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ABSTRACT: The thermal characteristics of a trypsin-hke protease were surveyed comparatively in 
two hermit crabs, Pagurus bernhardus (Linn~) 1758 from the German Bight, and Clibanarius 
striolatus Dana 1852 from the Western Indo-Pacific. In both enzymes, activity is maximal at a 
temperature around 50 ~ Compared with Pagurus, the protease in Clibanarius is characterized by 
a considerably higher stability at elevated temperatures, Furthermore, the latter is less inhibited by 
two specific trypsin inhibitors. On an energetical level, distinct differences between the species are 
displayed. In both species, Km is strongly affected by temperature; lowest Km values do not coincide 
with the mean environmental temperature. The affinity of Pagurus protease for substrate at 40 ~ is 
about 17 times that at 0 ~ in Ch'banarius this factor amounts only to 4.4. At temperatures > 10 ~ 
activation energy in the tropical species Clibanarius is distinctly higher (28.3 kJ.mol -~ than in the 
boreal species Pagurus (20.0 kJ.mol-~). 

INTRODUCTION 

The body temperature  of ectothermic invertebrates  is close to the enmronmenta l  
temperature,  and this implies that all metabolic processes are directly regulated by the 
thermal  conditions of the habitat. 

Digestive enzymes  act as mediators be tween  food uptake and  metabolic turn,over;  
their funct ioning is controlled by nutri t ional  and envi ronmenta l  conditions. With regard 
to abiotic factors, tempera ture  plays a decisive role as it regulates all levels of biochemical  
and  physiological processes (cf. Tande,  1988). 

Since the comprehensive studies of Somero & Hochachka (1968), Somero et al. 
(1968), Somero (196g), Hochachka & Lewis (1970, 1971) on the mechanisms of thermal  
adaptation, especially on cold acclimation, different enzyme systems of poikilothermic 
and homoiothennic  organisms have b e e n  surveyed (e.g. Hazel & Prosser, 1970; Hazel, 
1972; Smith, 1973a, b; Johnston et al., 1975; Wodtke, 1976; Shaklee et al., 1977; Dittrich, 
1990, 1992), and  the results cast some doubt on the generali ty of the mechanism of 
thermal acclimation. 

In Antarctic crustacean proteases, two characteristics point  to p ronounced  adapta-  
tion to long-term constantly low temperatures:  (I) lowering of activation energies,  and  (2) 

* This is pubhcation no. 452 of the Alfred Wegener Institute for Polar and Marine Research at 
Bremerhaven. 

�9 Biologische Anstalt Helgoland, Hamburg 



46 Birgit Dittrich 

compara t ive ly  h igh  res idual  activit ies at t empera tu res  nea r  the  f reez ing  po in t  o f  wa te r  
(Dittrich, 1990, 1992). However ,  da ta  on the cor responding  counterpar t s  from heat -  
exposed  regions  are  sparse.  

To wha t  ex ten t  a re  t ropical  c rus taceans  a d a p t e d  to constant ly  h igh  t e m p e r a t u r e s  and  
how far do they  differ from closely re la ted  species  from co ld - t empera t e  regions? 

Did  the evolu t ionary  adap ta t ion  to long- te rm high t empera tu res  evoke  the deve lop-  
men t  of enzymes  which  are - from the energe t ica l  point  of v iew - be t te r  su i ted  for life 
under  these  condit ions? 

The p re sen t  survey is b a s e d  on the compar ison of the proper t ies  of the same  enzyme 
in two re la ted  species  hying  unde r  dist inctly different  t empera tu re  reg imes :  (1) Pagurus 
bernhardus from the Ge rman  Bight, which represents  a t empe ra t e  hab i t a t  wi th  annua l  
t empera tu re  var ia t ions b e t w e e n  0 and about  15~ This l a rge  spec ies  hves  in the  
subht tora l  up to grea te r  depths .  (2) Clibanarius stn'olatus, a compara t ive ly  small  spec ies  
from the Wes te rn  coast  of the Indo-Pacific. The species  is very  common on rocky  shores of 
Eastern Africa, which  r ep resen t  one of the most  hea t - exposed  mar ine  habi ta ts .  Dur ing 
low water,  the  spec imens  a g g r e g a t e  in dense  clusters o n  the dry coral  g r o u n d  in full 
sunlight,  wa i t ing  in a res t ing phase  for the nex t  high t ide before  they  b e c o m e  active 
again.  

