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Abstract

Ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) is the key enzyme
of the Calvin cycle, catalyzing the fixation of inorganic carbon dioxide to organic
sugars. Unlike most enzymes, RuBisCO is extremely slow, substrate unspecific, and
catalyzes undesired side-reactions which are held responsible for the slow deactiva-
tion observed in vitro, a phenomenon known as fallover. Despite the fact that amino
acid sequences and 3D structures of RuBisCO from a variety of species are known,
the precise molecular mechanisms for the various side reactions are still unclear.
Here, we investigate the kinetic properties of RuBisCO using mathematical models.
Initially, we formulate a minimal model that quantitatively reflects the kinetic be-
havior of RuBisCOs from different organisms. By relating rate parameters for single
molecular steps to experimentally determined KM and Vmax values, we can exam-
ine mechanistic differences among species. The minimal model further demonstrates
that two inhibitor producing side reactions are sufficient to describe experimentally
determined fallover kinetics. To explain the observed kinetics of RuBisCO’s limited
capacity to accept xylulose-1,5-bisphosphate as substrate, inclusion of other side
reactions is necessary. Our model results suggest a yet undescribed alternative eno-
lization mechanism that is supported by the molecular structure. Taken together,
the presented models serve as a theoretical framework to explain a wide range of
observed kinetic properties of RuBisCOs derived from a variety of species. We can
thus support hypotheses about molecular mechanisms and systematically compare
enzymes from different origins.

Introduction

The enzyme ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO, EC 4.1.1.39),
responsible for the major part of the global flux from inorganic to organic carbon, is in
many respects unlike other enzymes. Its overall catalytic rate is extremely small (only
around 3 s−1 in higher plants). This slowness in conjunction with its central importance
for the carbon metabolism of any photosynthetic organism, and thus for the biosphere as
a whole, explains its extremely high abundance. Estimations are that RuBisCO accounts
for 50% of the total soluble protein in a plant cell [1]. In the chloroplast stroma of plant
leaves, a typical concentration of RuBisCO is 0.4 mM which corresponds to approximately
240 mg/ml [2]. RuBisCO is also special with respect to its structure and structural varia-
tions found among photosynthetic organisms. Different RuBisCOs are commonly devided
into four types (types I-IV), where type I is subdivided into 4 distinct classes (A-D) based
on sequence homology [3]. In all investigated higher plants, RuBisCO of type IB is found,
which is present as a hexadecamer consisting of eight large, plastid encoded, and eight
small, nuclear encoded, subunits, a configuration compactly denoted as L8S8, with a total
molecular mass of approximately 550 kDa [4]. In some photosynthetic prokaryotes (purple
non-sulfur bacteria, several chemoautotrophic bacteria) and the eukaryotic dinoflagellates,
a simpler form of RuBisCO is found, present as a dimer of two large subunits (L2) [5].
Apparently, this is also the minimal configuration with catalytic activity since, despite the
differences in structural details, all forms of RuBisCO share the common property that
the catalytic centers are located at the interface of two large subunits [6]. The sequence
identity of the large subunits throughout forms I-IV of about 25-30 % leads to a highly
conserved 3D-structure [5].
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RuBisCO displays some unexpected catalytic properties. In contrast to most enzymes,
it is not substrate specific but also catalyzes oxygenation by accepting molecular oxygen
as second substrate, resulting in the release of one molecule 3-phosphoglyceric acid (PGA)
and one molecule 2-phosphoglycolate (PG). The latter has to be recycled in a complex
pathway involving several cellular compartments, ATP consumption and the loss of car-
bon dioxide. The oxygenation therefore results in a lower net efficiency of the carbon
fixation process and it seems plausible that evolution has favored RuBisCOs minimizing
this photorespiration. A second unusual phenomenon, found exclusively in the L8S8 con-
figuration in higher plants, is the slow loss of catalytic activity of isolated RuBisCO in

vitro. This process is vividly termed fallover [7, 8, 9, 10, 11, 12] and is accounted to the
formation of tightly binding inhibitors at the active site. Because of the ATP dependent
constant removal of inhibitors from the active site by the enzyme rubisco activase [13, 14],
this effect is not observed in vivo. The extent to which activity is reduced during fallover
as well as the characteristic time in which this process takes place is highly dependent on
the external conditions, in particular ambient CO2 and O2 concentrations. These quan-
tities also seem to vary significantly among species and small mutations such as single
amino-acid exchanges, as demonstrated by Pearce and Andrews [15], may have a drastic
effect.

The enzyme kinetics of RuBisCO has been subject to theoretical investigations at
the level of kinetic modelling and quantum chemical calculations [16, 17, 18, 19, 20,
21]. Commonly, when in vitro experiments are interpreted, various inhibition processes
contributing to fallover are fitted to a simple exponential curve [7, 10, 11, 12, 15], resulting
in the estimation of characteristic times and apparent inhibition constants. While this
approach is adequate for obtaining heuristic parameters from experimental data, it does
not provide a mechanistic understanding of the underlying principles. McNevin and
coworkers [20] have developed a detailed kinetic model of RuBisCO that includes the
reversible steps of activation which are the addition of an activator CO2 molecule and the
subsequent binding of the central Mg2+ ion that stabilizes the carbamate and completes
the active site. Their model also accounts for the competitive binding of the substrate
ribulose-1,5-bisphosphate (RuBP) and the inhibitor xylulose-1,5-bisphosphate (XuBP) as
well as the formation of the latter at the active site. The main purpose of their analysis
was to estimate the rates of the elementary chemical steps. For this, 18 parameters were
simultaneously fitted to experimental time curves. The large number of parameters implies
a high uncertainty in the prediction. In fact, the estimated release rate of XuBP, for
example, is orders of magnitude larger than experimentally observed production rates [11].

In this paper, we present a minimal mathematical model that was formulated based
on mechanistic considerations and derived by the motivation to explain the dynamics of
the fallover effect. Due to its simplicity the model provides a theoretical framework to
explain the underlying principles of the fallover phenomenon and other peculiar dynamic
properties of RuBisCO. In our model, we only consider fully activated enzyme, because
firstly in vitro studies on the fallover effect are conducted with fully activated RuBisCO [7,
8, 9, 10, 11, 15, 22], and secondly decarbamylation is slow [23] and only occurs at low
Mg2+ concentrations [10] or low pH values [24]. We demonstrate that including the
binding steps of the activator CO2 and Mg2+ is not necessary to explain the fallover
effect. We do, however, include the biologically very relevant oxygenation pathway, which
is inevitably active under in vivo and oxygenic in vitro conditions.

In its simplest form, our model is capable of explaining which intrinsic parameters are
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important for the fallover extent and characteristic times. Simple relations between rate
parameters and experimentally accessible quantities are derived, allowing for an easy fit of
parameters to various types of RuBisCO. This allows to identify key features determining
the distinct kinetic behaviors of different RuBisCOs.

However, the basic model is unable to explain other important characteristics, in
particular the two types of inhibition (rapid equilibrium and slow) exhibited by XuBP [25].
We show how the model has to be extended to also explain this behaviour and arrive at
a hypothesis of an intermediate state which has not yet been described. Introduction of
this intermediate into the model is necessary to explain the slow loss of catalytic activity
that also occurs when XuBP is applied as a substrate [15] .

