The study was extended to include a number of 
other lnduclble/derepresslble enzymes that  are not  directly related to carbon 
source utilization In most cases significant changes m activity were not  ob- 
served, but cold-induced increases m three actlvltms are reported here' trehalase 
(trehalose 1-glucohydrolase, EC 3 2 1 28), 3-glucosldase (3-D-glucoslde gluco- 
hydrolase, EC 3 2 1 21) and ~-N-acetylglucosamlmdase (3-2-acetamldo-2-deoxy- 
D-glucoslde acetamldodeoxyglucosamlmdase, EC 3 2 1 30) It is shown that  
none of  these responds to low temperature in the same way as glycerol kmase 

Matermls and Methods 

Strata N crassa strata 74A (wild-type) was used throughout  
Growth and extract preparation Cultures were grown m 50- or 250-ml flasks 

contammg either 20 or 100 ml of Frms minimal medmm [9],  respectively, with 
2% (w/v) sucrose as sole carbon source Inoculation and incubation were car- 
ried out  exactly as described previously [4] Extracts were prepared from my- 
ceha from whole 20-ml cultures or from portions (10 ml) of 100-ml cultures by 
the method descnbed previously [4] ,  depending on the activity to be assayed 
either 0 083 M tr ls (hydroxymethyl)amlnomethane buffer (pH 8 0) or 0 05 M 
sodmm phosphate buffer (pH 6 0) was used For glycerol klnase assays Trls 
buffer was used, and for 3-glucosldase, 3-N-acetylglucosammldase, mvertase and 
trehalase assays phosphate buffer was used 

Assays 3-N-Acetylglucosamlnldase and 3-glucosldase activities were both as- 
sayed at pH 5 0 and 37°C using the corresponding p-nltrophenyl glycoside as 
substrate 3-Glucosldase was assayed essentially by the method of Eberhart 
[10],  but using sodmm acetate/acetic acid buffer (0 1 M) 3-N-Acetylglucos- 
amlnldase was assayed by the following discontinuous method The reaction 
mixture contained 1 5 ml of 0 1 M sodmm acetate/acetm acid buffer (pH 5 0), 
0 3 ml of cell extract (diluted with 0.05 M sodmm phosphate buffer (pH 6 0) 
when necessary) and 0 3 ml of 0 01 M p-mtrophenyl-2-acetamldo-2-deoxy-~- 
D-glucopyranoslde. After a suitable mcubatmn permd (5--10 mln) the reactmn 
was stopped by the addition of 1.0 ml of  saturated Na~CO3, and the absorbance 
measured at 420 nm The actlvltms of  both enzymes are expressed as nmol of 
p-mtrophenol  released/mln per mg protein. 

Invertase (3-D-fructofuranoslde fructohydrolase, EC 3 2 1 26) and trehalase 
were both assayed at pH 6 0 and 37°C by the method described by Sussman et 
al [11] ,  and the actlwty expressed as nmol of  glucose released/mm per mg pro- 
tem 

Glycerol kmase was assayed by the method described prewously [4] and the 
activity expressed as nmol of glycerol phosphate bound (to DE-81 fllter)/mln 
per mg protein 

Protein was assayed by the method of Lowry et al. [12] using bowne serum 
albumin as standard 

Sources Cyclohexlmlde was supplied by Sigma London Chemical Co (King- 
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ston upon Thames, U K.), p-mtrophenyl-/LD-glucopyranos~de and p-mtrophen- 
yl-2-acetam~do-2-deoxy-/LD-glucopyranos~de by Koch L~ght Laboratories Ltd 
(Colnbrook, U K.), [1J~C] glycerol by the Radmchemmal Centre (Amersham, 
U K ) and all other chemicals by B.D H Chemmals Ltd (Poole,  U K.) 

Results and Dlscussmn 

Growth of  N crassa is severely restricted at low temperatures [13]  Fig 1 
shows the effect of  lowering the growth temperature from 26 to 4°C of cul- 
tures for whmh sucrose was the sole carbon source For a period at least 48 h at 
the lower temperature there was no change m mycehal dry weight, but once cul- 
tures were restored to the original growth temperature an increase m the dry 
weight began almost lmmedmtely.  The lack of  change m dry weight at 4°C is 
parallelled by a constant cellular protein level, and so alterahons m the specffm 
actlwty of  enzymes such as glycerol kmase [4] represent changes m the actual 
level o f  enzyme protein present m the myceha. 

