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Biochemical aspects o f circadian rhythms were studied using a long-day duckweed, Lemna 
gibba G3 cultured in short day condition (9 h light at 3800 lux followed by 15 h darkness), which 
was transferred in continuous light (LL) at the end (LL 0) o f the last night period. With such a 
system I have previously reported a rhythm of affinity for N A D + o f cytoplasmic N A D- 
dependent glyceraldehyde 3-phosphate dehydrogenase (C yt-N A D -G PD ) 180° out o f phase with 
that of affinity for NA DP+ o f chloroplastic NADP-dependent G PD (C hl-N ADP-G PD ) and that 
NADP+ could increase in vitro the affinity for N A D P + o f Chl-NADP-G PD. I report here that 
NADP+ can decrease in vitro the affinity for N A D + of C yt-N AD-G PD as well, and furthermore, 
that the in vivo level of N A D P+ oscillates in phase with the rhythm o f the affinity for N A D P + of  
Chl-NADP-GPD.

Moreover, I found the existence o f mirror-image circadian rhythms, o f comparable am pli­
tudes, o f in vivo levels o f N A D + +  NADH  (total N A D ) (with peaks, as the ones o f  Cyt-NAD- 
GPD. at LL 0 and 24) and o f NA D P+ +  N A D PH  (total N A D P) (with peaks, as the ones o f  
Chl-NADP-GPD, at LL 12 and 36). Consequently, a circadian rhythm in the rate o f  net in vivo 
production o f total NADP (or NA D ) might be expected 90° in advance o f that in the level o f 
total NADP (or NAD). Indeed. I found oscillations in the activities o f N A D  kinase and o f  
NADP phosphatase with peaks occurring, respectively, at LL 6 and at LL 18. Moreover, in vitro 
treatments with EGTA (a Ca2+-chelator), chlorpromazine and W7 (both inhibitors o f cal­
modulin) were able to both inhibit N A D  kinase from its highest level o f activity to its minimal 
one and activate NADP phosphatase from its lowest level o f activity to its maximal one.
I conclude, therefore, that the in vivo level o f  Ca2+-calmodulin could oscillate in phase with the 
rhythm of NA D kinase activity and induce the mirror-image circadian rhythms of activities o f  
NAD kinase and o f NADP phosphatase.

I propose that the control sequence among the several circadian rhythms I studied could start 
with changes in Ca2+-calmodulin, then proceed through oscillations in N A D  kinase and N A D P  
phosphatase activities, leading to changes in N A D +, N A D P +, and NADPH  levels, which would 
themselves induce the Chl-NADP-G PD and C yt-N AD-G PD rhythms.

Introduction

One o f  the most im p ortan t  p ro b lem s  in s tud ies  on  
biological oscillations has been  to  d e te rm in e  the  
molecular m echan ism  o f  c ir c ad ian  clocks. A n 
approach could be to dem on s tra te  the  exis tence o f  a

Abbreviations: Chl-NADP-GPD, NADP-dependent glycer­
aldehyde 3-phosphate dehydrogenase exclusively localized  
in the chloroplast (EC 1.2.1.13), which always has N A D - 
GPD activity; Cyt-NAD-GPD, NAD-dependent G PD  ex­
clusively localized in the cytoplasm (EC 1.2.1.12); EGTA, 
ethyleneglycol-bis(-aminoethyl ether)-N,N'-tetraacetic acid; 
LL x, x hour after the onset o f continuous light which 
comes at the end o f the preliminary short day cycles; 
W7. N-(6-aminohexyl)-5-chloro-l-naphthalenesulfonamide- 
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chain o f  c ircadian  rhythm s, in w hich  the  ear l ier  
steps regulating the la ter ones m igh t  const i tu te  a 
self-regulatory oscillating loop, th a t  is, an  in tegra l 
part o f  the c ircadian  clock. A ccord ing  to th is  view 
point, I have been s tudying the  m e c h a n ism  o f  
the m utually  inverse daily  changes in ac tiv ity  o f  
C h l-N A D P -G P D  and  C y t -N A D -G P D  in th e  long- 
day duckweed, Lemna gibba G 3  [1 -  4].

W hen the pre l im inary  shor t-day  cycles are  
followed by continuous light,  the  first p eak  o f  the 
C h l-N A D P -G P D  activity o f  L. gibba G 3  occurs  at 
LL 12, at which t im e  the  C y t -N A D -G P D  activ ity  
comes to its first m in im u m  [1]. T h e  m ir ro r - im a g e  
changes in these G P D  activities have  been  ascr ibed  
to changes in the K m values, Fmax be ing  u n ­
altered [2 ].

C h l-N A D P -G P D  o f  L. gibba G 3  [3] exists as two 
interconvertible oligomers, C h l -N A D P -G P D  I and 
II; C h l-N A D P -G P D  I (an allosteric en zym e o f
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520 K daltons, with a low affinity  for N A D P +) can 
dissociate into C h l -N A D P -G P D  II (a M ichaelis  
enzyme o f  1 7 0 K  daltons, with a high affinity for 
N A D P +) and “b ind ing  fac to r” . This d issociation  
occurs during  the subjective day  (LL 0 to LL 12) 
and increases the C h l -N A D P -G P D  affinity  for 
N A D P +; conversely, C h l -N A D P -G P D  II associates 
with the “b ind ing  fac to r” to  restore C h l-N A D P - 
G P D  I during  the  subjective n ight (LL 12 to LL 24) 
and decreases the C h l -N A D P -G P D  affinity for 
N A D P + [3], I have  proposed ,  m oreover ,  tha t  ATP, 
d ith io threito l- like substance, N A D P +, and  N A D P H  
were possible in vivo activators o f  C h l -N A D P -G P D  
because we were able  to show in vitro th a t  these 
compounds could  induce  the d issociation  o f  
C h l-N A D P -G P D  I. Conversely, N A D + could be a 
possible in vivo inh ib ito r  o f  C h l-N A D P -G P D ,  
because it was ab le  to induce, in vitro, the  associa­
tion o f  the two o ligom ers [3],

We have s tud ied  in this p ap e r  the  effects o f  the  
several co m po un ds  on G P D  activities and have 
shown that the N A D P + was the  only one hav ing  
opposite  effects on C h l -N A D P -G P D  and C y t-N A D - 
G PD . We also repor t  th a t  the  level o f  N A D P + not 
only oscillates bu t  th a t  the  phases o f  its rhy thm  
could explain the  rhy thm s o f  G P D  activit ies. W e 
show in add it ion  the N A D P + rhy thm , in tu rn  could  
be a consequence o f  the rhy thm ic  changes in the 
rate o f  net in vivo p rod u c t ion  o f  total N A D P  
(N A D P + +  N A D P H ),  them selves d ep end in g  upon  
the m irro r- im age  rhy thm s o f  activities o f  N A D  
kinase and o f  N A D P  phospha tase .  T he  reverse 
sensitivit ies o f  these la tter  enzym atic  activities to 
different inh ib ito rs  o f  C a 2+-ca lm odu lin  finally 
suggests an im po rtan t  role o f  the levels o f  C a 2 +-cal- 
modulin.

