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ABSTRACT

The catalytic activity of ribulosebisphosphate carboxylase
(Rubisco) declined as soon as catalysis was initiated by exposure
to its substrate, D-ribulose-1,5-bisphosphate (ribulose-P2). The
decline continued exponentially, with a half-time of approximately
7 minutes until, eventually, a steady state level of activity was
reached which could be as low as 15% of the initial activity. The
ratio of the steady state activity to the initial activity was lower at
low C02 concentration and at low pH. The inhibitors 6-phospho-
gluconate and H202 alleviated the inactivation, increasing the
final/initial rate ratio and the half-time. Varying ribulose-P2 con-
centration in the range above that required to saturate catalysis
did not affect the kinetics of inactivation. The affinities for C02
and ribulose-P2 were unaffected by the inactivation. The decline
in activity occurred with preparations of ribulose-P2 which con-
tained no detectable D-xylulose-1,5-bisphosphate and also with
ribulose-P2 which had been generated enzymatically immediately
before use. Inclusion of an aldolase system for removing D-
xylulose-1,5-bisphosphate also did not alter the inactivation proc-
ess. The inactivated Rubisco did not recover after complete
exhaustion of ribulose-P2. We conclude that the inactivation is
not caused by readily-reversible binding of ribulose-P2 at a site
different from the active site and that it is unlikely to be attribut-
able to inhibitory contaminants in ribulose-P2 preparations.

Rubisco2 catalyzes the carboxylation and oxygenation of
ribulose-P2, thus initiating both of the mutually opposing
plant processes of photosynthetic CO2 fixation and photores-
piration (3). When assayed in vitro, the activity of purified
Rubisco from higher plants decreases with a half-time of
several minutes after contact with its substrate, ribulose-P2 (2,
5, 12, 15, 17, 22, 24, 26). This loss in activity, to which we

have applied the term 'fallover,' is not due to substrate ex-

haustion or product accumulation (2) and no explanation for
this unusual behavior has been established. The phenomenon
is displayed to a much lesser degree, if at all, by cyanobacterial
(1) and algal (26) Rubiscos.

Proposed explanations for fallover have fallen into three
categories: (a) Rubisco becomes catalytically competent only
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after carbamylation, by C02, of the e-amino group of lys-20 1
at the catalytic site, which enables the catalytically essential
divalent metal ion to bind (reviewed by Andrews and Lorimer
[3]). There have been many proposals that ribulose-P2 binds
more tightly to the uncarbamylated enzyme (E) than to the
carbamylated, metal-complexed form (ECM), thus promoting
decarbamylation with concomitant loss of activity (11, 12,
15). This plausible hypothesis has been tested, and found to
be incorrect, in the work described in the second paper of this
series (8). (b) Readily reversible binding of ribulose-P2 to a
regulatory site, different from the catalytic site, causing a
reduction in activity of the fully carbamylated enzyme has
been proposed by Yokota and Kitaoka (26) who suggested
that fallover is a natural phenomenon, reflecting in vivo
control of Rubisco activity by ribulose-P2. (c) Slow, tight-
binding inhibition by isomerization or degradation products
which accumulate in ribulose-P2 preparations during storage
is another possible explanation for fallover ( 19).

It is unlikely that extensive inactivation of Rubisco could
be tolerated in the chloroplast during active photosynthesis.
Indeed, the activity of Rubisco after rapid extraction of
brightly illuminated leaves appears to be close to the initial,
uninhibited activity of the purified enzyme (6, 18, 23). There-
fore, some mechanism for preventing or reversing fallover
may exist in vivo. Sicher et al. (24) showed that, while the
decline in activity did not reverse after exhaustion of ribulose-
P2 by purified Rubisco preparations, Rubisco activity in ex-
tracts of lysed chloroplasts quickly recovered in similar con-
ditions. Recently, Robinson and Portis (22) showed that the
Rubisco activase protein, in the presence of ATP, prevented
and reversed fallover and suggested that binding of a phos-
phorylated compound was responsible for the inactivation.
Here we report a kinetic characterization of the fallover

phenomenon in vitro under a range of conditions. In these
studies, we have used ribulose-P2 prepared under conditions
designed to minimize inhibitory contaminants.