Results

Model Formulation

We develop a minimal model containing the main carboxylating and oxygenating activities
and the two side reactions resulting in the formation of two tight binding inhibitors which
were found to be the major causes for the fallover effect [11]. The model is schematically
represented in Fig. 1, in which the main reactions are contained in the highlighted box
and marked by bold arrows. Substrate binding to the free carbamylated enzyme E and
abstraction of a proton from the C3 carbon of RuBP [18], in which a 2,3-enediol is formed,
are described as a single step, proceeding with rate vER. The enediol intermediate ER may
bind either CO2 (rate vERC) or O2 (vERO) as second substrate. In both cases, cleavage and
product release are again described as a single step (vcat and voxy, respectively). These
product forming steps have been previously covered in computational models [19, 21] and
are generally assumed to proceed in a strict consecutive order. The inhibitor XuBP may
result from the enediol intermediate ER by reversing enolization but with a proton being
attached from the ’wrong’ side (vEI1). After oxygenation of the enediol intermediate, the
resulting peroxyketone ERO may undergo a loss of hydrogen peroxide (vEI2), yielding
D-glycero-2,3-pentodiulose-1,5-bisphosphate (PDBP). In some RuBisCOs, this may be
further rearranged to form 2’-carboxytetritol-1,5-bisphosphate [11, 26], but this step is
not reflected in our model.

All elementary reaction rates are assumed to follow mass action kinetics (a full set
of equations is given in the Supplementary Text S1). The last catalytic steps of the
carboxylation or oxygenation are assumed to be irreversible, because under in-vivo as
well as in-vitro conditions, the products are rapidly processed by other enzymes. Unless
otherwise stated, we assume that the concentrations of substrates remain constant. This
is realistic for most in-vitro studies in which typical enzyme concentrations are orders of
magnitude lower than substrate levels.

RuBisCO is assumed to remain carbamylated throughout fallover, as has been exper-
imentally demonstrated in [8]. Thus, all enzyme species contained in the model refer to
fully activated RuBisCO. We further presume that all eight active sites of RuBisCO work
independently of each other [27] which has been proven experimentally at least for the
affinity of RuBisCO for its first substrate RuBP [28].

The observed time scale of fallover lies in the range of minutes and is thus orders of
magnitude slower than the overall carboxylation and oxygenation reactions. This time
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scale separation allows to approximate the intermediate enzyme-substrate complexes ER,
ERC, and ERO with a quasi steady state assumption, thereby uncoupling the equations
describing fast and slow reactions, respectively. In the following, the fast reactions of the
main catalytic pathways and the slow reactions responsible for the fallover phenomenon
are studied independently.

Carboxylation and Oxygenation

In many experiments, in particular those in which kinetic constants such as KM -values
are determined, the initial turnover rate of activated RuBisCO is measured directly after
application of the substrate. This initial rate corresponds to a quasi steady state that the
system rapidly assumes before any relevant amounts of inhibitors have been formed. The
initial quasi steady state expressions (for a derivation, see Supplementary Text S2) allow
to relate kinetic parameters of the main pathways to measurable quantities, in particular
the Vmax and KM values and the C/O-specificity Ω. With the resulting formulas 11–17 (see
Methods), experimental data can be optimally exploited to calculate the rate parameters
for catalysis of carboxylation (kcat) and oxygenation (koxy), as well as the binding rate
parameter for the first substrate RuBP (k+

ER). We also obtain the two derived parameters

γ =
k+

ERC

k−

ERC + kcat

and ω =
k+

ERO

k−

ERO + k+
EI2 + koxy

(1)

which are closely related to the binding processes of the second substrates CO2 and O2,
respectively.

In contrast to an approach in which all parameters are simultaneously fitted, the dan-
ger of overfitting is excluded, because it becomes immediately apparent which parameters
cannot contribute to an improved fit and thus have to be estimated or derived from other
sources of information. Moreover, the analytic expressions allow to infer directly which
parameters or parameter combinations are most influential on the observed quantities.
The resulting sensitivities are summarized in Fig. 2, where red fields denote a positive
and blue fields a negative influence. All other rate parameters play only an insignificant
role for the analyzed quantities. Remarkably, for all investigated organisms, the distribu-
tion of these sensitivity values is almost identical. Moreover, only values near 0 or ±1 are
observed. The maximal rate only depends on the catalytic turnover rate. Binding rates
negatively influence the respective KM -values. The carboxylation rate positively influ-
ences the KM -values for RuBP and CO2 while oxygenation rate exerts a positive effect
on the KM -value for O2. As expected, C/O-specificity is increased with faster binding of
CO2, while it is decreased for faster O2 binding rates.

We have retrieved Vmax, KM and specificity values for RuBisCOs originating from
a wide range of species. Using the experimental errors stated in the original literature
[29, 11, 30, 31, 32, 33, 34], we have calculated possible ranges for the kinetic model pa-
rameters and summarized the results in Table 1. It can be observed that the oxygenation
rate constants of the different types of RuBisCO are rather similar. In contrast, drastic
differences are observed in the carboxylation rate constants, the binding rate constants
for RuBP and the parameters γ and ω. For example, RuBisCO from Synechococcus

displays a much larger Vmax-value than tobacco, and simultaneously the KM -value for
CO2 is also drastically elevated. As a result, the kcat for Synechococcus is roughly four
times larger while γ is reduced by a factor of around 30. These results are consistent
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with the notion that the substrate CO2 is bound with a weaker affinity to Synechococcus

RuBisCO, but the final catalytic step proceeds faster. This again allows the interpre-
tation that in Synechococcus the energy level of the intermediate state ERC, in which
both substrates are bound to the active center, is significantly elevated as compared to
the corresponding intermediate state in tobacco RuBisCO. Inspection of the values for
Galdieria sulfuraria allows for the opposite interpretation, namely that the intermediate
complex ERC possesses a lower energy state in G. sulfuraria than in tobacco, explaining
the slower catalytic rate and the higher substrate specificity. Among the investigated
organisms, G. sulfuraria displays the highest KM -value for RuBP, which results in the
lowest model parameter for the binding process of RuBP to the free catalytic center (k+

ER).
An equally high C/O-specificity is exhibited by RuBisCO from the red alga Griffithsia

monilis, which simultaneously displays a similar turnover rate as that of higher plants [35].
It is therefore speculated that incorporating the G. monilis enzyme into a C3 plant would
potentially double its photosynthetic performance [36].

Among the examined species, only the bacterium Rhodospirillum rubrum features the
simple L2 configuration, lacking the catalytically inactive small subunit. It exhibits the
smallest KM -value for RuBP, explaining the high value of the rate parameter k+

ER. Again,
a possible explanation could lie in different energetic levels of the corresponding interme-
diate enzyme-substrate complexes. The findings indicate that in the more complicated
L8S8 configuration, binding the large substrate RuBP is more difficult, but binding the
small molecule CO2 may be considerably facilitated, possibly as an effect of the small
subunits, thus allowing for a considerably increased C/O-specificity.

Side reactions and fallover

The slow reactions (marked by thin arrows in Fig. 1) are responsible for the formation of
inhibitors which occupy the catalytic centers. Since the decline of the overall activity does
not lead to complete inactivation, it is evident that reactivation of the catalytic centers
occurs. This may in principle be achieved by a slow back conversion or a slow inhibitor
release or a combination thereof. For our model, we assume that the inhibitor XuBP
is not released from the active site (k−

X = 0), whereas PDBP cannot be transformed
back (k−

EI2 = 0). The first assumption is motivated by the experimental observation
that free XuBP is almost not detectable in fallover assays [11]. The irreversibility of the
formation of PDBP results from the fact that free H2O2 would be necessary in millimolar
concentrations for the reverse reaction [37].