A part o f  the results was briefly  p resen ted  in [4],

Materials and Methods

Plant material

The duckw eed, Lemna gibba G 3 ,  a long-day 
plant, was always aseptically  cu ltu red  in 1 0 0  ml o f  
M m ed ium  su pp lem en ted  with 1% sucrose [5] un d er  
a short day condit ion  (9 h light at 3800 lux from 
white fluorescent lam ps followed by 15 h darkness) 
at 26 °C. A bou t 14 day-old  cultures  were inocula ted  
onto the fresh m ed iu m , exposed to ap p rox im a te ly

seven cycles o f  the short d ay  regime fo llow ed by the 
experimental con tinuous  l ight period.

Purification of Chl-NADP-GPD and Cyt-NAD-GPD

Duckweeds collected in th e  early d ay  ph ase  o f  the 
short-day reg im e were h om ogen ized  with 50 m M  

phosphate  b uffe r  (pH  6 .6 ) conta in ing 3 m M  E D T A  
and polyclar A T (1/10 w eigh t o f  the  duckw eeds) .  
The hom ogenates  were fi ltered th rough  nylon cloth, 
and the fi ltrates were cen tr ifuged  at lO O K xgr for 
30 min. Solid a m m o n iu m  sulfate was ad d e d  up to 
80% sa tura tion  to the resu ltan t superna tan ts .  T he  
precipitates were collected by cen tr i fuga t ion  at
10 K x g  for 30 min. an d  suspended  in 50 m M  

phosphate  bu ffe r  (pH  6 .6 ) con ta in ing  3 m M  EDTA. 
A m m onium  sulfate was th en  add ed  to 60% sa tu ra ­
tion and the suspension was cen tr ifuged  as above. 
The precipitates, w hich  w ere rich in C h l-N A D P -  
G DP, were suspended  in 20 m M  p h o sp h a te  bu ffe r  
(pH 6 .6 ) con ta in ing  3 m M  EDTA , and desa l ted  by a 
Sephadex G-25 co lum n w ith  the sam e buffer. T h e  
supernatants, rich in C y t -N A D -G P D .  w ere  sim ilarly  
desalted. These  two desa l ted  eluates w ere  separa te ly  
applied to a D EA E-cellu lose co lum n eq u i l ib ra ted  
with the sam e buffer as used in desalting. All the  
C y t-N A D -G P D  free from  N A D P -G P D  activity was 
eluted with 50 m M  p h o sp h a te  buffer,  and  s u b ­
sequently all the C h l -N A D P -G P D  free from 
C y t-N A D -G P D  with 200 m M  p h o sph a te  b uffe r  [1]. 
In order to o b ta in  a single peak o f  C h l-N A D P -  
G P D  I [3]. the  co m bin ed  C h l -N A D P -G P D  fractions 
adjusted to a final concen tra tion  o f  N A D + equal to 
0.2 m M  was loaded  on a Sephacryl S-300 co lum n 
equil ibrated  with 50 m M  p ho sp ha te  bu ffe r  (pH  6 .6 ) 
containing 3 m M  E D T A  and  0.2 m M  N A D +. T he  
elution buffe r  was the  sa m e  as the one  used for the  
equilibration. A m m o n iu m  sulfate up  to 60% sa tu ra ­
tion was a d d ed  to the  C h l -N A D P -G P D  I and the  
precipitate, collected by cen tr ifugation ,  was stored 
at - 8 0 ° C  before  use. W h en  used, it was thaw ed  
and suspended in 50 m M  p h o sph a te  bu ffe r  (pH 6 .6 ) 
containing 3 m M  EDTA . O n the o th e r  h and ,  the 
C y t-N A D -G P D  fractions separa ted  by the  D E A E  
chrom atography  were lo ad ed  on a second Sephacryl
S-300 colum n, which was equ il ib ra ted  and  eluted 
with 50 m M  p ho sp ha te  bu ffe r  (pH  6 .6 ) con ta in ing
3 m M  EDTA. C y t -N A D -G P D  was elu ted  as a single 
peak at the 130K  to 150 K daltons zone, i r re ­
spective o f  the presence or absence o f  N A D P %
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N A D +, or d ith io th re i to l  in the  pu r i f ica t io n  
processes.

Assays o f GPD activities

After trea tm ent with  d if feren t co m p o u n d s  at 
various concentrations for 20 m in  at 0 °C . the  G P D  
activity was de te rm ined  as follows.

The catalytic react ion  was in i t ia ted  by ad d in g  
25 (.il o f  effector-treated G P D  to 975 |il o f  the  reac­
tion mixture which con ta ined  5 0 | im o l  Tris-H Cl 
(pH 8.5), 15 (imol so d iu m  arsenate ,  20 (imol so d iu m  
fluoride. 4 (imol L-cysteine. 0.1 (imol (unless o th e r ­
wise stated) N A D + (or N A D P +), and  0.5 (imol 
DL-glyceraldehyde 3-phospha te .  T h e  reac t ion  
velocity was read from the initial l inea r  po r t ion  
(1 min) o f  the k inetic o f  reduc t ion  o f  N A D P + to 
N A D P H  measured at A340. T h e  concen tra t ions  o f  
com pounds (Fig. 1 to 3) d u r in g  the  20 m in -t rea t-  
ment are indicated in the  abscissa: T h ey  are  re ­
duced. in the assay, by 40 times.

Extraction and determination o f  pyridine nucleotides 
levels in the tissues

The extraction m e th o d  was sl ightly m od if ied  
from the m ethod  o f  Y a m a m o to  [6 ], P lants  (300 mg 
fresh weight) were m ac e ra ted  in a g lass-hom o- 
genizer with 2.5 ml o f  e i the r  0.1 N HC1 (for N A D + 
and N A D P +) or 0.1 n  N a O H  (for N A D H  and  
N A D P H ),  supp lem en ted  w ith  100 m g po lyc la r  AT, 
for 2 min at 90 °C, then  im m ed ia te ly  cooled at 0 ° C  
in an ice-bucket.  HC1 and  N a O H , each a t  0.1 n , 
completely destroyed respectively the  red u ced  and 
the oxidized pyridine nucleotides .  T h e  h om o g en a te ,  
combined with 2.5 ml o f  w ashings o f  the  ho m o-  
genizer, was centr ifuged at 1 0  K x g  fo r 2 0  min. 
Two-ml aliquots o f  the  su p e rn a tan t  w ere  w ashed  
four times with 4.0 ml o f  e thy le ther  to rem ov e  the 
effectors o f  enzymes used in de te rm in in g  the  levels 
o f  pyridine nucleotides. T h e  final w ash ings  were 
separately kept overn igh t at below  4 ° C ,  then  used 
for the de term ination  o f  py r id ine  nucleo t ides .  T he  
recoveries were always a b o ve  90%.

T he determ ination  o f  py r id ine  nuc leo t ides  was 
slightly modified  from the  m e th o d  o f  M u to  and 
Miyachi [7], The reac t ion  m ix tu re  (1.0 ml) for the 
de term ination  o f  N A D + or N A D H  con ta ined  
0.24 mm ol o f  T ris -H Cl (pH  8.5), 28 |ig  o f  2,6-di- 
chlorophenolindophenol,  360 jag o f  p h e n az in em e th o -

sulfate, 33% ethanol, 0.1 ml o f  the  tissue ex trac t  
(containing less than  0.4 nmol o f  the  nucleo t ides ) ,  
and 20 units o f  alcohol d eh yd rog enase  (EC 1.1.1.1). 
The reaction m ixture  (1.0 ml) for th e  d e te rm in a t io n  
o f  N A D P + or N A D P H  conta ined  0.24 m m ol o f  
Tris-HCl (pH 7.9), 28 |ig o f  2 ,6 -d ich lo rop hen o lin do -  
phenol, 360 |ig o f  p h en az inem etho su lfa te ,  2 (imol o f  
glucose 6 -phosphate ,  0 . 1  ml o f  the  tissue ex trac t  
(containing less than  0 . 2  nmol o f  the  nucleo t ides) ,  
and 1 2  units o f  glucose 6 -p h o sp h a te  d eh y d ro g en ase  
(EC 1.1.1.49). Each react ion was s tar ted  by a d d i t io n  
o f  the enzymes: the  react ion  velocity was read  from  
the initial linear po r t ion  o f  the  k inet ic  o f  redu c t ion  
o f  2 ,6-d ich lorophenolindophenol m e a su red  at A600.

