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Persistent circadian rhythms in the phosphorylation state 
of phosphoenolpyruvate carboxylase 
from Bryophyllum fedtschenkoi leaves 
and in its sensitivity to inhibition by malate 
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Abstract. Phosphoenolpyruvate carboxylase 
(EC 4.1.1.31; PEPCase) from BryophyIIum fedt- 
schenkoi leaves has previously been shown to exist 
in two forms in vivo. During the night the enzyme 
is phosphorylated and relatively insensitive to feed- 
back inhibition by malate whereas during the day 
the enzyme is dephosphorylated and more sensitive 
to inhibition by malate. These properties of PEP- 
Case have now been investigated in leaves main- 
tained under constant conditions of temperature 
and lighting. When leaves were maintained in con- 
tinuous darkness and C O 2 - f r e e  air at 15 ~ PEP- 
Case exhibited a persistent circadian rhythm of in- 
terconversion between the two forms. There was 
a good correlation between periods during which 
the leaves were fixing respiratory CO2 and periods 
during which PEPCase was in the form normally 
observed at night. When leaves were maintained 
in continuous light and normal air at 15 ~ start- 
ing at the end of a night or the end of a day, 
a circadian rhythm of net uptake of CO2 was ob- 
served. Only when these constant conditions were 
applied at the end of a day was a circadian rhythm 
of interconversions between the two forms of PEP- 
Case observed and the rhythms of enzyme inter- 
conversion and CO2 uptake did not correlate in 
phase or period. 
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Abbreviations: CAM = Crassulacean acid metabolism; FW = 
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Introduction 

Phosphoenolpyruvate carboxylase (PEPCase; 
EC 4.1.1.31) plays an important regulatory role in 
Crassulacean acid metabolism (CAM). At night 
the enzyme is responsible for the fixation of atmo- 
spheric CO2 into malate. This malate is stored in 
the vacuole. In order to avoid futile cycling the 
enzyme must be inactive during the day, when CO2 
is released from malate intracellularly and refixed 
photosynthetically using ribulose-l,5-bisphosphate 
carboxylase (RuBPCase; EC 4.1.1.39). No diurnal 
variation in the amount of PEPCase protein was 
found immunologically (Brulfert etal .  1982; 
Nimmo et al. 1984). The enzyme is subject to feed- 
back inhibition by malate and it is widely thought 
to be regulated by the periodic accumulation of 
malate in the cytoplasm (for reviews, see Kluge 
and Ting 1978; Osmond and Holtum 1981). There 
is considerable evidence that the kinetic properties 
of PEPCase from CAM plants change reversibly 
during the diurnal cycle (Greenway et al. 1978; 
Von Willert et al. 1979; Kluge et al. 1980, 1981a; 
Manetas 1982; Winter 1980a, 1982; Brulfert and 
Queiroz 1982; Buchanan-Bollig and Smith 1984). 
When PEPCase was assayed in rapidly prepared 
extracts from Bryophyllum fedtschenkoi leaves, the 
enzyme was found to be more sensitive to inhibi- 
tion by malate during the day than at night. The 
periods of interconversion between the two forms 
of the enzyme both occured during the dark period 
(Nimmo et al. 1984). The interconversions have 
also been shown to occur sequentially, without an 
intervening change in the lighting or temperature 
conditions, in several other CAM plants (Kluge 
et al. 1981a; Winter 1982; Buchanan-Bollig and 
Smith 1984). The enzyme from B. fedtsehenkoi 
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leaves was shown to be phosphorylated on a serine 
residue at night and to be dephosphorylated during 
the day (Nimmo et al. 1984, 1986). Phosphoryla- 
tion of PEPCase at night has also been detected 
in three species of KalanchoY (Brulfert et al. 1986). 

In day/night conditions CAM plants exhibit a 
diurnal rhythm of net uptake of COB during the 
night and net output of respiratory COB during 
the day. In many cases this periodic uptake of COB 
has been shown to persist under constant condi- 
tions of lighting and temperature. Such persistent 
circadian rhythms have been studied extensively 
for B. fedtschenkoi in continuous darkness and 
C O B - f r e e  air (Wilkins 1959, 1960, 1962, 1967, 1973, 
1983; Warren and Wilkins 1961) and, more re- 
cently, in continuous light and normal air (Wilkins 
1984). In Kalancho~ daigremontiana in continuous 
light and normal air a persistent rhythm in the 
activity of PEPCase, measured in freshly prepared 
extracts, has been observed (Buchanan-Bollig and 
Smith 1984) and in B. fedtschenkoi in continuous 
darkness and COB-free air a similar persistent 
rhythm in the activity of PEPCase was observed 
(Wilkinson and Smith 1976). 