A number of  enzyme achvltms were assayed m extracts prepared from cul- 
tures incubated at 4--6°C for up to 96 h, but a slgmfmant change m the level of  
achwty  was not  found with most  of  these. Amylase,  ~-galactosldase (pH 4.2 
and pH 7 5), ~-glucosldase, mvertase, lsocltrate lyase, acid phosphatase, alkahne 
phosphatase (repressible and conshtuhve) ,  aryl-sulphatase and tyrosmase were 
all unaffected by cold mcubatmn.  The extractmn and assay procedures used 
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Fig 1 1 0 0 - m l  cul tures  w e r e  i n o c u l a t e d  and i n c u b a t e d  at  2 6 ° C  
(o  Q) as descr ibed  m Matena l s  and M e t h o d s  Af t e r  4 8  h o f  i n c u b a t i o n  s o m e  cul tures  w e r e  transferred 
4 C (o  o )  and the  r e m a i n d e r  r e t m n e d  at 2 6 ° C  Af te r  a further  4 8  h o f  m c u b a h o n  at 4' C the  f o r m e r  
cul tures  w e r e  re turned  to  26  ~ C (n D) At  intervals  2 -ml  sa mple s  w e r e  r e m o v e d  and the  dry w e i g h t  o f  
m y c e h u m  d e t e r m i n e d  Va lues  represent  an average o f  four  d e t e r m i n a t i o n s  using t w o  sa mple s  each  f r o m  
duphcate  cul tures  

Fig 2 T e m p e r a t u r e  d e p e n d e n c e  o f  increases  m ~-glucosldase ,  trehalase  and g lycero l  l~anase act iv i t ies  20-  
m l  cul tures  w e r e  i n c u b a t e d  m sucrose  m e c h u m  for  4 8  h at  2 6 ° C ,  t h e n  for  4 8  h at  the  t e m p e r a t u r e  mch- 
ca ted  and w e r e  t h e n  e x t r a c t e d  The  spec i f i c  ac t iv i ty  ls given re lahve  t o  that  present  a f ter  4 8  h o f  incuba-  
t ion  at 2 6 ° C  ~-glucos ldase  (1 4 8  uni ts /rag  prote in ,  o o ) ,  trehalase  (3 3 1 ,  n ~), g lycero l  kanase 
(0  0 4 ,  ~ ~)  
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were sufflcmntly sensltwe to allow the detechon of changes m these actlvltms 
at 26°C In addition to these mduclble/derepresslble achvltms, the activity of a 
second kmase, hexokmase, was assayed, but the level was also unaffected at 
4°C However, increases m three actlwtles, namely trehalase, j3-glucosldase and 
t3-N-acetylglucosammldase, were observed An increase m j3-gtucosldase activity 
was detected by assaying both at pH 5 0 and at pH 7 0, but since the mcrease 
at the lower pH was larger, subsequent assays were all performed at pH 5 0 

Unhke glycerol kmase, none of the other three cold-reduced actlvltms m- 
creased at 0°C, and as Fig 2 demonstrates for t3-glucosldase and trehalase there 
was a considerable difference between the temperature dependence of these 
increases and that  of glycerol kmase maximum increases were observed at ap- 
prox 6 ° C The rates of  mcrease were all very much slower than that  for glycerol 
kmase (Fig 3), and the relative mcrease achmved over the 48-h permd studmd 
were much smaller. 

It is mterestmg to note that  the achvlty of mvertase failed to increase at a 
hme  when that  of  trehalase was nsmg (Fig 3) Whilst they are not coordmately 
controlled [3],  these two actlwtms are often elevated by the same condltmns 
[3,14,15] The lack of increase of mvertase actlwty may be explamed, not  
necessarily by a lack of the approprmte condltmns at 6°C, but by the inability 
of the myceha to respond to those condltmns and produce mvertase achvlty 
Myceha grown m galactose medmm at normal growth temperatures produce 
high levels of  mvertase [15],  but the provlsmn of galactose at 4°C failed to re- 
sult m any increase m achwty  (Table I) In addltmn to mvertase, many others 
of the enzyme achwtms tested, mcludmg amylase, 13-galactosldase, acid and al- 
kahne phosphatases and aryl-sulphatase, failed to respond at 4°C when myceha 
were prowded with specffm conditions whmh elevated the achwtms at 26°C In- 
cubatmn of Neurospora at 4°C m glycerol medmm fails to mduce an increase m 
glycerol phosphate dehydrogenase achwty  [16].  In contrast, the levels of  both 
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Fig 3 T i m e  c o u r s e  o f  c o l d - r e d u c e d  l~,creases in e n z y m e  a c t i v i t i e s  2 0 - m l  c u l t u r e s  w e r e  i n c u b a t e d  for  48  h 
at  2 6 ° C ,  a n d  t h e n  t r a n s f e r r e d  t o  6 C E ~ t r a c t s  w e r e  p r e p a r e d  a t  in tervals  f r o m  whole  cu l tu res  The  s p e c i f -  
i c  a c t l w t y  ts g i v e n  r e l a t i v e  t o  t h a t  p r e s e n t  d f t e r  48 h of  i n c u b a t i o n  a t  2 6 ° C  ~ - N - a c e t y l g l u c o s a m m l d a s e  
(17  7 u m t s / m g  p r o t e i n . . .  A). ~-glucomdase (1 18. o o). m v e r t a s e  (759.  v ~7). t r e h a l a s e  

