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SEASONAL CHANGES IN HEXOKINASE FROM  THE 
MANTLE TISSUE O F THE C O M M O N  MUSSEL 

M Y T I L U S  EDULIS  L.

D . R . L i v in g s t o n e  a n d  K . R . C l a r k e

N a tu ra l  E n v iro n m e n t R ese a rch  C o u n cil, In s ti tu te  fo r M a r in e  E n v iro n m e n ta l  R esea rch , P ro s p e c t P lace ,
T h e  H o e , P ly m o u th , P L I  3 D H , U K

(.R ece ived  17 A u g u s t  1982)

A b s tra c t— 1. H e x o k in a se  from  the m an tle  tissu e  o f  M . edu lis  w as  in v e s t ig a te d  o v e r a lm o s t 2 y ears  fo r 
c h an g e s  in specific  a c tiv ity  a n d  in th e  k in e tic  c h a ra c te r is tic s  o f  th e  g lu c o s e  c o n c e n tra tio n  vs in itia l 
ve lo c ity  curves.

2. S pec ific  a c tiv ity  c h an g e d  m ark ed ly , p e a k in g  in  la te  S p ring .
3. D e p e n d in g  u p o n  th e  tim e  o f  th e  y e a r  a n d  th e  sex o f  th e  m usse l, th e  s u b s t r a te  ve rsu s  v e lo c ity  d a ta  

w ere  b e s t f itted  e ith e r to  a  M ic h a e lis -M e n te n  o r  a  H ill m o d e l. T h e  a p p a r e n t  K m o r  K 0 5S va lu es  c h an g ed  
sea so n a lly , b e in g  lo w  d u r in g  th e  first p a r t  o f  th e  y ear a n d  h ig h  fo r m o s t o f  th e  re s t  o f  th e  year.

4. T h e  ch an g e s  in  h e x o k in a se  a re  d iscu ssed  in  r e la tio n  to  th e  tw o  p o s s ib le  sea s o n a lly -v a ria b le  so u rces  
o f  g lu c o se  p ro d u c tio n , fo o d  in ta k e  a n d  th e  u ti l iz a tio n  o f  s to re d  g lycogen .

IN T R O D U C T IO N

T h e  m e ta b o l i s m  o f  m a n y  m a r in e  i n v e r te b r a te s ,  p a r ­
t i c u la r ly  i n t e r t i d a l  s p e c ie s ,  is  s e a s o n a l ly  v a r ia b le .  In  
th e  c o m m o n  m u s s e l ,  M y t i l u s  e d u lis ,  c h a n g e s  h a v e  
b e e n  o b s e r v e d  fo r  m o s t  m a jo r  a r e a s  o f  m e ta b o l is m ,  
b o t h  in  t e r m s  o f  m o le c u la r  le v e ls  e .g . g ly c o g e n ,  l ip id ,  
p r o t e i n  a n d  f re e  a m in o  a c i d s  ( Z a n d e e  e t  a l ,  1980), 
n u c le ic  a c id s  ( T h o m p s o n ,  1 9 7 2 ), t o t a l  free  s u g a r s  
(B a y n e , 1973), f re e  g lu c o s e  ( Z a b a ,  1981), g ly c o ly t ic  
i n t e r m e d ia t e s  ( E b b e r in k  a n d  D e  Z w a a n ,  1980) a n d  
p h o s p h o a r g i n i n e  ( Z u r b u r g  &  E b b e r i n k ,  1981) a n d  in  
t e r m s  o f  r a t e s  o f  p r o c e s s e s ,  e .g . n i t r o g e n  e x c r e t io n  
(B a y n e  &  S c u l la r d ,  1977), o s m o r e g u la t i o n  (L iv in g ­
s to n e  e t  a i ,  1979 ), a n a e r o b i c  m e ta b o l i s m  ( A h m e d  &  
C h a p l in ,  1 9 7 9 ; Z a n d e e  e t  a l., 1980), p e n to s e  p h o s ­
p h a t e  p a th w a y  a c t iv i ty  a n d  g lu c o s e  u t i l i z a t io n  ( Z a b a  
e t  a l„  1981). T h e  c h a n g e s  a r e  r e g u la r  a n d  o f te n  la r g e  
o v e r  a  s e a s o n a l  c y c le  a n d  m u s t  in v o lv e  m a r k e d  a l t e r ­
a t i o n s  in  th e  d i r e c t i o n  a n d / o r  m a g n i tu d e  o f  t h e  m e ta ­
b o l i c  f lu x e s . A s  p a r t  o f  a  s tu d y  o f  th e  e n z y m a t ic  m e c h ­
a n i s m s  o f  th e  s e a s o n a l  r e g u la t i o n  o f  m e ta b o l i s m  (see  
L iv in g s to n e ,  19 7 5 , 1981), h e x o k in a s e  (E C  2 .7 .1 .1 ) w a s  
e x a m in e d  f r o m  th e  m a n t l e  t is s u e s  o f  M . e d u lis ', t h i s  
t i s s u e  f u n c t io n s  b o t h  in  m e ta b o l i c  s to r a g e  a n d  in  
r e p r o d u c t io n .

H e x o k in a s e  c a t a ly s e s  t h e  p h o s p h o r y l a t i o n  o f  g lu ­
c o s e  ( a n d  o t h e r  s u g a r s )  to  y ie ld  g lu c o s e - 6 - p h o s p h a te  
( th e  “ m o b i l i z e d ”  f o r m  o f  g lu c o s e )  w h ic h  c a n  th e n ' 
e n t e r  th e  p a th w a y s  o f  c a r b o h y d r a t e  m e ta b o l is m .  
H e x o k in a s e  h a s  b e e n  s h o w n  to  b e  a  r e g u la to r y  
e n z y m e  in  c e r ta in  t i s s u e s  ( N e w s h o lm e  &  S ta r t ,  1973) 
a n d  i t s  t i s s u e  s p e c if ic  a c t iv i ty  u n d e r  c o n d i t i o n s  o f  
s a t u r a t i n g  s u b s t r a t e  is  t a k e n  a s  a  m e a s u r e  o f  th e  
m a x im u m  p o t e n t i a l  r a t e  o f  t i s s u e  g lu c o s e  u t i l i z a t i o n  
( C r a b t r e e  &  N e w s h o lm e ,  1 9 7 2 ; Z a m m i t  &  N e w s ­
h o lm e ,  1976). I s o e n z y m e s  o f  h e x o k in a s e  e x is t  
t h r o u g h o u t  t h e  a n im a l  k i n g d o m  a n d  in  c e r ta in  o r g a n ­
is m s  a n d  t i s s u e s  r e s p o n d  d if f e r e n t ia l ly  to  f a c to r s  s u c h  
a s  n u t r i t i o n a l  in ta k e  ( U r e t a ,  1975). T h e  h e x o k in a s e

r e a c t i o n  o f  th e  m a n t l e  t i s s u e  o f  M . e d u lis  is  fa r  d is ­
p l a c e d  f r o m  e q u i l i b r i u m  (Z a b a ,  1981), in d ic a t in g  a  
r e g u l a t o r y  e n z y m e  a n d  g iv e n  th e  s e a s o n a l  n a t u r e  o f  
c a r b o h y d r a t e  m e t a b o l i s m  a n d  g lu c o s e  u t i l i z a t i o n  in  
th e  t i s s u e ,  s e a s o n a l  c h a n g e s  in  th e  e n z y m e  m ig h t  b e  
e x p e c te d .  I n  th is  s t u d y  h e x o k in a s e  w a s  e x a m in e d  f r o m  
th e  m a n t l e  o f  m a le , a n d  f e m a le  m u s s e ls  o v e r  a  p e r io d  
o f  2  y e a r s .  M e a s u r e m e n t s  c a r r i e d  o u t  w e re  t is s u e  
s p e c if ic  a c t i v i t y  a t  h i g h  ( s a tu r a t in g )  a n d  lo w  c o n c e n ­
t r a t i o n s  o f  g lu c o s e ,  t h e  a p p a r e n t  M ic h a e l i s  c o n s t a n t  
(K m) o r  K 0 5S v a lu e s  f o r  g lu c o s e  a n d  th e  e f fe c t o f  th e  
i n h i b i t o r  N - a c e ty lg lu c o s a m in e  o n  e n z y m e  a c t iv i ty .  
H a e m o l y m p h  a n d  t i s s u e  g lu c o s e  c o n c e n t r a t i o n s  a n d  
s o lu b le  p r o t e i n  w e r e  a l s o  d e te r m in e d .

M A TER IA LS AND M ETH O D S

C hem ica ls  an d  co m m ercia l en zym es

D -glucose, iV -ace ty l-D -g lu co sam in e , N A D  + , A T P , 
N A D P + (fro m  T o r u la  y e a s t)  a n d  N A D + (from  Leu co n o s­
toc m esen tero ides) d e p e n d e n t  g lu c o se -6 -p h o sp h a te  d e ­
h y d ro g e n a se s  (E C  1 .1 .1 .49) a n d  h ex o k in a se  (from  yeast) 
w ere  o b ta in e d  fro m  th e  S ig m a  C h em ica l C o. (L o n d o n ) 
L im ited . U ra n y l  a c e ta te  so lu tio n  a n d  the  G O D /P E R ID  
d ia g n o s t ic  k it w ere  o b ta in e d  from  th e  B o eh r in g e r  C o rp o r ­
a t io n  (L o n d o n )  L im ite d  a n d  the  S e p h ad ex  G -25  P D -1 0  
c o lu m n s  fro m  P h a r m a c ia  (G re a t  B rita in ) L im ited . A ll o th e r  
c h e m ic a ls  w e re  o b ta in e d  f ro m  B D H  L im ited , U K .