In this paper we have examined the kinetic 
properties of PEPCase in B. fedtschenkoi leaves 
maintained under constant conditions of tempera- 
ture and either light or darkness. In those cases 
where the enzyme was found to exhibit a persistent 
rhythm of interconversion between two forms 
which differed in their sensitivity to inhibition by 
malate, we have also examined the phosphoryla- 
tion state of PEPCase. 

Material and methods 

32p - + - + A 

A00o 00tK  :] ~176 B 

(raM) 1 Lxzx i ~' 
O z~ az~ A z~ z ~ ~ z~z~ ~ z ~ 

Net output ~ C02 4004 d~ [ & 
(nmo].h -] .gFW -1 ) 

200 ' 

(nmol. h -1 .gFW-I i 

1,5 ] [ E o 

] 'O i  o o o o , o o o o 

0,5 OI ~ o : ~ o o o o 

r 

Malate(LJm0 l, gFW- 1 ) ! i I  ~ : | | i ~ ~ ~ |~ .11  | | ~ i F |  

o ~ 8 i'2 I'6 2b 2h 2g 32 3'6 4'o 44 48 
Time in constant conditions (h) 

I~6 ~0 2'4 4 '8 I12 16 20 2'4 4 8 112 I16 
Time of day (h) 

Fig. 1. The malate sensitivity and phosphorylat ion state of PEP- 
Case in Bryophyllumfedtschenkoi leaves transferred to continu- 
ous darkness and COB-free air at 15 ~ after a normal day. 
The leaves were transferred from the growth room to constant  
conditions at 16.00 h. Each point  represents the measurement 
for a single leaf. A. Phosphorylat ion state of PEPCase (see 
Fig. 2) phosphorylated ( + )  dephosphorylated ( - ) .  B. Appar- 
ent Kj for malate of PEPCase (zx). C. Net output  of COB of 
leaves measured shortly before they were extracted for the PEP- 
Case assays shown in A, B and E ([~). The position of the 
leaves in the rhythm of COB output  is shown: no output  (~.), 
increasing output  (.~), decreasing output  (N),  maximum of 
a peak of output  (T). D. Typical rhythm of net output  of CO2 
measured for a single leaf (A). E. Specific activity of PEPCase 
in the leaves used for the measurements shown in B and C (o). 
F. Malate content of leaves ( . )  

Plant material. Plants of Bryophyllum (syn. Kalancho6) fedts- 
chenkoi Hamet  et Perrier were grown and harvested as de- 
scribed by Nimmo et al. (1984). The day in the growth room 
was from 8.00 to 16.00 h at 27 ~ with an average photon  
fluence rate (400-700 nm) of 80 gmol .m  B.s-1 provided by 
a bank of white and warm-white flourescent tubes 75/85 W 
supplemented with 40 W tungsten lamps. The night tempera- 
ture was 15 ~ 

Maintenance of leaves under constant conditions and measure- 
ment of their net rate of output or uptake of C02. Detached 
leaves were removed from the growth room at 8.00 h or 16.00 h 
as indicated in the text and placed in gas-tight brass containers 
surrounded by a water jacket maintained at ] 5 ~ as described 
by Wilkins (1983). The leaves were maintained in continuous 
light with an average photon fluence rate (400-700 nm) of 
15 p m o l - m - 2 - s  -~ provided by white fluorescent tubes or in 
continuous darkness as indicated. A stream of normal air or 
COB-free air was passed over the leaves at a rate of 1.55 1.h -~ 
and the CO2 content of the emergent gas was analysed using 
an infra-red gas analyser as described by Wilkins (1973). Net 
uptake of COB is represented in the figures as negative net 
output  of CO B . 