The model parameters given in Table 2 realistically reproduce the experimental time
courses observed for wild type tobacco [15]. Parameters for the fast reactions were ob-
tained as described above (see Table 1). To infer the slow reaction parameters, the time
scale separation of the system was exploited to apply a quasi-steady state assumption
and the resulting approximation formulas were used to infer combinations of parameters
from the measured extents and characteristic times under aerobic and anaerobic condi-
tions (see Methods and Supplementary Text S2). The remaining free parameters were
fitted manually. We use this parameter set as a reference to study how fallover is deter-
mined by the single rate parameters and how external conditions influence its strength
and characteristic time.

Typical simulated time courses of the fallover dynamics under aerobic and anaerobic
conditions are depicted in the insets of Fig. 3. Initial (vi

cat, t = 0) and final (vf
cat, t → ∞)
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rates, as well as the half time T1/2, at which the mean of these two rates is reached, are
indicated in the plots. To study which internal parameters exert the strongest influence
on the fallover dynamics, we systematically varied every single parameter around its
reference value and recorded the resulting change in fallover extent and characteristic
time (a full list of the response coefficients is found in Supplementary Table S2). For
anaerobic conditions, the effect of the the rates involved in inhibitor formation (k+

EI1) or
back-conversion (k−

EI1) is depicted in Fig. 3A. A faster inhibitor formation leads to an
enhanced fallover extent while faster back-conversion results in its reduction. In contrast,
the increase of either parameter will lead to an increased observed fallover rate (kobs) and
therefore to a shorter fallover halftime.

The response of the fallover extent, defined as the relative activity decline from the
initial value vi

cat to the final value vf
cat, is directly understandable from the approximation

formula (see Methods, Eq. 18, and Supplementary Text S2 for the derivation). For the
anaerobic case, this simplifies to

f = 1 −
vf

cat

vi
cat

≈
Γ1

1 + [CO2]
KM(CO2)

+ Γ1 + [CO2]
KM(CO2)

·
KM(RuBP)

[RuBP ]

. (2)

Here, the ratio Γ1 = k+
EI1/k

−

EI1 plays a dominant role. For Γ1 = 0, no fallover is observed
(f = 0) while for large values (Γ1 → ∞), the final activity will reach zero (f = 1). The
response of the fallover rate can be understood from the particularly simple theoretical
expression for kobs in the anaerobic case,

kobs = ak+
EI1 + k−

EI1, (3)

which results from the fact that the system reduces to a single linear differential equation
(see Supplementary Text S2). Here, a is a combination of various system parameters.
From its definition it is evident that a < 1, explaining why the effect of inhibitor formation
rate is less pronounced than the effect exerted by the back-conversion rate.

Under aerobic conditions, the formation and release of the oxygen dependent inhibitor
PDBP is an important effector of the fallover dynamics. The response of fallover extent
and rate when perturbing the corresponding rate parameters kEI2 and k−

P are shown
in Fig. 3B. Again, the bold lines indicate the response of the fallover extent while the
dashed lines denote the response of the observed fallover rate. Similar to the case of
the inhibitor XuBP, also here increasing the production rate of the inhibitor leads to an
increased fallover extent while increasing the release rate decreases the extent. However,
the effect is not as pronounced as for the first inhibitor in the anaerobic case. This
behavior is understandable from the approximation formula of the fallover extent under
aerobic conditions (Methods, Eq. 18), expressed in the form

f ≈
Γ1 + Γ2

[O2]
KM(O2)

1 + [CO2]
KM(CO2)

+ Γ1 + (1 + Γ2)
[O2]

KM(O2)
+ [CO2]

KM(CO2)
·

KM(RuBP)

[RuBP ]
+ 1

Ω

KM(RuBP)

KM(CO2)

[O2]
[RuBP ]

. (4)

Here, increasing the ratio Γ2 = k+
EI2/k

−

P results in an increased fallover extent, while
decreasing this ratio will dimish the extent.

With oxygen present, the model predicts a time course of fallover which is a superposi-
tion of two exponential processes, where the time constants correspond to the eigenvalues

7



of the reduced Jacobian matrix (see Supplementary Text S2). From experimental data,
such a superposition of two exponential decay processes is often hard to distinguish from
a simple exponential decay, especially if the data is noisy and plotted on a linear scale. If
fitted to an exponential curve, the resulting observed characteristic fallover time constant
kobs lies between the two eigenvalues. The influence on the characteristic time is compa-
rable to the anaerobic case only for small changes of the parameters. For larger changes,
the more complex behavior reflects the simultaneous influence of several processes.

The fallover dynamics were experimentally analyzed under different substrate concen-
trations [38, 20, 7, 10, 15]. It was generally observed that fallover is more pronounced
in the presence of oxygen in comparison to anaerobic conditions. On the other hand, an
increase of CO2 leads to fallover alleviation. The latter observation is easily explained
with the approximation formula 4 for the fallover extent. The CO2 concentration enters
the equation only in the denominator, therefore its increase will inevitably result in a de-
creased fallover extent. The formula also predicts that increased concentrations of RuBP
will lead to an increased fallover extent. This is understandable considering that higher
RuBP levels lead to a higher level of the intermediate state ER, from which the enzyme-
inhibitor complex EI1, repsonsible for the fallover extent, is formed. However, because
under physiological as well as typical in-vitro conditions, RuBP is present in concentra-
tions of around 500 µM, which is several factors larger than typical KM(RuBP)-values (see
Table 1), this effect is expected to be minimal. For low RuBP concentrations, the formula
predicts a reduced fallover extent. However, sub-saturating levels of RuBP induce decar-
bamylation of RuBisCO [39] and thus lead to an increased level of inactivation which is
not captured by our model.

A simple correlation between fallover extent and oxygen concentration cannot be de-
rived. In fact, the formula allows in principle for a positive or negative effect of the external
oxygen concentration on the fallover extent. It can, however, be concluded that the higher
the CO2 concentration the more positive the influence of the oxygen concentration on the
fallover extent will be. To confirm our theoretical deliberations, we have systematically
investigated the effect of external substrate concentrations on the fallover dynamics. In
Fig. 4A, the fallover extent is plotted as a function of the external concentrations of CO2

and O2. It can in fact be observed that for low CO2 concentrations the effect of oxygen
is only marginal in absolute terms of f . However, increased oxygen results in a large
relative decline of the remaining activity, expressed by 1 − f . For higher CO2 concentra-
tions, fallover extent increases dramatically with increasing oxygen level. For illustration,
the fallover extent is plotted as a function of a single substrate concentration in Fig. 4B,
where in the upper panel the dependency on CO2 at atmospheric oxygen is given and in
the lower panel the dependency on oxygen at the typical experimental condition in which
10 mM NaHCO3 is applied to the buffer solution (corresponding to ≈ 125 µM CO2 at
25◦C).