A n im a ls  an d  sam ple  c o lle c tio n

M u sse ls  o f  u n fo rm  s ize  (5 -5 .5  c m  in  len g th ) w ere  c o l­
le c ted  a t  lo w  tid e  f ro m  th e  e s tu a ry  o f  th e  R iv e r E rm e  n e a r  
P ly m o u th  (M o th e c o m b e  B ay ) a t a p p ro x  7-w eek in te rv a ls . 
A b o u t 50  a n im a ls  w e re  ta k e n  a n d  tre a te d  a s  fo llo w s: 8 
m u sse ls  w e re  im m e d ia te ly  sam p led  o n  th e  sh o re  fo r 
h a e m o ly m p h  a n d  t is s u e  g lu c o se  c o n c e n tr a tio n s  a n d  8 -1 2  
m u sse ls  w e re  re tu rn e d  to  th e  la b o ra to ry  a n d  used  im m e d i­
a te ly  fo r  th e  d e te rm in a t io n  o f  h ex o k in a se  specific ac tiv ity , 
JV -ace ty lg lu co sam in e  in h ib i t io n  a n d  to ta l so lu b le  p ro te in ;  
th e  re m a in in g  m u sse ls  w e re  re tu rn e d  to  th e  la b o ra to ry  a n d  
e ith e r  u s e d  im m e d ia te ly  o r  a f te r  b e in g  k e p t o v e rn ig h t in  a
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sy stem  o f re c irc u la tin g  a m b ie n t s e a w a te r  (see B ayne  &  
T h o m p s o n , 1970 fo r d e ta ils  o f  th e  sy stem ) fo r  th e  d e te rm i­
n a t io n  o f  th e  s u b s tra te  c o n c e n tr a tio n  vs in itia l veloc ity  
c h a ra c te r is tic s  o f  h exok inase .

H aem olym ph  and tissue  glucose  concen tra tion

A sam p le  o f  b lo o d  w as  ta k e n  fro m  th e  p o s te r io r  a d d u c ­
to r  m uscle  s in u s  o f  e ach  o f  8 m u sse ls  b y  h y p o d e rm ic  
sy ringe , d e p ro te in iz e d  by  th e  a d d i t io n  o f  1 ml o f  u ran y l 
a c e ta te  to  100 /ul o f  b lo o d  a n d  p la c e d  o n  ice. T h e  tw o 
m a n tle  lo b es  o f  e ac h  o f  th e  8 m u sse ls  w ere  a lso  d issec ted  
o u t :  o n e  lo b e  w as im m e d ia te ly  fro ze n  a n d  re ta in e d  in 
l iq u id -n itro g e n  a n d  th e  o th e r  lo b e  w as  d a m p -d rie d  an d  
p la c ed  on ice. A ll s am p les  w ere  th e n  re tu rn e d  to  th e  la b o r ­
a to ry .

T h e  d ep ro te in iz ed  b lo o d  s a m p le s  w e re  c la rified  b y  c en ­
tr i fu g a tio n  a t  3000,9 fo r 10 m in  a t  5 C  a n d  th e  re su ltin g  
s u p e rn a ta n ts  used  fo r th e  d e te rm in a tio n  o f  h a em o ly m p h  
g lu co se  b y  th e  g lu co se  o x id a se  m e th o d  u s in g  th e  G O D , 
P E R  I D  B o eh rin g e r d ia g n o s tic  k it. T h e  fro zen  m a n tle  lobes 
w ere  e ith e r s to re d  a t  —70 C  o r  a n a ly se d  im m e d ia te ly . T h e  
g lu co se  m e ta b o lite  w as  e x tra c te d  in  6%  p e rc h lo r ic  acid  
u s in g  th e  p ro c e d u re  d e sc rib e d  in  L iv in g s to n e  e t al. (1981) 
a n d  a ssay ed  b y  th e  h e x o k in a se  g lu c o se -6 -p h o sp h a te  de­
h y d ro g e n a se  m e th o d  (B ergm e> er e t al., 1974). T h e  assay  
c o n d itio n s  w ere  a s  d esc rib ed  fo r  th e  m a n tle  h ex o k in ase  
a ssay s  (see la te r)  e x ce p t th a t  g lu c o se  w as  o m itte d , N A D P + 
rep laced  N A D " ,  N A D P ^ -d e p e n d e n t  g lu c o se -6 -p h o sp h a te  
d e h y d ro g e n ase  re p la c e d  th e  N A D  +-d e p e n d e n t e n zy m e  an d  
excess  c o m m erc ia l h e x o k in a se  w as  a d d ed .

In te rn a l s ta n d a rd s  w ere  a d d e d  a n d  th e  p e rc en ta g e  c o n ­
v e rs io n  exceeded  80% . T h e  seco n d  m a n tle  lo b e  o f  e ach  
m u sse l w as  u sed  fo r s e x -d e te rm in a tio n  (w h ere  p o ssib le ) b y  
e x am in in g  a  s m ea r o f  th e  tissu e  u n d e r  a  lig h t m ic ro sc o p e  
fo r  th e  p resen ce  o f  sp e rm  o r  oo cy tes.

T is su e  h exo k in a se  specific  a c tiv ity . N -a ce ty lg lucosam ine  in­
h ib ition  and p ro te in  de term ina tion

T h e  sexes o f  8 -1 2  m u sse ls  w e re  e s ta b lis h e d  a n d  th e ir  
m a n tle  tissues th e n  excised , d a m p -d r ie d  o n  f i l te r -p a p e r  a n d  
p la c ed  o n  ice. A ll s u b se q u e n t p ro c e d u re s  w e re  c a rr ie d  o u t 
a t  4 'C. T h e  m a n tle  tis su es  o f  in d iv id u a l m u sse ls  (4 m ales 
a n d  4  fem ales o r  8 in d e te rm in a te s  d e p e n d in g  o n  th e  tim e  o f 
th e  year) w ere  w e ig h ed  a n d  h o m o g e n iz e d  in  10 vol (w /v) o f 
10 m M  T r is - H C l p H  7.6 c o n ta in in g  1 m M  E D T A , 1 m M  
d ith io th re i to l ,  4  m M  M g S 0 4, 0.15 M  K C l a n d  0.5 M  
su c ro se  u s in g  a n  U ltra -T u r ra x  h o m o g e n ise r . T h e  h o m - 
o g e n a te s  w ere  cen trifu g e d  a t  10,000 ,9  f ° r 1 5 m in  a n d  th e  
re su ltin g  s u p e rn a ta n ts  c en trifu g e d  a t  50 ,000  g  fo r 30  m in. 
A liq u o ts  o f th e  h ig h -sp in  s u p e r n a ta n ts  w ere  ta k e n  fo r th e  
d e te rm in a tio n  o f  p ro te in . A s ec o n d  a liq u o t w as  p assed  
d o w n  sm all S e p h ad ex  G -2 5  c o lu m n s  (P h a rm a c ia  P D  10 
co lu m n s , b ed  v o lu m e  9 m l; e q u i l ib ra tio n  a n d  e lu tio n  bu ffer 
w e re  th e  sam e  as  th e  h o m o g e n is a tio n  b u ffer b u t  w ith  su ­
c ro s e  o m itted ) to  re m o v e  th e  lo w  m o le c u la r  w e ig h t frac tio n  
(m ol. w t 5000 a n d  b e lo w ) w h ic h  p re v io u s ly  h a d  b e e n  fo u n d  
to  in h ib it th e  h e x o k in a se  assay . T h e  h ig h  m o le c u la r  w e ig h t 
frac tio n  e lu ted  fro m  th e  c o lu m n s ’ W a S  im m e d ia te ly  u sed  as 
th e  so u rc e  o f  enzym e.

H e x o k in a se  w as  a ssa y ed  s p e c tro p h o to m e tr ic a lly  a t 
334 nm  b y  a  m o d if ic a tio n  o f  th e  m e th o d  o f  C ra n e  &  Sols 
(1955). G lu c o se -6 -p h o sp h a te  p ro d u c t io n  w a s  m e a su re d  b y  
c o u p lin g  th e  re a c t io n  to  th e  re d u c t io n  o f  N A D + to  
N A D H + using  N A D  +-d e p e n d e n t g lu c o se -6 -p h o sp h a te  de­
h y d ro g e n ase . N A D  + w as u sed  in s te a d  o f  N A D P + to  m in ­
im ise  in te rference  fro m  e n d o g e n o u s  g lu c o se  d e h y d ro g e n ase  
(E C  1.1.1.47) (the g lu c o se  d e h y d ro g e n a s e  ca ta ly se s  a  re a c ­
t io n  b e tw een  g lu co se  a n d  N A D P + b u t  sh o w s  little  ac tiv ity  
w ith  N A D +— L iv in g sto n e , u n p u b lis h e d  d a ta ). T h e  o p tim a l 
a ssa y  c o n d itio n s  w e re  d e te rm in e d  in  p re lim in a ry  e x p e r i­
m e n ts  a n d  th e  a ssay  c o n ta in e d , in  a  fin a l v o lu m e  o f  1.0 m l, 
100 m M  T r is -H C l p H  8, 10 m M  M g C l2, 1 m M  g lu ta th io n e , 
5 m M  A T P , 0 .2 m M  N A D 4-, 1 u n it  o f  g lu c o se -6 -p h o sp h a te

d e h y d ro g e n a s e  a n d  v a ry in g  c o n c e n tr a tio n s  o f  g lucose . A n 
a liq u o t o f  th e  s a m p le  a n d  all th e  re a g e n ts  ex ce p t A T P  w ere 
p re in c u b a le d  f o r  5 m in  a t 2 5 °C . T h e  b a c k g ro u n d  ra te  
(w hen  p r e s e n t )  w a s  m e a su re d  a n d  the  re a c t io n  p ro p e r  w as 
th e n  in i t ia te d  b y  th e  a d d it io n  o f  A T P  a n d  fo llow ed  a t 
25°C . T h e  r a t e s  w ere  l in e a r  fo r sev e ra l m in u te s  a n d  u n d e r  
th e  c o n d it io n s  o f  th e  a ssay  th e re  w a s  no  d e te c ta b le  in te rfe r­
ence  fro m  e n d o g e n o u s  p h o s p h o g lu c o n a te  d e h y d ro g e n a se  
(E C  1.1.1.43), A T P a s e  (E C  3.6.1.3) a n d  g lu c o se -6 -p h o sp h a -  
ta se  (E C  3 .1 .3 .9 ) . H e x o k in a se  ac tiv ity  w a s  d e te rm in e d  in 
d u p lic a te  fo r e a c h  sam p le  in  th e  p resen ce  o f  th e  fo llow ing  
c o n c e n t r a t io n s  o f  s u b s tra te  a n d  in h ib ito r :  (a) 20  m  M  g lu ­
co se ; (b) 0.5 m M  g lu co se ; (c) 20 m M  g lu c o se  in th e  p re s ­
ence  o f  1 m M  iV -a ce ty lg lu co sam in e  a n d  (d) 0.5 m M  g lucose  
in  th e  p r e s e n c e  o f 1 m M  N -a c e ty lg lu co sa m in e . T w o  c o n ­
c e n tra tio n s  o f  g lu c o se  w e re  u sed  to  g iv e  a n  in d ic a tio n  o f 
th e  p resen ce  o f  a  g lu c o k in a se -ty p e  e n zy m e  (E C 2 .7 .1 .2 ) 
(V iñ u e la  e t a l . ,  1963); 20  m M  g lucose  w a s  c h o se n  becau se  
s u b s tra te  i n h ib i t i o n  w as o c ca s io n a lly  o b se rv ed  a t h igher 
c o n c e n tr a t io n s .  S im ilarly , th e  effect o f iV -acety lg lucosam ine  
w as  e x a m in e d  b ecau se  i t  is a  s tro n g  in h ib ito r  o f  g luco- 
k in a se  b u t  h a s  a  m uch  re d u c e d  effect o n  h e x o k in a se  (New s­
h o lm e  &  S t a r t ,  1973). S o lu b le  p ro te in  w a s  d e te rm in e d  by  
th e  m e th o d  o f  L o w ry  e t al. (1951).