MATERIALS AND METHODS

Preparation of Rubisco

Rubisco was purified from spinach (Spinacea oleracea L.)
leaves (often approximately 1 kg) by a method based on that
of Lorimer et al. (14), involving ion-exchange chromatogra-
phy on a 3.5 x 34 cm column ofDEAE-Sephacel (Pharmacia),
followed by gel filtration through a 3.5 x 87 cm column of
Sephacryl S-400 (Pharmacia). However, the (NH4)2SO4 frac-
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Figure 1. Effect of other proteins on the time course of Rubisco
catalysis. Assays were carried out at 250C, and contained (in a total
volume of 6 mL) 100 mm Bicine-NaOH (pH 8.3), 20 mM MgCI2, 10
mM NaH14CO3 (75 Bq nmol-1), 0.1 mg -mL1 carbonic anhydrase, 4
Ag-mL-1 Rubisco, 1 mm ribulose-P2, and either 0.1% (w/v) gelatin
(0), 0.1% (w/v) bovine albumin (0), or no further addition (A). Rubisco
was incubated in the assay mixture for 10 min before initiating
catalysis by adding ribulose-P2. Fifty AL aliquots were withdrawn at
timed intervals, injected into 200 ,L of 10% (v/v) formic acid, and
dried on a hot plate. Acid-stable radioactivity was measured by
scintillation spectrometry.

tionation of the original procedure was replaced by either of
the following (a) The leaf extract was filtered using a Pellicon
apparatus (Millipore Corporation) fitted with a 0.45 Mum filter
and then concentrated and diafiltered against the starting
buffer for the DEAE-Sephacel column using the same device
fitted with an ultrafiltration membrane with a 100,000 mol
wt cut off. (b) The leaf extract was clarified by centrifugation
and then subjected to the polyethyleneglycol precipitation
procedure of Hall and Tolbert (9), followed by dissolution of
the precipitate in the starting buffer for the DEAE-Sephacel
column. In either case, pooled active fractions from the
DEAE-Sephacel column were concentrated to 15 mL using a
Minitan Ultrafiltration System (Millipore) fitted with a 30,000
mol wt cut off membrane, before being applied to the Seph-
acryl column which was equilibrated with 10 mm Na phos-
phate buffer (pH 7.6), containing 50 mM NaCl and 1 mM
EDTA. Pooled active fractions from the latter column were
made 20% (v/v) in glycerol and stored frozen at -80°C. When
necessary, the stored enzyme was dialysed before use to re-
move phosphate.

Preparation of Ribulose-P Kinase

Spinach ribulose-P kinase was purified as a by-product
during the preparation of Rubisco. It eluted from the DEAE-
Sephacel column at slightly lower ionic strength than Rubisco.
These fractions were pooled, concentrated, and chromato-
graphed on the Sephacryl S-400 column as described for
Rubisco. The pooled active Sephacryl fractions were then
adjusted to pH 5 with acetic acid, stored for 2 h at 0°C to
precipitate residual traces of Rubisco, and centrifuged. The

supernatant was then neutralized to pH 7.6, made 20% (v/v)
in glycerol and stored at -800C.

Preparation of Ribulose-P2

Ribulose-P2 was prepared from ribose-P enzymatically,
using ribose-P isomerase and the ribulose-P kinase prepared
as described above, by the method of Horecker et al. (10) and
purified by chromatography on Dowex l-X8-Cl -. At no stage
was the product allowed to experience a pH above 7, and pH
adjustment was always effected with dilute alkali and vigorous
stirring. The product was stored at -80'C as the.Na' salt in
solution (20 mM) at pH 5. It contained less than 0.05%
xylulose-P2, assayed enzymatically as described by Sue and
Knowles (25). Carboxylase activities achieved with this prep-
aration were similar to those observed when ribulose-P2 was
generated enzymatically in situ from ribose-P and ATP, using
ribose-P isomerase and ribulose-P kinase. By contrast, ribu-
lose-P2 obtained from the Sigma Chemical Co. (St. Louis,
Mo) contained more than 1% xylulose-P2 and supported
lower carboxylase activities, particularly at longer assay times.
At 20 min, the rate with Sigma ribulose-P2 was only half of
that observed with ribulose-P2 prepared and stored as de-
scribed above.

