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Carbonic Anhydrase and Ribulose 1,5-Bisphosphate
Regulate Ribulose 1,5-Bisphosphate Carboxylase/
Oxygenase Affinity for Carbon Dioxide
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The carhoxylase activity of ribulose 1,5-
bisphosphate carboxylase/oxygenase (Rubisco, EC
+.1.1.39) was assayed in cowpea ( Vigna
unguiculala | L] Walp. var. Bambey 21), a C, plant,
with or without carbonic anhydrase (CA) and
ribulose 1,5-bisphosphate (RuBP) added to the
reaction mixtures. The apparent K (CO,) and V
were determined using the datistica formula of
Wilkinson and by the direct linear plot method of
Cornish-Bowden and Eisenthal. During the
experiments, V- remained constant whereas K
 hanged according to the assay conditions. It was
tound that K (CO,) of Rubisco decreased below
the vommonly accepted value in the absence of
added CA and with high concentrations of RuBP.
The variations of K~ were discussed on the basis
of the relative implication of RuBP and CA in the
 arboxylase activity. The pracf ical applications of
these experiments were aso highlighted.

Ributose 1,5-bisphophate carboxylase/
oxyenase (Rubisco, EC 4.1.13.9) is present in all
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Abbreviations :

A, varbonic anbydrase: DTT, dithiothritol; HEPES, N-
hyvfronvethyl piperazine-N-2-¢thanesulfonic acid;
PGAL phosphoglyceric acid; PMSF, phenylmethyl-
~ulfenyl fluoride; PVP. polyvinlpyrrolidone; Rubisco,
vibusose 1,5 -bisphosphate carboxylase/oxygenase;
RubBY nbulese 15-bisphosphate.

photosynthetic organisms. [t constitutes 50% of
the soluble proteins in leaves (Lawlor, 1987), 15%
of chloroplast proteins and is considered as the
most abundant protein in tht biosphere (Hennen,
1998). Ruhisco is a bifunctionnl enzyme
ca talyzing both yhotosynthetic CO, fixation and
the competing photorespiration. In higher plants,
this enzyme has a hexadecameric structure, with
eight large suhunits (56 kDa) and eight small
subunits (14 kDa) (Lawlor, 1987).

The decarbamylation of Rubisco occurs a
low pH (-7.5) (Zhu and Jensen, 1991) a low light
nnd even in darkness (Sage et al , 1993). The
enzyme is also inactivated by the binding of
sugar phosphates (i.c., xylulose 1,5-bisphosphate
and 2-carboxy-D-arabinitol-1-phosphate) which
tightly bind to the activated enzyme -CO,-Mg
form (Lawlor, 1987; Portis, 1993).

The kinetic properties of the carboxylase ac-
tivity of the enzyme are easily determined by
spectrophotometric (Lilley and Walker, 1975;
Besford, 1984) nnd bv radioisotopical assays
(Sdvucci et d., 1986; Ward and Keys, 1989). The
spectrophotometric assav has an advantage over
radioisotopical assays in that the use of radioiso-
topically labeled substrates may change the spe-
cfic activity during storage (Ward and Keys,
1989). Comparison of the K (CO.) values among
grass species suggests that the affinitv for CO,
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could help to discriminate between the photosyn-
thetic C, and C, plants (Yeoh et d., 1980).

Carbonic anhydrase (CA, E.C. 42.1.1) is the
other enzyme involved in CO, availability for
photosynthesis. This is a zinc containing protein
of 180 kDa (Lawlor, 1987). It is an ubiquitous
enzyme among living organisms and catalyses
the reversible interconversion of bicarbonate
(HCO,) and CO, at physiological pH (Sultemeyer
et a., 1993). The rate of conversion of HCO, to
CO, is normally slow in akaline conditions.
However, CA increases grea tly the equilibration
rate and HCO, is used as well as it is converted
to CO, (Lawlor, 1987). In C, plants, in addition to
fecilitating CO, diffusion across the plasma mem-
brane and chloroplast envelope, CA is assumed
to participate in a special association with
Rubisco. This association would alow CO, to be
elevatd at the active site of Rubisco (Badger and
Price, 1994).

Many workers have investigated Rubisco
carboxylase activity by using spectrophotometric
assay (Lilley and Walker, 1975; Besford 1984;
Ward and Keys, 1989). Besford (1984) considered
that Rubisco carboxylase activity in reaction mix-
ture containing enzyme extract starts by addition
of RuBP, even when the homogenate was centri-
fuged at low speed for a short time. Other work-
ers added RuBP to the reaction medium prior to
the addition of enzyme extract (Salvucci et a.,
1986) without further explanation.

