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Total activity of FBPase of Chlorella kessleri grown either in blue or in red light o f equal 
fluence rates differs (26.8 and 61.0 nmol min “ 1 - mg protein-1) in crude cell extracts prepared 
at pH 8.5. The difference largely depends on FBPase II, an enzyme species assumed to be 
located in the chloroplast. FBPase II is strongly influenced by reducing agents. Addition of 
DTT, however, does not compensate for the difference in activities. Although it leads to a 
higher increase (197%) in the activity of the enzyme from blue than in that of the enzyme from 
red light conditions, the final activities (79.7 and 133.1 nm ol-m in-1-mg protein-1) still differ 
by a factor of 1.67.

In contrast to alkaline conditions the activity is approx. equal when crude cell extracts are 
prepared at pH 6.0. It is 62.7 nmol min - 1  mg protein - 1  in blue light and 70.7 in red light. 
Under these conditions DTT enhances both activities equally (189 and 201 nmol min - 1  mg 
protein-1). These results indicate that the observed difference in enzyme activity at pH 8.5 does 
not result from different enzyme quantities.

At pH 8.5 the mole mass of FBPase II is 8 8  kDa, while it is 1349 kDa at pH 6.0 under both 
light conditions. The smaller mole mass represents the monomeric form of the enzyme. The 
previously assumed pH-dependent oligomerization/dissoziation [8 ], which is generally proven, 
is therefore not responsible for the different activities of the enzyme from cells grown in red or 
in blue light. However, the monomeric form seems to possess a higher stability when prepared 
from cells from red light conditions.

The different stability and activity of FBPase II under alkaline conditions are discussed in 
context with an altered carbohydrate metabolism in Chlorella kessleri grown autotrophically 
in different wavelengths of light.

Introduction

C arbohydrate m etabolism  in green algae is 
largely influenced by specific wavelengths o f light 
[1-2], These light effects are independent o f p h o ­
tosynthesis [3]. They are realized by alterations in 
the activity, and /o r the kinetic properties o f key 
enzymes [4, 5]. It has recently been reported tha t 
such alterations also result from  the aggregation/ 
dissociation o f such enzymes in autotrophically  
grown Chlorella kessleri [6 -8]. One o f these is 
FBPase II. This enzyme is though t to  be located 
inside the chloroplast, where it plays an im portan t 
role in the regeneration o f ribulose 1,5-bisphos- 
phate. Assuming that it is involved in the accum u-
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lation o f reserve carbohydrates in this organell 
during grow th in red light, FBPase II with a high 
activity would be needed. This might be a form  
w ith a low mole mass, the form ation o f which has 
been achieved in vitro by increasing the pH  value 
[ 8 - 1 1 ] -

In  this paper we report on efforts to identify 
form s o f different mole masses of FBPase II in 
crude cell extracts o f Chlorella kessleri grown 
autotrophically  either in red or in blue light o f 
equal fluence rates.

Materials and Methods
Organism and growth conditions

The experim ents were perform ed with the uni­
cellular green alga Chlorella kessleri F o tt et Novä- 
kova no. 211-11 h o f the C ulture Collection o f A l­
gae o f the Inst, for Plant Physiology at G öttingen 
University, G erm any. The algae were grown in an
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inorganic medium according to [12] with iron ad d ­
ed as an EDTA-complex. C ulture tubes (4 cm 
diam eter, 45 cm length), aeration with air +2%  
C 0 2 and the light therm ostat used (30 ±  1 °C) have 
been described by [13],

Light regimes

Cells were grown in red or in blue light leading 
to an equal dry m atter production. The light in­
tensity used was 33.2 (j.m olm ~2 s_1 for both  light 
qualities. Red and blue light were produced by 
passing either the radiation  o f O sram -L 36W /36 
natu ra  fluorescent tubes through a 3 mm red plexi­
glass sheet o r that o f Osram -L 11 W /20 cool white 
fluorescent tubes through a 3 mm blue plexiglass 
sheet (R ohm  G m bH , D arm stadt, Germ any).

Preparation o f  crude cell extracts

C rude cell extracts were prepared as described in 
[6], except for the use o f 50 m M  H epes-N aO H  buf­
fer pH  as indicated in the text.