The effect of substrate concentrations on the characteristic time is not easily pre-
dictable. Fig. 5A depicts the observed half-time (the time at which the catalytic activity
reaches the average of the initial and the final rate) as a function of the external con-
centrations of CO2 and O2. Interestingly, increased CO2 concentrations lead to a slower
fallover while the effect of O2 is non-monotonic. The model predicts that for concentra-
tions of around 100 µM (corresponding to an atmospheric oxygen level of 8%), the fallover
should show the slowest dynamics. The only systematic study of the effect of several dif-
ferent oxygen-levels on the fallover dynamics the authors are aware of are found in [10]
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which was conducted with RuBisCO isolated from spinach. There, no effect of oxygen
on the fallover extent was observed. This can be explained by the attendant low level of
atmospheric CO2 (350 ppm, corresponding to 11 µM). Zhu et al. [38] found an increased
fallover extent of RuBisCO from Arabidopsis thaliana when they exchanged the oxygen
free environment for a pure oxygenic atmosphere in presence of 10 mM HCO−

3 , thus also
confirming our theoretical investigation. The measured half-time decreased monotonously
with increasing oxygen concentrations [10]. However, no data was obtained for concen-
trations between 0 and 250 µM (atmospheric conditions) and therefore this finding does
not contradict our model predictions. Further, it is likely that the model parameters
will slightly differ between spinach, Arabidopsis and tobacco RuBisCO. Considering that
small parameter changes might significantly influence fallover extent and characteristic
time (see Fig. 3), it is not unlikely that RuBisCOs from different higher plant species will
display a quantitatively different fallover behavior.

The multi-faceted role of xylulose-1,5-bisphosphate leads to new
mechanistic interpretations

In fallover assays, the slow formation of XuBP is a major cause for the observed activity
decline. Applied externally, XuBP acts as a potent inhibitor. When RuBisCO is exposed
to a mixture of RuBP and XuBP in an in vitro assay, a fast equilibrium, competitive inhi-
bition is observed [25, 40]. However, if RuBisCO is pre-incubated with XuBP for several
minutes before application of the substrate RuBP, the inhibitory effect is considerably
increased and strongly dependent on the incubation time [25, 15, 41]. XuBP may also
act as a substrate, albeit a poor one, with a catalytic activity according to 0.03% of the
rate of RuBP carboxylation [40]. Interestingly, even for this extremely slow carboxylation
reaction, the catalytic activity subsides in the time range of minutes in analogy to the
fallover phenomenon [15].

The minimal model presented above is not capable to explain these various modes of
behavior. We minimally modify our model in two respects. Firstly, we consider binding
and enolization as several steps. This is necessary to describe the two modes of inhibi-
tion acting on different time scales. Secondly, we include the slow formation of another
inhibitor which may also arise from the enediol intermediate, which is required to explain
the slow activity decline on XuBP as substrate. The more detailed model is schematically
depicted in Fig. 6 and the full set of kinetic equations is given in Supplementary Text S3.

The biphasic inhibitor properties have been experimentally described in detail by Mc-
Curry et al. [25]. Their observations suggest that the biphasic inhibitory behavior of
XuBP arises from a fast binding step determining the short term behavior observed when
applying a mixture of sugars, and a slow conversion to an enediol intermediate which
is dominating during incubation. In Fig. 7, the simulated effect of pre-incubating the
activated enzyme with XuBP is plotted as a function of incubation time for different in-
hibitor concentrations (the full set of parameters reflecting wild-type RuBisCO is given
in Supplementary Table S1, left column). It can clearly be seen that increasing incuba-
tion time leads to a slower catalytic rate. Inhibition is stronger and slightly faster for
higher inhibitor concentrations, which is in good agreement with reported experimental
findings [15, 25].

The implemented model modifications are also based on molecular considerations. The
reaction center of wild-type RuBisCO can be assumed to be optimally adapted for RuBP
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enolization, which is therefore expected to proceed fast in contrast to XuBP enolization.
This is due to the positioning of the carbamylated lysine residue (KCX): For RuBP, KCX
is capable of removing a hydrogen from the C3 carbon, initiating enolization. This is not
the case for XuBP, since the respective hydrogen is on the opposite side of the molecule.
Another mechanism has to be employed for enolizing XuBP, which up to now has yet to
be revealed. However, a recent small quantum chemical model of the RuBisCO active
site [21] proposed a promising interpretation of a water molecule being bound to Mg2+,
which may well be a candidate for being a (probably less efficient) hydrogen acceptor.

The different states arising directly after the enolization of XuBP and RuBP reflect
the same bound molecule but a different spatial arrangement of the catalyzing enzyme.
In particular, they are different with respect to the positions of hydrogens close to the
Mg2+ center. While for RuBP we find a hydrogen bound to the KCX residue, this is not
the case for the situation after XuBP enolization. The state arising after enolization of
RuBP is catalytically active, since this configuration facilitates protonation of the oxygen
atom at RuBP position 2, and hydration of the carboxylated intermediate. Because this
is not the case after enolization of XuBP, the resulting intermediate state is catalytically
inactive. Since only hydrogen positions are different in the two states, it is plausible to
assume that the states can be converted into each other by rearrangement of the hydrogen
atoms facilitated by the various hydrogen donors and acceptors present in the molecular
environment. A pictorial representation of the two different situations is given in Fig. 8.

To account for the experimentally observed decline in activity during carboxylation
of XuBP, it was necessary to include another inhibitor in the model description. The ob-
served decline suggests that this inhibitor is formed from an intermediate state that arises
after binding of XuBP but before transformation of the inactive to the active enediol inter-
mediate state. Decline in XuBP carboxylation activity cannot be explained by inhibitors
formed from intermediates of the main catalytic pathways (represented by bold reaction
arrows in Figs. 1 and 6), because under XuBP carboxylating conditions, most enzyme is
bound in intermediate complexes (EI1 and EE2) of the slow supply pathway. Therefore,
side reactions diverging from the main pathway can only exert a minor influence on the
overall system’s dynamics. A good candidate for the missing slowly formed inhibitor is
deoxypentodiulose phosphate (DP1P), which may result from the enediol intermediate by
β-elimination at an even slower rate than the production of XuBP (see [15, 11]). The ex-
act mechanism of the β-elimination is as yet unconfirmed. However, in the simplest case,
the O3 atom of the enediol would have to lose a proton (probably to its hydrogen bond
partner His-294), and then the rest of the reaction would occur completely independent
from the protein environment. The low efficiency of this reaction underlines the weak, if
any support by the molecular environment. Thus, it can be argued that the β-elimination
is not critically influenced by the location of the hydrogen atoms that discerns the two
enediol intermediate states EE1 and EE2 and it is plausible to assume that DP1P may
be produced from both of these intermediates.

A typical simulation for the kinetics of XuBP carboxylation for wildtype RuBisCO
is depicted in Fig. 9A. The bold line indicates the rate of carboxylation (left axis). The
concentrations of the intermediate enzyme-substrate complexes are normalized to the
total amount of enzyme (dashed lines, right axis). A striking feature is the relatively
slow initial increase of the catalytic rate. The time courses of the three intermediates
before and after enolization (EI1 and EE2, respectively) and after β-elimination (EDP2)
demonstrate the three time scales on which XuBP carboxylation occurs. Binding of the
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substrate is fast (dashed blue line) while the enolization is considerably slower and leads
to a maximal concentration of the enediol intermediate after 200 seconds (dashed green
line). The formation of the secondary inhibitor DP1P proceeds on an even slower time
scale and formation and release are balanced after around 1000 seconds. The concerted
interaction of these processes result in the overall dynamic behavior that carboxylation
reaches a maximal rate vmax after time Tmax. The apparent fallover extent is determined
by f app = 1−vf/vmax, where vf denotes the final catalytic activity. An apparent halftime
T1/2 (see Fig. 9A) was determined numerically. We have performed a sensitivity analysis
to determine which rate constants are most influential on these characteristic quantities.
The result is depicted in Fig. 9B. Here, for all relevant parameters, the corresponding
response coefficients for the characteristic observables Tmax, vmax, f app and T1/2 are given.
All other parameters exert only a marginal influence on these dynamic properties (the
complete list in given in Supplementary Table S3). It is confirmed that the dynamics
is dominated by the rates of enolization (k+

EE2) of XuBP, the formation of a secondary
inhibitor by β-enolization (kEDP2) and its release (k−

D2). In particular, the time Tmax to
reach maximal activity is reduced if either the rate of enolization or the β-elimination is
increased. Increase of the former will also lead to an increase of the maximal activity vmax

while increase of the latter will result in its decrease. Both rates exert a positive control
on the observed apparent fallover extent f app and a negative control on the observed
half-time. The rate of back-transformation (k−

SW ) of the enediol intermediate has a strong
positive control on the maximal activity but not on the other characteristic parameters.
Similarly to fallover on RuBP, which was discussed above, increasing the rate of inhibitor
release (k−

D2) will diminish fallover while simultaneously reducing its the half-time.