In spite of its presumed functions, CA is not
dways taken into account during routine spectro-
photometric or radioisotopical assays of Rubisco
activity. This enzyme lacks in amogt all reaction
mixtures including KHCO, or NaHCO, (radioac-
tive or not) as inorganic carbon substrate
(Machler et a., 1980; Lan and Mott, 1991; Reddy
et a. 1998; Vditchkova and Fedina, 1998). The
present payer analyses the effect of addition of
CA and RuBP to reaction mixtures during routine
spectrophotometric  studies of carboxylation ki-
netic properties of Rubisco, and the importance of
RuBP and CA in the determination of Rubisco
affinity for CO,, through the specific function of
both compounds in the carboxylation process.
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MATERIALS AND METHODS

Rubisco was extracted from cowpea (Vigna
unguiculata [L.] Wlap. var. Bambey 21) obtained
from CERAAS. Plants were grown in a
greenhouse under the following conditions : 22.7
+ 0.5°C, 35.0 + 35% rdative humidity, irradiance
of 505 + 10 pmol m=s! and 14/10 day/night
photoperiod, on a sand-compost-vermiculite
mixtue (7.4% - 19% - 5.6%). Light was provided
by SON-T 400 W lamps (Philips, Eindhoven, The
Netherlands).

One gram of the third leaf (from the top of
plants) was frozen in liquid nitrogen and finely
ground on ice using a mortar and a pestle. The
powder was suspended in 3 mL 50 mM HEPES-
KOH (pH 8.0) containing 20 mM MgCl, 25 mM
KHCO,, 0.2 mM Na-EDTA, 5 mM dithiothreitol
(DTT), 1 mM phenylmethylsulfonyl fluoride
(PMSF) and 2% insoluble PVP-40. The
homogenate was centrifuged a 35000 x g for 30
min in a refrigerated centrifuge (4°C). Fractions of
10 pl. of the supernatant were used for protein
estimation by the Bio-Rad dye binding protein
assay (Spector, 1987) (Bio-Rad Laboratories,
Hercules, CA, 1JSA). The remaining supernatant
was used for Rubisco assay. Total chlorophyll was
also extracted in 80% acetone and estimated
according to Lichtenthaler and Wellbrun (1983).
All the chemicals used, except the dye
concentrate, were supplied by Sigma (St. Louis,
MO, USA).

Rubisco activity was assayed spectrophoto-
metrically by the continuous measurement of
O.D. (Besford 1984). Reaction mixtures was 50
mM HEPES-KOH (pH 8.0) with a tota volume of
2 mL in cuvettes of 1 cm path length and in-
cluded : 20 mM MgClL, 0.2 mM Na-EDTA, 5 mM
DTT, 3.5 mM ATP, 3.5 mM ATP< 3.5 mM phos-
phocreatine, 0.35 mM NADH, ( pmol or 0.66
pmol RuBP, O unit or 100 units CA, 10 units 3-
PGA-phosphokinase, 6 units glyceraldehyde-3-
phosphate-dehydro-genase, 16 units creatine
phosphokinase, and KHCO, the concentrations of
which ranged between 0.5 and 3 mM.

Extraction buffer and reaction medium were
prepared CO, and O, free from N, bubbled wa-
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«or tor about 15 min before use (Besford, 1984;
I annd Mott, 1991). Prior to the assay, the
. nz-me fractions were activated in 50 mM
HEI'S-KCH, pH 8, containing 20 mM MgCl,
ind 23 mM KHCO, for 35 min at 30°C. The effect
+f C % and RuBP addition to the reaction mixtures
n Iabisce kinetic characteristics was assessed
- mder four experimental conditions : (1) reaction
sed am o w th 100 units CA added and no RuBP
dded (23 ceaction medium with 100 units CA
nd 66 vl RuBP added, (3) reaction medium
without Ca and RuBP added, and (4) reaction
med wm without CA but with 0.66 umol RuBP
adde d. Enzvme assav was carried out for 4 min
ot 27 C. The RuBP quantity added (0.66 pmol)
was « hosen considering its ingtability in solution.