Apar t  from compar ing  enzymat ic  characters ,  ecophysio logica l  impl ica t ions  are  
cons idered  cri t ically in order  to eva lua te  the close correlat ion b e t w e e n  env i ronmen ta l  
condit ions and  evolut ionary adap ta t ions  on a b iochemical  level.  

MATERIALS AND METHODS 

Adul t  Pagurus bernhardus were  d r e d g e d  from approx imate ly  30 m d e p t h  nea r  the  
is land of He lgo l and  (German Bight, North Sea) in Apri l  1990. Spec imens  of Clibanarius 
striolatus were  col lected dur ing  low wate r  at the  rocky shore about  10 mi les  nor th  of 
M o m b a s a  (Kenya) in Augus t  1990. 

For analyses ,  the  gastr ic  fluids of freshly d issec ted  digest ive  tracts of hermi t  crabs 
were  used. Tryps in -hke  p ro tease  activity was measu red  according  to a m e t h o d  desc r ibed  
in detai l  ea rhe r  us ing  BAPA (N-benzoyl-L-arginine-4-p-ni t roani l ide)  as a subs t ra te  (Ditt- 
rich, 1992). 

RESULTS 

The t empe ra tu r e  opt ima of degrada t ion  activity at p H  8.3i d i s p l a y e d  after  an  
incubat ion  t ime of 10 min, are  very  similar in both species  (Fig. 1). Signif icant  di f ferences  
become  ev iden t  in the iow-temperature range.  In Clibanarius, enzyme  ac t iv i ty  shows a 
rap id  dec rease  when  t empera tu re  is l owered  and  is less than  1% of m a x i m u m  at 0 ~ 
Contrarily,  the  t ryps in -hke  p ro tease  in Pagurus is less affected by  r e d u c e d  t empera tu res ;  
at  0 ~ it still shows about  5 % of max imum activity, 

Both enzymes  are charac te r ized  by  a r e m a r k a b l e  stabil i ty (Pig. 2). W h e n  incuba t ed  at 
40 ~ a t empe ra tu r e  which l eads  to dena tura t ion  of some kinds  of enzymes,  the  p ro teases  
still d i sp lay  un impa i r ed  activity after  120 rain. Even at 50 ~ the  pro tease  of Clibanarius 
does  not lose any  activi ty after  120 rain; by  contrast,  in Pagurus after 40 rain of incubat ion,  
activity was  r e d u c e d  by  more than  20 % and after  120 rain, only 9 % re s idua l  act ivi ty  was  
found. At  60 ~ the Pagums pro tease  loses its act ivi ty comple te ly  within 30 rain, whi le  in 
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Fig. 1. Temperature dependence of hydrolysis rate of N-benzoyl-L-arginine-p-nitroanilide (L-BAPA) 
at pH 8.3 in (a) Pagurus bernhardus and (b) Ch'banarius striolatus 

10o 

80. 

u == 
60" 

o r 

40" 
r 
(p 
o 2o. 
a. 

20 40 60 80 100 120 

Time [mln] 

lOO 

o~ 
80. 

_>, 

60" 
o 

 4oi 
p 2o- 
O. 

20 40 60 80 100 120 

Time [rain] 

Pig. 2. Thermal stability of the trypsin-like protease in (a) Pagurus bernhardus and (b) Clibanarius 
striola tus 

the Clibanarius pro tease  after the  same per iod of time, approx imate ly  85 % of max imal  
activity is d isp layed.  

Distinct di f ferences  are  ev ident  in the affinity of the enzyme for the  subs t ra te  (Fig. 3), 
the measure  of which  is the reciprocal  value of the  Michaehs  constant,  Kin. The Kin-values 
were  de t e rmined  by  double  reciprocal  plots (1/v versus  1/[S]), in which  v r ep resen t s  the 
react ion velocity and  [S] the  subs t ra te  concentrat ion.  In Pagurus, the  p ronounced  t emper -  
a ture  d e p e n d e n c e  results  in a sharp increase  of the affinity when  t empera tu re  is lowered;  
in contrast, in Clibanarius, affinity remains  fairly low over the whole  t empera tu re  range.  