Assay of PEPCase. Extracts of leaves were rapidly prepared, 
desalted (_< 10 rain) and assayed for PEPCase in the presence 
and absence of malate (Nimmo et al. 1984). The apparent  Ki 
for malate of PEPCase was estimated as described by Nimmo 
et al. (1984). The standard assay mixture contained, in 1 ml, 
50 mM 2-amino-2-(hydroxymethyl)-l ,3-propanediol (Tris)- 
HC1, pH 7.8, 5 r a M  MgC12, 2 m M  phosphoenolpyruvate,  
0.2 mM NADH,10 mM NaHCO3, 10 lag malate dehydroge- 
nase, 20 ~tl extract. The oxidation of N A D H  was monitored 
spectrophotometrically at 25 ~ Specific activity is defined as 
total enzyme activity (gmol-min -1) divided by total protein 
(mg). 

Assay of protein. Protein was measured by the method of Brad- 
ford (1976). 

Assay of malate. Leaves were rapidly pressed through a garlic 
press and the sap was centrifuged at 11 600 g for ] rain and 
assayed for malate by the method of M611ering (1974). This 
method of extraction gave results identical to those obtained 
using extraction into perchloric acid (Nimmo et al. ! 984). 



410 G.A. Nimmo et al. : Circadian rhythms in the properties of PEPCase 

Fig. 2A, B. The incorporation of 32p into PEPCase in Bryophyl- 
lumfedtschenkoi leaves maintained at 15 ~ in continuous dark- 
ness and CO2-free air. The leaves were labelled with 
32p-inorganic phosphate and PEPCase was extracted, immuno- 
precipitated and analysed for covalently-bound 32p by electro- 
phoresis on a sodium dodecyl sulfate polyacrylamide (8 %, w/v) 
gel as described in methods. A. Gel stained for protein with 
Coomassie Billiant Blue. B. Autoradiograph. Tracks 1~4: im- 
munoprecipitate from leaf extract containing PEPCase 
(0.07 gmol. min- t) using anti-PEPCase antiserum. Tracks 5 8 
as tracks 1-4 but substituting normal rabbit serum for anti- 
PEPCase antiserum. Tracks 9-12: leaf extract containing PEP- 
Case (0.01 gmol-min-1). Extracts and immunoprecipitates 
were prepared at intervals after the leaves were transferred to 
constant conditions of darkness and COz-free air; tracks 1, 5, 
9: 33h; tracks2, 6, 10." 22h; tracks3, 7,1l: ]0h; tracks4, 
8, 12." 0 h. The numbers on the left indicate Mr values-10 a 
of marker proteins; PEPCase has a subunit M r of 112000 
(Nimmo et al. 1986) 

Labelling of leaves with 3 2 p and subsequent immunoprecipitation 
of PEPCase from the leaves. Detached leaves, weighing ~ 3 g, 
were each allowed to take up 1.885.107 Bq of carrier-free 32p_ 
inorganic phosphate for 48 h whilst they were maintained under 
normal short-day conditions (Nimmo et al. 1984). They were 

then transferred to individual leaf chambers and maintained 
under constant conditions for the times indicated. The radioac- 
tive leaves were rapidly extracted as described by Nimmo et al. 
(1984). Phosphoenolpyruvate carboxylase was immunoprecipi- 
tated as described by Nimmo et al. (1986) and the precipitates 
were analysed for 32p by autoradiography after polyacrylamide 
gel electrophoresis in the presence of sodium dodecyl sulphate 
(SDS; Nimmo et al. 1984, 1986). 