H e xo k in a se  g lu c o s e  concen tra tion  vs in itia l ve lo c ity  charac­
teristics

T h e  p r o c e d u r e s  em p lo y e d  fo r sam p le  p re p a ra t io n  w ere  
d iffe ren t fo r m a l e  a n d  fem ale  m u sse ls  ( in d e te rm in a te s  w ere 
tre a te d  a s  fo r  fem ales). T h e  S e p h ad ex  G -2 5  tre a te d  h igh- 
sp in  s u p e r n a ta n t s  o f  m ale  m ussels , w h en  k e p t o n  ice, 
sh o w ed  n o  c h a n g e  in  a p p a r e n t  K 0 5S fo r g lu co se  fo r u p  to  a 
d a y  a t le a s t. I n  c o n tra s t , th e  e x tra c ts  o f  fem ale  m usse ls  
w ere  s tab le  f o r  a  few h o u rs  b u t th e n  a n  inc rea se  in  th is 
p a ra m e te r  (o r  in  a p p a re n t K J  w as  o b s e rv e d ; th e  inc rease  
w as u n a ffe c te d  b y  th e  p re sen c e  o f  2 m M  o f  th e  p ro te a se  
in h ib ito r  p h e n y lm e th y lsu lfo n y lf lu o r id e . In  co n se q u en ce , 
w h e re as  th e  m a le  sam p les  w ere  p re p a re d  s im u lta n e o u s ly  
a n d  th e n  s u b s e q u e n t ly  a n a ly se d , th e  fem ale  sam p les  w ere  
p re p a re d  in d iv id u a l ly  a n d  a n a ly se d  w ith in  1 hr. O n  each  
sea so n a l s a m p l in g  o cca s io n , w ith  m in o r v a ria tio n s  (see Fig. 
3), 4  m a le  a n d  4  fem ale sam p les  o r  4 in d e te rm in a te s  w ere 
p re p a re d , e a c h  sam p le  c o n ta in in g  th e  p o o le d  m a n tle s  o f  4 
m ussels. T h e  e x tra c tio n  p ro c e d u re  w as th e  sam e  a s  fo r the 
d e te rm in a tio n  o f  specific  a c tiv ity . T h e  a ssay  c o n d itio n s  
w ere  a lso  th e  s a m e  excep t th a t  10 c o n c e n tr a tio n s  o f  g lucose  
(0 .0 1 -6 0  m M ) w e re  em p lo y ed  in  d u p lic a te  to  o b ta in  the  
su b s tra te  c o n c e n tr a t io n  vs ve lo c ity  d a ta .  T h e  la t te r  w ere 
te sted  a s  to  w h e th e r  th e y  b e s t f it ted  a  M ic h a e lis -M e n te n  o r 
a  H ill k in e tic  m o d e l (see A p p e n d ix  fo r th e  d e ta ils  o f  the  
fit tin g  p ro c e d u re )  a n d  th e  a p p a r e n t  K m o r  K 0 5S v a lu e s  for 
g lu co se  w e re  de riv ed . A n ex am p le  o f  th e  (s, v) ( s u b s tra te  
c o n c e n tr a t io n  vs velocity ) re s u lts  fo r tw o  c o n tra s t in g  
sam p les  is  g iv e n  in  Fig. 1.

S ta tis tica l tr ea tm e n t o f  seasonal data

T h e  s e a s o n a l d a ta  w ere  a n a ly sed  b y  o n e -w a y  a n a ly sis  of 
v a rian c e  b e tw e e n  tw o g ro u p s  o f  va lu es  o r  fo r seve ra l 
g ro u p s  o f  v a lu e s  over tim e . A p ro b a b i l i ty  o f  0.05 o r  less 
w as  a c c e p te d  a s  sign ifican t. M e a n  va lues, w here  q u o te d , 
a re  e x p re sse d  a s  ±  SE M .

RESULTS

S e a s o n a l  c h a n g e s  in  h a e m o ly m p h  a n d  m a n t le  t is s u e  g lu ­
c o s e  c o n c e n tr a t io n s

H a e m o l y m p h  g lu c o s e  c o n c e n t r a t i o n  w a s  h ig h e s t  
d u r in g  th e  S u m m e r ,  f r o m  A u g u s t  to  O c t o b e r  a n d  lo w ­
e s t  in  th e  tw o  W in te r  p e r io d s  (F ig . 2 C ). N o  s ig n i f ic a n t  
d if f e r e n c e s  b e tw e e n  s e x e s  w e r e  o b s e r v e d .  T h e  m e a n  
S u m m e r  c o n c e n t r a t i o n  w a s  1 .48  ±  0 .1 5  m M  (n  =  16)
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Fig. 1. C o m p u te r  p lo ts  o f  v e lo c ity  (v) vs g lu co se  c o n c e n tr a tio n s  (.s), l / v  vs 1 /s  (L in e w e a v e r-B u rk  p lo t) 
a n d  v /s  v s  v (E a d ie -S c a tc h a rd  p lo t)  (see A p p en d ix , T a b le  1) fo r  H ill f it te d  (A ) a n d  M ich a e lis -M e n te n  
fitted  (B) m o d e ls  o f h e x o k in a se  o f  th e  m a n tle  o f  M . edulis. (A) m a le  s a m p le  c o lle c te d  J u n e  1979, (B)

fem ale  sam p le  co lle c ted  J u n e  1979.

c o m p a r e d  w i th  0 .71  +  0 .0 4  m M  (n  =  64 ) fo r  th e  r e s t  
o f  th e  t im e ;  t h e  lo w e s t  s a m p l e  v a lu e  r e c o r d e d  
(D e c e m b e r ,  19 7 8 ) w a s  0 .3 4  + 0 . 1 0  m M  (n  =  8). 
G r e a t e r  v a r ia b i l i ty  w a s  s e e n  fo r  m a n t l e  g lu c o s e  c o n ­
c e n t r a t i o n s  (F ig . 2 D ) . T h e  h ig h e s t  c o n c e n t r a t i o n s  
o c c u r r e d  in  W in te r  a t  th e  b e g in n in g  o f  1 9 7 9  a n d  s u b ­
s e q u e n t ly  d e c l in e d  to  a  m in im u m  v a lu e  in  e a r ly  S u m ­
m e r .  A  s im i la r  t r e n d  w a s  o b s e r v e d  a t  t h e  b e g in n in g  o f  
1 9 8 0  a l t h o u g h  th e  c h a n g e s  w e r e  s m a l le r  a n d  n o t  s t a t ­

is t ic a l ly  s ig n i f ic a n t  a n d  t h e  m in im u m  o c c u r r e d  e a r l ie r .  
S ig n i f ic a n t  d i f f e r e n c e s  b e tw e e n  t h e  s ex e s  o c c u r r e d  a t  
c e r t a in  t im e s  o f  t h e  y e a r ,  t h e  c o n c e n t r a t i o n s  b e in g  
h ig h e r  in  fe m a le s .  U s i n g  p o o le d  d a t a  fo r  v a r io u s  t im e s  
o f  th e  y e a r ,  th e  m i n i m u m  a n d  m a x im u m  c o n c e n ­
t r a t i o n s  w e re ,  r e s p e c t iv e ly ,  0 .2 7  ±  0 .0 5  (n  =  2 1 ) a n d  
1 .54  +  0 .3 2  (n  =  15 ) /.¿m ol, g  f r e s h  w e ig h t  w i th  th e  
v a lu e  fo r  t h e  r e s t  o f  t h e  t im e  b e in g  0 .6 9  ±  0 .09  
(n  =  30).



694 D .  R .  L i v i n g s t o n e  a n d  K .  R .  C l a r k e

0-5

0-4

0-3
0) £</) _
§ 'e.2 oi 
®  -  0-2 
?  'c

B0-3

•ó? ÿO-2 w 3
8  t e
3  CD

— Tc
l o i2

Ein
ó
<
co'

C2

( 6 )

'S
3

i,'EO)
co
cu

J  F M A M J  J A S O N D J  F M  A M  J J A S O

1979 1980

Fig . 2. S e a so n a l c h an g e s  in th e  specific  a c liv ity  (p m o l/m in /g  w et w t)  o f  h ex o k in a se  m ea su re d  a t  20 m M  
(A) a n d  0.5 m M  (B) g lu co se  a n d  in  th e  c o n c e n tr a t io n  o f  g lu c o se  in  th e  h a em o ly m p h  (C ) a n d  m a n tle  tissue 
(D ) o f  M . edulis. • :  m ale , O : fem ale , A :  in d e te rm in a te ;  va lues  a re  m e a n s  ±  S E M , n =  4  (sexed sam ples) 

o r  8 (in d e te rm in a te s )  u n le ss  in d ic a te d  o th e rw ise , b a r  lin es  =  ran g e  w h e re  2  va lu es  on ly .