Preparation o f extracts fo r  the measurement o f  
NAD kinase activity

Duckweeds were ho m ogen ized  w ith  50 m M  Tris- 
HCl (pH 7.5) conta in ing 0.25 m  sucrose and  po lyclar  
AT (1/10 weight o f  the duckw eeds).  T h ey  w ere th en  
filtered through nylon cloth, and  the  filtrates w ere  
centrifuged at 100 K x g  for 30 m in  at 4 ° C .  An 
a liquot o f  the resultant superna tan ts  (des igna ted  as 
the crude extract) was desalted  th ro u g h  a S eph ad ex  
G-25 column using 50 m M  Tris-H Cl (pH  7.5) in the  
equilibration and elution. T he  e luates  co r r e sp o n d ­
ing to the void vo lum e were used as the  desa l ted  
extract. A nother a liqu o t  o f  the  c ru d e  extract was 
treated by solid a m m o n iu m  sulfate  up  to 60% 
saturation, then centr ifuged at 25 K x g  for 15 m in  
at 4 ° C .  The pellet o f  the p rec ip ita tes  was su s­
pended in 50 mM T ris -H C l (pH  7.5) sa tu ra te d  w ith  
am m onium  sulfate, and  then  cen tr ifuged  as above.  
This washing with sa tu ra ted  a m m o n iu m  sulfa te  
solution was repea ted  3 tim es and  the  final p r e ­
cipitate could be stored at - 8 0 ° C  for several 
weeks. An AS extract designates a c lea r  suspension  
in 50 m M  Tris-HCl (pH 7.5) o f  the  prec ip ita tes ,  and  
a PS extract a suspension  in 50 m M  T ris -H C l 
(pH 7.5) o f  the precip ita tes  o b ta in ed  by c en tr i fu g a ­
tion at 9 K x ^  for 5 m in  o f  the c ru de  ex trac t  m ixed  
with the equal vo lum e o f  0 . 1 % p ro tam in e  sulfa te  in 
50 m M  Tris-HCl (pH  7.5).

Assay o f NAD kinase activity

The reaction m ix tu re  (1 ml) con ta in ed  50 | im ol o f  
Tris-HCl (pH 7.5), 6  (imol o f  n ico t inam ide ,  1 (imol 
o f  N A D +, 7 jimol o f  M gC l 2 , 2 (imol o f  A TP, and  50
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to 300 pg prote in  o f  e ither  desal ted , AS, or PS 
extracts, unless o therw ise  stated. T h e  reac t ion  was 
started by add ing  the  extract, con t in ued  for 60 m in  
at 30 °C, and te rm in a ted  by hea ting  for 2 m in  at 
90 °C.

Determination o f the levels o f N AD P+

The reaction  m ix tu re  (1.0 ml) for the  d e te rm in a ­
tion o f  N A D P + p ro d u ce d  by the  N A D  kinase 
reactions conta ined 0.24 m m ol o f  T ris -H C l (pH  7.9), 
28 pg o f  2 ,6 -d ich lo ropheno lindopheno l ,  360 pg o f  
phenazinem ethosu lfa te ,  2  pm ol o f  glucose 6 -ph os­
phate, 1 2  units o f  glucose 6 -p h o sp h a te  d e h y d ro ­
genase ( G 6 PD), 0.2 ml o f  the  test solution, and  
0.2 ml o f  distilled water o r  pure  N A D P +. T h e  reac t ion  
was started by ad d in g  glucose 6 -p ho sp ha te  
dehydrogenase after  the  G 6 PD-less m ix tu re  was 
kept at 35 °C  for 20 min. T he  reac t ion  velocity was 
read from the initial l inear  po r t io n  o f  kinetic  o f  
reduction  o f  2 ,6 -d ich lo rophe no lindopheno l .  T h ree  
different m ixtures  o f  th e  test solution, p u re  N A D P +, 
and w ater had  to be tested in o rd e r  to  de te rm in e  the 
am oun t o f  N A D P + present in the  test solution: 
(a) 0.2 ml (0.2 nmol) o f  p u re  N A D P + and  0.2 ml o f  
distilled water, (b) 0.2 ml (0.2 nm ol)  p u re  N A D P + 
and 0 . 2  ml o f  the test so lu tion  and  (c) 0 . 2  ml o f  the 
test solution and 0.2 ml o f  dis ti lled water. T he  
am oun t o f  N A D P + in the test so lu tion  was ca l­
culated using the correc ted  abso rb ancy  change: 
AAC x AAa/(A Ab—A Ac).

Preparation o f extracts fo r the measurement o f  
NADPphosphatase activity

The crude  and AS extracts were the  sam e as those 
p repared  for the m e asu rem en ts  o f  N A D  kinase 
activity.

Assays o f phosphatases

In this paper,  N A D P  pho sp ha tase ,  /?-glycero- 
phosphate  phospha tase ,  and p -n i tropheny l-  
phospha te  phosph a tase  respectively ind ica te  the 
phosphatase  activity d e te rm ined  in the  presence o f  
e ither N A D P (H )  o r  ^ -g lyce ro ph osph a te ,  and 
/7-nitrophenylphosphate  as substrates.

The reaction m ix tu re  (0.5 ml) con ta ined  25 pm ol 
o f  Tris-acetate (pH  5.5), and 0.25 p m o l o f  e ither  
N A D P (H ) ,  ^ -g lycerophospha te ,  o r  /?-nitrophenyl-

phosphate, and the enzyme, unless o therw ise  stated. 
The reaction was s tar ted  by a d d in g  the enzym e 
preparation , con tinued  for 30 m in  at 30 °C , and  
terminated  by ad d in g  1.0 ml o f  15% TCA. T he  
liberated o r th o p h o sp h a te  (Pi) was d e te rm in ed  by 
the m ethod  o f  C hen  et al. [8 ],

Biochemicals

N A D +, N A D H , N A D P +, N A D P H .  glucose
6 -phosphate ,  and  G 6 P D  were purch ased  from 
Oriental Yeast Co., O saka; DL-glyceraldehyde 
3-phosphate  and  A T P  from  B oehringer ,  M an nh e im ; 
/?-nitrophenyl p h o sp h a te  and ^ -g ly ce rop ho sp ha te  
from Merck. D a rm s ta d t ;  ch lo rp rom az ine  from 
Sigma, MO; ca lm o du lin  from  W ak o  P h arm aceu tica l  
Co., Tokyo; and W 7  from R ikak en  Co.,  Nagoya.