Rubisco carboxvlase activity was assessed
cn the assumption that oxidation of 1 nmol of
WNADH rediaces optical density by 0.00622, with
- steichiometry of 2:1 between NADH oxidation
and RuBP carboxylation (Lilley and Walker, 1975).

values of

fhe apparent K (CO,) and V,

the enzyme were calculated hy the dtatistical
method of Wilkinson (1961) and by a graphical
metbod using the direct linear plot method (1 /V
+ %5, V) of Cornish-Bowden and Eisenthal (1977).
I hese two nethods were chosen for their more
ace I ate detemination of K and V| than the
cathe + Hineo roplots which were shown to be
wtati -ticallv objectionable (Markus et d., 1976).
A meng the se linear plots, the double-reciprocal
plot was found to be the least accurate method
i Fiser thal ond Cornish-Bowden, 1974; Cornish-
Bow den and Eisenthal, 1997). The CO,
c oncentrations in the solution were calculated,
using, pKavalues corrected for the effects of ionic
strenath (Umbreit et al., 1972), by the Henderson-
Hasselbach equatton (Lawlor, 1987).

RESULTS AND DISCUSSION

Fubisco carboxvlase activity determined
acording to Lillev and Walker (1975) is presented
2 ‘unction of CO, concentrations in the
reacton mixtures (Fig. 1). This graph indicates
the cependence of enzyme activity upon CO,
concentrations.

Figure 2 represents the graphica determina-
tionof K and 'y, for one of the four experimen-
tal conditions (100 units CA and without RuBP
addcd). The same method was uscd for the other
three conditions, and all results are summarized in
Table 1. When assays were carried out withour
RuBP added to the reaction mixtures with 100 units
CA added, K  value was 24 uM (statistical method)
and 20 pM (graphica method). When 0.66 pmol
RuBP and 100 units CA werc added, this estimate
was 14 pu M (dtatistical method) and 12 pM (graphi-
ca method).

On the contrary, when CA and RuBP were
not added to the reaction mixtures, K  reached 27
pM (statistical method) and 20 pM (graphical
method).

When CA was not added to the reaction
medium, adding 0.66 pmol RuBP led to decrease
in K vaue (4 uM by the dtatisticnl method and
2.8 yM by the graphical method) compared with
the theoretical vaue of 12 uM (Lawlor, 1987).
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Figure 1. Rubisco activity as a functior of CO,
concentration in the reaction mixtures +CA-RuBP (+),
+CA+RuBP (@) -CA-RuBP ( 0O), -CA-RuBF (). The
enzyme activity was determined assuming that
oxidation of 1 nmol of NADH reduces optical density
by 000622, and a stoichiometry of 2:1 between NADH
oxidation and RuBP carboxylation. Data are means of
results from three independent experiments with
independent protein and chlorophyll extracts.
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Figue 2. Direct linear plot of 1/V against S/V under
an experimental condition with 100 units carbonic
anhydrase and without ribulose 1,5-bisphosphate
added. Each observation was plotted as straight line
which intercepts another at the point (K /V ., l/V ).
Each intersection point provided an estimate of K _/
V . and an estimate of 1/V_ . The best fit values K,/
vV (0.0086) and 1/V_  (0.5068) were taken as the

medians Of the two series, respectively.

Statistical andlysis of K, and V_  (x* test)
revedled no significant difference in V _ vaues
{(P>0.30) irrespective of the method of
determination and the experimental conditions.
On the contrary, K values were significantly
different (P<0.038) according to the experimental
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condition. The Km values obtained with both
methods were not statistically different.

The different apparent K = values obtained
based upon the assay conditions, suggest that the
dfinity of the enzyme for CO, depends on RuBP
and CA concentrations in the reaction mixtures.
It is established that under alkaline conditions
(i.e. pH 8), the conversion rate of HCO, to CO,
increases in the presence of CA, resulting in
speeding up the eugilibrium between these two
components (Okabe et al.,, 1980; Sultmeyer et al.,
1993). So, when CA was added, the affinity of
Rubisco for CO, depended on RuBP
concentrntions. The K~ value obtained when
RuBP was not aded (Fig. 2 and Table I) expressed
the affinity of the enzyme determined by the
intracellular “norma” RuBP concentration of the
extract. [t is indeed known that leaf extracts to be
testcd usually contain RuBP, among other
compounds (Keys et a., 1995). This could explan
why this K value is within the range of
experimental K (CO,) values (12 - 24 pM)
reported elsewhere for the C3 plants (Yeoh et al.,
1980; 1981). Further, addition of RuBP to the
reaction mixtures with 100 units CA added
resulted in a ggnificant increase in the affinity of
Rubisco for CO, (Table 1) compared with its level
when RuBP was not added. Undcr this condition,
the RuBP added would have compensated the
loss of this substrate due to its high ingtability in
solution. This compensation would have en-

Table 1. Kinetic parameters of Rubisco carboxylase function in the cowpea variety Bambey 21 under
four experimen tal conditions. Apparent K and V__ are expressed in pM CO, and pmol CO, fixed
mg"' Chl min-, respectively. Numbers with asterisk were determined by the direct linear plot

method, and the others by the statistical method.