S e a s o n a l  c h a n g e s  in  h e x o k in a s e  s p e c if ic  a c t iv i ty ,  to ta l  
s o lu b le  p r o te in  a n d  N - a c e ty lg lu c o s a m in e  in h ib i t io n

M a r k e d  c h a n g e s  o c c u r r e d  in  s p e c if ic  a c t iv i ty  u n d e r  
c o n d i t i o n s  o f  s a t u r a t i n g  s u b s t r a t e  (2 0  m M  g lu c o s e )  
a n d  in  t e r m s  o f  p e r  g r a m  w e t  w e ig h t  (F ig .  2 A ). A c ­
t i v i t y  in c r e a s e d  d u r i n g  th e  S p r in g  a n d  d e c l in e d  d u r in g  
th e  S u m m e r  w i th  g e n e r a l ly  lo w  v a lu e s  in  A u tu m n  a n d  
W in te r .  T h e  m a x im u m  s p e c if ic  a c t iv i ty  w a s  e a r l i e r  in  
1 9 8 0  th a n  in  1979  i.e . M a r c h /A p r i l  c o m p a r e d  w i th  
M a y / J u n e .  S ig n i f ic a n t  d if f e r e n c e s  w e r e  s e e n  b e tw e e n  
th e  s e x e s  w i th  h ig h e r  v a lu e s  fo r  fe m a le  m u s s e ls  d u r i n g  
t h e  S p r in g .  T h e  c h a n g e s  in  s p e c if ic  a c t i v i t y  a t  0 .5  m M

g lu c o s e  w e r e  le s s  m a r k e d  b u t  in  s o m e  r e s p e c ts  s im i la r  
t o  th o s e  a t  2 0  m M  g lu c o s e ,  a t  le a s t  in  fe m a le  m u s s e ls ,  
w i th  m a x im u m  v a lu e s  t e n d in g  to  o c c u r  in  S p r in g  a n d  
m in im u m  v a lu e s  in  A u tu m n  (F ig .  2 B ). T h e  v a lu e s  fo r  
fe m a le  m u s s e l s  w e re  s im i la r ly  h ig h e r  t h a n  th o s e  fo r  
m a le s  in  t h e  S p r in g .  T o t a l  s o lu b le  p r o t e i n  w a s  g e n e r ­
a l ly  lo w e r  in  m a le s  t h a n  fe m a le s ,  a s  h a s  b e f o r e  o b ­
s e r v e d  b e f o r e  (L iv in g s to n e ,  1981 ), w i th  th e  r e s u l t  t h a t  
s p e c if ic  a c t iv i ty  in  te r m s  o f  p e r  m g  p r o t e i n  w a s  e i th e r  
t h e  s a m e  i n  th e  s e x e s  o r  h ig h e r  in  m a le s  t h a n  in  
f e m a le s  ( T a b le  1). D e s p i te  s o m e  v a r i a t i o n  in  p r o te in  
o v e r  t im e , th e  p a t t e r n  o f  c h a n g e s  in  s p e c if ic  a c t iv i ty  
w a s  e s s e n t ia l ly  s im i la r  to  t h a t  e x p r e s s e d  in  t e r m s  o f
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Fig . 3. S ea so n a l ch an g e s  in  a p p a r e n t  K„, ( • )  a n d  K 0 5S (O) 
fo r  g lucose  o f  h e x o k in a se  o f  th e  m a n tle  o f  M . edulis. (A) 
fem ale  m ussels , (B) m a le  m ussels , A :  in d e te rm in a te s  (inde­
te rm in a te s  a re  a ll K 0.5S). V a lu es  a re  m e a n s  +  S E M  an d  
n =  4  u n less  in d ic a te d  o th e rw ise , b a r  lin es  =  ra n g e  w here  
2  \a lu e s  o n ly ; o n  o c ca s io n s  h ig h  v a lu e s  h av e  b een  n o ted  

in d iv id u a lly .

w e t w e ig h t .  I n h ib i t i o n  o f  h e x o k in a s e  a c t iv i ty  b y  
jV -a c e ty lg lu c o s a m in e  w a s  lo w  a t  2 0  m M  g lu c o s e  b u t  
g r e a t e r  a t  0 .5  m M  g lu c o s e :  t h e  l a t t e r  w a s  c o n s t a n t  
t h r o u g h o u t  th e  2  y e a r s  w i th  t h e  e x c e p t io n  o f  s ig n if i­
c a n t ly  lo w e r  v a lu e s  ( g r e a te r  in h ib i t i o n )  in  J a n u a r y  
1979  a n d  D e c e m b e r  1979  (T a b le  1). I n h ib i t i o n  a t  
0 .5  m M  g lu c o s e  t e n d e d  to  b e  g r e a t e r  in  f e m a le s  t h a n  
m a le s  b u t  w a s  n o t  s t a t i s t i c a l l y  s ig n if ic a n t .

S e a s o n a l c h a n g e s  in  th e  a p p a r e n t  K m a n d  K 0 .5S f o r  
g lu c o s e  o f  h e x o k in a s e

A n a ly s is  o f  th e  s e a s o n a l  d a t a  fo r  th e  H i l l  o r  
M i c h a e l i s - M e n te n  m o d e l  a s  b e s t  f i t  r e v e a l e d  a  c o m ­
p l ic a te d  p ic tu r e .  W h e r e a s  t h e  h e x o k in a s e  o f  m a le  a n d  
in d e t e r m in a t e  m u s s e ls  a lw a y s  s h o w e d  H i l l - ty p e  k in ­
e t ic s  w i th  r e s p e c t  to  g lu c o s e  a s  s u b s t r a t e  w i th  H ill 
c o e f f ic ie n ts  o f  a b o u t  0 .5 , th e  e n z y m e  o f  fe m a le  m u s s e ls  
v a r ie d  s h o w in g  m a in ly  M i c h a e l i s - M e n t e n  k in e t ic s  b u t  
o c c a s io n a l ly  H i l l - ty p e  k in e t i c s ;  t h e  l a t t e r  d id  n o t  c o r ­
r e la te  w i th  a n y  p a r t i c u l a r  t im e  o f  t h e  y e a r  o r  m a g n i ­
tu d e  o f  K 0.5s  f o r  g lu c o s e  ( T a b l e  1 a n d  F ig .  3). A 
d e ta i le d  a n a ly s is  o f  t h e  s u b s t r a t e  c o n c e n t r a t i o n  v e r s u s  
v e lo c i ty  c u rv e s  a ls o  r e v e a l e d  t h a t  in  a d d i t i o n  to  th e  
tw o  ty p e s  o f  c u r v e s  ty p ic a l  o f  th e  M ic h a e l i s - M e n t e n  
a n d  H i l l  m o d e ls  (F ig s  4 A  a n d  B ), a  t h i r d  ty p e  o f  c u rv e  
w a s  e v id e n t  w h ic h  w a s  c h a r a c t e r i z e d  b y  a  r a p i d  in ­
c re a s e  in  v e lo c i ty  b e tw e e n  a b o u t  1 a n d  10  m M  g lu ­
c o s e  a n d  s u b s t r a t e  i n h ib i t i o n  a t  h ig h e r  c o n c e n t r a t i o n s  
o f  g lu c o s e  (F ig .  4 C ). F i t t e d  to  a  H i l l  m o d e l  w i th  th e  
s u b s t r a t e  i n h ib i t i o n  r e m o v e d ,  i.e . t h e  in h ib i t e d  v e lo c i­

t ie s  w e re  s e t  e q u a l  to  t h e  o b s e r v e d  m a x im u m  v e lo c ity ,  
th e  t h i r d  t y p e  o f  c u r v e  h a d  lo w  H i l l  c o e f f ic ie n ts  o f  
0 .3 - 0 .4  a n d  a p p a r e n t  K 0 5S v a lu e s  fo r  g lu c o s e  b e tw e e n  
a b o u t  4 0 0  a n d  3 .4 m m o la r .  T h i s  ty p e  o f  c u rv e  w a s  
s h o w n  b y  1 2  o u t  o f  th e  5 8  s a m p le s  in  th e  s e a s o n a l  
s tu d y ,  i n c l u d i n g  m a le ,  fe m a le  a n d  in d e te r m in a te  
s a m p le s ,  a n d  t h e  o n ly  c o n s i s te n t  f e a tu r e  w a s  t h a t  th e y  
w e re  a b s e n t  d u r i n g  J a n u a r y  to  M a r c h  w h e n  a p p a r e n t  
K 0 5s  o r  K m v a l u e s  w e re  lo w . T h e  o v e r a l l  s e a s o n a l  
p i c tu r e  w a s  a s  f o l lo w s :  T h e  a p p a r e n t  K 0,5S o r  K m 
v a lu e s  o f  b o t h  s e x e s  w e re  lo w  d u r i n g  th e  b e g in n in g  o f  
th e  y e a r  a n d  h i g h  fo r  th e  r e s t  o f  th e  y e a r ,  p a r t i c u l a r ly  
in  O c t o b e r  a n d  N o v e m b e r .  A  sex  d if f e r e n c e  w a s  o b ­
s e r v e d  in  D e c e m b e r  1980 , w i th  t h e  K 0 5S v a lu e  o f  
m a le s  d e c l i n i n g  a n d  t h a t  o f  t h e  f e m a le s  in c r e a s in g  to  a  
v e ry  h ig h  v a l u e  (F ig .  3). I n  c o n t r a s t  t o  th e  in c r e a s e s  in  
s p e c if ic  a c t i v i t y  a t  2 0  m M  g lu c o s e  w h ic h  o c c u r r e d  
e a r l i e r  in  1 9 8 0  t h a n  in  1979  (F ig .  2 A ), th e  r e v e r s e  w a s  
o b s e r v e d  fo r  t h e  in c r e a s e s  in  a p p a r e n t  K 0 5S o r  K m 
( c o m p a r e  M a y / J u n e  1979 a n d  1980).