Results

Effect o f NADH on Chl-NADP-GPD

T he C h l -N A D P -G P D  I (520 K d a l to n  aggregate  
o f C h l-N A D P -G P D  having  the low er affinity for 
N A D P +) fraction from  Sephacryl S-300 co lum n was 
treated with various  concentra tions  o f  N A D H . 
N A D H  (4 m M )  reduced  the C h l -N A D P -G P D  I 
activity to 75% o f  the  un trea ted  C h l -N A D P -G P D  I 
(Fig. 1). In o rd e r  to o b ta in  C h l -N A D P -G P D  II 
(170 K daltons p ro to m e r  o f  C h l -N A D P -G P D  having  
the h igher affinity fo r N A D P +) and  the “b in d in g  
factor” , the C h l -N A D P -G P D  I was trea ted  for 
20 min with 0.5 m M  N A D P + in a test tube. T he  Chl- 
N A D P -G P D  II was then  trea ted  with various 
concentrations o f  N A D H . In spite o f  the  presence o f  
“binding factor” w hich  is req u i re d  for the  associa­
tion o f  C h l -N A D P -G P D  II [3], N A D H  had  little 
effect on C h l -N A D P -G P D  II (Fig. 1, u p p e r  curve).

Effectors o f Cyt-NAD-GPD

C y t-N A D -G P D  was incu ba ted  w ith  ATP, d ith io -  
threitol,  N A D +, N A D H ,  N A D P +, o r  N A D P H  at 
concentrations ranging  from 0 to 5 m M  for 20 m in  at 
0 ° C ;  the catalytic reac t ion  was then  started  by 
adding 25 pi o f  the  effec tor- trea ted  G P D  to 975 pi 
o f  reaction m ix tu re  (Fig. 2). W h en  N A D H , 
N A D PH , N A D P +, and  A TP  w ere  inh ib ito ry  on 
C y t-N A D -G P D . N A D + and d ith io th re i to l  were 
ineffective. In a second set o f  assays, the  inh ib ito ry  
effects o f  N A D H , N A D P H .  N A D P + and  A T P  were 
examined in the presence o f  various  concentra tions
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Fig. 1. Effects o f NA DH  on C hl-N ADP-G PD I and II. 
Chl-NADP-GPD I ( • )  was separated from Chl-N ADP- 
GPD II using gel chromatography with a Sephacryl S-300 
column, while Chl-NADP-G PD II (O)  was obtained in a 
test tube by treating Chl-N ADP-G PD I with 1.0 m M  
NA D P+ sufficient to convert all o f the C hl-N A D P-G PD  I 
to Chl-NADP-GPD II and “binding factor” (3). The treat­
ment o f Chl-NADP-GPD II and “binding factor” with 
NADH was then conducted in the presence o f  0.5 m M  
NADP+. See Materials and methods for other detail. The 
mean of relative standard errors was 8.4%.

of N A D + in the enzym e assays. T h e  k ine t ic  p a r a m ­
eters (see the insert Fig. 3)  w ere first d e te rm in e d  by 
the m ethod  o f  direct linear plot by E isen thal an d  
C om ish-B owden (c f  9), then  used to d raw  the  Line- 
weaver-Burk plots (Fig. 3).  In ad d it io n ,  th e  k ine t ic  
param eters  charac ter iz ing  C y t -N A D -G P D  a t L L  0  

(trough value) and  LL 12 (p eak  va lue)  w ere 
calculated by app ly ing  this m e th o d  to  results 
previously pub lished  [2]: K m at  LL  0  was 4 7  ±  3 | i M;  

K m at LL 12 was 7 6 ± 6 ( i m ;  Fmax at L L  0  was 
0 .68  ±  0.01 | im o l /m in /m g  p ro te in ;  Kmax at LL  12 was 
0 . 70  ±  0 .03  ( im o l /m in /m g  prote in .

ATP, N A D H , and  N A D P + in h ib i te d  C y t-N A D -  
G P D  by decreasing its a ff in ity  for N A D + w i th o u t  
changing Lmax (Fig. 3).  T h e  rise in co nce n t ra t io n  o f  
exogenous A T P  from  0 to 5 m M  was not e n o u g h  to 
explain the observed  rh y th m ic  c h an ge  in K m o f  
C y t-N A D -G P D  from  47 |jm a t  LL  0 to 76 um at 
LL 12 (Fig. 3).  C alcu la t ion  (not show n) using d a ta  o f  
both Figs. 2 and 3 show ed  th a t  an  a d d i t io n  o f  e i th e r  
approxim ate ly  0.25 m M  N A D H  or a p p ro x im a te ly  
0.75 m M  N A D P + was suffic ient to e leva te  A'm from  
the control level (49 |j m , not very d i f fe ren t  f rom  the

DT T ( mM)

0 20 A O

E f f  e c  t o r ( m M )

Fig. 2. Effects of ATP, dithiothreitol, N A D (H ), and 
NADP(H) on Cyt-NAD-GPD. See Materials and methods 
for experimental procedures. The mean o f relative 
standard errors was 3.1%.

1 /  NAD* ( mM)

Fig. 3. Kinetical studies o f  the effects o f  ATP, NA DH , 
NADP+, and NADPH on Cyt-NAD-G PD. See Materials 
and methods and the text for experimental procedures.
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T I M E ( h r )

Fig. 4. Temporal changes in contents o f pyridine nucleo­
tides in continuous light. The standard errors for N A D + 
(•) , NADH (O ) ,  N A D P+ ( A) ,  and NADPH ( A )  were 
indicated as the vertical bars attached to each points: the 
error bars lower than 0.2 were not drawn and those for 
both NADP+ and NADPH were drawn as the half bars. 
Each points represented the averages o f at least three 
independent extracts. The time of occurrence o f the peaks 
o f the rhythms of Cyt-NAD-G PD (+) and Chl-NADP- 
GPD (^) activities were cited from [1] for the comparison.

47 |a m  at LL 0) to the  level 76 pM actually  a t ­
tained at LL 12.

Circadian rhythms in pyridine nucleotides contents 
in the tissues

Both N A D P + and  N A D P H  disp layed  c ircad ian  
rhythms in phase  and o f  c o m p ara b le  am p l i tu d e s  
(Fig. 4): peaks occurred  at LL 12 and 36 and 
troughs at LL 0 and 24. In contrast,  the  level o f  
N A D + oscillated with an a m p l i tu d e  twice as great 
and 180° ou t-o f-phase  with the levels o f  N A D P *  
and N A D P H , w hereas  N A D H  very slightly in ­
creased w ithout d isp lay ing  any rhythm icity .  C on se ­
quently. the level o f  N A D P + +  N A D P H  (total 
N A D P) oscillated 180° o u t-o f-phase  with the level 
o f N A D + -I-NADH (total N A D ),  with bo th  rhy thm s

displaying c o m p a rab le  am p l i tu des .  T hus, the  total 
N A D  +  total N A D P  level m ono ton ica l ly  increased 
during the 40 h light tim espan.