Results and discussion 

Leaves  ma in ta ined  in cont inuous  darkness  and  C 0  2- 

f r e e  air. When  detached leaves of  B. f e d t s c h e n k o i  
were t ransferred to cons tant  condi t ions at 16.00 h, 
at the end o f  a normal  day, and main ta ined  at 
15 ~ in cont inuous  darkness and a s tream of  CO2- 
free air, they exhibited a persistent periodic net 
ou tpu t  o f  CO2 as described previously (Wilkins 
1959). The ampli tude o f  the rhy thm was variable 
bu t  the per iod and the times of  the peaks of  ou tpu t  
of  CO2 were reproducible  f rom one leaf  to ano ther  
(Fig. 1 C, D). The  specific activity o f  PEPCase ,  
measured  under  the s tandard  assay condit ions,  was 
variable f rom one leaf  to ano ther  but  did not  
change in a periodic manne r  (Fig. 1 E). Unde r  
these condi t ions the apparen t  Ki for  malate  o f  
PEPCase  changed in a periodic manne r  which was 
in phase with the rhy thm of  CO2 output .  When  
CO2 was being released maximal ly  f rom the leaves, 
the apparen t  Ki for  malate  o f  PEPCase  was low 
(0.3 mM)  and, when there was a reduced net re- 
lease o f  CO2, PEPCase  had  a higher apparen t  Ki 
for  malate  (up to 2.7 m M ;  Fig. 1B). The periods 
during which PEPCase  had  a higher apparen t  Ki 
for  malate  and the periods in which the net ou tpu t  
of  CO2 was reduced declined in a similar manner .  
This suggests that  the less malate-sensitive form 
of  PEPCase  is the physiologically active fo rm and 
is consistent  with the proposa l  tha t  PEPCase  is 
solely responsible for  the circadian rhy thm of  fixa- 
t ion o f  CO2 under  these condi t ions (Warren  and 
Wilkins 1961). 

Leaves were labelled with 32p and then main- 
tained in cont inuous  darkness and CO2-free air 
at 15 ~ as described above.  At  intervals PEPCase  
was extracted,  immunoprec ip i t a ted  and examined 
for  cova len t ly-bound 32p. The enzyme was found  
to conta in  cova len t ly-bound 32p, presumably  in 
the fo rm of  phosphoser ine  (N immo et al. 1986), 
when its apparen t  Ki for  malate  was high and no 
32p was detected in PEPCase  when its apparen t  
Ki was low (Figs. 1 A, 2). 

There  is a 32p-containing componen t  in the leaf  
extracts which appears  to comigrate  with PEPCase  
on  polyacrylamide  gel electrophoresis  (Fig. 2B, 
tracks 9 12). This componen t  is clearly not  PEP-  



G.A. Nimmo et al. : Circadian rhythms in the properties of  PEPCase 411 

Apparent K l 

(mM) 

Net output of CO 
(nmol.h-l.gFW-1) 2 

Net output of CO 
(nmol. h-l.gFW-l) 2 

Specific act iv i ty  
(#mol. min -1. mg-1) 

Malate 
(~mol. gFW -1 ) 

+200- 

O" 

-200. 

z~z~ 

zx 

zx zx zx ~x ~ ~ .  

e* 
,{ 

-400. 

-600- 

~800" i L 

-lOOO ~ I 
+200 t ~ . . . . . . ~ 1  ~.. 
- 2 0 ~  I �9 
<~ ", 

1,5- 

1'(ii o 0. - oo 

60 

40 1 

z~ z~ 

8 

C 

~ 1 7 6  o o o o 
o 

�9 1 | 

| 

2:t_, 
0 L~ 1'2 1'6 ~0 24 

0 0 0 0 

| . 

~8 32 3~ 4 4; 4 " ~  9; ~o 
Time in constant  condi t ions  (h) 

; 112 I; 20 24 ~ 8 12 1~':'1; 16 1'6 

rime of day (h) 

Fig. 3. The malate sensitivity of PEPCase in Bryophyllumfedts- 
chenkoi leaves transferred to continuous darkness and normal 
air at 15 ~ after a normal day. The leaves were transferred 
from the growth room to constant conditions at 16.00 h. Each 
point represents the measurement for a single leaf. A. Apparent 
Ki for malate of  PEPCase (a). B. Net output of  CO2 of leaves 
measured shortly before they were extracted for the PEPCase 
assays shown in A and D (n). The uptake or output of CO2 
by the leaves is shown: maximum uptake (,[), increasing uptake 
( ~ )  decreasing uptake (/~), maximum output (T). C. Typical 
net uptake and output of  COz measured for a single leaf (A). 
D. Specific activity of  PEPCase in the leaves used for the mea- 
surements shown in A and B (o). E. Malate content of  leaves 
(-) 

Case, since it is much more heavily labelled with 
B2p and the labelling does not vary during the cir- 
cadian rhythm. As can be seen (Fig. 2B, tracks 1- 
4) other 32p-labelled material was immuno-precipi- 
tated with PEPCase. Most of  this material was 
probably trapped non-specifically in the precipi- 
tates (see Fig. 2 B, tracks 5-8). In any case, we have 
shown by Cleveland mapping that the band of  pro- 
tein in the immunoprecipitate with a subunit M~ 
of  112000 is identical to purified PEPCase (Nimmo 
et al. 1986). 