Ion exchange chromatography

FBPase I and FBPase II were separated by ion 
exchange chrom atography on D EA E cellulose
23 SN (column 2.2 x 8 cm) using 50 m M  Hepes 
buffer (containing 5 m M  D TT) for elution a t pH  
7.5 or 6.0, respectively. The colum n was washed 
with two bed volumes o f this buffer and developed 
with a linear KC1 gradient (0 -0 .6  m ). T w o  ml frac­
tions were collected at a flow rate o f 80 m l/h as de­
scribed recently [8], KC1 density in the fractions 
was calculated from  the index o f refraction using 
an Abbe universal refractom eter (Schmid and 
Haensch, Berlin).

Fast protein liquid chromatography

F or fast protein liquid chrom atography 
(FPLC), superose 6 has been used as described in 
[6]. The buffer systems applied for the equilibra­
tion o f the colum ns and for the elution o f the p ro ­
teins are given in the respective figure legends.

Enzyme assay

FBPase activity was m easured in a coupled test 
by following the reduction o f N A D P + by glucose- 
6-phosphate dehydrogenase deriving from  fruc­

tose 6-phosphate, which is produced by FBPase 
from  fructose 1,6-bisphosphate.

Assay m ixture concentrations: Hepes buffer pH 
8.25 (69 m M ), E D T A  0.5 m M , M g S 0 4 16 m M , 
N A D P + 0.5 m M , D TT 2 m M , phosphoglucose iso- 
m erase 2 U , glucose 6-phosphatedehydrogenase 
1U , crude extract 25 (il o r separated fractions
200 (il and fructose 1,6-bisphosphate 0.5 m M  

(start).

Determination o f  h a lf life

The sem ilogarithm ic plotting o f FBPase activity 
against the incubation time at 45 °C results in a 
straight line, which indicates first order kinetics for 
the tem perature dependent inactivation. There­
fore, inactivation can be described by the equation 
N t = N 0-e~kt (N t and N 0: activities at time t and 
t = 0; t: time; k: first order rate constant). H alf life 
?1/2 is calculated by the equation  tXj2 = In 2\k.

Results and Discussion

FBPase o f  Chlorella kessleri at acidic p H

The to tal activities o f FBPase in crude cell 
extracts o f Chlorella kessleri grown autotrophi- 
cally in blue or in red light o f equal fluence 
rates are identical. Cell extracts prepared at pH
6.0 and tested at optim ized conditions -  includ­
ing the presence o f D TT -  yield FBPase-activi- 
ties o f  189 nm ol m in-1-mg pro tein-1 and of
201 nm ol m in-1-mg pro te in -1, respectively. The 
m ajor part o f this activity derives from  FBPase II. 
This can be shown by ion exchange chrom atogra­
phy. It reveals two activity peaks, one o f which is 
only very low and represents FBPase I in the cyto­
sol. FBPase II however, is probably located in the 
chloroplast. H enceforth, da ta  for the total FBPase 
in crude cell extracts represent mainly activities of 
FBPase II. FPL C  on superose 6 reveals identical 
mole masses for FBPase o f cells from  both light 
conditions. There is only one peak with FBPase 
activity at 1349 kD a, (Fig. 1).

C hrom atography o f the proteins on DEAE also 
shows no difference in the pattern  of separation: 
bo th  cell extracts reveal the low activity of 
FBPase I and the high activity of FBPase II 
(Fig. 2), as recently reported for cells from white 
light conditions [8],
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nm ol/min x mg appl. protein

fraction number
Fig. 1. Distribution of total FBPase activity in crude ex­
tracts from Chlorella kessleri grown in blue ( A -  A )  or 
in red light O ^ --^ )  after FPLC on superose 6 . Extrac­
tion and elution were performed with 50 m M  Hepes buf­
fer at pH 6.0. Equal fluence rates: 33 (imol • m~2 -s-1.