The curves o f  Fig. 4 also ind ica te  the exis tence o f  
a rhythm in the  rate o f  net in vivo p ro d u c t io n  o f  total 
N A D P  having a peak  a b o u t  LL 6  (12 p m o l /m in / g  
fresh weight) at the  t im e  the  slope o f  total N A D P  
variation was positive and  m ax im al ,  and  a t rough  at 
about LL 18 (— 9 p m o l /m in / g  fresh w eigh t)  w hen  
the slope was negative  and m in im al.  T h e  rates was 
equal to zero at LL 0. 12, 24, and  36. Likewise, the  
curves o f  level o f  N A D + and N A D H  ind ica te  a 
circadian rhy thm  o f  the  rate o f  net in vivo p ro d u c ­
tion of total N A D  180° o u t-o f-p hase  w ith  the  one o f  
net in vivo p ro du c t io n  o f  total N A D P  and  presen ting  
a peak at ab o u t  LL 18 (10 p m o l /m in / g  fresh 
weight), a t rough  at a b o u t  LL 6  (— 7 p m o l /m in / g  
fresh weight) , and  rates equa l zero at LL 0, 12, 24, 
and 36. Since ab o u t  3 m g p ro te in  o f  the  c rude  or 
desalted extracts w ere o b ta in ed  from  one g ram  fresh 
weight o f  L. gibba  G 3 .  th e  peak  and  the  trou gh  o f  
the circadian rh y th m  o f  rate o f  net in vivo p ro d u c ­
tion o f  total N A D P  a p p ro x im a te ly  co rre sp o n d e d  4 
and — 3 p m o l /m in / m g  p ro te in  o f  the  c ru de  or 
desalted extract.

The ratio o f  N A D P H  to N A D P + show n in Fig. 5 
was deduced from  the results show n in Fig. 4. T he  
curve connecting m e an  values o f  the ra t ios  show n in 
the figure show ed the  c ircad ian  rhy th m  in the  ra tio  
90° out-of-phase with the rh y th m s o f  N A D P + and 
N A D PH  levels (Fig. 4). Both the curve connecting 
the upper limits o f  the ratios except for the ratio  at 
LL 36 and that connect ing  the  low er limits (curves 
not drawn) also show ed the  sam e  rhy thm . It is 
suggested tha t the ra te  o f  net in vivo r ed uc t ion  o f  
N A D P + m ight d isp lay  a c ircad ian  rh y th m  advanced  
by 90° with the  rh y th m  o f  th e  N A D P H / N A D P + 
ratio. The  ratio  o f  N A D H  to N A D + also show ed  a 
circadian rhythm 180° ou t-of-phase  with the N A D + 
level rhy thm  (Fig. 4). Inasm uch  as the  N A D H  
level displayed no  rhy thm ica l  change  (Fig. 4), the  
N A D H / N A D + rh y th m  was indu ced  only  by the  
rhythm in N A D + level.

Circadian rhythm o f NADP phosphatase activity

The tem poral change  in activity  o f  N A D P  
phosphatase in co n tinuous  light was then  exam ined  
using both the c rude  extracts and  the  desal ted  
extracts p repared  at the d if fe ren t times. T h e  N A D P



K. G oto • Causal R elationships among M etabolic  C ircadian R hythm s in Lemna 79

T I M E ( h r )
Fig. 5. Temporal changes in the ratios o f N A D H  to N A D +, 
NÄDPH to NADP+. and total NADP to total NAD. The 
ratios o f NADH to N A D + ( • ) ,  NADPH to N A D P + (O ) ,  
and total NADP to total NA D (A )  were calculated on the 
data shown in Fig. 4. The upper limits and the lower ones 
o f vertical bars were calculated by the formula, respec­
tively [the upper limits o f NADPH (Fig. 4)]/[the lower 
limits o f NADP+ (Fig. 4)] and [the lower limits o f  
NADPH (Fig. 4)]/[the upper limits of N A D P + (Fig. 4)].

ph ospha tase  activity in the crude extracts changed  
with a circadian period ic i ty  d isplay ing  a peak  at 
LL 18 and troughs at LL 6  and 30 (Fig. 6 ). T h e  
enzyme activity in the crude  extract, p re p a re d  at 
any given time o f  the continuous l ight period ,  was 
consistently increased by desalting: the  ra tio  o f  
m ax im u m  (at LL 18) to m in im u m  (at LL 6 ) activity  
was reduced from 4.1 (= 18 .5 /4 .5 )  to 1.7 ( = 3 2 .0 /  
18.6) when the am p l i tu d e  (the p e ak  m inus  the  
trough  level) was unchanged  at a b o u t  14 n m o l /  
m in /m g  protein. The  fact tha t th e  rhy thm ic i ty  
occurred even in the desalted extract ind ica ted  th a t  
none o f  the factors which could be d issocia ted  by 
the desalting p rocedure  used induced  the  rh y th m ­
icity.

The  rhythm was also obvious in the  AS extract, 
a lthough  the ra tio  o f  m ax im u m  to m in im u m  
activity and the am p l i tu d e  were red uced  re spec ­

tively, to 1.15 and 4 n m o l /m in / m g  p ro te in ,  in ­
dicating tha t  the  factor induc ing  the rhy thm ic i ty  was 
not completely d issociated  from N A D P  ph o sp h a ta se  
by the repeated  t r ea tm en t  w ith  a m m o n iu m  sulfate. 
The AS extract was trea ted  with 0.6% p ro tam in e  
sulfate, and then  cen tr ifuged . T he  resu ltan t super-  
natans was able  to dec o m p o se  N A D P H  as well as 
N A D P +: T he  affinity  o f  N A D P  p h o sp h a ta se  to 
N A D P + (Â m =  336 ±  12 ^m) was ap p ro x im a te ly  
twice lower than  its affinity  to N A D P H  
(163 ±  17 (j.m), w hereas  Fmax for N A D P + and  for 
N A D P H  were a lm ost th e  sam e (respectively 
55.9 ± 1 .1  and 51.9 ±  2.2 n m o l /m in / m g  p ro te in  
present in this p repa ra t ion ) .

Similar c ircad ian  rh y th m s  were found  for b o th  ß- 
glycerophosphate phospha tase  (Fig. 6 ) and /?-nitro- 
phenylphosphate  phospha tase  activities (Table  I). 
Both /^-glycerophosphate  and / 7-n i tropheny l-  
phosphate  are  know n subs tra tes  for the non-specific

T im e ( h )  in LL
Fig. 6. Temporal changes in activities o f N A D P phos­
phatase and ^-glycerophosphate phosphatase in conti­
nuous light. Crude extracts (47.8 ±  0.8 |ig protein per 
0.5 ml of reaction mixture) (o), desalted extracts ( • ) ,  and 
AS extracts (O ) were used for NA DP phosphatase activity 
measurement. The same amount o f crude extracts ( a )  and 
desalted extracts ( A)  were used for the determination o f  
activity o f /^-glycerophosphate phosphatase. The means o f  
relative standard errors were 14.6% for O, 5.4% for • .  
2.5% for O . 23.9% for A, and 7.9% for a .
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Table I. Temporal change in the activity o f /?-nitrophenyl- 
phosphate phosphatase in duckweeds under continuous 
light at 26 °C.

Enzyme preparations nmol Pi liberated/m in/m g
protein ±  S. E.

LL 6 LL 18

Crude extracts 23.7 ±  3.5 35.7 ±  2.9
Desalted extracts 33.5 ±  1.8 41.1 ±  2.0

acid and alkaline phosphatases .  T h e  type o f  p h o s ­
phatase tha t  we m easured  has to  be ch a rac te r ized ,  
since no phospha tase  able  to a ttack  N A D P (H )  a lone  
has so far been identif ied.