Other Materials

Bicine, Hepes, bovine albumin, ATP, creatine phosphate,
NADH, phosphocreatine kinase, and carbonic anhydrase
were obtained from Sigma Chemical Co., and all other en-
zymes from Boehringer Mannheim. NaH'4CO3 came from
Amersham.
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Figure 2. Slow inactivation of Rubisco during carboxylation of ribu-
lose-P2. The assay conditions were identical to those described in
the legend to Figure 1, with 0.1% (w/v) gelatin. Data are shown
plotted as product accumulated versus time (t) (0), and were fitted
(solid line) to the equation:

product = v,-t + [(v1 - v,)(1 - e-kot)]/kob.t
to estimate the initial rate (v1), the final rate after infinite time (v,), and
the pseudo first-order rate constant (kob,) for slow inactivation, and
their standard errors. The equation was differentiated to give the rate
at time t (v,) (--):

vt = vf + (v, - v,)ekd_-t
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Rubisco Assays

Carboxylase activity was measured by following the incor-
poration of '4C02 into acid-stable products. Details are given
in the Figure legends. In some experiments, the spectropho-
tometric assay of Lilley and Walker (13), modified to include
triosephosphate isomerase and glycerol-P dehydrogenase, was

used. The two methods gave similar results, but the spectro-
photometric assay had the disadvantage that there was an

initial lag, lasting up to 2 min even at very high coupling
enzyme concentrations, as coupling enzyme activities in-
creased with the concentration of intermediates. Rubisco
protein concentrations were estimated by multiplying the A280
of the solutions by 0.61 (20).

RESULTS

Kinetics of Slow Inactivation

The progress ofthe carboxylation reaction, containing fully
carbamylated, Mg2"-bound Rubisco (ECM), showed a gradual
decline in rate for 30 min or more. Some, but not all, of this
decline could be prevented by including.01% (w/v) ofanother
protein, gelatin or bovine albumin being equally effective
(Fig. 1). This preventable component may represent inacti-
vation caused by binding to sites on the surfaces of the glass
container. However, even when this form of inactivation was
suppressed, the carboxylation rate still declined until, even-

tually, a steady rate was attained which was substantially less
than the initial rate (Figs. 1 and 2). The final steady state
activity depended on CO2 concentration and pH (see later).
The data fitted well to the equation given in the legend to
Figure 2, which models a first-order decay in carboxylating

activity until a final steady state activity is reached. Similar
results were obtained when ribulose-P2 was freshly generated
enzymatically from ribose-P and ATP immediately before
use, although the half-time of the decline increased a little
(Table IB).
The slow decline in carboxylation rate was not due to

protein denaturation (unless it was induced by ribulose-P2),
since the kinetics were not altered by varying the time for
which Rubisco was incubated in the assay medium before
catalysis was initiated by adding ribulose-P2 (data not shown).
Nor was the decline in rate due to substrate exhaustion,
because no more than 15% of the ribulose-P2 or CO2 initially
present was consumed during the reaction. Accumulation of
the product, P-glycerate, to inhibitory levels may also be ruled
out as the cause of this fallover, since the extent ofthe decline,
under any given set of conditions, depended only on the time
since initiation of catalysis, not on the extent of conversion
of ribulose-P2 to P-glycerate. Ifproduct build-up were causing
the decline in rate, the decline should occur faster at higher
enzyme concentrations and this was not observed (Table IA).
To determine if fallover was a result of ribulose-P2 degra-

dation under the assay conditions, perhaps by slow isomeri-
zation to xylulose-P2 or other inhibitory compounds (19), a

standard assay was compared to one in which the ribulose-P2
had been left at pH 8.3, 25°C for 1 h. No difference in the
kinetics of fallover was observed (data not shown), indicating
that nonenzymatic isomerization of ribulose-P2 is not rapid
enough to explain the fallover phenomenon. Furthermore,
inclusion of aldolase, glycerol-P dehydrogenase, and NADH
(to remove any traces of xylulose-P2) also had no effect on

the kinetics of fallover (Table IC).

Table I. Kinetics of Slow Inactivation under Different Conditions
Assays were carried out in 6 mL total volume at pH 8.3, and kinetic parameters were calculated, all as described in the legend to Figure 2.