A correlat ion b e t w e e n  the level  of act ivat ion energy  (Ea) and  mean  ambien t  tem- 
pera tu res  is ev iden t  (Fig. 4). In Clibanarius, a clear  discontinui ty in the  s lope does  not  
al low a calculat ion of the act ivat ion energy  over the  whole  a s sayed  t empera tu re  range;  a 
dist inct  change  of the incline was found at about  10~ At t empera tu re s  > 10~ the 
activation ene rgy  of the Cfibanarius protease,  (28 kJ.mol - t )  exceeds  the  one found in the 
Pagurus pro tease  (20 kJ.mo1-1) by  42 %. 

In the p ro teases  of both  species,  strong inhibi t ion is ach ieved  after appl ica t ion  of 
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Fig. 3. Temperature dependence of the affinity for the substrate in (a) Pagurus bernhardus and (b) 
Ch'banarius striolatus 
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Fig. 4. Arrhenius plots and activation energy of the trypsin-hke protease in (a) Pagurus bernhardus 
and (b) Ch'banarius striolatus, lg v represents the logarithm of the relative hydrolysis rate 

soybean  t rypsin  inhibi tor  (SB) (Fig. 5). However ,  the d e g r e e  of inhibi t ion is  different: In 
Pagurus, soybean  t ryps in  inhibi tor  suppresses  the act ivi ty to about  5 %, a n d  N-tosyl-L- 
lys ine-chloromethyl  ke tone  (TLCK} to about  7 %  of max imal  activity,  w he re a s  in 
Ch'banarlus only to 30 % and  40 %, respect ively.  In both species,  r e s idua l  act ivi ty was  
ca lcula ted  from similar  absolu te  initial data.  The final level  of inhibi t ion in bo th  species  is 
ach ieved  immed ia t e ly  after appl icat ion of soybean  trypsin inhibi tor  and  5 -10  min after 
appl ica t ion  of TLCK. 

DISCUSSION 

Recent  inves t igat ions  on Antarct ic  and  tropical  c rus taceans  sugges t  t he  evolut ion of 
h i g h l y - a d a p t e d  enzymes  to cope with ex t reme  - high as  wel l  as low - t empera tu re s  
(Dittrich, 1990, 1992). The  presen t  compara t ive  survey of the  t rypsin- l ike  p ro t eases  in two 
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Fig. 5. Time-dependent influence of soybean trypsin inhibitor (SB) and N-tosyl-L-lysine-chlorome- 
thyl ketone (TLCK) at 25 ~ on the trypsin-like protease activity in (a) Pagurus bernhardus and (b) 

Clibananus striolatus. Arrows indicate addition of inhibitor 

hermit  crabs from quite different  climatic regions  serves to suppor t  the concept  of thermal  
acclimation.  

Distinct differences of the kinetic  proper t ies  of the t ryps in-hke pro teases  are  ev ident  
b e t w e e n  the s tenothermal  t ropical  Clibanarius, l iving in a warm mar ine  environment ,  
and  the eury thermal  t empera te  Pagurus inhabi t ing  a modera te  environment .  

In contrast  to ear l ier  reports  (Scholander  et al., 1953), t empera tu re  opt ima were  
found t o b e  i n d e p e n d e n t  of envi ronmenta l  t empera tu res  arid are - at least  in the trypsin-  
l ike pro teases  - at about  50 ~ (Spindler & Buchholz, 1988; Dittrich, 1990). 

In different  enzymes  of fish, Km is lowest  at  a t empera tu re  that  coincides closely to 
that  of the habi ta t  and  which  is therefore  def ined  as " thermal  opt imum" (Somero & 
Hochachka ,  1968; Baldwin & Hochachka ,  1970; Hochachka  & Lewis, 1970, 1971). In the 
p resen t  invest igat ion,  the pro teases  were  found to d isplay a distinct t empera tu re  de pe nd -  
ence,  increas ing  with r ising temperatures ,  however ,  wi thout  pass ing  through a min imum 
at t empera tu res  near  the mean  ambien t  ones. The increase  of Kin over  the  tes ted  
t empera tu re  range  exceeds  considerably  those known e.g. for trout liver ci trate synthases  
(Hochachka  & Lewis, 1970). 