100 units carbonic anhydrase

m

max

0 unit carbonic anhydrase

m

max

0 pmol RuBP 24
20
0.66 ymol RuBP 14
12

1.52 27 1.98
197 20 2.36’
177 4 1.37
193 28 1.39

The K_and V__ vaues are means of data from three independent cxperiments with independent protein and

chlorophyll extracts.



Regulation of Ribulose 1,5-Biphosphate carboxylase/oxygenase affinity for CO, 19

Fone Doarbamvlation and carboxylation, as CA
roade ©OL available for these processes and
Fence, enhanced €O, fixation (Okabe et al., 1980).
O the contrary, when CA and RuBP were not
added (Table I, CO, concentration as well as
FaBP oncentration were low. Thus, the enzyme
i air'i atilize onlv RuBP present in the extracts. In
1, as the conversion rate of HCO, to CO,
very low under alkalme pH

actdifion
o ssroied o be oy
conditons without carbonic anhvdrase (Okabe et
ab taen; Lawlor, 1987), the affintty of the enzyme
vioule have been limited by the low
concentrations of RuBP and free CO,. This
condis on have thereby limited
wvlation and carboxvlation. This result
stigge-ts that /n vivo CA concentration would

vould

carbar

hooe been strongly reduced in leaf extracts
during extraction, even thougl this enzyme is
prostinied to be p“c‘»cnt in substantial excess in C
Jatch and Burnell, 1990). ¢

provicsslhv recorded, when CA was not added to
the reaction mixture, low CO, concentrations
were toted. So, the addition of RuBP would have
siowved decarbamyvlation of Rubisco by displacing
ae equilibrium between the activated form
(0 Mand the free enzyme (E) by mass action
toweards formation of ECMRuBP in accordance
with te hyvperbolic kinetics of catalysis with
KuBP Portis 1995). This situation would have
olfered more opportunities tor the carboxylation
reacticn to be performed easily and rapidly with
the OOV available. This conditon resulted in an
nuporiant increase in Rubisco activase which
promeies maximum carbamylation at low CO,,
but saiuration RuBP, by allowing RuBP binding
tir shite the carbamylation equilibrium towards
the formation of ECM-RuBP (Portis, 1995).

1‘5”% ( IU‘I‘(\ \

[aese results mav contirm that CA and
RuBI" are important for Rubisco affinity even in
coticns. However, this activity seems to be
Ve onsitive to low amounts of RuBP than to
e anounts of CAL These could be explained by
b eplicat-on of inhibitors of the enzyme
Rubisoo) in its regulatory process. Indeed, it is
entablished that RuBP may be rapidly converted
5-phosphate. The latter compound
Nty b in equilibrium with xylulose-5-phosphate.

Fo ribose-

Xylulose-5-phospha te can by phosphoryla ted to
xylulose-1,5-bisphosphate, an inhibitor of Rubisco
(Lawlor, 2987; Gutteridge and Ga tenbv, 1995). In
addition, ribulose-5-phospha te can stimulate thc
synthesis of RuBP, but consumes ATP. Increased
ADP then inhibi ts phosphoglycera te kinase and
consequently, decreases CO, assimilation (J.awlor,
1987). The low affinity of Rubisco for CO,
observed when RuBP was not added to the
reaction mixtures may be due to such an
inhibitory process. Higl{ concentrations of RuBP
obtained when this substrate was added would
therefore tend to supress any inhibi tory etfect of
the probable inhibi tors (Woodrow, and Berry,
1988; Portis, 1995). The fact that V_ rerained
satigticaly the same irrespective of experlmmtal
conditions applied suggests thal inh:bitors
affected only a part of the catalytic sites (Kevs e
al., 1995). The uninhibited Rubisco ¢i tes ret nained
in thc activated form (Woodrow and Berry, 1988)
and may have been able to realize CO), fixation
until they reached the maximum velocity level of
Rubisco carboxylase activity.

From the results of this experiment, i tis
suggested that an invedtigation of the origin of
carbon assmilation limitations through Rubisco
activity must condder the kinetic properties of
the enzyme under these four conditions. This
would be important to determine whether the
eventual catadytic deficiencv of this enzvme is
causcd (1) by the lack of one of the substrates
involved or (2) by the lack or alteration of its
accompanving enzyme, carbonic arhvdrase, o1
even (3) by its own alteration. It is furthe:
suggested that the classification of C,, C, plants
according to their Rubisco affinity for CC. be
based on the determination of the apparent K,
(CO,) values under these four conditions rather
than using only one “optimal” condition. This
would be useful for the understanding of
photosynthetic CO, assmilation by these plants
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