Where indicated in B, ribulose-P2 was generated immediately before use in 1 mL of a C02- and O2-free solution containing 100 mm Hepes-NaOH
buffer (pH 7.6), 20 mm MgCl2, 20 mM ribose 5-phosphate, 40 mm ATP, 5 mm dithiothreitol, 2 units of ribulose-P kinase and 20 units of ribose-P
isomerase. After 45 min at 230C, the enzymes were removed by filtration with an Amicon MPS-1 apparatus using a YMT membrane. One
hundred and fifty ,uL of the filtrate was used to initiate the assay instead of ribulose-P2. This gave a final concentration of 0.5 mm ribulose-P2 and
ATP and ADP were also carried over to final concentrations of 0.5 mm for each. In C, the "xylulose-P2 trap" consisted of adding 20 units of
aldolase, 20 units of glycerol-P dehydrogenase and 0.5 mM NADH. In D and E, the final rates shown (v6o) are the rates after 60 min of catalysis,
as estimates of the extrapolated v, were inaccurate when inactivation was slow.

Conditions Parameters

[CO2] [Ribulose-P2] [Rubiscol] Other vi v, v,/v, t%,
JI mMm g-mL' pmol-(min-mg)' pnol-(min-mg)' min

A. 70 1.0 0.68 1.45 ± 0.05 0.44 ± 0.01 0.30 5.1 ± 0.4
70 1.0 1.9 1.58 ± 0.05 0.51 ± 0.01 0.32 4.5 ± 0.3
70 1.0 5.2 1.60 ± 0.05 0.49 ± 0.01 0.31 6.9 ± 0.5

B. 70 0.5 1.3 1.87 ± 0.03 0.63 ± 0.01 0.34 8.7 ± 0.5
70 0.5 1.3 Freshly generated ribulose-P2 1.94 ± 0.03 0.61 ± 0.04 0.31 14 ± 1

C. 70 1.0 2.0 2.25 ± 0.04 0.71 ± 0.01 0.32 5.2 ± 0.3
70 1.0 2.0 Xylulose-P2 trap 2.32 ± 0.05 0.73 ± 0.01 0.31 5.7 ± 0.4

VWo Veo/VI
D. 7 1.0 32 0.29 ± 0.008 0.07 ± 0.001 0.24 5.2 ± 0.3

7 1.0 32 2 mM H202 0.17 ± 0.003 0.09 ± 0.01 0.53 28 ± 6
E. 70 0.2 1.3 1.69 ± 0.04 0.48 ± 0.01 0.28 6.1 ± 0.4

70 0.2 1.3 2 mm 6-phosphogluconate 0.29 ± 0.004 0.16 ± 0.007 0.55 15 ± 2
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and increasing to 0.65 at pH 8.8 (Fig. 6). Although the initial
rate dropped steeply above pH 8, the final rate was much less
affected.

Effect of Varying Ribulose-P2 Concentration

Varying ribulose-P2 concentration in the range where it
remained saturating for catalysis, i.e. above 0.2 mm, had no

effect on the kinetics of fallover (Table I, compare A and E).
In other experiments (not shown), ribulose-P2 concentrations
as high as 6 mm were used without altering the kinetics of
fallover. At lower concentrations, i.e. below 0.2 mm, fallover

0 10 20 30 40 50 60 becomes difficult to analyse because the decline in activity
TIME (min) due to the substrate becoming progressively less saturating

as it is consumed is superimposed on the basic fallover
Figure 3. Effect of 50-fold dilution on slow inactivation. Carboxylation
rate is shown during an assay identical to that described in the legend
to Figure 2, but with a 14C02 specific radioactivity of 3 Bq-nmol'1,
and a Rubisco concentration of 40 Mg mLV' (-). Also shown (0) is
the rate measured in 1 min assays, in which 20 ML aliquots (0.8 Mg

Rubisco) were removed from the assay mixture at given times and
added to otherwise complete 1 mL assays which were identical to
the original except that the 14C02 specific radioactivity was 150 Bq-
nmolr1. This gave sufficient 14C02 fixed in 1 min to be considerably
higher than the background 14C02 fixed and carried over from the
slow inactivation assay, which was subtracted.

Reversibility of Fallover

To determine if fallover could be reversed by dilution
(which might be expected if the inactivation was due to loose
and rapid-equilibrium binding of an inhibitor), aliquots of
the fallover assay were removed at different times during a 1

h reaction period and the rate determined (in 1 min) after 50-
fold dilution into a fresh assay mixture. As shown in Figure
3, the rate measured in the diluted samples paralleled that in
the undiluted reaction, i.e. during the 1 min following dilu-
tion, inhibition was not relieved.
A further indication that fallover was not rapidly reversible

was obtained when the assay conditions were arranged so that
all of the ribulose-P2 was consumed in approximately 2 h. A
second addition of ribulose-P2 to restore the initial concentra-
tion did not restore the initial carboxylation rate (Fig. 4).