Circadian rhythm o f NAD kinase activity

The tem poral changes in the N A D  kinase  activ ity  
in desalted extracts o f  L. gibba G 3  u n d e r  c o n tin uo us  
light are shown in Fig. 7. T he  ac tiv ity  ch ang ed  with 
a circadian rhythm icity  elicit ing a p eak  at LL 6  and  
a trough at LL 18. T he  N A D  k inase  activ it ies in the  
AS extracts p rep a red  at both  LL  6  and  18 w ere

T im e (h )  in  L L
Fig. 7. Temporal changes in activity o f N A D  kinase in 
continuous light. The desalted extracts were used. The 
mean o f relative standard errors was 4.9%.

respectively 104 ±  4 and 62 ±  6  p m o l /m in / m g  
protein o f  the AS extract. Thus, as it was the  case 
for the factor induc ing  the rhy thm ic ity  in the 
N A D P  phospha tase  activity, the factor inducing  the  
rhythmicity  in the N A D  kinase activity canno t be a 
factor dissociable e i th e r  by the desalting  th rou gh  
Sephadex G-25 co lum n  or by the repea ted  a m ­
m o n iu m  sulfate  trea tm ent.

Since N A D P  ph ospha tase  reaction  requires  
N A D P + while N A D  kinase  requires ATP. and  since 
N A D P + is a p roduc t o f  N A D  kinase reac t ion  while 
A TP is not a p roduc t  o f  N A D P  p h o sp ha tase  rea c ­
tion, the  N A D P  phospha tase  reaction can proceed  
as N A D  kinase p roduces  N A D P + in o u r  rou t ine  
assay o f  N A D  kinase  activity, while the  N A D  
kinase reaction canno t proceed in the assay o f  
N A D P  phospha tase  activity. It was possible, th e r e ­
fore, tha t the changes in the N A D  kinase activity 
observed shown in Fig. 7 merely co rresponded  to 
the m irror- im age o f  the previously descr ibed  
change in the N A D P  phospha tase  (Fig. 6 ). In o the r  
words, it m ight be th a t  N A D  kinase activity was 
really unchanged bu t  th e  h igher activity o f  N A D P  
phosphatase  m ight yield the lower a m o u n t  o f  
N A D P + in the assay o f  N A D  kinase activity and  
then produce an a p p a re n t  lower activity o f  N A D  
kinase. T he  data  p resen ted  in T able  II, how ever,  
confirmed that there  was a real c ircad ian  rh y th m  in 
N A D  kinase activity. W hen 0.15 mg p ro te in  o f  
crude extracts was ad d e d  to 0.5 ml o f  the  assay 
mixture  for N A D P  phospha tase  activity, no N A D P  
phosphatase  activities w ere detected, ind ica ting  tha t  
the c rude  extracts conta ined the inh ib ito rs  o f

Table II. NA D kinase and NADP phosphatase activities in 
extracts from duckweeds at LL 6 and 18. Both enzymes 
were assayed at pH 8.0 (Tris-HCl) at 30 °C. N A D  kinase 
was determined in the presence of 1 m M  N A D +, 2 m M  ATP, 
and 7 m M  MgCl2, and N A D P phosphatase in the presence 
of 1 m M  NADI^. Specific activities (pm ol/m in/m g protein) 
are shown. Figures in brackets show the specific activity 
on the basis of the initial protein content o f the tissue 
extracts before the protamine sulfate-treatment. Figures in 
parentheses show mg protein per ml reaction mixture.

Enzyme preparations N A D  kinase NA DP phos­
phatase

LL 6 LL 18 LL 6 LL 18

Crude extract (0.31) 62.1 26.0 0 0

PS extract (0.44) 191.0
[283]

80.0
[109]

164 89.5
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N A D P  phosphatase. Even in the cond it ion  w h ere  all 
N A D P  phosphatase  activities were suppressed  by 
the inhibitors in the c rude  extracts , the N A D  kinase  
at LL 6  showed m ore  th an  twice the  activity  
detected at LL 18, bo th  activities be ing  slightly 
higher than  the ones m easu red  using desa l ted  
extracts (Fig. 7). F u r th e rm o re ,  s im ila r  results were 
obtained when using the  PS extract as enzym e 
preparations, which con ta ined  m u ch  less N A D P  
phosphatase  than the desa l ted  extracts b u t  all the  
N A D  kinase norm ally  present in the  d esa l ted  
extracts (Table  II).

Effects o f calmodulin and its inhibitors on NAD kinase 
and NADP phosphatase activities

C alm odulin , a C a 2+ b in d ing  p ro te in  o f  re latively  
low molecular weight (for exam ple ,  17 K  da l ton s  for 
bovine bra in  ca lm odulin),  regulates m an y  types o f  
cell functions in almost all eukaryotes: it is active 
only when bound  with C a 2r [10],

The effects o f  EGTA , a C a 2 +-chelator, on  N A D  
kinase in the AS extracts p re p a red  at LL 6  and  
LL 18 are shwon in T ab le  III. T he  N A D  kinase  
reaction was run in the presence o f  6  m M  M g 2+, 
5 m M  ATP, 1 m M  N A D +, and  with or w i th o u t  
EGTA. A saturating dose o f  E G T A  (10 um) red u ced  
the activity o f  N A D  kinase  at LL 6  [LL 6  co r­
responds to a peak poin t  o f  the N A D  kinase rh y th m  
(see Fig. 7)] to the sam e level as tha t  o f  N A D  kinase  
at LL 18 corresponding to a trou gh  value  
(Table III). This inh ib i t ion  was part ia l ly  rem o v e d  
by the addit ion  of 100 |iM C a 2+ (Table  III). C o n ­
versely, E G T A  at 10 (JM  (or even at h ig he r  c o n ce n ­
tration up to 500 |iM, d a ta  no t show n) h a d  litt le 
effect on N A D  kinase activity at LL 18 (T ab le  III).

Table III. Effects of calmodulin, EGTA, and W 7 on N A D  
kinase.

Additions Activity
[pm ol/m in/m g protein]

LL 6 LL 18

None 436 ±  9 320 ±  21
10 |iM EGTA 282 ±  28 310 ±  30
10 mm EGTA and 100 nM CaCL 379 ±  36 286 ±  19

200 |iM W7 353 ±  25 —

200 um W7 and 20 U calmodulin 451 ±  38 —

These results suggest tha t  the  AS extract from  the  
duckweeds at LL 6  still con ta ined  C a 2+ in sp ite  o f  
the repeated  desalting  t r ea tm en t  by a m m o n iu m  
sulfate  and tha t  the  h igher  am o u n t  o f  C a 2+ in the  
AS extract was responsib le  for the  h igh e r  activity o f  
N A D  kinase. In add it ion .  T ab le  III shows tha t  W 7, 
a ca lm odulin  in h ib i to r  [1 1 ], redu ced  the  activity  o f  
N A D  kinase at L L  6  to a lm ost the  sam e level as th a t  
o f  N A D  kinase at LL 18, and  tha t  this in h ib i t io n  
could be com ple te ly  rem oved  by 2 0  units o f  
ca lm odulin  (from bovine  brain).

The dose responses o f  N A D  kinase  at LL 6  and  
LL 18 to ch lo rp rom az ine  [12] and W 7, b o th  
ca lm odulin  inh ibitors ,  are  show n in Fig. 8 . Both 
reduced the activity o f  LL 6  level o f  N A D  kinase  
to the sam e level as tha t  found  at LL 18. T he  c o n ­
centrations ( / 50) o f  ch lo rp rom az ine  and  W 7  re sp o n ­
sible for the  inh ib i t io n  o f  h a l f  o f  the m ax im al 
calm odulin  action were ab o u t  8 and  28 fiM, r e ­
spectively. In add it ion .  20  units o f  ca lm odu lin ,  only 
in the presence o f  100 hm C a 2+, ac tivated  LL 18-  
level o f  N A D  kinase to a lm ost the  sam e as th a t

50 100 

C P Z  a n d  W 7 ( j j M)

200

NAD kinase reactions were run in the presence o f 5 m M  
ATP. 6 m M  MgCl2, and 1 m M  N A D + at 30 °C for 60 min.