The leaves used in these experiments contained 
80 pmol malate, g F W -  a at the end of the night 

(8.00 h) and ~ 2 5  pmol malate.gFW -~ at the end 
of  the day (16.00 h), when maintained under nor- 
mal short-day conditions. When the leaves were 
maintained under constant conditions as described 

32p 

Apparent K i 
(mM) 

Ne[ ouptut of CO~ 
(nmol.h-l.gFw-l) ~ 

Net output of CO~ 
(nmol.h-l.gFW-1) ~ 

Specific activity 
(#mol,mmq-mg -1 ) 

Malate 
(pmoI.gFW -I ) 

- [ +  - + 

/ 

-~0oJ I " r 

"~176176 / r / 20o f / 
+200 -t ] [ 

-200 1 � 9  �9 ~ �9 �9 �9 

-4DO 1 �9 �9 �9 �9 �9 

-6~176 - ' , 1  " . . "-" 
400 -I �9 I �9 � 9  

-1 o00 J � 9  

~,0 

0,5 i ~  
0 

~ 50- 

40 

2 i "  

0 

! E 
o 

o o o o 
e O o r  o o 

o o J 

i !  
1'2 (6 ~o 2'~ ~8 ~6 ~o ~4 d~ 5'2 s6 
Time in constant conditions (h) 

~'6 ~0 ; ~ & ,'2 1; 2'0 2'~ ~ ~ ~12762; 2~ 
Time of day (h) 

Fig. 4. The malate sensitivity and phosphorylation state of PEP- 
Case in Bryophyllumfedtschenkoi leaves transferred to continu- 
ous light and normal air at 15 ~ after a normal day. The 
leaves were transferred from the growth room to constant con- 
ditions at 16.00 h. Each point represents the measurement for 
a single leaf. A. Phosphorylation state of PEPCase (see Fig. 5) 
phosphorylated ( + ) ,  dephosphorylated ( - ) .  B. Apparent K~ 
for malate of  PEPCase (zx). C. Net output of CO2 of leaves 
measured shortly before they were extracted for the P'EPCase 
assays shown in A, B and E (n). The position of the leaves 
in the rhythm of COz uptake is shown: maximum uptake (,D, 
decreasing uptake ( / ) ,  increasing uptake ('~), minimum up- 
take (1")- D. Typical rhythm of net uptake of  CO2 measured 
for a single leaf (A). E. Specific activity of  PEPCase in the 
leaves used for the measurements shown in B and C (o). F. 
Malate content of  leaves (o) 

above they accumulated much less malate 
( <  40 gmol- gFW-  1 ; Fig. 1 F) than that accumu- 
lated in a normal night. Similar results have been 
obtained previously (Bollig and Wilkins 1979; 
Kluge et al. 1981a). The variability of  the malate 
content of  B. fedtschenkoi leaves (Fig. IF)  made 
it impossible to detect any small periodic changes 
in the malate content of  the leaves. 

When leaves were maintained in darkness and 
CO2-free air at 15 ~ for several days, the amount 
of malate in the leaves remained relatively low 
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Fig. 5A, B. The incorporation of 32P into PEPCase in Bryophyl- 
lumfedtschenkoi leaves maintained at 15 ~ in continuous light 
and normal air. The leaves were labelled with 32p-inorganic 
phosphate and PEPCase was extracted, immunoprecipitated 
and analysed for covalently-bound 32p by electrophoresis on 
an SDS polyacrylamide (8% w/v) gel as described in the meth- 
ods. A. Gel stained for protein with Coomassie Brilliant Blue. 
B. Autoradiograph. Tracks 1-4, immunoprecipitate from leaf 
extract containing 0.07 gmol.min ~ PEPCase using anti-PEP- 
Case antiserum. Tracks 5-8, as tracks 1-4 but substituting nor- 
mal rabbit serum for anti-PEPCase antiserum. Tracks 9-12, leaf 
extract containing 0.01 gmol. min-  * PEPCase. Extracts and im- 
munoprecipitates were prepared at intervals after the leaves 
were transferred to constant conditions; tracks 1, 5, 9 : 3 4  h; 
tracks2, 5, 10: 20h;  tracks3, 6, 11: 10h;  tracks4, 7, 12: 
Oh. The numbers on the left indicate Mr values x 10 - 3  of 
marker proteins and PEPCase 