DISCUSSION

T h e  h a e m o l y m p h  g lu c o s e  c o n c e n t r a t i o n s  w e re  o f  
t h e  s a m e  o r d e r  a s  fo r  th e  f r e s h w a t e r  b iv a lv e s  A n o ­
d o n ta  c y g n e a  a n d  U n io  p ic to r u m  ( P l i s e t s k a y a  e t  al.,
19 7 8 ) a n d  t h e  i n c r e a s e  in  le v e ls  in  th e  S u m m e r  h a s  
a l s o  b e e n  o b s e r v e d  fo r  th e  t o t a l  c a r b o h y d r a t e  g lu c o s e  
e q u iv a le n t s  o f  t h e  h a e m o ly m p h  o f  M .  e d u lis  (M u lv e y  
&  F e n g ,  1 9 8 1 ). T h e  c o n c e n t r a t i o n s  a n d  d e c r e a s e s  d u r -
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Figs 4. C h an g e s  in  h e x o k in a se  ac tiv ity  (a rb it ra ry  un its) 
w ith  g lu c o se  c o n c e n tra tio n . (A) fem ale  sam p le  co llected  
J u n e  1979 (M ic h a e lis -M e n te n  k in e tic s) ; (B) m ale  sam ple  
co lle c te d  J u n e  1979 (H ill-type  k in e tic s) ; (C ) fem ale  sam ple  

co llec ted  D e cem b er 1979.
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in g  J a n u a r y  to  M a r c h  o f  th e  t i s s u e  g lu c o s e  c o n c e n ­
t r a t i o n  o f  m a le  m u s s e ls  w e re  s im i la r  to  th o s e  r e c o r d e d  
b y  Z a b a  (1 9 8 1 ) o n  th e  s a m e  p o p u l a t i o n  o f  a n im a ls .  
I n f o r m a t io n  o n  th e  a c t iv i ty  o f  h e x o k in a s e  in  b iv a lv e s  
is  l im i te d  w i th  t h e  e x c e p t io n  o f  m u s c u l a r  tis su e s  
( Z a m m i t  &  N e w s h o lm e ,  1 9 7 6 ) w h e r e  th e  s p e c if ic  a c -  
t iv i t i e s  in  g m o l /g  w e t  w t  w e r e  s im i la r  to  th o s e  
r e c o r d e d  in  th is  s t u d y ;  t h e  s p e c if ic  a c t iv i ty  o f  h e x o ­
k in a s e  o f  th e  m a n t l e  t i s s u e  is  s im i la r  to  t h a t  o f  th e  
g il ls  k id n e y  a n d  d ig e s t iv e  g l a n d  o f  M . e d u lis  b u t  a b o u t  
tw ic e  t h a t  o f  th e  p o s t e r i o r  a d d u c t o r  m u s c le ,  a t  l e a s t  a t 
c e r t a in  t im e s  o f  t h e  y e a r  ( E b b e r in k  &  D e  Z w a a n ,  
1 9 8 0 ; W id d o w s  e t  a l ., 1982). T h e  s p e c if ic  a c t iv i ty  o f  
h e x o k in a s e  o f  t h e  h e p a t o p a n c r e a s  o f  M y t i lu s  c a li fo r ­
n ia n u s  ( B e n n e t t  &  N a k a d a ,  1 9 6 8 ), e x p r e s s e d  in  te rm s  
o f  p e r  m i l l ig r a m  p r o t e in ,  w a s  a n  o r d e r  o f  m a g n i tu d e  
h ig h e r  t h a n  t h a t  o b s e r v e d  fo r  t h e  m a n t l e  o f  M . e d u lis .

R a te s  o f  g lu c o s e  u p t a k e  a n d  u t i l i z a t i o n  b y  m a n t le  
p r e p a r a t i o n s  o f  M .  e d u l is  h a v e  b e e n  d e te r m in e d  b y  
s e v e ra l  m e th o d s .  Z a b a  &  D a v ie s  (1 9 8 0 ) a n d  Z a b a  e t  
a l. (1 9 8 1 ) m e a s u r e d  3H 20  p r o d u c t i o n  f r o m  2 - 3H -g lu -  
c o s e  a n d  a ls o  t h e  i n c o r p o r a t i o n  o f  u n i f o r m ly -  a n d  
p o s i t io n a l ly - la b e l l e d  14C - g lu c o s e  i n t o  g ly c o g e n , 
a m in o  a c id s ,  o r g a n ic  a c id s  a n d  l ip id  a n d  o b ta in e d  
r a te s  o f  a p p r o x  0 . 0 1 - 0 .0 3 / im o l  m i n 'g  w e t w t.  M a d a r  
e t a l.  (1 9 7 9 ) m e a s u r e d  th e  r a t e  o f  r e m o v a l  o f  g lu c o s e  
f r o m  th e  m e d iu m  in to  t h e  t i s s u e  a n d  o b ta in e d  r a te s  o f  
a p p r o x  0 .0 4 -0 .0 5  g m o l 'm i n  g  w e t w t. T h e  te m p e r a ­
tu r e  a n d  g lu c o s e  c o n c e n t r a t i o n s  o f  t h e  m e d iu m  w e re  
a b o u t  2 0  ’C  a n d  5 m M  fo r  b o t h  s tu d ie s .  T h e  m e a s u r e d  
r a t e s  o f  g lu c o s e  u t i l i z a t i o n  a r e  th e r e f o r e  le s s  t h a n  th e  
s p e c if ic  a c t iv i t ie s  o f  h e x o k in a s e  b u t  g iv e n  th e  d if f e r ­
e n c e s  in  a s s a y  c o n d i t i o n s  a n d  t h e  p o s s ib i l i ty  o f  m o d u ­
l a t o r s  a f fe c t in g  e n z y m e  a c t iv i ty  in  v ivo , t h e  d is a g r e e ­
m e n t  is  n o t  u n r e a s o n a b le .  R a t e s  o f  g lu c o s e  u t i l i z a t io n  
in  t h e  S p r in g  w e re  h ig h e r  in  t h e  m a n t le s  o f  fe m a le  
t h a n 'o f  m a le  m u s s e ls  ( Z a b a  &  D a v ie s ,  1980), c o r r e l a t ­
in g  w i th  t h e  o b s e r v e d  h ig h e r  s p e c if ic  a c t iv i t ie s  o f  
h e x o k in a s e  o f  f e m a le s  a t  t h a t  t im e  o f  th e  y e a r .

T h e  s e a s o n a l  a l t e r a t i o n s  in  c e r t a i n  p r o p e r t i e s  o f  
h e x o k in a s e  w e re  m a r k e d .  T h e  m a jo r  c h a n g e s  w e re  
t h a t  s p e c if ic  a c t iv i ty  a t  2 0  m M  g lu c o s e  ( =  m a x im a l  
s p e c if ic  a c t iv i ty  a t  s a t u r a t i n g  s u b s t r a t e )  in c r e a s e d  d u r ­
in g  th e  e a r ly  p a r t  o f  t h e  y e a r  r e a c h i n g  a  m a x im u m  in  
m id d le  o r  l a te  S p r in g  a n d  s u b s e q u e n t ly  d e c l in e d  a n d  
t h a t  t h e  a p p a r e n t  K ,n o r  K 0 5S v a lu e s  fo r  g lu c o s e  w e re  
lo w  d u r in g  th e  W in te r  a n d  e a r ly  S p r in g  a n d  h ig h  fo r 
m o s t  o f  th e  r e s t  o f  t h e  y e a r .  T w o  p o s s ib le  s o u r c e s  o f  
s e a s o n a l ly - v a r ia b le  g lu c o s e  p r o d u c t i o n  a p p e a r  e v id e n t  
to  w h ic h  th e  e n z y m e  c h a n g e s  c o u l d  r e la te .  O n e  is 
fo o d  in g e s t io n  w h ic h  is  a t  a  m a x im u m  in  S u m m e r  a n d  
A u tu m n  (W id d o w s  e t  a l., 19 7 9 ) a n d  p r e s u m a b l y  
r e s u l t s  in  th e  h ig h e r  h a e m o ly m p h  g lu c o s e  c o n c e n ­
t r a t i o n s ;  th e  o t h e r  is  t h e  s u g g e s te d  b r e a k d o w n  o f  e n ­
d o g e n o u s  g ly c o g e n  s to r e s  b y  h y d r o ly t i c  m e c h a n is m s  
g iv in g  r is e  to  free  g lu c o s e  (B a y n e  e t  a i ,  1982). T h e  
l a t t e r  p a th w a y  o c c u r s  in  o t h e r  o r g a n i s m s  w h e r e  it 
e i t h e r  c o m p le m e n t s  o r  r e p la c e s  th e  p h o s p h o r y la s e  
e n z y m e  s y s te m  e .g . r e s p e c t i \ e ly ,  th e  e g g s  o f  v a r io u s  
s e a  u r c h in  s p e c ie s  ( H in o  e t  a l ,  19 7 8 ) a n d  th e  l iv e r  o f  
t h e  c a r p  C y p r in u s  c a r p io  ( M u r a t ,  1976). A l th o u g h  
th e r e  is  n o  d i r e c t  b io c h e m ic a l  e v id e n c e  fo r  t h e  e x is t ­
e n c e  o f  th i s  p a th w a y  in  t h e  m a n t l e  o f  M . e d u lis ,  th e  
n e c e s s a ry  e n z y m e s  s u c h  a s  a m y lo g lu c o s id a s e  
(E .C . 3 .2 .1 .3 ) a r e  p r e s e n t  ( Z a b a ,  1 9 8 1 ) a n d  h is to c h e m i-  
c a l ,  u l t r a s t r u c t u r a l  a n d  p h y s io lo g ic a l  o b s e r v a t i o n s

s t r o n g ly  in d i c a t e  t h a t  i t  c o u ld  b e  o p e r a t i o n a l  d u r in g  
W in te r  a n d  S p r in g  w h e n  th e  gly c o g e n  s to r e s  a r e  b e in g  
r a p id ly  u t i l iz e d  f o r  t h e  g e n e r a t i o n  o f  m a in te n a n c e  
e n e r g y  a n d  th e  s y n t h e s i s  o f  g a m e te s  (B a y n e  e t  al., 
1 9 8 2 ); t h e  h ig h  t i s s u e  le v e ls  o f  g lu c o s e  in  th e  e a r ly  
W in te r  a n d  th e i r  s u b s e q u e n t  d e c l in e  (F ig .  2 D )  p o s s ­
ib ly  s u p p o r t  th is  s u g g e s t i o n .