3 70. ~ D). g l y c e r o l  l u n a s e  (0 05. ) y) 
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T A B L E  I 

E F F E C T  O F  C H A N G I N G  T H E  C A R B O N  S O U R C E  ON T H E  L E V E L  O F  E N Z Y M E  A C T I V I T Y  D U R I N G  

I N C U B A T I O N  AT 4°C 

20 -ml  cu l t u r e s  w e r e  g r o w n  on suc rose  m e d m m  fo r  48 h a t  26°C ,  and  t h e n  fo r  2 h a t  4 °C  Myce lm f r o m  

one  cu l t u r e  w e r e  e x t r a c t e d ,  and  t h e  m y c e h a  f r o m  o the r s  w a s h e d  a n d  r e s u s p e n d e d  m 20  m l  of  f resh  me-  
d r a m  (p re -coo led  to  4°C)  c o n t a i m n g  e i the r  no  c a r b o n  sou rce  or  t h e  c a r b o n  sou rce  spec i f i ed  at  a concen-  

t r a t m n  of  5 m g / m l  One  r e m a i n i n g  cu l t u r e  was  k e p t  i n t a c t  a n d  t o g e t h e r  w i t h  t h e  c u l t u r e s  of  r e s u s p e n d e d  
m y c e h a  was  I n c u b a t e d  for  a f u r t h e r  46 h at  4°C b e f o r e  e x t r a c t i o n  T h e  lmt la l  spec l fm a c t i v i t y  re fe r s  to  
that  p r e s e n t  m the  m y c e h a  e x t r a c t e d  a f t e r  2 h a t  4°C ,  no  c h a n g e  r e f e r s  to  t he  cu l tu re  k e p t  i n t ac t ,  no 

c a r b o n  to  the  cu l t u r e  r e s u s p e n d e d  in  f r e sh  m e d m m  w i t h  no  c a r b o n  sou rce  and  specl fm m e d i u m  to  that  
w i t h  t h e  spec i f i ed  c a r b o n  sou rce  

E n z y m e  C a r b o n  source  In i t ia l  

speci f ic  

a c t i v i t y  

Spec i f ic  ac t iv i ty  a f t e r  48 h at 4°C 

No  c h a n g e  No c a r b o n  Spec l fm m e d i u m  

~-Glucosldase  Ce l lobmse  1 05  9 75 14  25 37 9 

Inve r t a se  Ga lac tose  603  563 471 470  

Trehalase  Galac tose  6 48  17 6 15 7 15 7 

Trehalase  Treha lose  - -  - -  - -  31 5 

~-glucosldase and trehalase actlvltms did respond at low temperatures to the 
provision of  carbon sources whmh at normal growth temperatures induce high 
levels o f  activity (Table I), 1.e. celloblose for fi-glucosldase [17]  and trehalose 
for trehalase [15] 

The increases in trehalase,/~-glucosldase and ~-N-acetylglucosamlmdase activ- 
Ities were all inhibited by the addition of  cyclohexlmlde to the medmm at the 
hme  of  the temperature change (Table II), this mdmates a requtrement for de 
novo  protein synthesis [18] 

Cold-mduced glycerol klnase actlwty IS rapidly lost when cultures are re- 
turned at 26°C [5] ,  and, although some of  the elevated trehalase and ~-glucosl- 
dase activities was lost at 26 ° C, the decrease in specffm actlwty was much slower 
(Table III), indicating that these enzyme actlwtles were more stable The addl- 
h o n  of  cyclohexlmlde had no slgmflcant effect on these changes of  actlwty 

At normal growth temperatures (20--30°C),  with the exceptmn of  glycerol 
kmase, elevated levels of  the actlwtms which increased at low temperatures are 
associated with the starvation or ageing of  cultures The level o f  trehalase activ- 
ity is inversely related to the ablhty of  the carbon source prowded to support 
growth [19 ] ,  and the actlwty increases with agemg m both standing [3 ,20]  and 

T A B L E  II 

E F F E C T  O F  C Y C L O H E X I M I D E  O N  T H E  I N C R E A S E S  IN E N Z Y M E  A C T I V I T I E S  A T  6°C  