The decrease  of Km at lowered  t empera tu res  is paral le l  with an increase  of affinity for 
the substrate,  which  to a cer tain degree  compensa tes  for the decrease  of the  overal l  
react ion at l owered  tempera tures .  This effect is 3.8 t imes more  p ronounced  in Pagurus 
than  in Clibana6us protease .  As a consequence ,  the dist inctly h igher  activi ty of the 
Pagurus pro tease  in the low- tempera tu re  r ange  is p robab ly  due  to the  (relat ively and 
absolutely)  h igher  affinity for the substrate.  

The  act ivat ion energy  is an index character iz ing the energe t ica l  barr ier  of an enzyme 
react ion and therefore  serves  to evalua te  its efficiency. In ver tebrates ,  a posit ive correla-  
tion b e t w e e n  the body  t empera tu re  of an organism and the activation ene rgy  of its 
enzymat ic  react ions has  been  found (Somero et  al., 1968). In pyruva te  k inase  of different  
species  (Somero & Hochachka ,  1968), act ivat ion energy  is lowest  at t empera tu res  approx-  
imate  to the organism's  body  tempera ture .  Remarkably ,  in Clibana:ius the opposi te  effect 
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was observed;  at t empera tu res  > 10~ act ivat ion energy  {28.3 kJ.mo1-1) is about  1.9 
t imes la rger  than  at t empera tu res  < 10~ (14.7 kJ.mo1-1) and  exceeds  the  act ivat ion 
ene rgy  of Pagurus by  > 40 %. Two possibi l i t ies  m a y  tentat ively exp la in  the  discont inui ty  
in the  hnear i ty  of the  regress ion  hne in the  Arrhenius  plot of Clibanarius: (1) the  
act ivat ion of different  i soenzymes  and /o r  (2} a t e m p e r a t u r e - d e p e n d e n t  c h a n g e  of the  
conformation of the  enzyme protein.  Similar effects in Arrhenius  plots of m e m b r a n e  
b o u n d  enzymes  are  supposed  to be  due  to phase  changes  in the  l ip id  componen t s  of the  
m e m b r a n e s  (Wodtke,  1976). The act ivat ion ene rgy  found in Clibanarius for t empera tu re s  
> 10~ (28.3 kJ.mo1-1) is one of the h ighes t  k n o w n  so far in ben th ic  c rus t aceans  for the  
hydrolysis  of L-BAPA by a t rypsin- l ike  protease;  comparab le  va lues  are  k n o w n  only in 
the  euphausi ids ,  Meganyctiphanes norvegica and  Euphausia superba (Osnes  & Mohr,  
1985; Dittrich, 1992}. In the latter, the  p lanktonic  mode  of life obviously  impl ies  a h ighe r  
metabol ic  turn-over  rate  (George,  1985}. Compared  with the act ivat ion e n e r g y  found in 
the  benth ic  Antarct ic  Chorismus antarcticus {11.9 kJ-mo1-1 in the  gas t r ic  fluid, 13.6 
kJ-mol -~ in the  midgu t  g lands;  Dittrich, 1992), in Clibanarius, this v a l u e  is more  than  
twice as high. Thus, a posit ive correlat ion b e t w e e n  activation ene rgy  of the  t ryps in- l ike  
p ro tease  and envi ronmenta l  t empera tu re  is given. 

Obviously,  the ex t remely  h igh  envi ronmenta l  t empera tu res  these  he rmi t  crabs  are  
exposed  to favoured  the evolut ionary  deve lopmen t  of enzymes  which  are  charac te r ized  
by  fairly high act ivat ion energies .  This impl ies  that  the  enzymes  are  less eas i ly  s t imula ted  
to max imum activity. The r e m a r k a b l e  reduct ion of activation e n e r g y  a t  lower  tem- 
pe ra tu res  can be  in te rp re ted  by  two considerat ions:  (1) As it is not ve ry  p r o b a b l e  that  the  
species  is ever  exposed  to such low tempera tures ,  a single enzyme  wh ich  is still very  
active at  low t empera tu re s  has  no chance  to disturb the equi l ibr ium a m o n g  the different  
me tabohc  pa thways  and  it therefore  does  not exert  a n~gat ive select ion pressure .  (2) The  
species  der ives  from tempera te -  or co ld -adap ted  ancestors,  which  - as  a m e a n s  of 
the rmal  adap ta t ion  - d i sp lay  a r educed  act ivat ion ene rgy  at low t empera tu res .  In the 
course of evolut ionary  adap ta t ion  to n e w  tempera tu re  conditions,  new e nz yme s  with 
fairly high act ivat ion energ ies  m a y  have  been  deve loped .  