FBPase o f  Chlorella kessleri at alkaline p H

In attem pts to verify the reported (I.e.) influence 
of pH  on the enzyme’s state o f oligom erization, we 
examined crude cell extracts prepared at pH  8.5 in­
stead o f at pH  6.0. The previous results were con­
firmed: FPLC  on superose 6 resulted in a FBPase 
activity in protein fractions o f the smaller mole 
mass o f 88 kD a (Fig. 3). This was identical for 
the enzyme from red and from  blue light condi­
tions. There was, however, one significant differ­
ence: the FBPase activity in extracts o f cells from  
blue light conditions was considerably lower, 
(79 nm ol • m in-1 - mg pro tein-1), than  th a t o f ex­
tracts from  cells from  red light conditions 
(133 nm ol m in-1 mg p ro te in“1). D EA E chrom a­
tography at this pH  indicated th a t the difference in 
activity is mainly a result o f higher FBPase II ac­

fraction number

Fig. 2. Distribution of FBPase I and FBPase II activity 
o f crude extracts from Chlorella kessleri, grown in blue 
(A  -  A ) or in red light (•^•-^•) after ion exchange chro­
matography on DEAE cellulose. Extraction and elution 
were performed with 50 m M  Hepes buffer at pH 6.0. 
Equal fluence rates: 33 jimol m - 2 -s-1.

tivity in extracts o f cells from red light conditions 
(Fig. 4).

Influence o f  reductant on FBPase

U p o n  considering the recently observed influ­
ence o f reducing agents on FBPase II, [8] and in­
terpreting the above data  as an indication o f lower 
stability o f the enzyme from  blue light conditions 
than  o f  th a t from  red light conditions, we exam ­
ined the influence o f D TT. A pronounced influ­
ence o f D TT was found: when D TT is om itted in 
the extraction  buffer, but later added to the en­
zyme assay, it leads to an increase in activity in all 
cases tested, as could be expected from [8, 14]. In 
preparations at pH  6.0, the identical initial activity 
for cells from  red and from  blue light conditions of 
approx. 65 nmol m in-1 mg p ro tein-1 could both
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n m o l/m in  x mg appl. pro te in

fraction number
Fig. 3. Distribution of total FBPase activity in crude ex­
tracts from Chlorella kessleri grown in blue ( A - A )  or 
in red light (-^---^) after FPLC on superose 6 . Extrac­
tion and elution were performed with 50 m M  Hepes buf­
fer at pH 8.5. Equal fluence rates: 33 nm ol-m _2 -s_1.

be enhanced to about 195 nm ol-m in -1-mg p ro ­
tein-1 (Fig. 5 a). In preparations at pH  8.5, the 
different initial activity o f cells from  both light 
conditions could be enhanced by approx. 200% in 
preparations from  blue light, but only by 
approx. 100% in preparations from  red light con­
ditions. However, these differing effects did not 
lead to equal m aximum activities, which were
79 n m ol-m in -1 - mg p ro tein -1 for cells growing in 
blue light and 133 nmol m in-1 mg pro tein-1 for 
red light-grown cells. This is still approx. 80% 
higher activity in red light than  in blue light 
(Fig. 5 b).

To find out w hether these results depended p a rt­
ly on different reducing powers in the various ex­
tracts, FBPase II o f cells from both light condi­
tions was separated by FPLC  on superose 6 and 
subsequently tested for D TT activation. In gener­

n m o l/m in  x mg app l. p ro te in  KCI (m M )

fraction number
Fig. 4. Distribution of FBPase I and FBPase II activity 
of crude extracts from Chlorella kessleri, grown in blue 
( A  -  A )  or in red light ( -^ --})£) after ion exchange chro­
matography on DEAE cellulose. Extraction and elution 
were performed with 50 m M  Hepes buffer at pH 7.5. 
Equal fluence rate: 33 (imol-m- 2 s-1.

al, there was the same result obtained as with 
crude extracts. Preparations at pH  6.0 revealed 
identical activations o f FBPase for both  light qual­
ities (Fig. 6a). Preparations at pH  8.5, however, 
showed increases in FBPase activity by approx. 
200%  for blue light-grown cells, but only by 
approx. 100% for those grown in red light. This 
resulted in different final activities. Therefore, the 
protein containing FBPase II activity m ight have a 
different conform ation at this pH  in both  p repara­
tions.