20-ml  suc rose  c u l t u r e s  w e r e  i n c u b a t e d  at 2 6 ° C  for  48 h and  t h e n  a t  6 °C  for  48 h To  one  c u l t u r e  1 4 #g  of  

c y c l o h e x n n l d e  were  a d d e d  per  ml  at t h e  t i m e  of  t he  t e m p e r a t u r e  c h a n g e  T h e  ml t la l  spec l fm act iv i ty  was  
t h a t  of  a cu l tu re  e x t r a c t e d  a f t e r  48 h of  m c u b a h o n  at  2 6 ° C  only  

E n z y m e  Speci f ic  ac t i v i t y  I n h i b i t i o n  by  
c y c l o h e x l m l d e  

Imtla l  No c y c l o h e x l m l d e  With  c y c l o h e x l m l d e  (%) 

N - A c e t y l g l u c o s a m m l d a s e  19 7 72 8 

~-Glucosldase  1 51 9 72 

Trehalase  3 70 38 9 

24 0 92  

2 O0 94  

2 78 100  
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T A B L E  III  

E F F E C T  O F  R E T U R N  TO 26 < C ON E L E V A T E D  E N Z Y M E  A C T I V I T I E S  IN  C U L T U R E S  INCUBA~I FD 

AT 6°C 

A l O 0 - m l  sucrose  cu l t u r e  was  i n c u b a t e d  at  2 6 ° C  for  48 h, and  t h e n  at  6'  C for  48 h T h e  cu l tu re  was 

r e t u r n e d  to  26°C ,  a n d  s amp le s  r e m o v e d  and  e x t r a c t e d  at  in te rva l s  A n  a d d l t m n a l  s ample  (10 ml)  was 

r e m o v e d  a t  t he  t i m e  o f  t he  t e m p e r a t u r e  increase ,  and  1 4 pg  of  c u c l o h e x ~ n l d e  a d d e d  pe r  ml  This  sample  

was  i n c u b a t e d  sepa ra t e ly  m a 50-ml  E r l e n m e y e r  f lask  at  2 6 ° C  and  e x t r a c t e d  a f t e r  7 5 h 

E n z y m e  Speci f ic  ac t i v i t y  

0 h 5 h 7 5 h 7 5 h wt th  c y c l o h e x l m l d e  

/3 N - A c e t y l g l u c o s a m m l d a s e  70 8 74 7 74 3 80 6 
f l -Glueomdase 9 5 8 0 7 3 9 0 

Treha lase  44 4 31 5 26 8 28 7 

shaken [14] cultures Two enzymes possessing actlwty on p-mtrophenyl-fi-D- 
glucopyranoslde are known m Neurospora [21] these have been named cello- 
bmse and aryl-fi-glucosldase :n accordance with their substrate preference [22] 
Aryl-p-glucosldase is also produced m ageing cultures just pr:or to comd:atmn 
[17] Less is known about  f~-N-acetylglucosammldase activity m Neurospora, 
but elevated actlv:tms have been found m poorly growmg cultures [23] The m- 
creases m activity at low temperature suggest that  cold incubation may have 
mlmmed starvatmn and/or  agemg, desp:te the presence of sufflc:ent nutr:ents m 
the medmm to permit further growth when the temperature was elevated (Fig 
1) Such premature ageing would also explam the appearance of caroteno:ds m 
cold-incubated cultures [23] whmh was also found to occur opt:mally at 6°C 

Cold-reduced increases m enzyme act:wtms :n some higher orgamsms have 
been shown to have a physmlogqcal role [24,25],  but a role for the cold-re- 
duced changes reported here :s not yet  apparent It has been proposed [8] that  
glycerol kmase could have a role during the adaptmn of  Neurospora myceha to 
certain new growth cond:tmns, and :t is notewor thy that  slgmfmant changes m 
the levels of  other cold-reduced actlwtms occurred only after glycerol kmase 
act:wty had reached, and passed a max:mum (F:g 3). During the m:t:al 24 h of 
mcubatmn at 4°C the myceha utilize exogenous sucrose and glucose with a de- 
creasmg effmmncy [23] the proportmn of  the carbon from any sucrose or 
glucose taken up which :s mcorporated mto HC104-msoluble materml is smaller 
the longer the myceha have been incubated at 4°C However, dunng the second 
24-h permd th:s effmmncy mcreases Throughout the whole 48-h permd the ef- 
ficmncy of utfllzatmn of exogenous glycerol increases [23] It :s poss:ble that  
there :s an mltml permd during whmh the increase in glycerol kmase act:wry 
permits the cells to carry out subsequently processes reqmred for the new con- 
dltmns. Among such processes at low temperatures may be the productmn of 
trehalase, t3-glucosMase and ~-N-acetylglucosammldase act:wtms 
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