A g a in s t  th i s  b a c k g r o u n d  a n  in t e r p r e t a t i o n  o f  th e  
e n z y m e  c h a n g e s  i s  p o s s ib l e .  T h e  t im in g  o f  th e  in c re a s e  
in  m a x im a l  s p e c i f i c  a c t i v i t y  a n d  th e  p a r a l l e l  d e c r e a s e  
in  t i s s u e  g lu c o s e  c o n c e n t r a t i o n  s e e m  t o  in d ic a te  th a t  
th e s e  e n z y m e  c h a n g e s  a r e  in v o lv e d  in ,  o r  a r e  a  r e ­
s p o n s e  to ,  e n d o g e n o u s  g ly c o g e n  b r e a k d o w n .  T h e  
p e a k in g  o f  m a x im a l  s p e c if i c  a c t iv i ty  c o in c id e s  w ith  
th e  m a x im u m  o b s e r v e d  r a t e s  o f  m a n t l e  g lu c o s e  u t i l i z ­
a t i o n  (see  Z a b a  e t  a l ,  1 9 8 1 ) a n d  b o t h  e v e n t s  o c c u r  
b e f o r e  th e  S u m m e r  i n c r e a s e s  in  h a e m o ly m p h  g lu c o s e  
c o n c e n t r a t i o n s ;  t h i s  w a s  p a r t i c u l a r ly  e v id e n t  in  1980 
w h e n  m a x im a l  s p e c i f i c  a c t i v i t y  d e c l in e d  to  a  lo w  v a lu e  
b e f o r e  a n y  i n c r e a s e  i n  h a e m o ly m p h  g lu c o s e  h a d  
o c c u r r e d  ( F ig s  2 A  a n d  C ). In  c o n t r a s t ,  t h e  a p p a r e n t  
K m a n d  K 0 5S v a lu e s  w e r e  h ig h  fo r  m o s t  o f  th e  r e s t  o f  
th e  y e a r  a n d  th e  h i g h e s t  v a lu e s  c o in c id e d  w i th  lo w  
v a lu e s  o f  m a x im a l  s p e c i f i c  a c t iv i ty ,  p o s s ib iy  s u g g e s t­
in g  a  r o le  fo r  th e s e  c h a n g e s  in  g lu c o s e  u p t a k e  f ro m  
th e  h a e m o ly m p h .  T h a t  is , th e  e n z y m e s  in  th e  S u m m e r  
a n d  A u tu m n ,  w i t h  h ig h  a p p a r e n t  K m a n d  K 0 5S 
v a lu e s ,  w o u ld  b e  l e s s  e a s i ly  s a t u r a t e d  w i th  s u b s t r a te  
a n d  w o u ld  th e r e f o r e  b e  p o is e d  t o  “ t a k e - u p ”  a n y  s u d ­
d e n  in f lu x e s  o f  g lu c o s e  t h a t  m ig h t  r e s u l t  f r o m  a  v a r i ­
a b le  fo o d  in ta k e ,  a  s i t u a t i o n  s im i la r  to  t h a t  o f  th e  ro le  
o f  g lu c o k in a s e  in 1 m a m m a l i a n  l iv e r  (see  N e w s h o lm e  &  
S ta r t ,  1973). T h e  a c t u a l  tu r n o v e r  o f  m a n t le  t i s s u e  g lu ­
c o s e  f r o m  th e  l a t e  S u m m e r  o n w a r d s ,  h o w e v e r ,  is  in d i ­
c a t e d  to  b e  lo w  r e l a t i v e  t o  S p r in g - t im e  (a s  w a s  o b ­
s e r v e d  b y  Z a b a  e t  a l ,  1981 ) b y  th e  o b s e r v a t i o n s  o f  lo w  
m a x im a l  s p e c if ic  a c t i v i t i e s ,  lo w  t i s s u e  g lu c o s e  c o n c e n ­
t r a t i o n s  a n d  h ig h  a p p a r e n t  K m a n d  K 0 5S v a lu e s .  T h e  
p o s s ib le  r o le  o f  t h e  h i g h  K ,„  a n d  K 0 5S e n z y m e s  in  th e  
e n d o g e n o u s  g ly c o g e n  b r e a k d o w n  is  n o t  c le a r .  T h e r e  
w a s  a n  o v e r l a p  o f  t h e  h ig h  v a lu e s  w i th  h ig h  m a x im a l  
s p e c if ic  a c t iv i t ie s  in  1 9 7 9  b u t  in  1 9 8 0  th e  in c r e a s e  a n d  
d e c r e a s e  in  t h e  l a t t e r  w e r e  c le a r ly  s e p a r a t e d  f r o m  th e  
s u b s e q u e n t  i n c r e a s e  in  K m a n d  K 0 ,5S ( F ig s  2 A  a n d  4). 
T h e  i n t e r p r e t a t i o n  o f  a l l  th e  e n z y m e  c h a n g e s ,  h o w ­
e v e r ,  is  s p e c u la t iv e :  f o r  e x a m p le ,  i n c r e a s e s  in  s te a d y -  
s t a t e  s u b s t r a t e  c o n c e n t r a t i o n s  n e e d  n o t  n e c e s s a r i ly  r e ­
fle c t in c r e a s e d  t u r n o v e r - r a t e s .

L i t t l e  c a n  b e  s a id  r e g a r d i n g  th e  m o le c u la r  b a s i s  o f  
th e  e n z y m e  c h a n g e s .  H o w e v e r ,  a s s u m in g  t h a t  th e  
S e p h a d e x  G - 2 5  t r e a t m e n t  w a s  e f fe c tiv e  in  r e m o v in g  
th e  lo w  m o le c u la r  w e ig h t  f r a c t io n ,  i t  is  c le a r  t h a t  m o l­
e c u l a r  v a r i a n t s  o f  m a n t l e  h e x o k in a s e  a r e  p r o d u c e d  a t  
d if f e r e n t  t im e s  o f  t h e  y e a r ;  a ls o  j u d g i n g  f r o m  th e  
c o m p le x  v e lo c i ty  v e r s u s  s u b s t r a t e  c o n c e n t r a t i o n  
c u r v e s  (F ig .  4 C ), m o le c u la r  v a r i a n t s  m a y  a ls o  o c c u r  a t  
th e  s a m e  t im e  o f  t h e  y e a r .  T h e  p r o d u c t i o n  o f  i s o e n ­
z y m e s  o f  h e x o k in a s e  in  r e s p o n s e  to  e n v i r o n m e n ta l  o r  
b io lo g ic a l  f a c to r s  is  c o m m o n  in  m o s t  l iv in g  o r g a n ­
i s m s ;  e .g . in  a n im a l s  ( U r e t a ,  1975 ), t h e  fu n g u s  N e u r o -  
s p o r a  c r a s s a  ( L a g o s  &  U r e t a ,  1980 ), th e  b a c t e r iu m  
S tr e p to c o c c u s  m u ta n s  ( P o t t e r  e t  a l ,  19 8 0 ) a n d  th e  
y e a s t  S a c c h a r o m y c e s  c e r e v is ia e  ( M u r a t s u b a k i  &  K a t-  
s u m e ,  1979). I n  v e r t e b r a t e s ,  th e  i s o e n z y m e s  o f  h e x o ­
k in a s e  a r e  o f  tw o  m a in  ty p e s ,  e i t h e r  h a v in g  lo w  
a p p a r e n t  K m v a lu e s  fo r  g lu c o s e  o f  0 .0 1 -0 .1  m M  a n d
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b r o a d  s u g a r  s p e c if ic i ty  o r  h ig h  a p p a r e n t  K m v a lu e s  o f  
1 - 1 0  m M  a n d  h ig h  s p e c if ic i ty  fo r  g lu c o s e  ( th i s  i s o e n ­
z y m e  is  g lu c o k in a s e )  ( N e w s h o lm e  &  S ta r t ,  1973 ). A n  
i n d i c a t io n  o f  t h e  p re s e n c e  o f  th e  tw o  ty p e s  o f  i s o e n ­
z y m e  in  v e r t e b r a t e s  is  th e re fo re  g iv e n  b y  t h e  r a t i o  o f  
h e x o k in a s e  a c t iv i ty  a t  h ig h  a n d  lo w  g lu c o s e  c o n c e n ­
t r a t i o n s  ( u s u a l ly  100 a n d  0 .5  m M )  (V ih u e la  e t  a l ., 
1963 ). T h i s  a p p r o a c h  p r o b a b ly  h a s  o n ly  l im i t e d  a p p l i ­
c a t i o n  fo r  M .  e d u lis  b e c a u s e  th e  r a n g e  o f  a p p a r e n t  K m 
o r  K 0 _5s v a lu e s  is  le s s  b u t  n e v e r th e le s s  i t  is  i n te r e s t in g  
t h a t  th e  s e a s o n a l ly - v a r ia b le  r a t i o s  fo r  m u s s e ls  
( s e a s o n a l  r a n g e :  1.20—2.61 ; c a l c u la te d  f r o m  F ig s  2A  
a n d  B ) s p a n  th e  r a n g e  b e tw e e n  th e  r a t i o s  f o r  v e r te ­
b r a t e s  p o s s e s s in g  a  g lu c o  k in a s e  ( lo w e r  r e p t i le s :  
2 .6 3  ±  0 .4 0 ;  a m p h ib i a  2 .8 0  ±  0 .3 1 )  a n d  th o s e  la c k in g  
t h e  i s o e n z y m e  (h ig h e r  r e p t i le s :  1 .1 3  ±  0 .0 6 ;  b i r d s :  
1 .18  +  0 .0 4 ) ( c a lc u la te d  f r o m  th e  d a t a  o f  U r e t a  e t  a i ,  
1 9 7 3 , 1 9 7 5 , 1978). T h e  p r o p e r t i e s  o f  a  n u m b e r  o f  
i n v e r t e b r a t e  h e x o k in a s e s  d if fe r  s ig n i f ic a n t ly  f r o m  
th o s e  o f  th e  r a t  l iv e r  e n z y m e s  (e .g . s e e  K o m u n ie c k i  &  
R o b e r s ,  1 9 7 7 ; S te t t e n  &  G o ld s m i th ,  1 9 8 1 ) a n d  th e  
s a m e  is  i n d i c a t e d  fo r  M . e d u lis  e .g . iV -a c e ty lg lu -  
c o s a m in e  i n h ib i t i o n  w a s  g r e a t e s t  fo r  t h e  lo w  a p p a r e n t  
K 0 ,5s  e n z y m e  o f  t h e  m a n t le  [ m a le  m u s s e ls  ( J a n u a r y  
1 9 7 9 )— T a b l e  1 a n d  F ig . 3 B ]  w h i le  th e  r e v e r s e  is  s e e n  
f o r  th e  r a t  l iv e r  i s o e n z y m e s  ( N e w s h o lm e  &  S ta r t ,  
1973 ).