Fig. 8. Effects o f chlorpromazine and W7 on N A D  kinase 
at LL 6 and at LL 18. The AS extracts were prepared at 
LL 6 and at LL 18 and used for the enzyme reaction. The 
NAD kinase reactions were run in the presence or absence 
of chlorpromazine (CPZ) and W7. The means of relative 
standard errors were respectively 7.3 and 9.4% for CPZ and 
for W7. The effects o f 0.1 m M  CaCl2, 20 units o f  cal­
modulin. and 0.1 m M  CaCl2 plus 20 units calmodulin were 
examined in the absence o f CPZ or W7.
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Fig. 9. Effects o f chlorpromazine, EGTA, and W7 on 
NADP phosphatase. The enzyme preparations were 
prepared as in Fig. 8. The NA D P phosphatase reactions 
were run with or without chlorpromazine (CPZ), EGTA, 
and W7. The means of relative standard errors were 
respectively 4.0, 1.2, and 2.1% for CPZ, for EGTA, and 
for W7.

found at LL 6  (Fig. 8 ). O n  the  con tra ry ,  the  
calm odulin  inhibitors had  a lm ost no effect on  the 
low activity o f  the LL 18-level o f  N A D  kinase  
(Fig. 8 ).

The effects o f  EG TA , ch lo rp rom azine ,  and  W 7  on 
N A D P  phospha tase  activity in extracts p re p a re d  
from the duckw eeds at LL  6  ( t rough  va lue)  and  
LL 18 (peak value) are  show n in Fig. 9. S im ila r  to 
the results found for N A D  kinase activity, each o f  
these reagents e ither had  little effect i f  assayed on  a 
peak value extract (LL 18) o r  was ab le  to ac tiva te  a 
trough value o f  N A D P  ph o sp ha tase  extrac t (L L  6 ) 
to almost the sam e level as the  peak  value  fo un d  at 
LL 18. The / 50’s o f  ch lo rp ro m az in e  and  W 7  w ere 
respectively abou t  100 and  50|iM. It is in teres t ing  to 
notice that while the ca lm od u lin  in h ib i to rs  a c t i­
vated N A D P  p hospha tase  they in h ib i ted  N A D  
kinase. Therefore,  C a 2+-ca lm odu l in  m ig h t  be not 
only an activator o f  N A D  kinase b u t  also an 
inhibitor o f  N A D P  phosphatase .

Discussion

Miyata and Y am am o to  [13] were the first to show  
the m irror- im age circad ian  rhy thm s in the  ac tiv it ies

o f  N A D -G P D  and N A D P -G P D  in L. g ib b a  G 3. 
Later, W agner 's  g ro up  repor ted  s im ila r  rhy thm s o f  
both G P D s  in C h enopodiu m  rubrum  and suggested 
tha t  they could be induced  by c ircad ian  rhy thm s in 
the values o f  the  ratios N A D P H / N A D P + [14, 15]. In 
o rder  to de te rm in e  w hat m igh t induce  these m irro r-  
image c ircadian  rhy thm s, it was im p ortan t  to know:
(i) the m olecu la r  n a tu re  o f  the  activity changes;
(ii) if effectors exist which could induce the  
changes; (iii) if  such effectors exist, do  they 
change in the expected way.

O pposite  effects o f  N A D P + on C h l-N A D P -G P D  a n d  
C yt-N A D -G P D  a c tiv ities

I have d em ons tra ted  previously  in L em n a  [2] th a t  
the affinity ( \ / K m) for N A D P + o f  C h l -N A D P -G P D  
oscillates with a c ircad ian  period ic i ty  elicit ing a 
peak  at LL 12 and a trough  at LL 24 while the 
affinity o f  C y t -N A D -G P D  for N A D + displays a 
c ircadian  rhy thm  180° o u t-o f-phase  with the  
C h l-N A D P -G P D  affinity rhy thm . F u r th e rm o re ,  I 
have shown [3] tha t  ATP, d i th io th re i to l ,  N A D P +, 
and N A D P H  can m im ic  the in vivo  activation  o f  
C h l-N A D P -G P D , w hereas N A D + can m im ic  its 
inhibition. In the  present study, I have d e m o n ­
strated tha t  N A D H  plays no role in the in vivo  
regulation o f  C h l -N A D P -G P D  for the following 
reasons. The ac tivation o f  C h l -N A D P -G P D  in vivo  
is accom panied  by the convers ion  o f  the m ore  
inactive form o f  the enzym e (C h l -N A D P -G P D  I) 
into the m ore  active form (C h l -N A D P -G P D  II), 
while the in vivo  inh ib it ion  is associated  with the 
conversion o f  C h l -N A D P -G P D  II to C h l-N A D P - 
G P D  I [3]. Because N A D H  was uneffective on 
C h l-N A D P -G P D  II and  inh ib i to ry  on C h l-N A D P - 
G P D  I (Fig. 1), it could not be an in vivo  activa tor  
o f  C h l-N A D P -G P D ; and because  an in vivo  in ­
h ib i to r  o f  C h l -N A D P -G P D  m ust attack on 
C h l-N A D P -G P D  II and then  convert it to Chl- 
N A D P -G P D  I. N A D H  could  not be an in vivo  
inh ib ito r  o f  C h l-N A D P -G P D .  At the  present, we do 
not have any idea  o f  the in vivo  role o f  the  
inhibitory  effect o f  N A D H  on C h l -N A D P -G P D  I.

F urtherm ore ,  it was found  (Figs. 2 and 3) th a t  
N A D P "  and N A D H  (contrary to ATP, d i t h io ­
threitol,  N A D + and  N A D P H ) m im icked  the in vivo  
inh ibit ion  o f  C y t-N A D -G P D . N A D P + could then  
be not only an  in vivo  activator o f  C h l -N A D P -G P D ,  
but also an in vivo  inh ib ito r  o f  C y t-N A D -G P D . T he  
simplest explana tion , therefore,  for the m irro r-
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image circadian rhy thm s o f  aff init ies o f  C hl-  
N A D P -G P D  (for N A D P +) and C y t -N A D -G P D  (for 
N A D +) would be to assume c ircad ian  rh y thm s o f  
N A D P + level, bo th  in the chloroplasts  and  in the  
cytoplasm, in phase  with the rh y th m  o f  C h l-N A D P -  
G P D  affinity for N A D P +, tha t  is, with  a peak  at 
LL 12 and a trough at LL 24.

C ircadian rhythm s in N A D  P + leve l in vivo

A circadian rhy thm  in N A D P + level was first 
shown in N eurospora  [16]. W agn er  and  Frosch also 
reported a rhy thm  o f  N A D P + level in C h en opod iu m  
displaying a 15 h periodicity  [15]. T hey  found  tha t  
15 h rhythms o f  bo th  N A D P + and  N A D P H  levels 
could generate a c ircad ian  rh y th m  in the ra t io  o f  
N A D P H  to N A D P + and  suggested tha t  th is la t te r  
rhy thm  might induce the G P D  rhy thm . H owever,  
their  suggestion is ques t ionable  because  on the  one  
hand the rhythm  in the ratio  N A D P H / N A D P +, in 
the ir  material,  ran  ou t-of-phase  with the G P D  
rhythms, and on the o ther  hand , no  evidence had  
ever been presented so far in any p lan t o f  a r eg u la ­
tion o f  G P D 's  by the value o f  the  N A D P H / N A D P + 
ratios.