Effect of Varying CO2 Concentration

The extent of fallover at pH 8.3 varied inversely with the
CO2 concentration prevailing in the assay mixture (Fig. 5).
Thus, the ratio vf/vi increased from 0.23 at 3 AM CO2 to 0.67
at 300 Mm CO2. On the other hand, the pseudo-first-order rate
constant for the attainment of the final steady state rate (kobj)
was relatively little affected by CO2 concentration. kob re-
mained constant at approximately 0.1 min-' except at very
low CO2 levels (below 10 Mm) where it increased (0.21 min-'
at 3 MM CO2).

Effect of Varying pH

The extent of fallover at a constant CO2 concentration (100
Mm) was greater at more acid pH, vf/vj being 0.14 at pH 7.6

phenomenon.

Effects of Inhibitors

Both the rate and the extent of fallover were decreased by
the inhibitors, H202 and 6-phosphogluconate (Table I, D and
E). 2 mm H202 (7 MM C02, 1 mM ribulose-P2, pH 8.3) caused
the half-time to increase more than 5-fold. The final rates
shown in Table I in these cases are those observed after 60
min of reaction, not the extrapolated estimates for infinite
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Figure 4. Effect of further addition of ribulose-P2 after complete
consumption of ribulose-P2. The spectrophotometric assay was used.
Assay solutions contained (in a total volume of 1 mL) 100 mm Bicine-
NaOH (pH 8.3), 20 mm MgC12, 15 mm NaHCO3, 1.25 mM ATP, 5 mM
dithiothreitol, 12 mm creatine phosphate, 0.2 mm NADH, 60 units of
P-glycerate kinase, 25 units of glyceraldehyde-3-phosphate dehydro-
genase, 60 units of triosephosphate isomerase, 20 units of glycerol-
P dehydrogenase, 15 units of phosphocreatine kinase, 0.1 mg of
carbonic anhydrase, and 7 Mg of Rubisco. The reaction was initiated
after 10 min preincubation by the addition of ribulose-P2 to give a
final concentration of 0.5 mm. The coupling enzymes were desalted
by ultrafiltration. Rubisco rate ( ) was determined from the slope
of a plot of Auo versus time, and ribulose-P2 concentration (-- -)
was determined from the extent of the change in A34o. Once the
ribulose-P2 was depleted, the mixture was left for a further 15 min,
and then the initial nbulose-P2 concentration was restored at the time
indicated by the vertical line.
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Figure 5. Effect of varying CO2 concentration on slow inactivati
Assays for slow inactivation were carried out, and the kinetic para
eters estimated, as described in the legend to Figure 2, at a range
C02 concentrations. The effect of C02 concentration on the ext
(measured as vfdv,, 0-O) and on the rate (kobs, 0) of slow ina
vation are shown. The bars show the standard errors.

time, because the latter became inaccurate when the half tii
was very long. These rates will be a little higher than the ti
equilibrium vf. Nevertheless, v6o/vi was 2-fold greater whet
mM H202 was present. Fallover was similarly relieved by
phosphogluconate. With 2 mm 6-phosphogluconate (70 X
C02, 0.2 mm ribulose-P2, pH 8.3), a 2.5-fold increase in ha
time and a 2-fold greater v60/vi ratio were observed. H202
6-phosphogluconate were effective only at concentrations si
ficient to cause substantial inhibition of the initial rate. F
example, the 6-phosphogluconate concentration required
double v60/vi caused 80% inhibition of vi. H202 was 1(
inhibitory as far as the initial rate was concerned, achievinj
doubling of v60/vi at a concentration which inhibited vi
only 40%.

Catalytic Properties of Rubisco After Fallover

Kinetic characteristics of Rubisco which had undergo
fallover were compared with those of the enzyme with
prior exposure to ribulose-P2. Neither the Km(ribulose-P2) n
the Km(CO2) was significantly affected, the effect being
stricted to Vmax in each case (Table II).