A single amino acid exchange disrupts the molecular mechanisms

In a particularly interesting tobacco RuBisCO mutant the active site Leu-335 is replaced
by valine, which means that the aliphatic amino acid is shortened by one CH2-group.
This mutation considerably changes the spatial arrangement of loop 6 of the RuBisCO
large subunit which plays an important role in keeping the active site closed during the
reaction. The actual main interaction partners of Leu-335 are Phe-127 (of the other
L subunit) and the aliphatic part of Lys-334. Both interactions will be affected, since
without a rearrangement of the protein backbone, the Val-335 is unable to reach both
residues. Fig. 10 displays this situation in greater detail. Since Lys-334 is participating
in the closing of the active site, it is therefore reasonable to assume that the release of
any molecule bound to the active site is facilitated [15].

As a result, in contrast to wildtype RuBisCO, the Val-335 mutant is not susceptible to
fallover during carboxylation of RuBP. Further, pre-incubation of the Val-335 mutant with
XuBP does not appear to increase the inhibitory effect [15]. While this Val-335 mutant
exhibits a drastically reduced carboxylation rate on RuBP (about sixfold), it catalyzes
the poor substrate XuBP roughly twice as fast as the wild-type form. Curiously, when
XuBP is applied as a substrate to the Val-335 mutant, the catalytic activity is slowly
increasing over time, a scenario that may be described as inverse fallover. A parameter
set resembling the Val-335 mutant is given in the Supplementary Table S1 (right column)
and a simulation of the kinetics on XuBP as substrate is depicted in Fig. 11A.

Two main differences are responsible for the drastically different modes of behavior.
Firstly, the Val-335 mutant releases the inhibitors XuBP and DP1P considerably faster,
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thus the binding sites are quickly freed and ready to bind new substrate. This difference
also explains why for this mutant no fallover on RuBP under anaerobic conditions is
observed. The second distinction is that in the mutant form enolization of XuBP and
RuBP proceed on similar time scales and that they operate near equilibrium. In the
wild type form RuBP enolization is enhanced by the carbamylated lysine (KCX) residue.
Any mutation which disturbs the balanced substrate position near KCX will therefore
automatically reduce the RuBP enolization and cause reduced enediol stability. This in
turn implies that enolization may be reversed and RuBP released.

Compared to the wild type form, Val-335 RuBisCO rapidly adapts a quasi steady state
carboxylation rate v∗, since equilibration of substrate binding and enolization are fast.
The increase in activity shown in the time course of Fig. 11A reflects the equilibration
of the binding of free enzyme to the released substrate. This is illustrated by the flux
through reaction vEE1 in reverse direction depicted by the black curve in Fig. 11A and
the concentration of free RuBP (dashed blue line).

At first, the explanation of an increased rate by equilibration with the native substrate
seems counter-intuitive. However, an estimation demonstrates that this assumption is not
unrealistic: The initial increase of RuBP in Fig. 11A suggests a release rate of approx-
imately one RuBP molecule per catalytic site per 5000 seconds. This lies in the same
order of magnitude as the carboxylation rate. An analysis of the control that various
parameters exert on this apparent inverse fallover is depicted in Fig. 11B and reflects the
distinctions of the model dynamics. Similar to the wild type form, control over the time
T ∗ is exclusively exerted by those rates within the XuBP branch (k

+/−
X , k

+/−
EE2 and k−

SW )
of the reaction scheme (Fig. 6). The corresponding rate v∗ is also predominantly influ-
enced by these rates. Interestingly, the control of halftime and extent of the slow increase
in catalytic rate is spread among rate parameters from the main catalytic pathway and
the secondary branch. All parameters not mentioned in the diagram in Fig. 11B only
negligibly influence the dynamics (for a full list of response coefficients, see Supplemetary
Table S4).

Discussion

We have presented mathematical models that quantitatively reflect various experimentally
observed characteristics of RuBisCO. The models were held as simple and general as
possible in order to serve as a theoretical framework which allows to investigate the
dynamic properties of any type of RuBisCO under different conditions. The simplicity of
the models strongly facilitates the identification of key parameters and simplifies fitting
to experimental data.

RuBisCOs other than type IB found in higher plants do not display fallover (the slow
inactivation due to inhibitor formation) in vitro. Among these, there are considerable
differences in Michaelis constants, maximal activity and CO2/O2-specificity [29, 11, 35].
Our mathematical analysis suggests that some of the differences may be explained by
a different degree of stability of intermediate enzyme-substrate complexes. An elevated
energy level of the intermediate arising from the binding of CO2 to the enediol intermedi-
ate, for example, leads to an increased Michaelis constant for CO2 but simultaneously to
an increased maximal catalytic activity for excess CO2. We conclude that this difference
in energetic configuration is the main explanation for the observed kinetic constants in
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RuBisCO from Synechococcus. We assume that the distinct properties are an outcome of
the differing selective pressures during the evolutionary history of free cyanobacteria and
higher plants, respectively. In line with the results presented in [35], it can be argued that
a lower affinity to CO2 but a higher maximal activity is favorable under environments
with a high average or rapidly fluctuating CO2 concentration. The oxygenation activ-
ity of RuBisCO results in a net reduction of the carbon fixation efficiency and it seems
plausible that selective pressures favored the reduction of this side reaction. In fact, the
observation that affinities to oxygen and maximal oxygenation rates are rather constant
among species suggests that the molecular evolution of RuBisCO has minimized this side
reaction and that a further reduction is difficult, if not impossible.

A common feature of all investigated RuBisCOs from higher plants is that they are
slowly inactivated during in vitro assays. Our mathematical considerations demonstrated
that the formation of two inhibitors is sufficient to explain the fallover on the prime
substrate RuBP quantitatively for various external CO2 and O2 concentrations, thus
confirming the suggestions in [10, 15] that XuBP and PDBP are the critical self-produced
inhibitors responsible for the slow activity decline. They are formed by misprotonation
from the enediol intermediate or by H2O2 elimination of the peroxyketone intermediate,
respectively. The characeteristic times of these processes define the two time scales on
which fallover occurs.

Experimental evidence presented in [15] suggest the formation of another inhibitor,
DP1P, resulting from β-elimination of the enediol intermediate. While this side reaction
was not necessary for explaining the two time scales of fallover, its inclusion presents
a critical model refinement, allowing to explain the observed carboxylation dynamics on
the secondary substrate XuBP. Supported by the molecular structure around the catalytic
site, our model results strongly support an alternative enolization mechanism that has
not been described previously.