The present s tudy has show n th a t  the in vivo  
levels o f  both N A D P + and N A D P H  oscillated w ith  
a circadian periodicity  in phase with the rh y th m  o f  
affinity for N A D P + o f  C h l -N A D P -G P D  and  180° 
out-of-phase with tha t  o f  affinity  for N A D + o f  
C y t-N A D -G PD . These phase-re la t ionsh ips  b e tw een  
the rhythms o f  N A D P + level and G P D  aff init ies are  
quite  in agreem ent with the hypothes is  tha t  N A D P + 
might induce the m irro r- im age  rhy thm s o f  Chl-  
N A D P -G P D  and C y t-N A D -G P D  affinities. H o w ­
ever, it must be noted that o u r  results for in vivo  
N A D P + levels do  not necessarily reflect in -p hase  
rhythms in bo th  chloroplast and cy top lasm ic  
compartments.

C ircadian rhythm  o f  ra te  o f  net in vivo p ro d u ctio n  
o f  to ta l N A D P

The present s tudy reports  tha t  the  ra te  o f  net in 
vivo production o f  total N A D P  oscillated w ith  a 
circadian periodicity  180° o u t-o f-phase  w ith  the  
rate o f  net in vivo production  o f  total N A D  and  th a t  
both rhythms presented co m p arab le  a m p l i tu d es  
(Fig. 4). Consequently , total py r id in e  nuc leo t ides  
levels displayed no rhythm ical change. If  this is the  
case, the rhythmicit ies in total N A D P  and  N A D  
might be ascr ibable  to rhy thm s in activities o f

enzymes catalyzing the  fo rm ation  o f  N A D P + from 
N A D A or the b reak d o w n  o f  N A D P (H )  to N A D (H ) ,  
or both. W e co rrob o ra ted  such an hypothes is  by 
dem onstra t ing  tha t  N A D  kinase and N A D P  p h o s ­
phatase activities d isp layed  c ircad ian  rhy thm  with 
the expected phases (Figs. 6  and 7; T ab le  II).

The fact that the  in vitro  activities o f  N A D P  
phosphatase  (Fig. 6 ) w ere higher, by a factor 2 to 3, 
than those o f  N A D  kinase  (Fig. 7) im plies  th a t  the 
tissue must contain  e i ther  m uch  low er activities o f  
N A D P  p hospha tase  o r  m uch  h igh e r  ones o f  N A D  
kinase than  those observed  in vitro , in o rd e r  to 
display the c ircad ian  rhy thm  o f  ra te  o f  net in vivo  
production  o f  total N A D P  (Fig. 4). W e have 
com pared in this p ap e r  the activities m easu red  
using desalted extracts (Fig. 6 ) with  those m easu red  
using crude  extracts (Fig. 6 ; T ab le  II). W e can 
conclude that the  tissue con ta ined  enough  in ­
h ib i to r s )  o f  N A D P  p hospha tase ,  d issociable  by  a 
desalting p rocedure  th rough  a Seph adex  G-25 
column, to suppress a lm ost all the  N A D P  p h o s ­
phatase activities. T h is  po in t  is still u n d e r  inves tiga­
tion.

The cause o f  c ircadian  rh yth m s o f  N A D  k in ase  
an d  N A D P  p h o sp h a ta se  a c tiv ities

The next quest ion  was then  w hat could  induce  the 
m irror- im age c ircad ian  rhy thm s o f  activities o f  
N A D  kinase and N A D P  phospha tase .  Since these 
rhythmicit ies could  be observed bo th  in desa l ted  
extracts and AS extracts (Figs. 6  and 7), it is 
suggested tha t  e i ther  the  inducing  factors for the 
rhythms might rem ain  bound  to the enzymes after 
these treatments o r tha t  the rhythmicit ies m ight be 
due to those in the amounts  o f  enzymes. Although 
the rhythmicities o f  o ther  several enzyme activities 
have been a tt r ibu ted  to rhy thm ic  changes in the i r  
amounts  such as a lan ine  d ehydrogenase  o f  E u glen a
[17], phosph oen o lpy ruv a te  carboxylase  o f  K a la n ch o e
[18], n itra te  reductase  o f  W olffia  [19], and  luciferase 
o f  G on yau lax  [20], we propose, for the following 
reasons, tha t the  activities o f  N A D  kinase and  
N A D P  phospha tase  in L. g ib b a  are not d ue  to the 
level o f  the enzymes. T h e  activities o f  N A D  kinase  
in sea urchin [21] and  m any  plants [7, 22, 23] have 
been shown to be ac tivated  by C a 2 +-ca lm odu lin ,  
and we have d em o ns tra ted  here  th a t  the activity o f  
N A D  kinase o f  L. g ib b a  G 3  was also ac tiva ted  by 
C a 2+-calm odulin  (T ab le  III and  Fig. 8 ). In add it ion ,  
we have shown th a t  the inh ib ito rs  o f  C a 2 +-cal-
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m odulin  inhibited  N A D  kinase p re p a re d  in its 
maximal activity (at LL 6 ), while they  w ere u n ­
effective on the trough  activity o f  N A D  kinase  at 
LL 18. The inhibitors o f  C a 2+-ca lm o du l in  ac tiva ted  
N A D P  phosphatase  w hen it was p re p a re d  at the  
time o f  its trough activity (LL 6 ). b u t  ag a in  w ere 
uneffective on the peak  activity o f  N A D P  p h o s ­
phatase at LL 18. These results suggest th a t  the  in 
vivo level o f  C a 2+-ca lm odu l in  oscillates w ith  a p eak  
occurring at LL 6  and a t rough  at LL 18 induc ing  the  
m irror-im age rhy thm s o f  N A D  kinase  activity  
(peak at LL 6 ) and o f  N A D P  p h o sp h a ta se  activity  
(peak at LL 18).

O ur  working hypothes is  is th a t  a c ircad ian  
rhy thm  in the level o f  C a 2+-ca lm o du l in  induces  th a t  
in the rate o f net in vivo p rod uc t ion  o f  total N A D P  
by regulating the activities o f  N A D  kinase  and 
N A D P  phosphatase. T he  lat ter rh y th m  m igh t  
generate the c ircadian  rh y th m  in the in vivo level o f  
N A D P +, which in turn  w ould  induce  the  m irro r -  
image circadian rhy thm s o f  activit ies o f  Chl- 
N A D P -G P D  and C y t-N A D -G P D . In a sm u ch  as the  
chloroplast m em b ranes  are  not p e rm e a b le  to 
N A D P* [24], these events m ust occur b o th  in the  
chloroplast and in the cytop lasm  and  m u s t  run  in 
phase with each other. T h e  n a tu re  o f  the  in du c t io n  
o f  this p resum ed c ircad ian  rhy thm  o f  C a 2+-cal- 
m odulin  and the possibility tha t  C a 2+-c a lm o d u l in  
and N A D + may be part  o f  the se lf-susta in ing 
circadian oscillator are un d e r  investiga tion  (cf. 4)
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