-" and proceeded to a greater extent (e.g. 17, 26). We attribute
'0 this more severe inhibition to the super-imposition of other
1-1 inhibitory processes, such as the tendency for Rubisco to be

inactivated at low concentration by adhesion to surfaces (Fig.
z; 1) and the use of commercial ribulose-P2 preparations which
° may be contaminated with epimerization and degradation
X4 products (19) on the underlying fallover process. Suppression
0: of these other kinds of inhibition reveals a fallover phenom-
E- enon which is particularly reproducible under defined condi-

tions in its rate (kbs) and extent (vf/Vi) (Table I).
X.. We confirm previous observations (2) that fallover is not a
1: reflection of substrate exhaustion or product accumulation
* (Table IA). Regardless of the [ribulose-P2]/[Rubisco] ratio,

the inhibition depended only on the time of exposure to

lm ribulose-P2 (i.e. the half-time of fallover was unaffected (Table
of IB)). Indeed, it appears that the extent of fallover depends

ent only on the number of catalytic turnovers which a particular
cti- active site has experienced. The reduction in severity of fal-

lover with increase in pH (Fig. 6) also confirms previous
observations (17).
The suppression of the extent of fallover by high C02me concentration (Fig. 5) has not been previously reported. It is

2 important to note that the suppressive effect of CO2 concen-

6- tration does not parallel the affinity for C02 in the carboxyl-
JAM ation reaction but continues far beyond concentrations re-

df quired to saturate catalysis. This is another salient feature
or which must be accommodated by any explanation of the
uf- fallover phenomenon.%ax-

,or
to
ess
ga
by

ne
no
ior
re-

DISCUSSION

Kinetics

Fallover is characterized by an apparently first-order decline
in Rubisco's activity, without alteration in its substrate affin-
ities (Table II), which occurs on exposure to ribulose-P2 with
a half-time of approximately 7 min (Fig. 2). It does not
continue to complete inhibition but eventually stabilizes at a
level of activity which is dependent on C02 concentration
(Fig. 5), pH (Fig. 6), and the presence of inhibitors (Table I).
Explanations ofthe phenomenon must take all ofthese salient
features into account.
There have been reports of inhibition with similar charac-

teristics, but more severe in the sense that it occurred faster
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Figure 6. Effect of pH on slow inactivation. The initial rate (v,, v-
0), the final rate (v,, O-O), and the extent (v,/v,, A-A) of slow
inactivation are shown. Data were obtained using the spectrophoto-
metric assay as described in the legend to Figure 4, at varying pH.
Hepes buffer was used instead of Bicine when the pH was below 8.
The NaHCO3 concentration was varied so that the C02 concentration
remained constant at 100 jM regardless of the pH. (A pK' value of
6.12 for the hydration of C02 was assumed.) The Rubisco concentra-
tion was 0.5 ,Ag mLi1. After 10 min preincubation, catalysis was
initiated by addition of 1 mm ribulose-P2. Because this assay method
has an inherent lag as intermediate substrate pools within the cou-
pling system build up, v, was determined after 2.5 min and thus is
consistently slightly lower than that measured with the 14C02 method.
The ratio v,/v, is, therefore, correspondingly higher. No significant
variation in the rate of inactivation (kob,) was observed across this
range of pH.
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Table II. Kinetic Characteristics of Rubisco After Fallover
Fallover was allowed to proceed in a solution containing 100 mM

Bicine-NaOH (pH 8.3), 20 mM MgCI2, 10 mM NaHCO3, 5 mM ribulose-
P2, 75 ug- ml-1 of preactivated Rubisco, 0.1% (w/v) bovine albumin
and 0.1 mg mL-1 carbonic anhydrase. The solution was left in a
tightly-stoppered container for 12 h to ensure that all of the ribulose-
P2 was consumed before 25 ML aliquots were added to initiate
Km(CO2) or Km(ribulose-P2) assays containing all other components.
The control was treated in a similar manner but with 10 mM P-
glycerate substituted for ribulose-P2. Km(C02) was determined using
a C02 concentration range of 1.6-100 uM (100 Bq nmol-') and a
constant ribulose-P2 concentration of 0.5 mm. All solutions, except
the Rubisco, were made C02-free by bubbling with N2 ovemight, and
pH adjustment was made with C02-free NaOH. Km(ribulose-P2) was
determined using a range of ribulose-P2 concentrations of 5 to 160
Mm and a constant NaHCO3 concentration of 10 mm. In addition, all
assay solutions contained 100 mm Bicine-NaOH (pH 8.3), 20 mM
MgCI2, 0.1% (w/v) bovine albumin and 0.1 mg.mL-1 bovine carbonic
anhydrase in a total volume of 3 mL. Catalysis was terminated by
acidification after 1 min at 250C and fixed 14C measured by scintillation
counting. Never more than 15% of the C02 or ribulose-P2 initially
present was consumed during the reaction. In calculating the con-
centration and specific radioactivity of C02, allowance was made for
the C02 carried over with Rubisco. Km and V,, were determined
(±SE) by fitting the data to the Michaelis-Menten equation.