Compared  with  other  enzymes  which suffer cons iderable  losses of act ivi ty  at tem- 
pera tures  of about  40~ {Smith, 1973a, b}, bo th  proteases  are  cha rac t e r i zed  by  a 
r emarkab le  stabil i ty and  r ema in  un impa i r ed  even  after a 2 h incuba t ion  at  40~ 
Obviously,  the  salts and  prote ins  in the crude extract  enhance  stabil i ty;  in assays  of 
purif ied enzymes  which d isp lay  less stabil i ty these  compounds  are  a b s e n t  (Osnes & 
Mohr,  1985}. At 60~ the Clibanarius pro tease  d isplays  a r e ma rka b l e  s tabi l i ty  and  loses 
only 15 % of activi ty within the  first 30 min; after the  same per iod  of t ime,  the  Pagurus 
pro tease  is comple te ly  inact ivated.  Obviously,  there  exists a direct  re la t ionship  b e t w e e n  
enzyme stabil i ty and  envi ronmenta l  t empera tu re s  to which the spec ies  a re  acc l imated  
While  the  tropical Clibanarius hard ly  exper iences  t empera tu res  b e l o w  20~ Pagurus 
may  tolerate t empera tu re s  nea r  0 ~ 

The different t empera tu re  d e p e n d e n c e  of the  two enzymes  as wel l  as thei r  act ivat ion 
energ ies  suggest  di f ferences  in the  ter t iary  structures of their  molecules .  The  p r e se n t  
results  which suppor t  those found in ATPase  activity of tropical  and  Antarc t ic  fishes 
(Johnston et al., 1975; Johns ton  & Walesby ,  1979) are  assumed  to be  due  to an inc rease  of 
w e a k  bond ings  and  - as a consequence  - a t ighter  molecular  s tructure in c o l d - a d a p t e d  
species.  Rapid inact ivat ion at  h ighe r  t empera tu re s  would  be caused  by  the  ope n ing  of 
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jus t  t h e s e  w e a k  i n t e r a c t i o n s  b e t w e e n  i n t r a m o l e c u l a r  r e s idues .  T h e  e v o l u t i o n  of s t r u c t u r e  

a n d  f u n c t i o n  in  p ro t eo ly t i c  e n z y m e s  i m p h e s  c h a n g e s  in  t h e  a m i n o  ac id  s e q u e n c e ;  

h o w e v e r ,  t h i s  s h o u l d  b e  s u b j e c t  to f u r t h e r ' a n a l y s e s .  

C h a n g e s  in  t h e  e n z y m e  s t r u c t u r e  a re  of d e c i s i v e  s i g n i f i c a n c e  in  e v o l u t i o n .  H i g h l y  

e f f ic ien t  e n z y m e s ,  g e n e r a l l y  a s c r i b e d  to t ru ly  c o l d - a d a p t e d  fo rms  (e.g. S o m e r o  e t  al., 

1968) a r e  a lso n e c e s s a r y  for t h e  s u r v i v a l  of h e a t - e x p o s e d  forms.  H o w e v e r ,  w h i l e  in  h e a t -  

e x p o s e d  s p e c i e s  s e l e c t i o n  p r e s s u r e  f a v o u r s  t h e  d e v e l o p m e n t  of e n z y m e s  w i t h  a l a r g e r  

s t ab i l i ty  a t  h i g h e r  t e m p e r a t u r e s ,  a r e d u c t i o n  of a c t i v a t i o n  e n e r g y  is - b e s i d e s  c h a n g e s  in  

t he  p a t t e r n s  of i s o e n z y m e s  (e.g. B a l d w i n  & H o c h a c h k a ,  1970; S h a k l e e  e t  al., 1977) or  t h e  

l ip id  c o m p o s i t i o n  of t h e i r  m e m b r a n e  s y s t e m s  (HazeI ,  1972) - o n e  of t h e  m o s t  e f f ec t i ve  

m e a n s  b y  w h i c h  c o l d - e x p o s e d  s p e c i e s  cope  in  t h e  l o n g  r u n  w i t h  c o n d i t i o n s  i n  a low-  

e n e r g y - s y s t e m .  
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