D if f e r e n t  k in e t ic  c h a r a c te r i s t i c s  w i th  r e s p e c t  t o  g lu ­
c o s e  a r e  a l s o  o b s e r v e d  fo r  v a r io u s  h e x o k in a s e s ,  v a r y ­
in g  f r o m  M ic h a e l i s - M e n te n  b e h a v i o u r  f o r  m o s t  
e n z y m e s  to  p o s i t iv e  c o - o p e r a t iv i ty  o f  b i n d in g  fo r  th e  
g l u c o k in a s e  o f  r a t  l iv e r  ( S to r e r  &  C o r n i s h - B o w d e n ,  
1 9 7 6 ) a n d  n e g a t iv e  c o - o p e r a t iv i t y  o f  b i n d i n g  fo r  ty p e  
L j  h e x o k in a s e  o f  w h e a t - g e r m  ( M e u n ie r  e t  a i ,  1974) 
a n d  h e x o k in a s e  A  o f  y e a s t  (W il l ia m s  &  J o n e s ,  1976). 
T h e  o c c u r r e n c e  o f  b o t h  M ic h a e l i s - M e n te n  b e h a v i o u r  
a n d  a n  a p p a r e n t  n e g a t iv e  c o o p e r a t i v i t y  (H i l l  c o e f ­
f ic ie n ts  le s s  t h a n  o n e )  fo r  th e  h e x o k in a s e  o f  fe m a le  
m u s s e ls  is  p e r h a p s  s u r p r i s in g  a n d  p o s s ib ly  s h o u l d  b e  
v ie w e d  w i th  c a u t io n  r e g a r d in g  th e  l im i te d  s t a b i l i t y  o f  
t h e  e x t r a c t e d  e n z y m e  (see  M a t e r i a l s  a n d  M e th o d s ) .  
T h e  n e g a t iv e ly  c o o p e r a t iv e  H i l l  p lo t s ,  h o w e v e r ,  w e re  
c o n s i s t e n t  o b s e r v e d  fo r  m a le s  a n d  fo r  m u s s e ls  o f  in d e ­
t e r m i n a t e  s e x  a n d  r e p r e s e n t  a n  in t e r e s t i n g  p h e n o m ­
e n o n  in d ic a t in g  t h a t  a t  t im e s  o f  t h e  y e a r  a n d  in  th e  
a b s e n c e  o f  a n y  o th e r  r e g u la to r y  f a c to r s ,  t h e  m a n t le  
w il l  to l e r a t e  t is s u e  g lu c o s e  c o n c e n t r a t i o n  f l u c tu a t io n s  
o v e r  a  c e r t a in  r a n g e  b u t  a b o v e  a n  u p p e r  c o n c e n ­
t r a t i o n  th e  h e x o k in a s e  a c t iv i ty  w ill g r e a t ly  in c r e a s e  
a n d  th e  e n z y m e  w il l  f u n c t io n  to  r e d u c e  th e  g lu c o s e  
c o n c e n t r a t i o n  (a ls o  s e e  F ig . 4 C ). C o m p a r i s o n  o f  th e  
v a lu e s  fo r  t i s s u e  g lu c o s e  c o n c e n t r a t i o n  a n d  th e  a p p a r ­
e n t  K m a n d  K 0_5S g iv e  a  r e a s o n a b le  p i c tu r e  fo r  th e  
S u m m e r  a n d  A u tu m n  w i th  r a t i o s  o f  t h e  f o r m e r  t o  th e  
l a t t e r  o f  0 .4 -2 .3  ( c a lc u la te d  f r o m  F ig s  2 D  a n d  3). In  
c o n t r a s t ,  in  W in te r  a n d  e a r ly  S p r in g  g lu c o s e  c o n c e n ­
t r a t i o n s  w e re  v e r y  h ig h  a n d  r a t i o  v a lu e s  in  e x c e s s  o f  
1 0  a r e  o b t a in e d .  A g a in  s o m e  c a u t i o n  m a y  b e  r e q u i r e d  
w i t h  t h i s  r e s u l t  a s  W i j s m a n  &  M a a s k a n t  (1 9 8 2 )  h a v e  
r e c e n t ly  id e n t i f ie d  m e th o d o lo g ic a l  p r o b le m s  in  
m e a s u r i n g  g lu c o s e  c o n c e n t r a t i o n s  in  t i s s u e s  w h ic h  
c o n t a i n  a c t iv e  h y d r o ly t ic  e n z y m e  s y s te m s ;  h o w e v e r ,  
t h e  te c h n iq u e s  u s e d  in  th i s  s tu d y  a n d  th e  s tu d y  o f  
Z a b a  (1 9 8 1 ) s h o u ld  h a v e  b e e n  a d e q u a t e  t o  p r e v e n t  
a n y  in te r f e r e n c e  in  t h e  g lu c o s e  a s s a y .

T h e  c h a n g e s  in  m a n t l e  h e x o k in a s e  o f  M . e d u l is  a r e

a n o t h e r  e x a m p l e  o f  s e a s o n a l  a l t e r a t i o n s  in  th e  k in e t ic  
c h a r a c t e r i s t i c s  o f  a  r e g u la to r y  e n z y m e  l in k e d  t o  a n  
o b s e r v e d  o r  i n d i c a t e d  c h a n g e  in  m e ta b o l i c  f lu x . H e x o ­
k in a s e  c a n  b e  a d d e d  to  t h e  l i s t  o f  p y r u v a t e  k in a s e  
( E C  2 .7 .1 .4 0 ) ( L i v i n g s t o n e ,  1975), g lu c o s e - 6 - p h o s p h a te  
d e h y d r o g e n a s e  ( E C  1 .1 .1 .4 ) (L iv in g s to n e ,  1981) a n d  
g ly c o g e n  s y n t h e t a s e  (E C  2 .4 .1 .1 1 ) ( G a b b o t t  e t  al.,
19 7 9 ) a s  s e a s o n a l l y  v a r ia b le  r e g u la to r y  e n z y m e s ,  
a d d in g  s t r e n g t h  to  th e  a r g u m e n t  t h a t  s u c h  c h a n g e s  
a r e  a n  i n t e g r a l  p a r t  o f  s e a s o n a l  m e ta b o l i c  r e g u la t i o n  
(L iv in g s to n e ,  1 9 8 1 ) .  T h e  c h a n g e s  in  h e x o k in a s e  a r e  
p a r t i c u l a r ly  i n t e r e s t i n g  b e c a u s e  th e y  w e r e  d if f e r e n t  a t  
t h e  tw o  t im e s  o f  th e  y e a r  w h e n  a n  i n c r e a s e d  g lu c o s e  
p r o d u c t i o n  i s  a n t i c i p a t e d .  T h e  d if f e r e n c e s  p r e s u m a b l y  
r e l a t e  to  th e  f a c t  t h a t  w h ile  t h e  i n c r e a s e d  g lu c o s e  p r o ­
d u c t io n  o f  t h e  S p r i n g  is  p r o b a b l y  e n d o g e n o u s ly  d e t e r ­
m in e d ,  t h a t  o f  t h e  S u m m e r  a n d  A u tu m n  is  d e p e n d e n t  
o n  th e  e n v i r o n m e n t .

A c k n o w le d g e m e n ts — P. F ie th  is th a n k e d  fo r te c h n ica l as­
s is tan ce  a n d  D r  B . L. B ayne  is g ra te fu lly  a ck n o w le d g e d  fo r 
c ritic a lly  r e a d in g  th e  m a n u sc rip t. T h is  w o rk  fo rm s p a r t  o f 
th e  e s tu a r in e  a n d  n e a rsh o re  re sea rc h  p ro g ra m m e  o f  th e  
In s ti tu te  fo r M a r i n e  E n v iro n m e n ta l  R esea rch . I t w as s u p ­
p o r te d  in  p a r t  b y  th e  D e p a r tm e n t o f  th e  E n v iro n m e n t 
(C o n tra c t  N o . D G R  480/47).
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APPENDIX

T h e  M ic h a e lis -M e n te n  (1) a n d  H ill (2) m odels, fo r fittin g  
to  th e  e x p e r im e n ta l d a ta  o n  v e loc ity  (u) vs su b s tra te  c o n ­
c e n t ra tio n  (s), a re  p a ra m c te r ise d  in  th e  fo rm :

(1) v  =  V s ,(K  +  s)

(2) v  =  V sn'(K n +  s")

w h e re  V d e n o te s  th e  a sy m p to te  o f  th e  cu rv e  a n d  K  is th e  
v a lu e  o f  s  a t w h ic h  v =  V  2. F o r  th e  H ill m odel, th e  H ill 
coeffic ien t (n) is a ssu m e d  to  b e  a  c o n tin u o u s  u n k n o w n  p a r ­
a m e te r ;  fo r n =  1, th e  H ill m o d e l re d u c es  to  th e  M ic h a e lis -  
M e n te n  m o d e l a n d  v a lu e s  o f  n  g re a te r  th a n  o r  less th a n  
o n e  in d ic a te  p o s itiv e  a n d  n eg a tiv e  co -o p e ra tiv ity , re sp ec t­
ively.