(,~30 gmol-gFW-X),  the maximum net rate of  
output of  CO2 decreased very slowly and the peri- 
ods in which the CO2 output  was reduced and 
PEPCase had an increased apparent Ki for malate 
gradually disappeared. It seems likely that the cir- 
cadian rhythm of COg uptake dies out because 
the energy reserves of  the leaves have been used 
up (Osmond 1978) rather than because the va- 
cuoles are completely filled with malate (Wilkins 
1984). However,  one of  the consequences of  using 
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Fig. 6. The malate sensitivity of PEPCase in Bryophyllumfedts- 
chenkoi leaves maintained at 15 ~ in continuous light and nor- 
mal air after a normal night. The leaves were transferred from 
the growth room to constant conditions at 8.00 h. Each point 
represents the measurement for a single leaf. A. Apparent K~ 
for malate of PEPCase (A). B. Net output of COg of leaves 
measured shortly before they were extracted for the PEPCase 
assays shown in A and D (a). The position of the leaves in 
the rhythm of CO2 uptake is shown minimum uptake (T), in- 
creasing uptake ( "-~ ), decreasing uptake (/~ ) C. Typical rhythm 
of net uptake of CO2 measured for a single leaf (A). D. Specific 
activity of PEPCase in the leaves used for the measurements 
shown in A and B (o). E. Malate content of leaves (e) 

up all the energy reserves may be to reduce the 
transport of  malate from the cytoplasm to the va- 
cuole and thus the rhythm may die out because 
the cytoplasmic malate concentration has risen 
(Wilkins 1984). 

For  comparison leaves were also maintained 
in normal air and continuous darkness at 15 ~ 
starting at 16.00 h. The first 16 h corresponded to 
a normal night. During the night there was a peri- 
od during which malate was accumulated, PEP- 
Case was phosphorylated and less sensitive to ma- 
late (Nimmo et al. 1984) and there was net uptake 
of CO2 (Fig. 3 B, C). Thereafter the rate of  net 
output  of  CO2 and the amount of  malate in the 
leaves slowly declined over several days of continu- 
ous darkness and PEPCase remained in the form 
with a lower apparent Ki for malate (Fig. 3). Simi- 
larly, when leaves were transferred to CO2-free air 
and continuous darkness at 15 ~ at 8.00 h, at the 
end of  a normal night when the leaves contained 
a large amount of  malate (Nimmo et al. 1984), a 
steady output of  CO2 was observed which slowly 
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declined over several days. The maximum net rate 
of CO2 output was lower in normal air than in 
CO2-free air (Figs. 1, 3). 

Leaves maintained in continuous light and normal 
air. When detached leaves of B. fedtschenkoi were 
transferred to constant conditions at 16.00 h and 
then maintained at 15 ~ in continuous light and 
a stream of normal air, they exhibited a persistent 
periodic net uptake of CO2 (Fig. 4C, D) as de- 
scribed previously (Wilkins 1984). The times of 
maximum net uptake and the amplitude and peri- 
od of the rhythm were variable from one leaf to 
another (Fig. 4C, D). The apparent Ki for malate 
of PEPCase changed in a periodic manner which 
was slightly out of phase with the rhythm of net 
CO2 uptake (Fig. 4B). The times during which 
PEPCase had a higher apparent Ki for malate oc- 
curred slightly later than the periods of maximum 
CO2 uptake (Fig. 4 B, C, D) and the period of the 
rhythm in the apparent K~ of PEPCase (19-24 h) 
was slightly longer than the period of the rhythm 
in net CO2 uptake (16-19 h). 

Leaves were labelled with 32]? and then main- 
tained at 15 ~ in continuous light and normal 
air as described above and at intervals PEPCase 
was extracted, immunoprecipitated and examined 
for covalently-bound 32p. The enzyme PEPCase 
was found to contain covalently-bound 32p when 
its apparent K~ for malate was high and no 32p 
was detected in PEPCase when its apparent K~ was 
low (Figs. 4A, 5). 