Within the green kingdom of green algae and higher plants, the active center of Ru-
BisCO is highly conserved, regarding amino acid sequences as well as three dimensional
structure. An interesting mutant form is induced by the single amino acid exchange
Leu→Val at position 335. This mutant displays totally different dynamic properties than
the wild-type form. Whereas the maximal activity on RuBP is reduced, it does not show
any signs of fallover. It not only works faster on XuBP than wild-type, the catalytic
activity seems to exert a slow increase over time. With a suitable parameter set, our
model is capable to reflect these characteristics and our investigations suggest that the
activity increase results from the equilibration with the slowly released native substrate
RuBP. Interestingly, the parameters used for the Val-335 mutant and wild-type do not
differ significantly in the later reaction steps beginning with carboxylation or oxygenation
of the enediol intermediates, which indicates that the altered activity results largely from
disturbed substrate binding, enolization and orientation of the enediol intermediate. Col-
lectively, evidences solidify the idea that loosening of the active site alleviates or abolishes
fallover whereas loosening can be induced either by a structural variation like in the loop
6 mutant [15] or by increased temperature [12]. Both alterations lead to an increased in-
hibitor production, but the concomitant faster release of inhibitors reduces fallover extent
and rate. This suggests that the difference between fallover and non-fallover RuBisCOs
might not be the property of inhibitor production, but rather the ability to convert or
release inhibitors efficiently, as predicted by our calculations. That idea is in accordance
with increased production of H2O2 and in that of PDBP by Chlamydomonas reinhardtii
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and R.Rubrum RuBisCO [42] without attendant fallover in carboxylation. Pearce et
al. [11] also affirm that inhibitors produced by Synechococcus, Galdieria sulfuraria and
R. rubrum RuBisCO are not inhibitory under substrate-saturated conditions. It is often
stated that fallover RuBisCOs show a higher specificity for CO2 which prompted Pearce
et al. [15] to speculate that the greater carboxylase activity comes at the cost of making
the closure of loop 6 over the substrate so precise that substrate analogues cannot escape
from the active site easily. Indeed, the specificity factor Ω is decreasing constantly with
increasing temperature in spinach RuBisCO [43] which is supposed to be caused by active
site loosening. However, the role of structural changes in loop 6 for fallover is possibly
overestimated, because many more residues, for example also from the other large subunit
in the L2 dimer, extend into the active site. Moreover, the sequence VVGKLEG of loop 6
is highly conserved throughout all eukaryotes [6], including fallover and non-fallover Ru-
BisCOs. Based on these considerations it would be worth to analyze and compare greater
parts of the active site to understand the structural foundation of fallover. Apart from
inhibitor release or further conversion to less tightly binding species, our model results
suggest that inhibitor back-conversion also contributes to fallover alleviation.

Another interesting mutant form is resulting from a single amino acid exchange (E48Q)
from RuBisCO of R. rubrum. In its wildtype form, the L2 configuration does not display
fallover, but a comparably fast production of one XuBP in approximately 70 catalytic
cycles [44]. The mutant form, however, is missing a contact between a glutamate residue
(position 48) and the Lys-329 (corresponding to Lys-334 in tobacco) and produces XuBP
in a ratio of 19 vs. 25 normal products, i. e. the sum of carboxylation and oxygenation
products [44]. Similar to the case of the Val-335 mutant of wild-type tobacco, our theory
suggests that due to the lowered catalytic efficiency RuBP is more likely to participate in
other reactions inside RuBisCO, leading to more side products such as XuBP.

Our findings have potential impact on the various attempts (for a review, see [45])
to improve the carbon fixation abilities of crop plants by targeted genetic approaches.
With the presented theoretical background, processes can be identified whose alteration
will most strongly influence the targeted property. Simultaneously, ’side-effects’ can be
predicted by simulating the overall kinetic behavior.

Methods

Model formulation

Mathematical models to describe the kinetic behavior of RuBisCO have been developed
according to Figs. 1 and 6. In this paper, only reaction kinetics for fully activated Ru-
BisCO is considered. Therefore, binding of non-substrate CO2 to an active-site lysine
residue and stabilization of the lysyl-carbamate by subsequent binding of Mg2+ is not
included in the models.

The first, simpler model describes the accumulation and depletion of the free en-
zyme concentration E and the enzyme-substrate complexes ER, ERC, ERO as well as the
enzyme-inhibitor complexes EI1 and EI2 (see Fig. 1 for a detailed explanation). The sec-
ond model, which focuses on the behavior of RuBisCO when using the secondary substrate
XuBP, further includes the species EE1, EE2, describing intermediary enzyme-substrate
complexes, and EDP1 and EDP2, describing additional enzyme-inhibitor complexes (see
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Fig. 6). Further, the concentration of ribulose-1,5-bisphosphate (RuBP) is considered a
variable since the accumulation of the free primary substrate is important to explain the
dynamic properties.

Each species is produced and consumed by elementary processes, defining how its
concentration changes with time. For binding processes, the forward rates describe the
rates of association of enzyme-ligand complexes and the reverse rates describe the rates
of dissociation. For example, for the complex ERC, which represents the enzyme complex
after binding of substrate CO2, mass balance yields

d[ERC]

dt
= v+

ERC − v−

ERC − vcat. (5)

Here, the rates v describe the turnover rates of the elementary processes and the super-
scripts + and − denote forward and reverse, respectively. For example, v+

ERC denotes the
rate of binding the second substrate CO2 while v−

ERC denotes the dissociation rate. For
the elementary processes, we assume simple mass-action kinetics, yielding the following
descriptions:

v+
ERC = k+

ERC [ER][CO2] and v−

ERC = k−

ERC [ERC], (6)

where the dimension of binding rate constants is µM−1s−1 and the dimension of dissoci-
ation rate constants and all other rate constants is s−1.

The rates of the final steps in which the substrates (two PGA in the case of the
carboxylating pathway, one PGA and one PG in the oxygenation pathway) are released,
are considered irreversible and described by

vcat = kcat[ERC] and voxy = koxy[ERO]. (7)

For the simple model (Fig. 1), this results in a mathematical model of five coupled
differential equations with 16 rate parameters. In the detailed model (Fig. 6), we get
10 coupled ordinary differential equations containing 26 rate parameters. The full list of
equations is given in the Supplementary Text S1 and S3.

Quasi steady state approximation

To arrive at a reduced system describing the fallover dynamics, a quasi steady state
approximation for the variables involved in fast reactions (bold reaction arrows in Fig. 1)
has been performed. For this, the algebraic equation system

d[ER]/dt = 0 (8)

d[ERC]/dt = 0 (9)

d[ERO]/dt = 0 (10)

was solved to yield the analytic expressions for the variables [ER], [ERC] and [ERO].
These expressions were used to eliminate the three fast variables from the full system
equations to result in a reduced system of two coupled linear differential equations. From
this reduction, we obtained equations for the initial state of the system which corresponds
to a quasi steady state that is characterized by an inhibitor level close to zero. From these
equations, we derived analytic expressions relating experimentally accessible quantities,
in particular KM , V max and substrate specificity values to the rate parameters or defined
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combinations thereof. Secondly, the simplified equation system was used to relate the slow
rate variables to the observable quantities describing the fallover effect, i. e. the fallover
extent and the characteristic time. The detailed calculations are given in Supplementary
Text S2.