T h o u g h  v a r io u s  lin ea riz in g  tra n s fo rm a tio n s  o f  m o d e ls  (1) 
a n d  (2) a re  p o ss ib le  (see A p p en d ix , T a b le  1), it is w ell 
k n o w n  th a t  th ese  a re  n o t s a tis fa c to ry  fo r  m o d e l fittin g  by  
s im p le  lin e a r re g re ss io n  (e.g. C o lq u h o u n , 1971). T h e  d irec t 
l in e a r  p lo t, d e sc rib e d  fo r  M ic h a e lis -M e n te n  fittin g  b y  C o r ­
n ish -B o w d en  &  E ise n th a l (1978), is a  m o re  a ttra c tiv e  te c h ­
n iq u e  b u t  it  c a n n o t b e  e x te n d ed  to  th e  3 -p a ra m e te r  H ill 
m o d e l an d , ev en  if  a n o th e r  ro b u s t  m e th o d  w ere  to  be  used, 
n o  fram e w o rk  w o u ld  ex ist fo r te stin g  th e  ad eq u acy  o f 
m o d e l (1) c o m p a re d  w ith  m o d e l (2). T h e  m o s t sa tis fa c to ry  
s o lu tio n  to  th e  e s tim a tio n  o f  th e  tw o  m o d e ls  is— co n c e p ­
tu a lly — th e  s im p le s t one , n a m e ly  to  fit th e  n o n -lin e a r  re ­
la tio n s  d ire c tly  u s in g  a  n o n - lin e a r  le a st sq u a re s  reg ressio n  
a lg o rith m . F o r  ex am p le , in  m o d e l (2), th e  u n k n o w n  p a r ­
a m e te rs  K , V  a n d  n  a re  c h o se n  to  m in im ise  th e  su m  o f 
sq u a re s  _  0

S = K v  -  V s f / (K + s 7) )
Í  1

w h e re  (s¡, r¡) d e n o te s  th e  i th  d a ta  p a ir . T h e  m in im isa tio n  is 
p e rfo rm ed  ite ra tiv e ly  by c o m p u te r  p ro g ra m . In o u r  s tu d ie s  
w e used  th e  m o d ified  M a r q u a d t  a lg o rith m  d iscu ssed  b y  
N a sh  (1979), w h ich  c o m b in e s  N e w to n  a n d  s teep est descen t 
m e th o d s , w ith  d e riv a tiv e s  e s tim a te d  n u m erica lly . T h is  sum  
o f  sq u ares , S, is a p p ro p r ia te  to  u n w e ig h te d  le a s t sq u a re s  
b u t  re p lic a tio n  o f  s¡ v a lues  fo r th e  e x p e r im e n ta l d e te rm i­
n a tio n  in d ic a te s  th a t  a  c o n s ta n t  v a ria n c e  a s s u m p tio n  for v¡ 
is a d e q u a te  h e re  ( th e re  is n o  d ifficu lty  o f  p r in c ip le  in  
e x te n d in g  th e  e s tim a tio n  to  n o n -c o n s ta n t  v a ria n ce  cases, 
u s in g  w e ig h ted  n o n - lin e a r  le a s t sq u ares ). U sing  th e se  p ro ­
ced u res , la rge  sam p le  m a x im u m  lik e lih o o d  th eo ry  a lso  p ro ­
v id es  a p p ro x im a te  s ta n d a rd  e r ro r s  fo r th e  2 (o r 3) m odel 
p a ra m e te rs  e s tim a te d . In  p a r tic u la r ,  if  th e  re su ltin g  a p ­
p ro x im a te  95%  co n fid en ce  in te rv a l  fo r n in  m o d e l (2) c o n ­
ta in s  th e  va lue  n =  1, th e n  it  c a n  b e  c o n c lu d e d  th a t  th e  H ill 
m o d e l d o es  n o t p ro v id e  a  s ig n ific an tly  b e t te r  fit to  th e  d a ta  
th a n  th e  M ic h a e lis -M e n te n  k ine tic s .

A lth o u g h  it is d e s irab le  to  fit th e  m o d e ls  o n  th e  u n tra n s ­
fo rm ed  (s, v ) scales, th e  v a rio u s  p o ss ib le  tra n s fo rm a tio n s  lo 
lin e a r ity  s till se rv e  tw o  im p o r ta n t  fu n c tio n s . F irs tly , th e  
ite ra tiv e  n o n - lin e a r  e s tim a tio n  a lg o r i th m  re q u ire s  s ta r l in g  
va lu es  fo r th e  p a ra m e te rs  w h ic h  c a n  b e  p ro v id e d  b y  the  
tra n s fo rm a tio n  p ro c e d u re s . T h u s , fo r m o d e l (1), e s tim a te s  
o b ta in e d  fro m  th e  s im p le  lin e a r  re g re ss io n  o f  l b  o n  1/s 
(L in e w e a v e r-B u rk  p lo t)  p ro v id e  s ta r t in g  va lu es  fo r the- 
ite ra tio n . A lth o u g h  th e se  v a lu e s  m a y  o ften  be p o o r ,  the  
m od ified  M a r q u a d t  a lg o r ith m  is q u ite  ro b u s t  in  th is  case, 
c o n v erg in g  c o rre c tly  ev en  fro m  very in a c c u ra te  s ta r ts . 
S im ilarly , fo r m o d e l (2), a  re g re ss io n  o f  lo g  [v ,'(F -if i]  o n  log  
s  (H ill p lo t)  p ro v id e s  in itia l e s t im a te s  fo r  n  a n d  K  w here  
th e  s ta r t in g  V  is  ta k e n  as  1.1 tim e s  th e  la rg e st o b se rv a tio n . 
B o th  s ta r t in g  p ro c e d u re s  c a n  b e  fu lly  a u to m a te d , so  the  
w h o le  fittin g  seq u en c e  c an  b e  in c o rp o ra te d  in to  a  single 
c o m p u te r  p ro g r a m  w h ic h  th e n  re q u ire s  n o  in p u t a d d itio n a l 
to  th e  o rig in a l (s, v) d a ta  p a irs .

T h e  seco n d  im p o r ta n t  u se  o f  th e  t ra n s fo rm a tio n s  is in  
g rap h ica l c h ec k in g  o f  th e  a d e q u a c y  o f  fit o f  th e  e s tim a te d

H

o.
<

d
(D

X
N

>

N

N

X
1

a o
o

d + + «—i
(D Q>

w ~+ 1 «
IO 00

+
■H
i—1 N

> o
£

a) I—1 > 1ro
. c

> >
o

•H
II II II II II

S > ,

C
X

d

•“H

N
1>

N

X ~ ~
d
1

S> d
d d 00
X d + o

+
Sd .—i r-H

d

c + 1 Q
a)

X 0 0 +' —s -"-N o
. > s d r—1 r—1

d d •_.
X ,—i rH 1> v - / >
II II II II II

>>



S easo n a l h e x o k in a se  o f  M . ed u lis  m a n tle 701

V  S O L I D  L I N E :  MI  C H R E L ! S - M E N t E N  ,  O R S H E D  L I N E :  H I L L

.0 '

0
3 0 5 020C

S

1 / V  S O L I D  L I N E :  N I C H R E L I S - M E N t E N  ,  O R S ME D  L I N E :  H I L L

_ ---

20

1 /S

S O L I D  L I N E :  M I C H R E L I S - M E N t E N  .  D A S H E D  L I N E :  H I L L

■5 - 3

-ÛG

A p p e n d ix , F ig . 1. P lo ts  o f  (A) v e loc ity  (v) vs g lu co se  c o n c e n tr a t io n  (s), (B) l/i?  v s 1 s  a n d  (C ) v vs lo g  s. 
S u p e rim p o se d  a r e  c u rv e s  fo r M ic h a e lis -M e n te n  f it ted  (c o n tin u o u s  line) a n d  H ill f it ted  (d a sh ed  line) 
m o d e ls  o f  h e x o k in a se  o f  th e  m a n tle  o f  M . edulis; th e  s a m p le  is  o f  in d e te rm in a te  sex  co llec ted  O c to b e r

1979.

m o d e ls  b y  s u p e r im p o s i t io n  o f  th e  fitted  cu rv es  o n to  th e  
tra n s fo rm e d  s c a t te r  p lo ts  (see A p p en d ix , T a b le  1 fo r the  
re le v a n t e q u a tio n s) . U s in g  th e  u n tra n s fo rm e d  (s, v) scales, it 
is o ften  d ifficu lt to  ju d g e  th e  fit fo r sm all s va lu es  (A p p en ­
dix, F ig . 1A). T h e  co n v e rse  a p p lie s  to  th e  L in ew e a v e r-B u rk  
p lo t  (o r E a d ie -S c a tc h a rd  p lo t)  w h e re  th e  fit is e as ie r to  
o b s e n e  fo r sm all s  v a lu e s  th a n  fo r la rge  o n es  (A ppend ix , 
F ig . IB). A  s u ita b le  c o m p ro m is e  is  o ften  th e  p lo t  o f  v vs lo g  
s  w h ich  a llo w s  th e  fit to  b e  ju d g e d  a c ro ss  th e  e n tire  ra n g e

o f  s  (A p p e n d ix , Fig. le ) . T h e  p lo t  re ta in s  th e  d e s irab le  
fe a tu re  o f  a n  u n tra n s fo rm e d  v ax is  so  th a t  d e v ia tio n s  from  
th e  f it te d  lin e  c a n  b e  a sse ssed  fo r  sk ew n ess  a n d  c o n s ta n c y  
o f  v a r ia n c e  (on  th e se  sca le s  th e  fitted  cu rv es  a re  lo g is tic  
w ith  th e  p o in t  o f  in flec tio n  a t  s  =  K ). T h e  m ain  p u rp o s e  o f  
th e  g ra p h s  is  lo  ju d g e  th e  a d e q u a c y  o f  fit o f  th e  H ill m odel. 
T h e  la t te r  w ill a lw ay s fit th e  d a ta  a t  le a s t a s  w ell a s  th e  
M ic h a c lis -M e n te n  m o d e l s in ce  e q u a t io n  (1) is a  sp ec ia l 
c ase  o f  e q u a t io n  (2). T h u s , g iven  th a t  th e  H ill m o d e l is
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a d e q u a te ,  a  te s t o f w h e th e r  the  M ic h a e lis -M e n te n  e q u a t io n  
is a lso  c o n s is te n t w ith  th e  d a ta  sh o u ld  n o t b e  b a se d  o n  
g ra p h ic a l a sse ssm en t b u t o n  th e  co n fid en ce  in te rv a l fo r  th e  
H ill coeffic ient, d iscu ssed  earlie r. H o w ev e r, th e  L ine-

w e av e r-B u rk  a n d  E a d ie -S c a tc h a r d  p lo ts  c a n  usefu lly  s e r \e  
to  illu s tra te  th e  r e s u l t s  o f  th is  te s t (see F ig . 1 o f  th e  m a in  
text).