When leaves were maintained under the con- 
stant conditions described above, they accumu- 
lated much less malate (<50 gmol 'gFW-1 ;  
Fig. 4 F) than that accumulated in a normal night 
(~  80 gmol'  gFW-  1). Similar results have been ob- 
tained with other CAM plants (Kluge and Ting 
1978; Winter 1982; Buchanan-Boiling 1984; Bu- 
chanan-Boiling and Smith 1984); however, Kluge 
etal.  (1981b) observed that K. daigremontiana 
leaves accumulated similar amounts of malate dur- 
ing a normal night and when maintained in con- 
stant light. As described earlier, the malate content 
of the B. fedtschenkoi leaves was very variable and 
this made it impossible to detect any small periodic 
changes in the malate content of the leaves 
(Fig. 4F). Such periodic changes have been ob- 
served in other CAM plants maintained in normal 
air and continuous light (Kluge and Ting 1978; 
Buchanan-Bollig and Smith 1984). The lighting 
fluence rate used in these experiments (15 gmol. 
m -  2. s- 1) may have been sufficiently high to damp 
the oscillations in the malate concentrations (Bu- 
chanan-Bollig 1984). 

When leaves were maintained in continuous 
light and normal air at 15 ~ for many days the 
amount of malate in the leaves remained relatively 
low (_< 50 gmol .gFW-  1), the periods of net uptake 
of CO2 slowly declined and the periods in which 
PEPCase had an increased apparent Ki for malate 
declined fairly rapidly. 

When leaves were transferred to normal air and 
continuous light at 15 ~ at 8.00 h, at the end of 
a normal night, instead of at 16.00 h, a similar 
persistent rhythm of uptake of CO2 was observed 
(Fig. 6 B, C). For the first 8 h under these condi- 
tions, the amount of malate in the leaves declined, 
there was a low rate of net output of: COz and 
the PEPCase remained in the form with a lower 
apparent Ki for malate (Fig. 6). This behaviour 
was similar to that observed during a normal day 
when the temperature was higher (27 ~ Nimmo 
et al. 1984). The rhythm of CO2 uptake for leaves 
transferred to continuous light at 8.00 h had the 
same period as that observed for leaves transferred 
at 16.00 h (Figs. 4, 6). The amplitudes of both 
rhythms varied greatly but on average the rhythms 
started at 8.00 h had about half the amplitude of 
rhythms started at 16.00 h (Figs. 4, 6). The peaks 
of maximum net CO2 uptake occurred 1-2 h later 
for the rhythm started at 8.00 h than for the 
rhythm started at 16.00h (Figs. 4, 6). Both 
rhythms of CO2 uptake persisted for many days. 
In contrast to the results observed for leaves trans- 
ferred to continuous light at 16.00 h, little if any 
change in the apparent Ki for malate of PEPCase 
was observed in leaves transferred to continuous 
light at 8.00 h (Fig. 6A). For both rhythms of  CO 2 
uptake in continuous light, the specific activity of 
PEPCase, measured under the standard assay con- 
ditions, was variable from leaf to leaf but showed 
no consistent periodic variation (Figs. 4E, 6D). 
After the first 8 h under constant conditions the 
concentration of malate in the leaves remained rel- 
atively low ( _< 50 gmol. gFW-  1 ; Fig. 6 E). 

In normal air and continuous light at 15 ~ 
the circadian rhythms of net uptake of CO2 and 
of conversion of PEPCase to the less malate-sensi- 
tive form did not correlate well in phase, period 
or persistence of the rhythms (Figs. 4, 6). Similarly 
it has been shown that the rhythm of periodic accu- 
mulation of malate in leaves of Bryophyllum cal- 
cynum maintained in normal air and continuous 
light declined much more rapidly than the rhythm 
of periodic net uptake of CO2 (Kluge and Ting 
1978; Nungesser et al. 1984). Under these condi- 
tions the leaves have the potential to fix atmo- 
spheric CO2 by the C3 pathway using RuBPCase 
and by the CAM pathway using PEPCase pro- 
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vided that the stomata are open. Several attempts 
have been made to assess the relative amounts of 
CO2 fixed by the C3 and CAM pathways in the 
light. In continuous light Kalancho6 pinnata leaves 
fixed atmospheric CO2 using both pathways as 
judged by the light-dependence and O2-sensitivity 
of CO2 fixation and the CO2 compensation point 
(Winter 1980b). The pattern of incorporation of 
13CO2 into malate in Kalancho6 tubiflora leaves 
in continuous light at 15 ~ was studied and the 
results indicated that both carboxylases were fixing 
atmospheric CO2 directly and that at higher irra- 
diances a greater proportion of the CO2 was fixed 
by RuPBCase (Ritz et al. 1986). Similarly, studies 
on the uptake of 14CO2 into malate in K. daigre- 
montiana leaves in continuous light indicated that 
both enzymes were fixing atmospheric CO2 (Bu- 
chanan-Bollig and Smith 1984; Buchanan-Bollig 
et al. 1984). Several studies have indicated that 
both enzymes fix atmospheric CO2 during phase 
II of the normal day in CAM plants (Kenyon et al. 
1981 ; Fischer and Kluge 1984; Littlejohn and Ku 
1984). Kluge and Ting (1978) concluded that low 
day temperatures favour the activity of both en- 
zymes in phase II. It seems probable, therefore, 
that the CO2 fixation rhythms in continuous light 
shown in Figs. 4 and 6 reflect the activity of RuBP- 
Case and PEPCase. 