Determining the fast parameters from KM - and V max- values

The most important formulas to connect observed quantities with model parameters are
summarized in the following. The expression for the initial concentration of ER allows
to derive analytic formulas for the carboxylation and oxygenation rates vi

cat and vi
oxy

which are observed immediately after initiation of the assays. These were used to derive
theoretical expressions for the KM and V max values. These expressions are derived by
considering the limit case for infinitely large substrate concentrations. For example, for
the saturating carboxylation rate V max

carb , the following relation holds:

V max
carb = lim

[RuBP ],[CO2]→∞

vi
cat = kcatE

tot. (11)

To determine the KM -value for one substrate, only the limit of infinite concentration of
the other substrate has to be considered. Thus

lim
[CO2]→∞

vi
cat =

V max
carb [RuBP ]

[RuBP ] + KM(RuBP)

, (12)

which yields

KM(RuBP) =
kcat

k+
ER

. (13)

Similarly,

KM(CO2) =
1

γ
(1 + ω[O2]), (14)

where γ = k+
ERC/(k−

ERC + kcat) and ω = k+
ERO/(k−

ERO + k+
EI2 + koxy). In agreement with

experimental findings [29], the KM -value for CO2 is dependent on the ambient oxygen
concentration and is larger for aerobic than for anaerobic conditions.

Applying analogous considerations for the saturating oxygenation rate V max
ox yields

V max
ox = koxyE

tot (15)

and

KM(O2) =
1

ω
(1 + γ[CO2]). (16)

A characteristic experimental quantity for different RuBisCOs is the relative substrate
specificity Ω which is defined as the ratio of the carboxylation versus oxygenation rate
under the condition that carbon dioxide and oxygen are present in the same concentra-
tion [46]. Inserting equal concentrations into the expressions for vi

cat and vi
oxy yields

Ω =
kcatγ

koxyω
. (17)

This set of equations is useful in two respects. Firstly, it provides insight into which
parameters and parameter combinations are determinants of the observed key charac-
terstics such as V max-values, KM -values and substrate specificity. Secondly, it allows to
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determine these parameters or parameter combinations directly from only a relatively
small number of experimentally determined quantities. For example in [29] and [11], KM -
values, maximal catalytic activities and substrate specificities are given for RuBisCOs
extracted from a wide range of species. Application of Eqs. 11 and 13–17 directly yields
the rate parameters kcat, koxy, k+

ER as well as the derived parameters γ and ω. Knowledge
of the latter two quantities restricts the freedom of choice for the remaining parameters,
thus considerably facilitating the fit of the fast rate constants to experimental data.

Determination of fallover related parameters

The simplified equation system resulting from the quasi steady state approximation
(Eqs. 8–10) allows to derive a closed expression for the fallover extent. The extent is
defined as the relative loss of activity from the initial rate vi

cat, after the final rate vf
cat has

been reached (in the theoretical limit t → ∞). With good accuracy, the approximation
formula

f = 1 −
vf

cat

vi
cat

≈
Γ1 + Γ2ω[O2]

1 + Γ1 +
(

1 + kcat

k+
ER

[RuBP ]

)

γ[CO2] +
(

1 + Γ2 + koxy

k+
ER

[RuBP ]

)

ω[O2]
(18)

holds, where the abbreviations

Γ1 =
k+

EI1

k−

EI1 + k−

X

and Γ2 =
k+

EI2

k−

EI2 + k−

P

(19)

have been introduced. This analytic expression provides insight into which parameters
and parameter combinations are critically influencing the observed fallover extent. Simul-
taneously, it demonstrates how experimental data on the fallover extent under different
conditions can be exploited to draw conclusions about the system parameters.

Eq. 18 assumes a particularly simple form for the anaerobic case ([O2] = 0). After
determination of the rate constants k+

ER and kcat as well as the derived paramter γ from
experimental KM and V max-values (see above), knowledge of the fallover extent under
oxygen-free conditions allows the calculation of Γ1. Once this derived parameter is known,
Γ2 may be calculated from the fallover extent under aerobic conditions after determination
of koxy and ω from experimental KM - and specificity values.

Exploiting measured fallover half times is more difficult. A simple relation to the sys-
tem parameters can only be derived for the anaerobic case. For [O2] = 0, the oxygenation
pathway is non existent and therefore only inhibitor EI1 is formed. In this case, the dy-
namics of inhibitor formation result from the simple solution of a single linear differential
equation, yielding

[EI1](t) = [EI1]f (1 − e−λt), (20)

with [EI1]f denoting the final concentration of inhibitor EI1 and

λ = ak+
EI1 + k−

EI1 + k−

X , (21)

where a depends on various parameters and external substrate concentrations (for details,
see Supplementary Text S2). The value λ corresponds to the observed fallover rate kobs,
and is related to the observed half-time T1/2 by

λ = kobs =
ln 2

T1/2

. (22)
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Under aerobic conditions, inhibitor accumulation and loss of activity is mathematically
described by the solution of two coupled linear differential equations with the general form

vcat(t) = vf
cat + c1e

−λ1t + c2e
−λ2t. (23)

The parameters λ1 and λ2 correspond to the eigenvalues of the reduced system matrix. By
visual inspection, the superposition of two exponential curves is often hard to distinguish
from a simple exponential decay. Therefore it is difficult to obtain reliable hints about
the system parameters from the observed characteristic times under aerobic conditions.
However, if T1/2 is the observed half-time, the relation

ln 2

max(|λ1|, |λ2|)
≤ T1/2 ≤

ln 2

min(|λ1|, |λ2|)
(24)

must hold.

Numerical determination of response coefficients

The response coefficient of a certain quantity X on a parameter p describes the response
of the quantity upon a small change in the parameter. It is defined (see for example [47])
as the ratio of the fold change in X to the fold change in p for small variations,

RX
p = lim

∆p→0

∆X/X

∆p/p
=

p

X

∂X

∂p
=

∂ ln X

∂ ln p
. (25)

For the response coefficients on the fallover extent, the following summation theorem can
be proven (see Supplementary Text S4):

∑

i

Rf
ki

= 0. (26)

For characteristic times Tmax, T1/2 and T ∗, the summation theorem

∑

i

RT
ki

= −1 (27)

holds true and for quantities with the dimension s−1 (vmax, v∗, kobs), the relation

∑

i

Rv
ki

= 1 (28)

holds.
These theoretical summation theorems serve as a good test whether numerical accu-

racy is sufficient. In all determined sets of response coefficients the summation theorems
were observed with a deviation of less than 10−3, indicating a very good accuracy.
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Table 1: Measured and calculated parameter values for RuBisCOs from different species.

Tobaccoa G. sulfurariaa P. tricornutuma G. monilisa Synechococcus R. rubrum

Experimental data
Vmax/active site(s−1) 3.4±0.1 1.2±0.1 3.4±0.1 2.6±0.1 13.9±0.1b 4.2±0.1b

KM(RuBP)(µM) 18.8±3.2 92±9 56±6 44±2 54±3b 3.9±1b

KM(CO2)(µM) 10.7±0.6 3.3±0.4 27.9±0.4 9.3±0.8 284±30c,† 67±10e,†

KM(O2)(µM) 295±71 374±92 467±22 890±440∗ 529±50d,† 170±20f,†

Ω 82±2 166±6 113±1 167±3 43±1c 12±2g,†

Calculated model parameters
kcat(s−1) 3.3. . .3.5 1.1. . .1.3 3.3. . .3.5 2.5. . .2.7 13.8. . .14.0 4.1. . .4.3
koxy(s−1) 0.77. . .1.60 0.49. . .1.30 0.45. . .0.56 0.66. . .2.57 0.48. . .0.76 0.57. . .1.43

k+
ER

(µM−1s−1) 0.15. . .0.22 0.011. . .0.016 0.053. . .0.070 0.054. . .0.064 0.24. . .0.27 0.84. . .1.48
γ(µM−1) 0.088. . .0.099 0.27. . .0.35 0.035. . .0.036 0.099. . .0.118 0.0032. . .0.0039 0.013. . .0.018
ω(µM−1) 0.0027. . .0.0045 0.0021. . .0.0036 0.0020. . .0.0022 0.0007. . .0.0022 0.0017. . .0.0029 0.0053. . .0.0067

Data from a[29], b[11], c[30], d[31], e[32], f[33], g[34].