Influence o f  enhanced temperature on FBPase

The proposed difference in FBPase stability at 
pH  6.0 and 8.5 could also be dem onstrated by its 
inactivation through higher tem peratures. When 
exposed to 45 °C, the half life was 180-240 min at
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DTT (mM)
nmol/min mg protein

DTT (mM)
Fig. 5. Influence of DTT on FBPase II activity in 
crude extracts of Chlorella kessleri grown in blue 
( A - A )  or in red light of equal fluence rates
(33 nmol m _2 -s_1). a) preparation of cell extracts with 
50 m M  Hepes buffer at pH 6.0, b) identical preparation 
at pH 8.5.

increase in activity (%)

DTT (mM)
increase in activity (%)

DTT (mM)
Fig. 6 . Increase in FBPase II activity on additional DTT 
in the enzyme assay after separation of crude extracts by 
superose 6  FPLC. a) using pH 6.0 and b) using pH 8.5 
for extraction and elution with 50 m M  Hepes buffer. 
Cells were grown in blue light ( A - A )  or red light 
(■*£—Sfc-) of equal fluence rates (33 ( im o lm '2 -s_l).
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acidic, but 3 0 -4 0  min at alkaline pH. N o signifi­
cant differences were found for extracts from  blue 
or red light.

Conclusion

The intention o f the above investigation was to 
clarify firstly, w hether fructosebisphosphatase ac­
tivity is altered in Chlorella cells grown in red or in 
blue light, and secondly, w hether oligom erization/ 
dissociation processes o f this enzyme are involved 
as a regulatory mechanism in this alteration  o f 
FBPase activity. As a result, further inform ation 
about the role of FBPase in the well-documented 
accum ulation o f reserve carbohydrates in Chlorel­
la cells in red light [1,2] was expected.

A lthough the results obtained do no t answer 
both  questions with finality, they allow several 
conclusions which might stim ulate further re­
search on the problem.

The m uch higher FBPase activity in crude ex­
tracts at pH 8.5 from cells grown autotrophically  
under red light, com pared to tha t in extracts from  
cells grown under blue light conditions, supports 
the hypothesis that the enzyme may be involved in 
the differing accum ulation o f carbohydrate re­
serves in the chloroplasts under both light condi­
tions. FBPase dephosphorylizes fructose 1,6-bis- 
phosphate to fructose 6-phosphate, a precurser for 
starch biosynthesis. W hile operating at high activi­
ty, the enzyme would deliver these substances in 
larger am ounts and thereby drain off the pool o f 
fructose 1,6-bisphosphate. This m ight cause a 
drop in the pool o f triosephosphates, which would 
otherwise be exported into the cytosol.

FBPase II activity exists in fractions o f both 
1349 kD a (pH 6.0) and 88 kD a (pH 8.5) derived

from  blue and red light adapted cells respectively. 
Thus enhanced carbohydrate accum ulation does 
not depend on dissociation o f FBPase aggregates. 
Therefore, the focus has rather to be laid on the 
different to tal activities in extracts from blue and 
from  red light-grown cells. This obviously does not 
result from  different to ta l am ounts o f the enzyme 
under the two light conditions; the identical high 
activity in both  cell extracts at pH 6.0 excludes this 
possibility.

There is also no dependence on different grades 
o f reduction. There is however, a pronounced in­
fluence o f D T T  on the enzyme (during the extrac­
tion and activity test), yet this artificial reductant 
does not com pensate for the difference in activities 
o f the enzyme produced under both light condi­
tions. Forthcom ing research will have to deal with 
alterations o f the enzyme protein itself, as in m odi­
fying its ability to react with regulatory com ­
pounds. The influence o f cofactors, especially 
those produced under specific light control, would 
be o f particu lar interest. Preliminary results o f 
Ruyters [15, 16] from 31P N M R  spectroscopy have 
shown an enhancing level o f sugarphosphates in 
extracts o f Scenedesmus and Chlorella m utant cells 
illum inated w ith blue light.

Further purification o f the enzyme protein itself 
as well as a closer analysis o f the com ponents of 
the crude cell extracts are necessary.
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