Conclusions 

The results shown in Figs 1, 2, 4, 5 demonstrate 
that persistent, circadian rhythms in the properties 
of PEPCase occur in B. fedtschenkoi leaves main- 
tained under some but not all constant conditions. 
Rhythms were observed in the reversible phos- 
phorylation of PEPCase and in the interconversion 
of PEPCase between two forms which differ in 
their sensitivity to inhibition by malate. This is in 
agreement with earlier studies which showed that 
a light/dark transition was not necessary for the 
interconversion of the two kinetically distinct 
forms of PEPCase (Kluge etal. 1981a; Winter 
1982; Wilkinson and Smith 1976; Buchanan-Bollig 
and Smith 1984; Nimmo et al. 1984). 

Under constant conditions in continuous light 
when B. fedtschenkoi leaves were exhibiting persis- 
tent circadian rhythms of uptake of CO2, there 
was no direct correlation between the circadian 
rhythms of CO2 uptake and of interconversion of 
PEPCase between two forms (Figs. 4, 6). Indeed, 
when the constant conditions were started at the 
end of the night, no interconversion of PEPCase 
was observed, whereas a persistent rhythm of CO2 
uptake was clearly apparent (Fig. 6). 

In all cases where the phosphorylation state of 
PEPCase has been examined, the form of the en- 
zyme which was more sensitive to inhibition by 
malate was dephosphorylated and the form which 
was less sensitive to inhibition by malate was 
phosphorylated (Figs. 1, 2, 4, 5; see also Nimmo 
et al. 1984). These results suggest that the phos- 
phorylation of the enzyme causes a reduction in 
its sensitivity to inhibition by malate. Direct confir- 
mation of this will require the interconversion of 
the two forms of the enzyme in vitro using isolated 
PEPCase kinase and PEPCase phosphatase. We 
have shown that purified phosphorylated PEPCase 
from B. fedtschenkoi can be dephosphorylated by 
alkaline phosphatase in vitro and that this de- 
phosphorylation is accompanied by a decrease in 
the apparent Ki of PEPCase for malate (Nimmo 
et al. 1986). A similar result was obtained using 
acid phosphatase and PEPCase from Kalancho6 
blossfeldiana (Brulfert et al. 1986). 

Both forms of PEPCase had similar specific ac- 
tivities when extracts were assayed in the absence 
of malate (Figs. 1, 3, 4; see also Nimmo et al. 
1984). However, it seems probable that in vivo the 
concentration of malate in the environment of 
PEPCase is normally sufficiently high that the less 
malate-sensitive form of PEPCase is considerably 
more active than is the more malate-sensitive form. 
A similar proposal was made for PEPCase from 
Mesembryanthemum crystallinum (Winter 1982). 
Both forms of the enzyme may also be regulated 
by changes in the concentration of malate in their 
immediate environment. The concentration range 
which inhibited the less sensitive form was about 
10 times higher than that which inhibited the more 
sensitive form (Figs. 1, 3, 4; see also Nimmo et al. 
1984). In order to assess the relative contribution 
of feedback inhibition and phosphorylation to the 
regulation of PEPCase under any given set of cir- 
cumstances, it will be necessary to measure the 
concentrations of malate which are experienced by 
PEPCase in vivo. 

This work was supported by Grant No. AG 17/151 from the 
Agriculture and Food Research Council. 
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