∗The KM(O2)-value has been estimated from the measured Kair
M(CO2)

value obtained at athmospheric oxygen levels (see

Supporting Text S2).

†No experimental error given in the original publication. The error was estimated to be approximately 10%.

Table 2: Parameters for wild-type tobacco for the simple model
parameter value parameter value
k+

ER 0.15 (µMs)−1 k−

ER 0.048 s−1

k+
ERC 0.302 (µMs)−1 k−

ERC 0.02 s−1

k+
ERO 0.0012 (µMs)−1 k−

ERO 0.02 s−1

k+
EI1 0.0152 s−1 k−

EI1 0.0017 s−1

k+
EI2 0.1 s−1 k−

EI2 0 s−1

k+
X 0 s−1 k−

X 0 s−1

k+
P 0 s−1 k−

P 5.5·10−4 s−1

kcat 3 s−1 koxy 1.125 s−1
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Figure Captions

Figure 1: Schematic representation of the model describing the enzyme kinetics of Ru-
BisCO. Bold arrows represent the fast reactions of catalysis, which comprise the main
carboxylation and oxygenation pathways. Side reactions are denoted by the thin arrows,
leading to the formation of enzyme-inhibitor complexes highlighted in dark blue.

Figure 2: Effect of the fast rate constants on various observed quantities. Red fields denote
sensitivities near +1, blue fields near −1 and white fields denote a response coefficient of
or near 0.

Figure 3: Influence of the rates of inhibitor formation and backward transformation on the
fallover extent and characteristic time under anaerobic (A) and aerobic conditions (B).
The solid lines depict the relative change of the fallover extent as functions of the relative
change of the rate constant of inhibitor formation (blue) and for the reactivation (red) of
the active site. In the anaerobic case (A), reactivation is achieved by back transformation,
in the aerobic case (B) by inhibitor release. The dashed lines indicate the corresponding
relative changes of the observed fallover rate constant kobs. Insets depict the simulated
time courses of fallover for the original parameter set (see Table 2). In the insets, initial
and final rates, as well as the half-time, are indicated. External concentrations were set
to 500 µM RuBP, 0 µM XuBP, 0 µM PDBP, 250 µM CO2 and oxygen was 0 µM for the
anaerobic case (A) and 250 µM for the aerobic case (B). Total enzyme concentration was
normalized to unity.
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Figure 4: The effect of carbon dioxide and oxygen concentrations on the fallover extent. A)
Fallover extent is plotted as a function of both substrate concentrations. B) For selected
conditions the fallover extent is plotted as a function of a single substrate concentration.
In the upper panel, oxygen is fixed at atmospheric level and the CO2 concentration is given
in equivalents of applied NaHCO3. In the lower panel, CO2 was fixed at an equivalent
of 10 mM NaHCO3 and oxygen level is given in percents of the ambient gas. The values
were calculated with model parameters given in Table 2. The concentration of RuBP was
set to 500 µM, the inhibitors XuBP and PDBP were set to zero.

Figure 5: The effect of external carbon dioxide and oxygen concentrations on the fallover
rate. A) Fallover half time is plotted as a function of both substrate concentrations. B)
The two eigenvalues of the reduced system matrix are given together with the apparent
fallover rate kobs determined as a fit of one exponential to the weighted sum of the two
exponentials. The values were calculated with model parameters given in Table 2. The
concentration of RuBP was set to 500 µM, the inhibitors XuBP and PDBP were set to
zero.

Figure 6: Model extension. Panel (A) recapitulates the simple model depicted in Fig. 1.
The new model (B) dissects and extends binding steps that are highlighted in the blue box
in (A). The binding of the pentose phosphates are described as two steps. First, substrates
(RuBP and XuBP) are bound to form the enzyme-substrate complexes ER and EI1,
respectively. In a second step, the enolization results in the enediol intermediates bound
to the enzyme (complexes EE1 and EE2) which represent the same intermediate but differ
in the local environment within the active center. From these, a third inhibitor, associated
with DP1P, can be formed. Bold arrows designate the fast reactions in catalysis, enzyme-
inhibitor complexes are shown in dark blue.

Figure 7: The biphasic inhibitory effect of XuBP as predicted by the model. The effect of
incubation time on the initial catalytic rate is plotted for various inhibitor concentrations.
Simulations were performed with parameters resembling wild-type tobacco RuBisCO (see
Supplementary Table S1). During incubation, the external concentration of RuBP was
set to zero, thereafter fixed to 500µM. Simulation was carried out for aerobic conditions
(250 µM CO2, 250 µM oxygen, 0 µM PDBP).

Figure 8: Two different configurations of RuBisCO with enediol intermediate. The arrows
indicate the hydrogen movement responsible for creating the shown situation. In case of
RuBP (A) the removed hydrogen is bound to the carboxylated lysine residue (KCX). For
XuBP (B) the hydrogen has to be accepted by some other nucleophilic group, possibly
the water molecule opposite to the KCX group.
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Figure 9: Simulated carboxylation of XuBP for wildtype RuBisCO. Shown are the time
courses (A) of the catalytic rate (bold line) and relevant intermediary enzyme-substrate
complexes (dashed lines). The parameters are given in Supplementary Table S1. The
external concentration of XuBP was fixed to 50µM, RuBP concentration was considered a
variable with initial value 0, CO2 and oxygen were fixed at 250 µM, PDBP was set to zero.
In (B), response coefficients for the most important parameters influencing characteristic
properties of the dynamics are given.

Figure 10: Closed RuBisCO active site. The atoms of RuBP are colored depending on
their type. Other structures are single-colored: Blue, large subunit A (surface); gray,
large subunit B (lines); green, Mg2+ ion; violet, Lys-334 of subunit A; orange, Leu-335
of subunit A; yellow, Phe-127 of subunit B. The three depicted amino acids are shielding
the substrate from the solvent. With a less flexible amino acid in the position of Leu-335,
such as Val, closure in the same manner requires backbone shifting and/or is less efficient.
Exemplary RuBisCO from Chlamydomonas reinhardtii (PDB entry 1GK8 [48]) shown,
full hexadecamer geometry kindly provided by Prof. Andersson (Uppsala).

Figure 11: Simulated carboxylation of XuBP for the Val-335 mutant. Shown are the time
courses (A) of the catalytic rate (bold red line), concentration of free RuBP (dashed blue
line) and the rate of the reversed enolization (-vEE1, thin black line). Parameters are given
in Supplementary Table S1 (right column). External conditions are as for Fig. 9. In (B),
response coefficients for the most influential parameters on the characteristic properties
of the dynamics are given.
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 8
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Figure 9
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Figure 10
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Figure 11
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