After Fallover Control
C02 as variable substrate
Km (002), MM 11.9 ± 0.5 10.1 ± 0.4
V,,, Mimol.min' mg-' 1.57 ± 0.02 2.92 ± 0.04

Ribulose-P2 as variable substrate
Km (nbulose-P2), MM 24.4 ± 0.4 20.1 ± 0.8
V,,,,, Mmol min-' mg-' 1.23 ± 0.01 2.01 ± 0.03

Inhibitory Contaminants in Ribulose-P2 Preparation

It could be argued that our efforts to eliminate contami-
nants from the ribulose-P2 preparations used in this study
have been only partially successful and that fallover would
not occur with totally pure ribulose-P2. We have addressed
this possibility in two ways. First, we have shown that the
level of one of the most likely contaminants, xylulose-P2, was
below the level of detection (see "Materials and Methods")
and further, that inclusion ofan enzymatic scavenging system
for removal of xylulose-P2 did not alter the rate or extent of
fallover (Table I). Second, fallover was still observed with
ribulose-P2 that was freshly generated immediately before use
(Table I). Furthermore, since prolonged exposure of ribulose-
P2 to the assay conditions prior to addition of Rubisco did
not worsen the inhibition, it is unlikely that slow nonenzy-
matic degradation of ribulose-P2 during the course of the
assay was responsible for producing an inhibitor. Therefore,
if fallover is caused by a contaminant, it is not likely to be
xylulose-P2 and it must be either present in or produced by
the enzymatic system used to generate ribulose-P2 from ri-
bose-P. Ofcourse the possibility that the inhibitor is produced
by Rubisco itself still remains.

Reversibility

Fifty-fold dilution did not reverse the inhibition at all (Fig.
3). Therefore, it must not be caused by the simple, freely

reversible binding of an inhibitor. Nor did the inhibition
reverse after complete exhaustion of ribulose-P2 (Fig. 4),
which might be expected if it was caused by readily reversible
binding of ribulose-P2 at a noncatalytic regulatory site as has
been suggested by Yokota and Kitaoka (26). While this con-
clusion differs from that ofYokota and Kitaoka, our data are
consistent with those ofSicher et al. (24) for purified Rubisco,
and this matter of reversibility is addressed further in the third
paper of this series (7).

Effects of Inhibitors

Fallover is alleviated by the presence of compounds which
inhibit catalysis, such as 6-phosphogluconate and H202 (Table
I) (4, 5). This may be a result of competition between a tight-
binding inhibitor responsible for fallover and other, more
freely reversible, inhibitors which bind at the catalytic site.
The situation with H202, which competes with the gaseous
substrate rather than ribulose-P2 (4), is complicated by the
possibility of reaction of H202 with the carbonyl group of
ribulose-P2, either nonenzymatically or at the catalytic site, to
produce 2'-peroxypentitol-1,5-bisphosphate which would be
expected to be a strong competitive inhibitor with respect to
ribulose-P2 (3). It is possible that the alleviating effect of high
CO2 concentrations (Fig. 5) is also explicable in terms of
competition by HC03- ions, which are known to bind at the
catalytic site (16, 21). If HC03- ions alleviate fallover, then
the reduced extent of fallover at high pH (Fig. 6) may also be
partially or completely explained in these terms because the
experiment described in Figure 6 was conducted at a constant
CO2 concentration and, therefore, the HCO3- concentration
increased with pH. Other possible explanations for the effects
ofCO2 concentration and pH on fallover will be discussed in
a later paper in this series (7).

Possible Causes of Fallover

These studies consolidate and extend observations of the
fallover phenomenon and they eliminate from consideration
some ofthe proposals about its cause (see introduction). Since
the inhibition was not relieved upon complete exhaustion of
ribulose-P2, it cannot be due to readily-reversible binding of
ribulose-P2 at a noncatalytic, regulatory site. Furthermore,
fallover seems unlikely to be caused by inhibition by products
ofnonenzymatic isomerization or decay of ribulose-P2. Other
possibilities are addressed in the subsequent papers in this
senes.
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